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ABSTRACT 

 

The Developing surface engineering strategies to enhance magnesium alloys’ 

mechanical, tribological, and biological performance has received significant attention, 

particularly for biomedical and engineering applications. Surface Mechanical Attrition 

Treatment (SMAT), a severe surface plastic deformation technique, has emerged as a 

promising method for tailoring the surface properties of lightweight alloys through 

grain refinement, twin formation, and residual stress generation. In this work, two 

magnesium alloys were selected for investigation: (i) AZ91D alloy, which offers 

excellent mechanical and surface properties for general engineering applications but is 

limited in biomedical use due to its high aluminium content, and (ii) Mg5Zn0.2Ca 

alloy, a most biocompatible alloy free of aluminium, making it more suitable for 

biomedical applications. The present research systematically explores the role of 

SMAT process parameters, specifically ball velocity and surface coverage, on the 

microstructure evolution and mechanical, corrosion, and biocompatibility behaviour of 

the alloys. 

In the initial phase of the research, the AZ91D alloy’s surface was modified 

using SMAT at two different ball velocities: ~3 m/s and ~10 m/s (maintaining a 

constant percentage coverage). The SMATed specimens showed higher twin density 

near the surface, which was reduced gradually, and twin thickness was increased with 

increasing depth. Further, high-velocity balls caused more twin density and better grain 

refinement (~32 nm grain size at the surface). The higher ball velocity helped form a 

considerably thicker gradient layer (~3000 µm) with higher hardness (~1.98 GPa) and 

compressive residual stress (~281 MPa) within a shorter SMAT duration (~10 min). 

Ball velocity also influenced nanomechanical properties such as nanohardness, creep 

resistance, strain rate sensitivity (SRS), etc. The non-SMATed alloy’s SRS was about 

0.037-0.040. The gradient microstructure affected SRS. The SRS value near the 

SMATed surface (where the reduced grain size plays a dominating role) was about 

0.018-0.027; however, it dropped suddenly to ~0.01 (with a slight increase in depth), 
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and subsequently, it raised with an increased distance in the SMATed layer (where 

twins played a dominating role). 

The study was further extended to Mg5Zn0.2Ca alloy, a biodegradable alloy 

with excellent biocompatibility. A more comprehensive parameter space was explored, 

where the study presented the impact of colliding ball velocities (1, 5, and 10 m/s) and 

surface coverages (500, 1000, and 2000%) on the microstructure, hardness, and 

residual stress. SMAT formed a layer with a gradient in hardness, crystallite size, and 

twins. The surface hardness, ranging from 68 to 118 HV0.05, increased with ball velocity 

and surface coverage. High ball velocity (~10 m/s) and surface coverage (2000%) 

induced high compressive residual stress of about -175.5 MPa at ~600 µm depth. The 

specimens SMATed with a ball velocity of ~5 m/s exhibited higher surface 

compressive residual stress for all surface coverages. The maximum compressive 

residual stress of about -153.5 MPa was observed at the surface for the specimens 

SMATed at ~5 m/s ball velocity and 500% coverage. The overall analysis revealed that 

the specimen treated at ~10 m/s ball velocity and 2000% surface coverage had the most 

refined grain structure, finely and densely distributed twins, maximum SMAT-induced 

thickness (~3000 µm), highest surface hardness (~2.1 times the non-SMATed 

specimen’s hardness), and maximum compressive residual stress. 

In the third phase, the study evaluated the biocorrosion and biocompatibility 

behaviour of SMATed Mg5Zn0.2Ca alloy. In this study, specimens were SMATed 

with ~5 and ~10 m/s ball velocities. A significant grain refinement occurred in surface-

treated specimens, with higher ball velocity causing a fine grain size of ~21 nm and 

lower velocity instigating nano-twins near the surface. Moreover, SMAT improved the 

surface hardness by 1.7-2.0 times the non-treated specimen’s hardness. 

Electrochemical and immersion tests performed in a cell culture medium indicated the 

highest corrosion resistance for the specimen SMATed using higher ball velocity, 

followed by the lower ball velocity, with the non-SMATed specimen exhibiting the 

least resistance. This response was ascribed to the thicker, more stable protective layer 

formation on the surface-treated specimens. Cytotoxicity tests performed by the extract 

method using murine fibroblast L929 showed lower cytotoxicity for the surface-treated 

specimens. This behaviour was linked to the lower corrosion rate with reduced Mg2+ 
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ion release and smaller pH increase. Enhanced bovine fibronectin adsorption on 

SMATed specimens further supported their improved biological performance. The 

grain refinement, increased surface energy, and grain boundary area positively 

influenced the biocompatibility behaviour of the SMATed alloy. 

The final phase of this research evaluated the mechanical durability and surface 

integrity of SMATed Mg5Zn0.2Ca alloy. The influence of the gradient microstructure 

developed through SMAT on tensile, wear, and scratch properties was examined. 

Using the hardness attenuation model, surface strengthening characteristics were 

evaluated, and their correlation with tensile and wear performance was discussed. 

Between the two SMAT conditions, ~5 and ~10 m/s ball velocities, the latter produced 

finer grains, a deeper gradient layer, and higher surface hardness, translating into 

improved resistance to deformation. Tensile testing supported these results, with 

~10 m/s ball velocity specimen achieving a yield strength of ~258 MPa and UTS of 

~330 MPa, which were much higher than that of the non-treated specimens (YS: 

~106 MPa and UTS: ~228 MPa). The UTS/YS ratio decreased from 2.15 (for non-

treated specimens) to ~1.28 (for SMATed specimens), indicating reduced strain-

hardening capacity. Wear experiments at 5, 10, and 20 N loads demonstrated a clear 

improvement in wear performance with increasing SMAT intensity, particularly for the 

~10 m/s ball velocity condition, which showed reduced wear volume, wear rate, and 

coefficient of friction. Subsequent scratch tests under constant (50 N) and progressive 

(20-80 N) loading further confirmed this trend. Overall, specimen treated with ~10 m/s 

ball velocity showed the lowest wear rate (~0.6 × 10-3 mm3/Nm), shallower scratch 

grooves, reduced material pile-up, and lower acoustic emission (AE), confirming 

enhanced resistance to surface damage and stable plastic flow under increasing contact 

stress. 

In summary, the outcomes of this research demonstrate that SMAT is a highly 

effective technique for tailoring the surface and mechanical behaviour of magnesium 

alloys. While AZ91D benefits from enhanced surface strength and nanomechanical 

response for general engineering use, Mg5Zn0.2Ca exhibits exceptional improvements 

in mechanical, corrosion, and biocompatibility performance, making it an ideal 

candidate for biomedical applications. The systematic control of SMAT parameters 
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opens pathways for performance optimisation in engineering and bio-implant domains. 

Further, although previous studies have recognised the promise of SMAT for 

magnesium alloys, systematic investigations into how SMAT velocity (intensity) 

influences both mechanical and biomedical properties remain extremely limited. This 

thesis has successfully addressed that gap by establishing clear correlations between 

SMAT parameters, microstructural gradients, and multifunctional performance, 

representing an important and novel contribution to the field. 
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Chapter 1: Introduction 

 

Magnesium (Mg) is popularly known as the lightest structural metal. Its 

density (~1.74 g/cm3) is lower than aluminium (~66%) and steel (~75%) [1]. This 

inherent lightweight nature, combined with a desirable strength-to-weight ratio, 

makes Mg alloys highly attractive for various industries where weight reduction is 

essential. Applications span across aerospace, automotive, biomedical, and 

consumer electronics sectors, where reduced mass can enhance performance, 

energy efficiency, and overall sustainability components [2, 3]. Due to their unique 

mechanical, thermal, and biological properties, Mg alloys have gained increasing 

attention for structural, functional, and biomedical purposes in recent years [4–6]. 

Their close mechanical compatibility with human bone, natural biodegradability, 

and biocompatibility have made specific Mg alloys promising candidates for next-

generation medical implants and bioresorbable devices [7–11]. However, their 

surface characteristics strongly influence the performance of Mg alloys in real-

world applications. Improving surface integrity without compromising bulk 

properties has become a critical research focus. Among the strategies explored, 

surface engineering techniques have shown great potential in tailoring the surface 

microstructure to meet application-specific demands [12–14]. 

One such promising technique is Surface Mechanical Attrition Treatment 

(SMAT), which belongs to the broader class of severe surface plastic deformation 

(SSPD) methods. SMAT modifies only the near-surface layers of materials through 

high-energy ball impacts, resulting in refined grain structures, enhanced hardness, 

and improved surface performance. Its unique ability to introduce a gradient 

microstructure makes it particularly suitable for Mg alloys, where surface-

dominated properties such as wear, corrosion, and biocompatibility are of primary 

concern. In this context, the present research aims to investigate the effects of 

SMAT on Mg alloys, focusing on engineering and biomedical performance 

enhancements. The detailed scope, literature gaps, specific objectives of the study, 

and the current thesis structure are discussed in the following sections. 
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1.1 Scope of Study 

AZ91D is one of the most widely used Mg alloys, particularly valued in 

engineering applications due to its well-balanced combination of mechanical and 

casting properties [15–17]. It offers several advantages over other magnesium 

grades, including excellent castability, good corrosion resistance, and enhanced 

creep resistance [18, 19]. These beneficial properties are primarily attributed to its 

relatively high aluminium content, which improves strength and thermal stability, 

especially under elevated temperatures. This behaviour makes AZ91D a promising 

material for critical load-bearing applications in the automotive and aerospace 

sectors. However, the aluminium content in this alloy limits its use in biomedical 

applications, as aluminium ion release during degradation can result in cytotoxic 

effects and inflammatory responses in vivo [20, 21]. 

To overcome these biocompatibility limitations, Mg-Zn-Ca alloy has 

emerged as a strong candidate for biomedical applications due to its favourable 

biocompatibility and controlled biodegradability [22, 23]. The alloy combines 

moderate mechanical properties with a safe chemical composition. Elemental 

optimisation studies in the literature have shown that the addition of small amounts 

of calcium (Ca) enhances ductility [24], whereas excessive Ca (>0.2 wt.%) leads to 

the formation of Mg2Ca2 phases at grain boundaries, reducing overall strength [24]. 

Zinc (Zn), on the other hand, strengthens grain boundaries and reduces the 

formation of harmful Ca-rich clusters [25]. However, when Zn content exceeds ~6 

wt.%, the formation of the Mg51Zn20 phase accelerates corrosion [26]. The 

Mg5Zn0.2Ca composition strikes an optimal balance and is thus selected for this 

study. Despite its advantages, this alloy still has an opportunity to meet the better 

mechanical and corrosion resistance demands for long-term use in biomedical 

implants. 

Recent advancements have also shown that even though AZ91D and Mg-

Zn-Ca alloys possess a good balance of mechanical strength and corrosion 

resistance, further enhancement is necessary for their deployment in demanding 

engineering and biomedical environments. For instance, Sun et al. [23] 

demonstrated that extruded Mg-Zn-Ca alloys initially exhibited enhanced 

mechanical strength; however, prolonged immersion in simulated body fluid (SBF) 
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led to a substantial decline in yield strength (YS) and ultimate tensile strength 

(UTS), indicating a predicament of maintaining mechanical integrity during 

degradation. Similarly, grain refinement was found to control the corrosion rate of 

Mg alloys, where finer grains exhibited better resistance to localised corrosion due 

to the uniform distribution of precipitates and reduced susceptibility to micro-

galvanic corrosion [27–29]. Therefore, improving surface properties such as 

hardness, wear resistance, corrosion behaviour, and biocompatibility is crucial [6, 

12].  

Various surface modification techniques have been investigated to address 

these concerns. Severe plastic deformation (SPD) processes like friction stir 

processing (FSP), high-pressure torsion (HPT), shot peening (SP), and equal 

channel angular pressing (ECAP) have been employed to refine surface grain 

structures [14, 17, 30, 31]. Moreover, laser surface melting, chemical treatments 

(like coatings and anodisation), and ion beam implantation with elements such as 

Fe, Ti, and Zr have improved wear resistance, corrosion behaviour, and cellular 

interactions [32, 33]. Among these methods, SMAT has shown exceptional promise 

in altering surface microstructure without affecting the bulk, offering controllable 

grain refinement, gradient structure formation, and enhanced mechanical and 

biological responses. 

Although SMAT has been widely applied to materials like stainless steels 

[34, 35] and aluminium alloys [36], studies focusing on its impact on Mg alloys, 

particularly AZ91D and Mg5Zn0.2Ca, remain limited. Moreover, the available data 

on biodegradability, cytocompatibility, and protein adsorption behaviour after 

severe surface deformation often present inconsistent results. For example, Vignes 

et al. [17] found improved corrosion resistance in friction-stir processed AZ91D 

due to grain refinement, while Bagherifard et al. [13] reported increased corrosion 

rates and reduced cell viability in shot-peened AZ31, attributing the effects to 

surface roughness and defect density. These contradictory outcomes underscore the 

importance of controlling processing conditions and using physiologically relevant 

media for evaluation. Many prior studies employed simple saline solutions, failing 

to replicate human plasma’s complexity, containing salts, proteins, and lipids [27, 

37, 38]. 



4 
 

In this context, the present study explores the application of SMAT on 

AZ91D and Mg5Zn0.2Ca alloys. Out of several SMAT parameters, this study aims 

to investigate how controlled variation of ball velocity and surface coverage 

influences gradient microstructure formation and, in turn, affects these alloys’ 

mechanical, tribological, corrosion, and biological performance. Prior reports [39, 

40] have indicated that SMAT-induced refinement of grains, formation of high-

density twins, and development of compressive residual stresses can significantly 

improve surface-dominated properties [41]. However, a comprehensive 

understanding of how gradient structures influence nanomechanical properties, 

wear resistance, corrosion stability, and biocompatibility remains underdeveloped, 

especially in Mg alloys. Additionally, literature shows that variations in SMAT 

parameters, such as impact velocity and peening intensity, influence microstructure 

evolution. Gatey et al. [34] highlighted the influence of peening coverage on 

stainless steel, but such studies are lacking for HCP-structured Mg alloys. 

Moreover, the relationship between gradient microstructures and surface 

mechanical responses such as nanoindentation creep, strain rate sensitivity (SRS), 

or local deformation mechanisms is still poorly understood in the case of 

magnesium-based materials. In summary, the work aims to provide an integrated 

understanding of how SMAT can be tailored to improve the performance of Mg 

alloys. 

 

1.2 Thesis Structure 

Chapter 1 introduces the thesis, providing an overview of the scientific 

background, motivation, and objectives underlying the current PhD research.  

Chapter 2 presents a comprehensive review of the literature related to 

SMAT and its effects on Mg alloys, with a particular focus on AZ91D and 

Mg5Zn0.2Ca. The chapter begins by outlining the importance of Mg alloys in 

structural and biomedical applications, followed by a detailed examination of their 

inherent limitations and the need for surface modification. It explores various SSPD 

techniques, highlighting the advantages of SMAT in inducing gradient 

nanostructures. The chapter further reviews studies on microstructure evolution, 

hardness gradients, nanomechanical behaviour, and residual stress development in 

SMATed Mg alloys. Special emphasis is placed on wear, corrosion, tensile, and 
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scratch behaviour studied through a surface engineering approach. Additionally, the 

chapter critically analyses recent findings on biocorrosion, cytocompatibility, and 

protein interactions in Mg-Zn-Ca alloys. Finally, the literature review identifies 

existing research gaps and establishes the scientific rationale for the current study. 

Chapter 3 outlines the experimental methodology adopted in this study, 

detailing the preparation and processing of specimens. It provides an in-depth 

description of the SMAT procedure and the experimental protocols for 

microstructural characterisation, corrosion testing, cytocompatibility evaluation, 

protein adsorption analysis, tensile fracture testing, reciprocating dry wear 

assessment, and microscratch behaviour analysis. The chapter also includes the 

mechanical and electrochemical polishing steps applied during specimen 

preparation. A wide range of characterisation techniques used to analyse the 

microstructure, mechanical properties, and surface behaviour are presented, 

including optical microscopy (OM), scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDS), electron backscatter diffraction (EBSD), 

transmission electron microscopy (TEM), X-ray diffraction (XRD), microhardness 

testing, nanoindentation, X-ray computed tomography (X-ray CT), pin-on-disc 

tribometer, and microscratch testing. This comprehensive overview provides a 

systematic understanding of all methodologies employed in the current research. 

Chapter 4 presents a comprehensive analysis of the experimental findings 

and discussions structured to reflect the core objectives of the research. This chapter 

is divided into the following sections:  

i. The chapter begins with a detailed investigation into the influence of SMAT 

ball velocity on the AZ91D Mg alloy, focusing on microstructure evolution, 

including twin density, grain refinement, and gradient layer development. 

The OM, SEM, TEM, and microhardness profiling outcomes are discussed 

alongside nanomechanical behaviour analysis using nanoindentation, 

emphasising the role of twin-mediated plasticity and strain rate sensitivity. 

ii. Subsequently, the effect of SMAT parameters, specifically ball velocity and 

surface coverage, on the microstructure, surface hardness, and residual stress 

profile of the biodegradable Mg5Zn0.2Ca alloy is thoroughly examined. 

XRD-based sin2ψ method is employed to evaluate the compressive residual 
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stress distribution, establishing a clear correlation between processing 

parameters and surface integrity. 

iii. The following section evaluates the corrosion resistance and 

cytocompatibility of SMATed Mg5Zn0.2Ca alloy. This study includes 

immersion and electrochemical tests (OCP, EIS, and LSV) conducted in 

biological media to assess Mg2+ ion release, protective film stability, and 

degradation behaviour. Cytotoxicity is studied using murine fibroblast L929 

cells, and protein adsorption behaviour is assessed to establish the biological 

efficacy of SMAT-modified surfaces under in vitro conditions mimicking 

human plasma. 

iv. The final section addresses the impact of SMAT on mechanical performance, 

including tensile properties, wear resistance under circular loading (5, 10, 

and 20 N), and scratch behaviour under constant and progressive loading 

conditions. SEM, profilometry, and acoustic emission analysis assess surface 

deformation, material loss, and damage mechanisms. The synergistic effect 

of grain refinement, dislocation density, and gradient-structured layer on 

tensile behaviour and wear and scratch resistance is highlighted, confirming 

the effectiveness of SMAT in enhancing load-bearing capability and 

durability. 

Collectively, Chapter 4 provides a holistic understanding of the microstructural, 

mechanical, electrochemical, and biological performance and related enhancements 

achieved through the controlled SMAT processing of AZ91D and Mg5Zn0.2Ca 

alloys. 

Finally, Chapter 5 comprises the overall conclusions of the current PhD 

thesis and the scope for future work.  
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Chapter 2: Literature Survey 

 

2.1  Magnesium Alloys 

2.1.1 Introduction 

The increasing demand across various industries has accelerated the use of 

magnesium, primarily due to its low density and excellent strength-to-weight ratio. 

Consequently, in the twenty years, magnesium production has increased, and it is 

being alloyed with several other materials (Table 2.1) to make it suitable for 

different applications [4, 42, 43]. Prior research has thoroughly investigated the 

influence of alloying elements’ proportions and combinations on Mg alloys’ 

mechanical and chemical properties. 

 Table 2.1. The general influence of alloying elements on Mg alloys [44–48] 

During the initial period of (2001-2011), different grades of Mg alloy, such 

as AZ91D [49], AM50 [50], AZ31B [51], AZ31 [52], ZK60 [53], AM60 [54], 

AM70 [55], ZE41 [45], ZK30 [56] and LAE442 [57] were explored. During this 

period, sufficient information about the properties of Mg alloys [44, 45, 58, 59] was 

obtained. Hence, most research focused on developing the technologies to alter their 

properties for different applications from 2012 onwards.  

Mg alloys have gained significant attention as advanced lightweight 

materials. The mechanical characteristics of these alloys make them particularly 

Alloying element Properties enhanced 

Aluminum (Al) Hardness, strength, and ductility 

Zinc (Zn) Corrosion resistance, fluidity in casting, and room-temperature 

strength 

Manganese (Mn) Saltwater corrosion resistance 

Rare Earth Metal Corrosion and high-temperature creep resistance, strength, and 

decrease in weld cracking and porosity 

Zirconium (Zr) Grain refinement 

Beryllium (Be) Enhancement in oxidation resistance during welding and casting 

Calcium (Ca) Grain refinement 
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well-suited for applications where reducing weight contributes to enhanced 

efficiency and performance. As depicted in Figure 2.1, Mg alloys are utilised across 

various sectors, from mobility-focused areas like automotive and aerospace to 

compact electronics and precision biomedical devices [4, 5, 7, 42, 43]. Their 

compatibility with physiological environments has further advanced their role in 

medical implants and biodegradable scaffolds. Beyond these, their utility extends 

into industrial domains for components demanding strength, vibration control, and 

reduced weight. The broad spectrum of applications illustrates the growing 

importance of Mg alloys in both conventional and cutting-edge technologies. 

 

Figure 2.1: Applications of Mg alloys  

The performance of Mg alloys in either application is highly dependent on 

their chemical composition and resulting microstructure, which directly influences 

properties such as tensile strength, ductility, corrosion resistance, and 

biocompatibility. Figure 2.2 presents an overview of several widely studied Mg 

alloys, summarising their typical composition, key mechanical or corrosion-related 

properties, and associated application areas [4, 47, 58]. This figure also reflects the 

strategic selection of alloy systems based on targeted functional requirements 

across various industrial and medical domains. Alloys such as AZ91D and AM60 

are frequently cited for their use in automotive and consumer products due to their 

high strength, corrosion resistance, and castability.  
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Figure 2.2: Overview of common Mg alloys with their composition, properties, and applications  

Aerospace and high-performance applications often utilise AZ91D, ZK60, 

WE43, QE22, and AE42; each offers tailored benefits like fatigue resistance, 

thermal stability, or high-temperature strength. Thus, from the overall literature 

review, AZ91D remains one of the most commercially utilised Mg alloys, primarily 

appreciated for its excellent castability, moderate strength, and dimensional 

stability. Containing approximately 9 % aluminium and 1 % zinc, with minor 

manganese additions, AZ91D derives its strength from solid solution hardening and 

the precipitation of the -Mg17Al12 phase. Its favourable strength-to-weight ratio 

makes it well-suited for automotive, aerospace, and electronic components such as 

engine casings, transmission housings, and portable electronic enclosures.  

On the other hand, Mg-Zn-Ca alloys, particularly Mg5Zn0.2Ca, have 

emerged as promising candidates for bioresorbable implant applications [60]. These 

aluminium-free systems are designed to mitigate cytotoxicity while ensuring 

adequate mechanical integrity and controlled biodegradation.  

 

2.1.2 Challenges  

Despite their promising properties, Mg alloys face several challenges that 

limit their widespread adoption, particularly in harsh service environments and 

biomedical applications. Figure 2.3 presents a Venn diagram summarising the 

interconnected challenges that Mg alloys face in various applications. The diagram 

highlights the overlapping influence of corrosion, wear, tensile behaviour, and 

biocompatibility, with microstructural features (α/β phases, grain size, etc.) at the 

centre of these interactions. One of the most critical issues is their high 
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susceptibility to corrosion, especially in chloride-containing environments such as 

seawater or physiological fluids. This response is primarily due to the highly 

reactive nature of magnesium, which tends to form porous and unstable surface 

films that offer limited protection against aggressive ionic species [32, 61].  

 

Figure 2.3: Challenges associated with Mg alloys [62] 

Even though many Mg alloys, like AZ91D, have reasonably good 

mechanical properties, they exhibit limitations in high-temperature and corrosive 

environments. The -phase, while beneficial for strength, can contribute to micro-

galvanic corrosion due to its cathodic nature. Biocompatibility concerns in Mg 

alloys originate from their rapid in vivo degradation, risk of stress shielding, and 

uncontrolled ion release, particularly alloying elements like aluminium, which is 

associated with cytotoxic effects. The presence of aluminium, although structurally 

advantageous (for strength and castability), limits its use in biomedical applications 

due to its potential cytotoxicity. Further, rapid degradation compromises 

mechanical integrity over time and can lead to undesirable hydrogen gas evolution 

in biomedical implants. While magnesium is the second most abundant intracellular 

cation and is naturally excreted through body fluids, ensuring its safe degradation 

profile remains a critical challenge. Additionally, inconsistent cytocompatibility 

and unpredictable protein adsorption on corroding surfaces can negatively influence 
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cell adhesion, proliferation, and overall tissue integration, complicating their use in 

biomedical implant applications. 

Wear-related limitations in Mg alloys primarily originate from their 

hexagonal close-packed (HCP) crystal structure, inherently low matrix hardness, 

and a brittle surface oxide film, all collectively compromising their resistance to 

material loss under tribological stress. Tribo-corrosion and stress corrosion 

represent overlapping zones where mechanical wear and electrochemical 

degradation coincide, posing severe durability limitations. Cell adhesion and stress 

shielding in the biomedical context impact the material’s interaction with biological 

tissues. At the core, microstructure (e.g., α and β phase distribution) influences all 

these aspects, acting as the central link among these performance-limiting factors. 

In addition, Mg alloys generally exhibit limited ductility and poor 

formability at room temperature. This behaviour is attributed to their HCP crystal 

structure, which restricts the number of active slip systems under low-temperature 

deformation. As a result, these alloys often suffer from early cracking or fracture 

under tensile loading or during forming operations. Furthermore, the low creep 

resistance and limited fatigue performance under cyclic loading raise concerns for 

applications requiring long-term structural reliability. Another significant limitation 

is their relatively low absolute strength compared to steel or titanium alloys, which 

restricts their use in high-load-bearing applications.  

Overall, the combined mechanical and electrochemical limitations 

necessitate the development of novel alloy systems, microstructural control 

techniques, and advanced surface modification methods to enhance the overall 

performance of Mg alloys for both structural and biomedical use. 

 

2.1.3 Addressing the Challenges to Enhance Properties  

The osteostimulative nature of magnesium ions (Mg2+) and mechanical 

properties closer to cortical bones make Mg alloy a promising biodegradable 

material for bone tissue restoration. Alloy design plays a vital role in governing the 

performance of alloys in various applications. For example, the Mg-Zn-Ca alloys 

are widely considered suitable for biodegradable medical devices. The elemental 

composition of the Mg-Zn-Ca system plays a crucial role in its performance. A 
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small amount of calcium addition to Mg alloys augments ductility [63]. It further 

promotes grain refinement and supports the formation of protective surface films, 

enhancing corrosion resistance. Conversely, Ca tends to form Ca-rich clusters 

(intermetallic Mg2Ca phase) at grain boundaries, weakening their strength. The 

likelihood of Mg2Ca formation increases with higher Ca content (greater than ~0.1 

wt.%) [24]. Increased Ca content also leads to higher corrosion rates, increased 

local pH near the specimen surface, and more hydrogen gas evolution. 

Incorporating zinc primarily enhances grain boundary strength (in addition to the 

solid-solution strengthening) by improving cohesion and minimising the Ca-rich 

cluster formation in Mg alloys containing Ca. This improved boundary strength 

enables the material to withstand higher applied stresses, activating more complex 

deformation mechanisms without causing grain boundary cracking. Zn also 

increases the alloy’s ductility and helps improve corrosion resistance. Zn addition 

up to 6 wt.% provides better mechanical properties and three times better corrosion 

protection; however, the Mg51Zn20 phase formation above 6 wt.% leads to a rapid 

corrosion rate.  

Consequently, the Mg-Zn-Ca alloy containing ~5 wt.% Zn and ~0.2 wt.% 

Ca is a promising material. Further, intermetallic phases such as Ca2Mg6Zn3 form 

a stable microstructure that regulates degradation rates in physiological 

environments. In vitro studies [64, 65] have demonstrated that Mg-Zn-Ca alloys 

degrade uniformly, minimising issues like localised corrosion or hydrogen gas 

evolution. With favourable protein response and natural ion excretion, their 

cytocompatibility positions them as a safer and more effective alternative for 

orthopaedic and cardiovascular implants. 

Recent advancements have shown that even though Mg-Zn-Ca alloys 

possess a good balance of mechanical strength and corrosion resistance, challenges 

persist in their use in biomedical applications. For instance, Sun et al. [23] 

demonstrated that extruded Mg–Zn–Ca alloys initially exhibited enhanced 

mechanical strength; however, prolonged immersion in simulated body fluid (SBF) 

led to a substantial decline in yield and ultimate tensile strength, indicating a 

predicament of maintaining mechanical integrity during degradation. Similarly, 

grain refinement was found to control the corrosion rate of Mg alloys, where finer 

grains exhibited better resistance to localised corrosion due to the uniform 



13 
 

distribution of precipitates and reduced susceptibility to micro-galvanic corrosion 

[27, 66].  

Despite these advancements, the current properties of Mg-Zn-Ca alloys 

remain insufficient for load-bearing implants, which demand a refined 

microstructure, superior corrosion resistance, and enhanced biocompatibility. 

Moreover, Mg alloys, like AD91D, which are popular for engineering applications, 

have certain limitations concerning the mechanical properties that impact their 

suitability for challenging functions. 

Surface modification techniques have become increasingly important in 

addressing these challenges. Predominantly, material failures due to wear, fretting 

fatigue, and fatigue fractures originate at the surface; therefore, the surface 

engineering approach is hopeful. Unlike bulk alloying or thermomechanical 

processing, surface treatments allow for selective enhancement of surface 

properties without compromising the beneficial characteristics of the core material. 

This response is beneficial when a balance between surface durability and bulk 

mechanical compatibility is needed, as in the case of biodegradable implants or 

lightweight structural components. Improving corrosion resistance through surface 

engineering is a central focus, especially for biomedical applications where 

premature degradation can lead to loss of mechanical integrity and adverse 

biological responses. Surface modifications can also enhance microhardness, 

fatigue resistance, and wear behaviour, making Mg alloys more suitable for 

components exposed to friction, cyclic loading, or environmental stress. 

In this regard, making the surface nanocrystalline via severe plastic 

deformation (SPD) processes is a topic of substantial interest [15, 16]. Among 

various approaches, mechanical surface treatments such as shot peening [67, 68], 

laser shock peening [18, 69], and surface mechanical attrition treatment (SMAT) 

[70, 71] have shown great promise. These methods refine the surface grain 

structure, induce compressive residual stresses, and create hardness gradients that 

improve overall performance. As research continues to evolve, surface engineering 

is expected to play a vital role in expanding the usability of Mg alloys across 

demanding applications. 
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2.2 Surface Severe Plastic Deformation (SSPD) 

Severe plastic deformation techniques have been extensively studied over 

the past two decades for their ability to refine grain structures and improve metallic 

materials’ mechanical and functional properties. Surface severe plastic deformation 

(SSPD) methods have gained particular attention due to their local nature, enabling 

surface modification without altering the material’s bulk properties. These methods 

are especially beneficial for lightweight metals such as magnesium, which often 

suffer from poor surface hardness, low fatigue resistance, and high corrosion 

sensitivity. By inducing high strain rates and intense plastic deformation in the near-

surface region, SSPD processes form gradient microstructures that significantly 

enhance surface performance. 

As illustrated in the flowchart (Figure 2.4), SSPD encompasses a range of 

mechanical surface treatment techniques, including SMAT, SMRT (Surface 

Mechanical Rolling Treatment), USP (Ultrasonic Shot Peening), and conventional 

shot peening [18, 67, 70, 72]. These methods operate based on similar principles 

but differ in energy delivery, media type, and control parameters, such as intensity, 

temperature, etc. The key outcomes of SSPD can be broadly categorised into 

gradient modifications and property management. Gradient modifications include 

grain refinement, phase transformation, and the development of residual 

compressive stresses. These microstructural changes directly influence surface-

related properties such as corrosion resistance, fatigue performance, hydrogen 

diffusion, and biocompatibility. 

 

Figure 2.4: Overview of SSPD techniques and their effects on microstructure and material 

properties    
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The interdependence between structural gradient evolution and functional 

enhancement underscores the importance of process optimisation in SSPD. SMAT, 

in particular, has proven to be a versatile and scalable method for refining 

magnesium surfaces, making it a central focus in structural and biomedical material 

research. Compared to all SSPD techniques, SMAT has gained prominence for its 

efficiency, affordability, and ability to generate nanocrystalline layers on the 

material’s surface, thereby significantly enhancing properties such as corrosion 

resistance, hardness, and wear performance. The concept of the SMAT process was 

proposed in 1999 [73]. SMAT was first applied to pure iron to create a 

nanostructured surface layer. Since its inception, the technique has been widely 

explored for modifying the surface characteristics of both ferrous and non-ferrous 

metals [70, 74]. SMAT has proven to be a highly effective method for enhancing 

the surface properties of Mg alloys by inducing controlled severe plastic 

deformation in the near-surface region [39, 68]. First, as shown in Figure 2.5, 

hardened steel balls (diameter: 1-10 mm) with a sufficient speed strike the specimen 

surface in random directions, generating intense localised impacts near the surface. 

The intensity of deformation gradually decreases toward the core, resulting in a 

strain gradient across the cross-section. 

 

Figure 2.5: Typical design of SMAT setup 

This strain accumulation activates various grain refinement mechanisms, 

the efficiency of which is influenced mainly by factors such as the alloy’s crystal 
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structure and stacking fault energy (SFE). The treatment induces a high density of 

dislocations, grain refinement, and residual compressive stresses within a confined 

surface layer, resulting in a gradient microstructure that transitions from 

nanocrystalline grains at the topmost region to relatively coarse grains in the bulk. 

This gradient improves mechanical properties and imparts enhanced functional 

performance under service conditions. 

The efficacy of SMAT depends heavily on processing parameters such as 

impact velocity, treatment duration, ball size, and surface coverage. These variables 

influence the depth and intensity of plastic deformation, thereby dictating the 

microstructural evolution and residual stress profile. In Mg alloys, which are 

inherently soft and have limited slip systems, the ability of SMAT to induce non-

basal deformation mechanisms such as twinning and cross-slip is particularly 

beneficial, as it contributes to grain refinement and work hardening near the surface. 

For AZ91D alloy, SMAT improved surface hardness, fatigue resistance, and 

wear behaviour without altering the alloy’s bulk composition [68]. In the case of 

Mg-Zn-Ca alloys, SMAT could offer additional advantages by enhancing 

mechanical integrity and influencing corrosion behaviour and biocompatibility, 

which are critical for biodegradable implant applications. The refined grains and 

high defect density promote the rapid formation of protective passive films. At the 

same time, the compressive residual stresses act to suppress crack initiation and 

propagation during mechanical loading or corrosion-fatigue interactions. 

Limited studies have recently demonstrated that systematic variation in 

SMAT parameters can be used to tailor the thickness of the gradient layer, optimise 

residual stress profiles, and fine-tune mechanical and electrochemical responses 

[40, 75]. This behaviour positions SMAT as a valuable surface engineering 

approach, particularly in applications demanding a combination of high strength, 

corrosion resistance, and functional surface durability without compromising bulk 

properties. Even though the SMAT parameters’ role in steel’s microstructure and 

properties has been broadly studied in the literature, such studies are lacking in the 

case of HCP-structured Mg alloys. 
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2.3 Microstructure Development and Mechanical Properties of the SMATed 

Mg Alloys 

SMAT has been widely recognised as a potent surface modification 

technique capable of inducing profound microstructural refinement in Mg alloys. 

The high strain rate and repeated multidirectional impacts imparted by the process 

lead to severe plastic deformation confined to the near-surface region. This results 

in a gradient microstructure, characterised by nanocrystalline grains at the topmost 

layer, ultrafine grains in the intermediate zone, and progressively coarser grains 

towards the substrate [15, 68]. 

In Mg alloys, which have an HCP crystal structure with limited slip systems, 

deformation mechanisms such as twinning and grain boundary sliding dominate 

during SMAT. These mechanisms facilitate grain refinement under relatively 

moderate strain conditions [76, 77]. Mao et al. [78] investigated the effect of laser 

shock peening (LSP) on the twinning behaviour in AZ31B Mg alloy. Their results 

revealed a distinct gradient in twin density, with the highest concentration near the 

surface and gradually decreasing toward the core, as shown in Figure 2.6. 

 

Figure 2.6: Twinning microstructure in AZ31B Mg alloy after LSP: (a) optical micrograph showing 

gradient in twin structure, (b) variation in twin volume fraction (TVF) at different depths, and (c) 

plot of TVF versus depth from the surface [78] 
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Further, Singh et al. [40] observed the formation of grains smaller than ~100 

nm in AZ91D alloy after SMAT, primarily due to twinning-assisted dynamic 

recrystallisation. Shi et al. [79] also investigated the presence of nanograins near 

the SMATed surface of a Mg–Gd alloy, along with clear evidence of stacking faults, 

as shown in Figure 2.7. Transmission electron microscopy (TEM) and electron 

backscatter diffraction (EBSD) studies confirmed that SMAT leads to a high 

dislocation density and significant subgrain formation, especially within the top 50-

200 m of the surface [76, 80].  

 

Figure 2.7: (a) Bright-field TEM image showing nanograins, (b) magnified view of 

a selected grain, (c) SAED pattern with electron beam aligned along [21̅1̅0] (d) 

HRTEM image of the marked region, and (e) close-up showing stacking fault with 

schematic inset [79] 

These microstructural changes correlate strongly with improvements in 

surface mechanical properties. According to the Hall–Petch relationship, grain 

boundary strengthening becomes more pronounced as the average grain size 
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decreases, resulting in substantial increases in microhardness and yield strength in 

the SMAT-affected zone [81]. Several studies quantitatively demonstrated the 

mechanical benefits of SMAT in Mg alloys. For example, Wei et al. [82] reported 

increased surface hardness after SMAT at higher ball velocities. Similar trends have 

been observed in Mg-Zn-Ca alloys, where refined surface grains and the 

introduction of compressive residual stresses have led to improved wear resistance 

and fatigue life [83, 84]. In Mg5Zn0.2Ca alloy, refinement of surface grains down 

to the nanometer scale enhanced the mechanical integrity and improved surface 

passivation, which is particularly beneficial in biomedical contexts [85]. 

Furthermore, the gradient structure formed by SMAT offers the following 

unique advantage. The hard nanocrystalline surface provides excellent wear and 

fatigue resistance, while the relatively ductile core preserves overall toughness and 

deformation capacity [86]. This functional gradient design is especially desirable 

for components subjected to surface stress or cyclic loading, as it helps arrest crack 

initiation and propagation. 

Overall, literature findings consistently confirm that SMAT is highly 

effective in enhancing the mechanical performance of Mg alloys through a 

synergistic combination of grain refinement, dislocation activity, and stress 

redistribution. These enhancements depend not only on the alloy system but are 

also strongly influenced by SMAT parameters such as impact velocity, treatment 

time, media characteristics, etc., all of which can be strategically optimised to tailor 

the mechanical response of the treated surface. 

 

2.4 Biocompatibility of Mg Alloys and the Influence of Severe Deformation  

Magnesium-based alloys have attracted considerable interest as temporary 

implant materials due to their favourable biomechanical properties, such as elastic 

modulus close to natural bone and biodegradability within physiological 

environments. Among these, Mg-Zn-Ca alloys have emerged as one of the most 

promising systems for biomedical applications, particularly because they avoid 

using cytotoxic elements such as aluminium or rare earth and offer a balanced 

combination of mechanical integrity, corrosion resistance, and biological safety. 

The chemical composition and microstructure strongly influence the 
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biocompatibility of Mg-Zn-Ca alloys. Zinc and calcium are essential for human 

metabolism – zinc supports enzymatic activity and cell proliferation, while calcium 

is critical for bone mineralisation. Therefore, substituting aluminium with zinc and 

calcium in the Mg matrix enhances corrosion resistance and promotes a more 

favourable biological response [87]. 

One of the key challenges in deploying Mg alloys in vivo is the rate and 

nature of biodegradation. Excessive degradation leads to rapid mechanical failure, 

accumulation of hydrogen gas, and local pH increase, all of which can trigger 

inflammatory responses. In Mg-Zn-Ca alloys, the degradation rate is significantly 

lower compared to commercial Mg alloys such as AZ91 or WE43. This controlled 

degradation is attributed to the formation of protective surface films, including 

magnesium hydroxide, zinc phosphate, and calcium phosphate compounds, which 

act as temporary barriers against aggressive body fluids [87, 88]. 

In vitro corrosion studies in simulated body fluids such as Hank’s solution 

or Eagle’s minimum essential medium (E-MEM) have demonstrated that Mg-Zn-

Ca alloys release magnesium ions steadily without inducing cytotoxicity [12, 89]. 

Hayashi et al. [87] reported improved corrosion behaviour in physiological media, 

which is attributed to the formation of an insoluble salt layer. The schematic 

representation of this layer formation is shown in Figure 2.8. 

 

Figure 2.8: Schematic representation of insoluble salt layer formation [87] 
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The Mg-Zn-Ca alloys also support cell adhesion, proliferation, and 

differentiation, particularly for osteoblasts, indicating their compatibility with bone 

tissue regeneration. For instance, Meng et al. [66] showed that the degradation rate 

of the amorphous Mg-Zn-Ca alloy remained stable in vivo, with new bone tissue 

incorporated into the degraded area, which is considered a strong indicator of 

cytocompatibility. Regarding systemic response, animal model studies have 

reported minimal inflammation and acceptable degradation profiles when Mg-Zn-

Ca alloys were implanted in femoral or subcutaneous locations. No severe fibrous 

encapsulation, necrosis, or toxicity was observed, indicating that these alloys are 

biocompatible at the cellular level and safe for in vivo use [65, 66]. 

Nevertheless, the available research articles on biodegradability, 

cytocompatibility, and protein adsorption behaviour of severely deformed Mg 

alloys often present ambiguous results. Some studies have shown that SSPDs 

positively affect corrosion resistance and biocompatibility, while others have 

reported negative impacts. For instance, Vignes et al. [17] reported that friction stir 

processing of AZ91D alloy led to a more uniform and stable protective layer 

formation, improving its corrosion resistance. This improvement was attributed to 

grain refinement and increased hardness [17]. Similarly, Lopes et al. [90] found that 

HPT-treated pure Mg, ZK60, AZ91, and AZ31 alloys exhibited enhanced corrosion 

protection (because of grain refinement and improved surface energy) and a similar 

level of cellular viability to that without HPT-treated Mg alloy specimens. 

According to Bagherifard et al. [13], severe shot peening of AZ31 alloy increased 

the corrosion rate (due to the increased surface roughness, craters, and high-density 

surface defects) and reduced osteoblast viability. Silva et al. [91] reported an impact 

of ECAP and HPT processing on the corrosion behaviour of pure Mg but no 

influence on its biocompatibility. The protective film formation and the 

physiological media’s composition could play crucial roles in these contradictory 

results [37, 38, 92]. The most common physiological medium used in the literature 

was a sodium chloride solution. However, it has a simpler composition than human 

blood plasma, a representative body fluid containing various inorganic salts and 

organic compounds such as carbohydrates, proteins, and lipids. It is vital to employ 

an appropriate environment for Mg alloys to reasonably evaluate their corrosion 

and cytocompatibility for biodegradable implant applications. 
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Furthermore, surface modification of Mg-Zn-Ca alloys by micro-arc 

oxidation, plasma electrolytic oxidation, or mechanical treatments (like SMAT) 

significantly enhanced their corrosion resistance and bioactivity. The formation of 

dense and uniform passive layers reduced the burst release of magnesium ions and 

improved interaction with surrounding cells and tissues [37, 93]. The 

nanostructured surface layers introduced by mechanical attrition accelerated the 

deposition of calcium phosphate, thereby improving osteointegration [17, 91]. 

Anisimova et al. [94] observed the reduction in WE43 alloy’s cytotoxicity after 

multiaxial deformation (MAD) treatment. Figure 2.9 illustrates the morphology and 

viability of MMSCs (murine mesenchymal stem cells) cultured in extracts of as-

received and MAD WE43 specimens, showing live (green), dead (red), and nuclear-

stained (blue) cells on the alloy surfaces at different magnifications. 

 

Figure 2.9: MMSCs cultured in extracts of WE43 as-received (a, c) and WE43 MAD (b, d) at 100X 

and 200X magnifications and on alloy surfaces (e, f) [94]  
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In conclusion, Mg alloys, especially Mg-Zn-Ca alloys, exhibit excellent 

biocompatibility due to their tailored degradation behaviour, absence of toxic 

alloying elements, and ability to support cell functions critical to tissue 

regeneration. Their combination of mechanical and biological performances makes 

them strong candidates for temporary orthopaedic and cardiovascular implants, 

warranting further optimisation through compositional tuning and surface 

engineering strategies. 

 

2.5 Research Gaps 

Despite extensive research on severe plastic deformation techniques for Mg 

alloys, the following gaps remain unaddressed and are explored in this work:  

• While AZ91D Mg alloy is widely recognised for its potential in engineering 

applications, its relatively poor wear resistance and limited mechanical 

stability under extreme conditions restrict broader usage. Although SMAT 

has shown promise in enhancing surface properties, the influence of key 

SMAT parameters, such as ball velocity and surface coverage, on 

developing gradient microstructure and associated property enhancements 

in AZ91D has been inadequately explored. 

• Most existing studies on SMAT focus on bulk mechanical improvements or 

surface refinement, but there is a limited investigation into the 

nanomechanical behaviour (such as nanohardness distribution, strain rate 

sensitivity, and creep response) across the gradient structure, particularly in 

SMATed AZ91D alloy. Understanding the depth-dependent evolution of 

these properties is critical for applications requiring surface durability under 

varying contact stresses. 

• In the case of Mg5Zn0.2Ca alloy, a promising candidate for biodegradable 

implants, the effect of SMAT-induced microstructure on residual stress 

distribution is a key factor in enhancing properties like fracture toughness 

and fatigue resistance for bone fixation. Hence, this area needs deeper 

investigation. Furthermore, the correlation between SMAT parameters and 

the resulting surface integrity, including twin density, grain size, and 

dislocation structures, remains underexplored. 
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• Most studies evaluating the corrosion behaviour of Mg alloys have used 

simplified media such as NaCl solutions. However, the formation and 

stability of protective layers in physiologically relevant environments such 

as simulated body fluid (SBF), Dulbecco’s modified eagle medium (D-

MEM), Eagle’s minimum essential medium (E-MEM) or other enriched cell 

culture mediums that closely mimic human blood plasma require further 

detailed investigations. This study includes the nature, thickness, and 

uniformity of corrosion product films formed on SMATed surfaces. 

• The literature provides limited insights into how varying SMAT intensities 

influence the biological response, particularly regarding cytotoxicity, 

protein adsorption, and in vitro cell compatibility of Mg5Zn0.2Ca alloy. 

Clarifying these relationships is essential for assessing the clinical potential 

of this alloy. 

• While some reports address the basic mechanical properties of SMATed Mg 

alloys, a comprehensive evaluation of tensile fracture behaviour, wear 

resistance, and scratch response under different SMAT conditions is still 

lacking. Understanding how SMAT-induced surface gradients influence 

failure modes and surface damage mechanisms under real-world conditions 

is necessary for engineering and biomedical applications. 

 

2.6 Objectives 

This research aims to investigate the effect of SMAT on the microstructure 

evolution and surface-dependent properties of AZ91D and Mg5Zn0.2Ca Mg alloys, 

focusing on enhancing their engineering and biomedical performance, respectively. 

To achieve this, the following specific objectives are framed: 

1. To investigate the influence of vital SMAT parameters like ball velocity on 

the microstructure evolution and mechanical properties of AZ91D alloy, 

focusing on twin density, gradient thickness, grain refinement, and 

nanomechanical behaviour. 

2. To study the effect of ball velocity and surface coverage on the SMAT 

processed microstructure, surface hardness, and residual stress profile of 
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Mg5Zn0.2Ca alloy and to establish a clear relationship between processing 

conditions and resulting surface integrity. 

3. To evaluate the corrosion resistance and cytocompatibility of SMATed 

Mg5Zn0.2Ca alloy, emphasising Mg2+ ion release, passive film formation, 

and cellular response in E-MEM-based in vitro conditions. 

4. To understand the effect of SMAT on the mechanical integrity of 

Mg5Zn0.2Ca alloy by studying tensile properties, wear performance, and 

scratch behaviour (under constant and progressive loads), accentuating 

material loss, friction, and acoustic responses. 
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Chapter 3: Experimental Strategy 

 

This study investigated the influence of SMAT on the structural and 

functional performance of AZ91D and Mg5Zn0.2Ca magnesium alloys. The 

research methodology was systematically designed to align with the stated 

objectives. This section categorises the experimental approach into material 

preparation, SMAT processing, mechanical and microstructural characterisation, 

corrosion and cytocompatibility evaluation, and wear and scratch performance. The 

overall research plan of the current thesis is summarised in Figure 3.1.  

 

Figure 3.1: Overall research plan of the current thesis 

3.1 Sample Preparation and SMAT Process 

Commercial AZ91D and Mg5Zn0.2Ca alloys were selected for the 

investigations. Specimens of dimensions approximately 50 × 50 × 5 mm were 

polished using silicon carbide (SiC) papers, followed by sequential polishing with 

alumina and diamond suspensions. SMAT was performed using an in-house-

developed mechanical vibration-assisted setup (Figure 2.5) comprising a SMAT 

chamber where hardened steel balls impacted the specimen surface at controlled 

velocities.  

3.1.1 AZ91D Samples 

The selected SMAT parameters and designations for AZ91D samples are 

presented in Table 3.1. 
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Table 3.1: Designations of AZ91D samples with SMAT parameters (here, 

‘coverage’ is related to the percentage area of the SMAT cabin’s floor occupied by 

the balls) 

Sample 

designation 

Sample 

condition 

Ball 

velocity 

(m/s) 

Coverage 
(i.e., ball 

packing 

ratio) 

Ball 

diameter 

(mm) 

SMAT 

duration 

(min) 

NSM Non-SMATed  - - - - 

SM-3v SMATed  ~3 25% 6 200 

SM-10v SMATed  ~10 25% 6 10 

The balls’ kinetic energy (which depends on their size and velocity) and the 

attrition duration are critical parameters in the SMAT process. The two ball 

velocities (~5 m/s and ~10 m/s for Mg5Zn0.2Ca; ~3 m/s and ~10 m/s for AZ91D) 

were selected to study the influence of kinetic energy input during SMAT on the 

depth and extent of surface deformation. These values cover both moderate and 

high-energy regimes, allowing the investigation of strain gradients, twin evolution, 

grain refinement, and mechanical property variations systematically. The higher 

velocity (10 m/s) represents an aggressive deformation condition, while the lower 

one (3-5 m/s) provides a milder surface modification, allowing the gradient effect 

to be captured and correlated with performance outcomes (e.g., SRS, corrosion, 

cytotoxicity). To study the role of ball velocity in the SMAT processing of AZ91D 

alloy, the ball size, coverage factor of SMAT (i.e., the percentage area of the SMAT 

cabin’s floor occupied by the balls), and percentage coverage of specimen surface 

(i.e., the percentage of the specimen surface impacted by the steel balls) were 

maintained constant for SM-3v and SM-10v specimens. In the SMAT process, 

100% surface coverage took ~30 s at ~10 m/s and ~10 min at ~3 m/s. Therefore, to 

maintain the same percentage coverage of 2000% for both specimens, the attrition 

durations of 240 and 10 min were chosen for SM-3v and SM-10v specimens, 

respectively. Mathematically, the coverage can be expressed as: 

%𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 =
𝑆𝑀𝐴𝑇 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 × 100%

𝑡0
 

where 𝑡0 is the time for 100% coverage. 
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3.1.2 Mg5Zn0.2Ca Samples 

Table 3.2 shows the selected SMAT process parameters and the samples’ 

designations considered for the first part of the study on Mg5Zn0.2Ca alloy. The 

influence of ball velocity and surface coverage in the SMAT process on the 

Mg5Zn0.2Ca alloy was analysed while keeping other factors like ball size (6 mm 

diameter) and the number of balls (32) constant for all samples. Similar to AZ91D 

alloy, during the SMAT process, achieving 100% surface coverage took ~12 min 

at 1 m/s, ~70 s at 5 m/s and ~30 s at 10 m/s of ball velocity. For example, SMAT 

took ~30 s (i.e., ~0.5 min) at ~10 m/s for 100% surface coverage, corresponding to 

1 peening intensity (PI). However, to achieve 500% surface coverage, a PI of 5 (i.e., 

30 s  5 = 150 s (2.5 min)) is considered. Similarly, a PI of 10 corresponds to a 

surface coverage of 1000%, and 20 PI corresponds to a 2000% surface coverage.  

Therefore, different attrition durations were set (Table 3.2) to maintain an 

identical surface coverage percentage (500%, 1000%, and 2000%) for the three sets 

of samples. 

Table 3.2: Sample designations and SMAT process parameters  

Sample condition 
Ball velocity 

(m/s) 

Surface coverage 

(%) 

SMAT duration 

(min) 

SA1 

1 

500 60 

SA2 1000 120 

SA3 2000 240 

SA4 

5 

500 6 

SA5 1000 12 

SA6 2000 23 

SA7 

10 

500 2.5 

SA8 1000 5 

SA9 2000 10 

The two most optimised samples, SA6 and SA9, were selected for the 

subsequent study phases. For clarity and consistency, SA6 will be referred to as 

‘SM-5v’ and SA9 as ‘SM-10v’. 

 

 

 



29 
 

3.2 Characterisation of Samples: Microstructure and Mechanical Properties 

3.2.1 Microstructure and Microhardness 

Post-SMAT, the cross-sections of all specimens were examined using 

optical microscopy (OM), scanning electron microscopy (SEM), and transmission 

electron microscopy (TEM) to study grain refinement, twin density, and 

deformation features. Phases, crystallite size, and residual stress vs depth profiles 

were investigated using X-ray diffraction (XRD) with Cu-Kα radiation. Residual 

stress was determined using the sin2ψ method by progressively polishing the 

SMATed layer. Electron backscatter diffraction (EBSD) assessed grain orientation, 

twin structures, and dislocation density, while energy-dispersive X-ray 

spectroscopy (EDS) mapping provided elemental distribution. 

For microstructural examinations, the specimens were first polished using 

SiC papers, navigated alumina, diamond suspensions (~3 μm, ~1 μm, and ~0.1 μm), 

and finally, with ~0.04 μm colloidal silica suspensions. Afterwards, these samples 

were chemically etched using the solution prepared with the following: 2.3 g picric 

acid, 5 ml acetic acid, 35 ml ethanol, and 5 ml distilled water. The etched specimens 

were examined under the OM and SEM. Electropolishing was performed after 

diamond polishing to reveal the microstructural features for EBSD analysis. 

Electropolishing was carried out using a 3:5 solution of orthophosphoric acid and 

ethanol (a total of 400 mL, with 250 mL ethanol). The sample (worked as anode) 

and cathode were securely held using tweezers and connected to a voltage-regulated 

circuit to facilitate electropolishing. Electropolishing was conducted in two steps: 

(i) 3 V for 30 s and (ii) 1.5 V for 2 min 15 s. The total electropolishing time was 2 

min 45 s, ensuring a suitable surface quality for EBSD analysis of the specimens. 

The minute details of the SMATed specimens’ microstructure were then 

investigated using the TEM. 

The specimen surface was further studied with the help of the XRD 

technique (using Cu-Kα radiation). The crystallite size of the SMATed specimens 

was calculated employing the Scherrer formula (Eq. 3.1) [95]:  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                             (3.1) 
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where D = crystallite size (in nm), K = shape factor (= 0.9 for magnesium alloys), 

λ = wavelength of X-rays (for Cu-Kα, λ = 0.15406 nm), β = Full Width at Half 

Maximum (FWHM) of the diffraction peak (in radians), and θ = Bragg angle (in 

radians). Following the crystallite size analysis, the Williamson–Hall (W-H) (Eq. 

3.2) plot was used to calculate the lattice strain (ϵ) [95]. 

𝛽𝑐𝑜𝑠𝜃 =
𝐾𝜆

𝐷
+ 4𝜖𝑠𝑖𝑛𝜃                                                (3.2) 

For residual stress measurements across the SMATed layer, the material 

thickness was gradually reduced with the help of mechanical polishing. In this 

study, the (104)α-hcp peak (2θ = 82.146o) was considered for the measurement, and 

the residual stresses generated within the deformed layers at different depths were 

quantified using the sin2(ψ) method. 

The Vickers microhardness tester (with ~10 s dwell time and 50 g load) was 

used for the hardness measurement. At every depth (d) from the SMATed surface, 

about ten indents were taken randomly to evaluate the microhardness distribution. 

 

3.2.2 Nanomechanical Properties 

The nanomechanical properties of the AZ91D alloy were investigated using 

a Hysitron TI-900 Nanoindenter equipped with a Berkovich tip. The measurements 

were carried out at 11-15 different depths from the SMATed surface. About five 

indentations were taken at each depth location (~100 μm apart). The 

nanoindentation technique was used to investigate the loading-unloading 

behaviour, nanohardness distribution, creep properties, pop-in effect, indentation 

size effect (ISE), and strain rate sensitivities (SRS) of NSM, SM-3v, and SM-10v 

samples.  

The Oliver-Pharr approach was used to calculate the hardness [96]. As per 

this method, the hardness value can be calculated from the following equation (Eq. 

3.3): 

                                                       𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐
         (3.3) 

where Ac is the contact area (nm2), and Pmax is the maximum indentation load (μN).  

Along with H, creep is one of the dominant mechanisms affecting severely 

deformed materials’ nanomechanical properties. It is the continuous deformation of 
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a material under a constant load as a function of time and temperature. In the 

constant load-holding indentation technique, creep can occur during dwell time. In 

this work, a load of 4 mN was applied at room temperature for around ~5 s holding 

time.  

A creep rate for a crystalline material under steady-state conditions can be 

calculated using Eq. 3.4 [97]: 

𝜀�̇�𝑟𝑒𝑒𝑝 =
𝐴𝐷0𝐺𝑏

𝑘𝑇
(

b

𝛿
)

𝑝

(
𝜎

𝜇
)

𝑛

𝑒𝑥𝑝 (−
ΔQ

𝑘𝑇
)

𝑛

    (3.4) 

where   is the grain size, T is the temperature, k is the Boltzmann constant, b is the 

Burgers vector, n is the stress exponent, p is the grain size exponent, ΔQ is the 

activation energy, G is the shear modulus, D0 is the diffusion coefficient, A is a 

coefficient related to microstructure and temperature. Under the indenter, triaxial 

stresses are induced that can easily exceed the material’s yield strength, even if the 

temperature is low. Thus, Eq. 3.4 is reduced to Eq. 3.5: 

  𝜀�̇�𝑛𝑑.  𝑐𝑟𝑒𝑒𝑝 = (
1

ℎ
)

𝑑ℎ

𝑑𝑡
      (3.5) 

where 𝜀�̇�𝑛𝑑.𝑐𝑟𝑒𝑒𝑝 is the indentation creep rate (strain rate), and h is the instantaneous 

depth. 

In general, indentation stress or hardness can be expressed in terms of an 

indentation load and instantaneous depth [98, 99]; however, to be more precise, the 

indenter’s tip geometry was considered while calculating these values. Here, for a 

Berkovich indenter tip, the indentation stress (σind.) or hardness (H) can be 

appropriately expressed as [97, 100]: 

𝜎𝑖𝑛𝑑. =
𝑃

24.56 (0.06𝑅+ℎ )2
     (3.6) 

where σind. is the indentation stress, R is the radius of the indenter tip (200 nm for 

this study), h is the instantaneous indentation depth, and P is the indentation load. 

Further, strain rate sensitivity (SRS, m) mainly governs the rate-dependent 

behaviour of Mg alloys (related to formability, stress relaxation, creep, deformation 

rate change, etc.). The SRS was calculated by the slope of a linear part of a double 

logarithmic plot of indentation hardness vs creep rate (Eq. 3.7) [100]. 
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𝑚 =
𝜕(ln 𝜎𝑖𝑛𝑑.)

𝜕(ln �̇�𝑖𝑛𝑑.𝑐𝑟𝑒𝑒𝑝)
                                                              (3.7) 

In the depth-sensing experiments, the value of m was a helpful parameter for 

identifying the dominant deformation and creep mechanisms.  

 

3.2.3 Tensile Experiments 

The tensile tests were conducted using an Instron 5967 testing machine with 

a 5 kN load capacity following the ASTM E8M standards. The tests were performed 

on NSM, SM-5v, and SM-10v Mg5Zn0.2Ca alloy specimens at a strain rate of 10-

3 s-1. The dimensions of the specimens used for the tensile experiments are presented 

in Figure 3.2. Both surfaces of such tensile samples were SMATed.  

 

Figure 3.2: (a) Dimensions of the micro-tensile specimen; (b) Original image of the specimen 

True stress-strain curves were generated from the engineering stress (𝜎𝑒𝑛𝑔) 

- strain (𝜀𝑒𝑛𝑔) data using the following standard Eqs. 3.8 and 3.9: 

True stress (𝜎𝑡) =  𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔)                                        (3.8) 

True strain (𝜀𝑡) =  𝑙𝑛(1 + 𝜀𝑒𝑛𝑔)                                           (3.9) 

Further, to analyse the material’s work hardening behaviour, the strain hardening 

rate (𝜃 =
𝑑𝜎𝑡

𝑑𝜀𝑡
) was computed and plotted as a function of true strain. Additionally, 

the instantaneous strain hardening exponent (n) was calculated using the differential 

form of Hollomon’s equation (Eq. 3.10): 

𝑛 =
𝑑 ln 𝜎𝑡

𝑑 ln 𝜀𝑡
                                                                 (3.10) 

A separate plot of instantaneous n vs true strain was included to highlight 

differences in strain hardening behaviour between SMATed and non-treated 
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specimens. This analysis provided insight into the effect of surface nanostructuring 

on the alloy’s deformation mechanisms and plastic stability. 

 

3.3 Biocompatibility Study 

3.3.1 Biocorrosion 

 Eagle’s minimum essential medium (E-MEM) added with 10 vol.% fetal 

bovine serum (FBS) was employed to assess the corrosion behaviour of the 

Mg5Zn0.2Ca alloy. Typical concentrations of major inorganic and organic 

components in E-MEM + 10% FBS (designated as ‘EMEM-FBS’ in the subsequent 

text) are shown in Table 3.3 [38, 87, 89], along with human and artificial plasma 

comparisons. 

Table 3.3: Concentrations of major ions and organic components of human plasma, 

EMEM-FBS, and artificial plasma  

Component Human plasma EMEM-FBS Artificial plasma 

Ca2+ (mol/L) 0.0025 0.0018 0.0018 

Cl- (mol/L) 0.103 0.1248 0.1253 

Mg2+ (mol/L) 0.0015 0.0008 0.0008 

K+ (mol/L) 0.005 0.0054 0.0054 

Na+ (mol/L) 0.142 0.1412 0.1448 

SO4
2- (mol/L) 0.0005 0.0008 0.0008 

HPO4
2- (mol/L) 0.001 0.0011 0.0011 

HCO3
- (mol/L) 0.027 0.0262 0.0262 

Glucose (g/L) ~1.1 1 — 

Amino acids (g/L) 0.25-0.4 0.8596 — 

Proteins (g/L) 3-5 63-80 — 

 Corrosion performance of the non-SMATed and SMATed specimens was 

assessed using electrochemical and immersion experiments. The former tests were 

performed using a conventional three-electrode system, which included the 

Mg5Zn0.2Ca alloy specimen with 0.264 cm2 of exposure area (working electrode), 

a platinum wire (counter electrode) and a saturated Ag/AgCl electrode (3 M NaCl) 

(reference electrode). The electrodes were connected to a potentiostat integrated 
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with the frequency response analyser (VersaSTAT4, Princeton Applied Research, 

USA). The specimen was set into a sterile polycarbonate test chamber, which 

exposed only its top surface to the electrolyte. Before the test, EMEM-FBS was 

aerated overnight in a humidified air atmosphere with 5% CO2 in an incubator 

maintained at 37 °C for pH adjustment by the dissolution of CO2. Subsequently, 5 

mL of pre-conditioned EMEM-FBS was added into the electrochemical test 

chamber and placed in the CO2 incubator. Electrochemical impedance spectroscopy 

(EIS) was carried out at open circuit potential (OCP) following 2, 6, 12, and 24 h 

immersion periods. The measurements were conducted in the frequency range from 

0.01 – 105 Hz with an alternating current (AC) amplitude of 5 mV. The EIS data 

were analysed with an equivalent circuit model using Zview® software (ver. 4.0f, 

Scribner Associates, Inc. USA). Afterwards, potentiodynamic (PD) measurements 

were conducted at 0.5 mV/s scanning rate with a potential range starting from -

0.25V vs. OCP until the current density exceeded 1 mA/cm2. The corrosion 

potential (Ecorr) and corrosion current density (icorr) were obtained using the Tafel 

method. The pitting potential (Epit), which is the potential giving the current density 

of 0.1 mA/cm2, was also decided from the polarisation curves. The pH values of the 

electrolyte before and after the electrochemical test were also measured using a pH 

meter. Additionally, the corroded surface morphologies were examined using SEM 

and OM. All experiments were conducted in triplicate, at least. 

 For the immersion test, each specimen (10 × 10 × ~3.5 mm) was immersed in 

27.5 mL of the EMEM-FBS for 1, 4, and 7 days at 37 °C under the atmosphere of 

5% CO2 in humidified air, following the principles of ISO 10993-15 and in 

alignment with prior studies on corrosion testing of magnesium alloys [12, 61, 66]

. After these periods, weight loss and pH measurements were performed, and the 

corrosion rate was calculated. After 1 day of immersion, the EMEM-FBS was 

collected for the Mg2+ release quantification using inductively coupled plasma 

optical emission spectrometry (ICP-OES). Three specimens were tested for each 

condition to ensure reproducibility. XRD analysis further confirmed the insoluble 

salt layer formation on the specimens immersed for 1, 4, and 7 days. The insoluble 

salt layer was then removed with a chromic acid solution (20 g CrO3, 1 g AgNO3, 

and 2 g Ba(NO3)2 in 100 mL ultrapure water). After acid cleaning, microfocus X-

ray CT (SMX-90CT, Shimadzu Corp. Japan) images were captured optimally to 
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decide the pitting depth on the 7-day-immersed specimens. 2D slices with a 

resolution of 18 μm per pixel were used to calculate the pitting depth. After 

capturing a series of 2D slices through CT analysis, the pits were identified across 

these slices, with the pixel positions where each pit began and ended being noted. 

The pitting depth for each pit was then determined by multiplying the number of 

2D slices (between the start and end of the pit) by the slice thickness of 18 μm per 

pixel. This process was repeated for the top 300 pits, and the average pitting depth 

was calculated. Moreover, the SEM micrographs and EDS results were obtained for 

the specimens after the immersion test. 

 

3.3.2 Cytotoxicity assay by extract method 

 L929 murine fibroblasts (NCTC Clone 929, purchased from Dainippon 

Pharmaceutical Co. Ltd., Japan) were employed for in vitro cell culture experiments 

to assess the cytotoxicity of the material by the extract method described in 

ISO10993-5. The procedure of the cytotoxicity test is schematically presented in 

Figure 3.3. The Mg5Zn0.2Ca specimen was set into a sterile polycarbonate 

chamber with a silicone sponge lid for aeration. Only the specimen’s top surface 

(0.95 cm2) was exposed to 0.32 mL of the extract medium (EMEM-FBS), giving 

the surface area to extraction medium ratio of 3 cm2/mL. The chamber was placed 

at 37 °C for 24 h in a 5% CO2-containing humidified air atmosphere. After 24 h, 

the supernatant (extract) was collected and diluted to 3.1, 6.25, 12.5, 25, and 50% 

in EMEM-FBS. 

 

Figure 3.3: Schematic explanation of cytotoxicity assay by extract method 
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 Parallelly, L929 cells were seeded at 50 cells per well into 24-well culture 

plates and allowed to attach for 24 h in a CO2 incubator. After 24 h, the supernatant 

in the well was discarded, and 0.5 ml of extract (or its dilution) was transferred into 

it. The same EMEM-FBS portion was introduced into the control well. Three wells 

were used for each extract concentration to ensure repeatability. The microplate was 

incubated for 6 days in the CO2 incubator. Following the second incubation, the 

cells were fixed with 25% glutaraldehyde and stained using a 10% Giemsa solution. 

The microplate was subsequently air-dried, and the colonies were counted. The 

relative plating efficiency (RPE) was then determined using Eq. 3.11: 

RPE (%) = (Nsample/Ncontrol) × 100                                 (3.11) 

where Nsample and Ncontrol represent the average number of colonies in the control 

wells with and without the extract, respectively. The inhibitive concentration giving 

RPE 50% (IC50) was determined by converting RPE to a probit unit and applying 

the least-squares method against the logarithm of extract concentration. 

 

3.3.3 Protein Adsorption Test 

 The solutions of bovine serum albumin (BSA, 20 µg/mL in artificial plasma) 

and bovine fibronectin (FN, 30 µg/mL in artificial plasma) were used for protein 

adsorption analysis. The composition of the artificial plasma is detailed in Table 

3.3. First, each of the Mg5Zn0.2Ca specimens of 10 × 10 × ~3.5 mm (SM-5v and 

SM-10v) or 11 × 11 × ~4 mm (NSM) was placed in a 24-well microplate and 

immersed in 0.88 – 0.90 mL (SM-5v and SM-10v) or 0.72 mL (NSM) of the protein 

solution. In the control well, 1.2 mL of the protein solution was poured. The amount 

of the protein solution was controlled to be the same depth in the well, which means 

the same wall area was exposed to the protein solution. The specimens were placed 

at 37 °C under a 5% CO2 atmosphere in humidified air for 2 h. Then, the Coomassie 

Plus (Bradford) Assay Kit (Pierce Biotechnology, USA), following the protocol 

supplied, was employed to quantify protein concentration in the supernatant. 

Briefly, a 150 µL portion of the supernatant was poured into the well of the 96-well 

assay plate, and then a 150 µL portion of the Coomassie Plus reagent was added. 

Then, the plate was mixed in a microplate mixer for 30 s and left at room 

temperature for 10 min. The absorbance was measured at 595 nm using a microplate 
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reader (MultiskanTM SkyHigh, Thermo Scientific, USA), and the protein 

concentration in the solution was quantified using the calibration curves of BSA 

and FN. The adsorbed amount of the protein, A (μg/cm2), was calculated using Eq. 

3.12. 

                        𝐴 = (𝐶𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐶𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛)
𝑉

𝑆𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 
                                  (3.12)  

where 𝐶𝐶𝑜𝑛𝑡𝑟𝑜𝑙 and 𝐶𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 represent the protein concentration of the supernatant 

in each control and sample well (μg/mL), respectively. V denotes the protein 

solution volume in the well (0.8 or 0.95 mL for NSM and SM-5v/SM-10v), and 

𝑆𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 indicates the whole surface area of the specimen (3.6 or 3.0 cm2 for NSM 

and SM-5v/SM-10v). 

 

3.4 Wear and Microscratching Experiments 

The dry sliding wear performance of NSM, SM-5v, and SM-10v was 

evaluated using a ball-on-disc tribometer following ASTM G133. A schematic of 

the tribometer is shown in Figure 3.4.  

 

Figure 3.4: Wear setup 

All experiments were conducted at ambient temperature (30-40°C) in 

laboratory conditions. An ~8 mm diameter alumina (Al2O3) ball, with hardness 

1500-1650 HV and surface roughness of ~0.065 µm, served as the counter body. 

Tests were performed under normal loads (P) of 5, 10, and 20 N. The sliding 

velocity was fixed at ~0.1 m/s, and the wear track radius was maintained at ~5 mm. 

Each test was continued until a total sliding distance (D) of ~500 m was achieved. 

Before testing, the specimens and balls were ultrasonically cleaned with ethanol 

and dried. The coefficient of friction (COF) was monitored continuously throughout 

the test. COF profiles were recorded as a function of time, and average COF values 
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were calculated after eliminating the initial running-in period of ~400 s to reflect 

steady-state behaviour. 

The wear volume loss of the specimens was calculated using wear track 

geometry. The wear track’s 2-dimensional (2-D) profiles were captured at four 

positions using a contact 2-D profilometer to determine the average cross-sectional 

area (A). The wear volume (V) was then calculated by multiplying A with the 

corresponding track length. From the calculated wear volume, the wear rate (= V/D) 

and specific wear rate (= V/(D×P)) were determined. To estimate wear on the 

alumina counter ball, the diameter of the wear scar was measured using a 

stereomicroscope. The depth (h) and volume loss (Vc) of the counter surface (mm3) 

were calculated using Eqs. 3.13 and 3.14: 

ℎ = 𝑅 − √𝑅2 − 𝑟2                                                      (3.13) 

𝑉𝑐 =
𝜋ℎ

6
(3𝑟2 + ℎ2)                                                      (3.14) 

where R is the radius of the alumina ball (5 mm), r denotes the radius of the wear 

scar (mm), and h is the height (depth) of the wear scar (mm). All experiments were 

repeated three times to ensure reproducibility and average values were used in the 

analysis. 

Following the ball-on-disc wear experiments, microscratch testing was 

conducted to gain deeper insight into the surface deformation behaviour of non-

treated and SMATed Mg5Zn0.2Ca alloy specimens using a microscratch tester 

equipped with a conical diamond stylus. Two loading conditions were employed: a 

constant load of 50 N and a progressive load ranging from 20 to 80 N, applied over 

a 5 mm scratch length. Key parameters such as penetration depth, COF, and 

acoustic emission (AE) were recorded during the tests. Post-scratch surface features 

were analysed using a 2-D profilometer and SEM to assess groove morphology, 

material pile-up, and surface damage. 

 

3.5 Statistical Analysis 

 Wherever required, statistical analysis was conducted to evaluate the 

significance of differences between experimental groups. All data are presented as 

mean ± standard deviation (SD) from a minimum of three independent 

measurements for each test condition. One asterisk (*) indicates a statistically 
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significant difference with p < 0.05, while two asterisks (**) represent a highly 

significant difference with p < 0.01. The statistical significance was determined 

using student t-test and one-way analysis of variance (ANOVA) followed by 

Tukey’s post-hoc test to assess pairwise differences between groups. This analysis 

ensures the reliability and reproducibility of the reported results, and the asterisks 

in the graphs denote the level of statistical significance for the observed differences. 
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Chapter 4: Results and Discussion 

 

This chapter presents a comprehensive interpretation and critical analysis of 

the experimental outcomes. The discussion focuses on correlating observed results 

with underlying theoretical frameworks, previously published literature, and 

established scientific principles. Each set of findings is meticulously examined to 

uncover underlying mechanisms, identify consistent trends or anomalies, and 

evaluate their implications within the broader context of the research objectives. 

Overall, this chapter aims to bridge the gap between raw data and scientific 

understanding, offering insightful explanations that contribute meaningfully to the 

current body of knowledge in the field. 

 

4.1 Evolution of Gradient Structure in Surface Mechanical Attrition Treated 

AZ91D Alloy: An Effect of Colliding Balls Velocity 

The surface properties of the AZ91D alloy can be altered using SMAT, a 

promising method of severe surface deformation, where the role of process 

parameters is crucial. This section initiates the results and discussion chapter by 

exploring the influence of ball impact velocity during SMAT on the microstructural 

evolution of AZ91D magnesium alloy. In this study, specimens are SMATed using 

~3 m/s (SM-3v) and ~10 m/s (SM-10v) ball velocities (maintaining a constant 

percentage coverage) (Table 3.1). This study systematically examines the 

development of a gradient structure through variations in twin formation, grain 

refinement, and deformation depth. Comprehensive microstructural 

characterisation is performed using OM, SEM, and TEM, supported by 

microhardness profiling across the cross-section. Furthermore, nanomechanical 

behaviour is assessed via nanoindentation to evaluate nanohardness, creep 

behaviour and strain rate sensitivity, revealing the role of twin-mediated plasticity 

and gradient strengthening mechanisms. The findings provide crucial insights into 

the relationship between processing parameters and surface modification efficacy 

in the Mg alloy. 
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4.1.1 Microstructure of NSM, SM-3v, and SM-10v Specimens 

The SEM micrographs and EDS results of the non-SMATed (NSM) 

specimen are shown in Figure 4.1.1. The grain boundaries of the specimen are 

enveloped by a thick compound/phase, which is accompanied by microconstituents 

with a lamellar morphology (Figure 4.1.1(a)). The EDS results show the Mg and Al 

(and a small proportion of Zn) enrichment along the grain boundaries (Figure 

4.1.1(b)-(g)), which indicates that the compound phase formed in the specimen is 

β-Mg17Al12. The central region of the grains shows the dominance of Mg with some 

Al content (Figure 4.1.1(d)), which is an Mg-Al solid solution, called the -phase. 

The lamellar microconstituents (close to the -phase: see Figure 4.1.1(a)) are +. 

Such a microstructure evolution occurs during the solidification of AZ91D alloy 

[18]. 

 

Figure 4.1.1: (a) SEM micrographs, (b-d) EDS spectra of the locations indicated in (a), and (e-g) 

EDS maps of the NSM specimen 

During the initial die-casting stage, the Mg-Al (solid solution) grains form. 

The grain boundaries are enriched/supersaturated with Al during subsequent 

cooling, leading to the precipitation of the -phase. The excess Al in the grain 
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boundary region causes the decomposition of the solid solution (with eutectic 

composition) into lamellar + during slow cooling.  

The effect of SMAT on the AZ91D alloy’s microstructure is observed in 

optical and SEM micrographs (Figures 4.1.2-4.1.4). Since AZ91D Mg alloy 

possesses low stacking fault energy, its plastic deformation is primarily caused by 

dislocation slip and twinning [3]. Therefore, the SM-3v and SM-10v specimens 

display a considerable presence of twins. These specimens show higher twin 

density near the SMATed surface (Figures 4.1.2-4.1.3), which is reduced gradually 

with increasing depth (d) from the SMATed surface (Figure 4.1.4). Wang et al. [68] 

also evidenced the presence of higher twin density near the surface of AZ91D alloy 

after shot peening. Twin density is more prominent and denser in the SM-10v 

specimen (even in the deeper regions: see Figure 4.1.3(b) and (e)) than in the SM-

3v specimen. 

 
Figure 4.1.2: SEM and optical micrographs of the near-surface region of the cross-section of the 

SM-3v specimen  
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Figure 4.1.3: SEM and optical micrographs of the near-surface region of the cross-section of the 

SM-10v specimen  

The SM-3v specimen shows the twins up to ~800 ± 200 μm depth (Figure 

4.1.4(a)). The higher velocity of balls during SMAT causes the formation of the 

twins throughout the cross-section of SM-10v; however, they are more prominent 

up to ~3000 ± 500 µm depth (Figure 4.1.4(b)). Compared to SMAT, other methods 

of severe surface deformation generally give thinner deformed layers; for example, 

Mao et al. [78] observed twin-gradient microstructure up to ~350 μm depth due to 

the laser shock peening of AZ31B alloy surface.   

The twin gradient microstructure results from the plastic strain gradient 

produced during SMAT [40, 78]. The twin density and the deformed layer’s 

thickness depend on the strain and strain rate. The colliding balls transfer higher 

kinetic energy to the SM-10v specimen’s surface due to their higher velocity, 

enhancing the deformation (concerning an increase in the dislocation density and 

the number of twins) and causing deeper SMAT-affected region (Figure 4.1.4(a) vs 

4.1.4(b)). Further analysis of microstructural changes within the SMAT-affected 

regions is useful in understanding the mechanical properties (which are discussed 

in the subsequent sections) of SM-10v and SM-3v specimens.  
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Figure 4.1.4: Optical micrographs showing twin gradient microstructure across the cross-section 

of (a) SM-3v and (b) SM-10v specimens 

The NSM, SM-3v, and SM-10v specimens’ XRD patterns, as shown in 

Figure 4.1.5(a), corroborate the presence of - and -phases. Noticeable broadening 

of α and β peaks is observed for the SMATed specimens. Figure 4.1.5(b) shows the 

full width at half maximum (FWHM) of α and β peaks. Compared to the non-

SMATed sample, SM-3v and SM-10v specimens show ~49.6% and ~37.3% 

increase in the (FWHM)α, respectively. The (FWHM) is lower than the (FWHM)α. 

The main reasons for XRD peak-broadening are lattice strain accumulation and 

grain refinement [101]. In SMAT, the specimen surface is bombarded with 

randomly moving balls with a considerable velocity, which gradually increases 

lattice strain with SMAT duration. Moreover, the intensity of β peaks almost 

disappears after SMAT (Figure 4.1.5(a): see at 2θ = 35.98, 40.08, and 64.66), 

suggesting the dissolution of β-phase in α matrix during severe plastic deformation 

of SMATed surfaces. The material’s abnormal (non-equilibrium) behaviour is 

possible due to severe deformation. The SMAT operation could enhance the 

solubility of Al in the α matrix due to an increased density of defects and strain 

accumulation, promoting the β-phase dissolution [68]. The surface region’s volume 

percentage of the β-phase is reduced by ~28% and ~39% for SM-3v and SM-10v 

specimens, respectively, compared to the NSM specimen (Figure 4.1.5(c)). 
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Figure 4.1.5: (a) XRD diffraction patterns of NSM, SM-3v, and SM-10v specimens and 

corresponding (b) average FWHM, (c) volume percentage and crystallite size, and (c) lattice strain 

variation for α and β phases  

The XRD patterns are further analysed using Williamson-Hall (W-H) 

method (refer Eq. 3.2) to determine the average crystallite size and lattice strain. 

Eq. 3.2 represents a straight line, and by plotting βcosθ vs 4sinθ, the values of 

intercept (Kλ/D) and slope (lattice strain) are obtained. The lattice strain in the β-

Mg17Al12 is lower than -phase (Figure 4.1.5(d)), which is possible due to its harder 

nature (relevant results are discussed in the subsequent section). SMAT causes an 

increase in - and β-lattice strains, the extent of which is dependent on the velocity 

of balls during SMAT. The lattice strain in the -phase of the non-SMATed 

specimen is about 2.7  10-3; however, SM-3v and SM-10v surfaces show increased 

lattice strains of about 3.5  10-3 and 4.0  10-3, respectively. Compared to the lower 

velocity SMAT, a rise in the β-lattice strain is more predominant at higher velocity 

(Figure 4.1.5(d)). These results suggest that a strain in β-lattice dominates with an 

increase in ball velocity, which could drive the dissolution of β in the  matrix 

(Figure 4.1.5(c)). Along with the lattice strain, the average crystallite size of 

specimens is also affected by SMAT. The average crystallite size (of  and β) of 

the SM-3v and SM-10v is ~40 nm and ~25 nm, respectively (Figure 4.1.5(c)), which 
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suggests an enhancement in grain refinement with an increased ball velocity in the 

SMAT process. 

As mentioned above, SMAT produces a gradient microstructure in the 

deformed layer of AZ91D alloy. Such a microstructure evolution is caused by the 

strain gradient generated during SMAT. In other words, the specimen surface 

experiences severe deformation, and its severity gradually reduces with increased 

distance from the surface. The microstructure of the severely deformed surface 

evolves through various steps during the SMAT. The surface of the specimen 

initially experiences lower strain (which can be correlated with the microstructural 

development of deeper regions of SM-3v), followed by intermediate strain (which 

can be connected to the microstructure of the SM-3v specimen’s near-surface 

regions) and higher strain (which is concurrent to the SM-10v specimen’s 

microstructure in the near-surface regions). To reconnoitre the grain refinement of 

AZ91D alloy during SMAT, TEM analysis is performed at ~50 µm (subsurface 

region) and ~300 µm (deeper region) depths from the SM-3v surface and at ~50 µm 

(subsurface region) depth from the SM-10v surface.  

 Figure 4.1.6 shows the SM-3v specimen’s bright field TEM images and 

SAED patterns captured at 300 µm depth from the SMATed surface. The presence 

of β-phase (BCC structure) is observed in the microstructure at such a deeper region 

(Figure 4.1.6(a)). The SMAT-induced dislocations are also evidenced in this region 

(Figure 4.1.6(b)). Dislocation slips are more prevalent (than twining) in the deeper 

region of the SMATed layer (because of the lower strain and strain rate). Numerous 

dislocations have been entangled, resulting in a non-uniform distribution of 

dislocations. Such a response of the material is further attributed to the formation 

of dislocation cells and tangles (Figure 4.1.6(b)).  
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Figure 4.1.6: BF TEM images showing (a) β-phase (Mg17Al12) with the corresponding SAED pattern 

(as an insert), (b) dislocation cells and tangles, and (c) planer fault with (d) corresponding SAED 

pattern of SM-3v specimen’s deeper region 

Further, Figure 4.1.6(c) shows planer faults induced during the deformation. 

The corresponding SAED pattern in the [112̅0] zone axis is shown in Figure 

4.1.6(d). Streaking lines along [0002] are visible on the diffraction spots of -phase, 

suggesting the strong influence of crystal defects [67, 102]. Disruption in a crystal 

structure causes the formation of planer faults, which are typically associated with 

partial dislocations in the crystal lattice. During plastic deformation, dislocations 

move through the crystal lattice, creating localised regions with strain. Such 

dislocations can distort the crystal structure locally, forming stacking faults. The 

specific mechanisms that lead to stacking faults forming during plastic deformation 

depend on several factors, including strain, strain rate, creep resistance, stacking 

fault energy, etc. [103]. Figure 4.1.7 shows the bright field TEM image of coarser 

deformation-twins and related SAED pattern in [21̅1̅0] zone axis. The lower strain 

in the SM-3v specimen’s deeper region causes the formation of coarser twins. 

Dislocation cells, tangles, planer faults, and deformation twins are vital in grain 

refinement [104] 
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Figure 4.1.7: (a) BF TEM image showing coarser deformation twin and (b) corresponding SAED 

pattern of SM-3v specimen’s deeper region 

According to the von Mises yield criterion, five independent slip systems 

usually accomplish homogenous plastic deformation of polycrystalline materials. 

BCC and FCC structured materials with high SFE have more slip systems; hence, 

dislocation slip becomes more dominating during grain refinement. However, Mg 

alloys (being HCP structured materials) only have three independent slip systems. 

Prismatic and basal slips are easy to activate in the initial deformation stage, as they 

require less critical resolved shear stress (CRSS). However, at a later stage of 

deformation in the refined grains, a pyramidal <c+a> slip system activates, as it 

requires high CRSS [105, 106] 

At room temperature, an insufficient amount of activated slip systems in the 

HCP structure leads to forming of deformation twins. {101̅2} − {101̅2} and 

{101̅1} − {101̅2} double twins, {101̅1} < 101̅2 > compression twins and 

{101̅2} < 101̅1 > tension twins are the four main types of twins that appear in Mg 

alloys [105]. Tension twins are usually observed at the early deformation stage, 

requiring a CRSS of about 2-5 MPa [105]. Therefore, the deformed region (at a 

larger depth) of the SM-3v specimen evidences the presence of {101̅2} < 101̅1 > 

twin system (Figure 4.1.7(b)). During SMAT, strain hardening is induced by 

{101̅2} twins to accommodate plastic deformation. Dislocation gliding is promoted 

due to the change in grain orientation (caused by twins), resulting in further 

straining of the -matrix.  

Figure 4.1.8(a) shows the presence of dense and fine deformation twins near 

the SMATed surface of the SM-3v specimen. The thinner twins are visible close to 
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the surface (Figure 4.1.8(a)), while coarser twins are present in deeper regions of 

the specimen (Figure 4.1.7(a)). The average thickness of the twins in the near-

surface region is ~180 nm (Figure 4.1.8(a)). The presence of fine and dense twins 

is attributed to the severe deformation of the near-surface region by the multiple 

impacts of hard balls (i.e., accumulation of higher strain at the surface than the 

deeper regions). The twin density gradient across the SMATed layer (at a 

microscopic level) is observed in the optical micrographs (Figure 4.1.4). 

Additionally, the TEM study confirms the microstructural gradient nature of the 

SMATed layer at the minute level.  

 

Figure 4.1.8: (a) BF TEM image showing fine and dense twins and (b) corresponding SAED pattern 

of SM-3v specimen’s near-surface region  

Figure 4.1.8(b) indicates the presence of - and -phases. Streaks on -

phase diffraction spots (see SAED pattern in Figure 4.1.8(b)) are caused by the high 

density of dislocations, deformation twins, and localised alteration in crystal 

orientation (grain refinement). However, the absence of continuous rings in the 

near-surface region’s SAED pattern indicates the weaker grain refinement in the 

SM-3v specimen. This behaviour can be attributed to the relatively lower strain and 

strain rate associated with ~3 m/s ball velocity in the SMAT process. A TEM study 

is performed at the subsurface of the SM-10v specimen to understand the effect of 

higher ball velocity on grain refinement.    

Figure 4.1.9 shows bright field TEM images, SAED patterns, and 

nanograins distribution in the sub-surface region of the SM-10v specimen. Figure 

4.1.9(a) and (b) endorses the presence of α- and β-phases in the subsurface. In 

agreement with the XRD analysis (Figure 4.1.5), the β-phase only partially 

dissolves in the α-Mg matrix; therefore, it appears in Figure 4.1.9(a) and (b). 



50 
 

Continuity in the rings observed in the SAED pattern of SM-10v is better than that 

of the SM-3v specimen (Figures 4.1.8(b) vs 4.1.9(b)), which corroborates the better 

grain refinement of the SMATed surface by higher velocity balls. The average grain 

size observed at the SM-10v specimen’s subsurface is 32 ± 12 nm (Figure 4.1.9(c) 

and (d)). 

 

Figure 4.1.9: TEM results of SM-10v specimen’s sub-surface region: (a) BF TEM image and (b) 

corresponding SAED pattern confirming the presence α- and β-phases. (c) BF TEM image showing 

nanograins with the corresponding SAED pattern (as an insert) and (d) nanograins distribution  

4.1.2 Residual Stress Distribution 

The XRD peak of (104)α-hcp is selected for the residual stress measurements 

in the SMATed layer of SM-3v and SM-10v specimens (Figure 4.1.10). The 2θ vs 

sin2(ψ) method is used for this purpose. An example of XRD peaks (at various ψ 

angles) and corresponding sin2(ψ) plots at ~50 m depth of SM-3v and SM-10v 

specimens are shown in Figure 4.1.10. Scattered data points are observed in sin2(ψ) 

plots (Figure 4.1.10(e)), which are associated with the X-ray penetration depth [72]. 

The few factors affecting the peak position are the grain size, micro-texture, and 
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gradient structure produced due to SMAT [107]. However, such scattering in the 

data points is quite common and has been observed in several studies [40, 72, 107, 

108]. 

 

Figure 4.1.10: (104)α-hcp XRD peaks for (a) SM-3v and (b) SM-10v specimens recorded at 50 m 

depth. Residual stress distribution across the cross-section of (c) SM-3v and (d) SM-10v. (e) An 

example of 2θ vs sin2(ψ) plot for 50 m depth of the SMATed specimens 

The residual stress vs depth (i.e., distance from the SMATed surface (d)) 

profiles of SM-3v and SM-10v specimens are shown in Figure 4.1.10(c) and (d), 

respectively. Compressive residual stresses are observed in the SMATed layer of 

these specimens. Initially, this stress becomes more negative with increased 
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distance from the SMATed surface (zone I), followed by the region with maximum 

compressive stress (zone II) and then decreases (zone III). In zone IV, stress is close 

to zero. This behaviour indicates that zone III is sandwiched between the maximum 

and minimum compressed zones.  

The maximum residual stress of −281 ± 18 MPa is observed for SM-10v at 

~600 µm depth, which is ~2.3 times the residual stress at the surface. However, 

SM-3v reports −170 ± 8 MPa as the maximum residual stress at ~200 µm depth, 

which is ~2.5 times the residual stress at the surface. The higher resistance to the 

material’s flow during SMAT is the prime reason for the stress accumulation at the 

subsurface region.  

The SMAT duration affects the thickness of the deformed layer at a constant 

ball velocity due to the change in percentage coverage or peening intensity (PI) 

[34]. In SM-3v and SM-10v specimens, even if the SMAT duration is different, 

they are SMATed using the same percentage coverage (i.e., 2000%) or peening 

intensity (i.e., PI = 20). The higher ball velocity with a shorter SMAT duration 

enables a considerably thicker layer (Figure 4.1.4) with higher compressive stress 

(at a given peening intensity) (Figure 4.1.10). Singh et al. [40] observed the 

maximum residual stress of about −128 MPa at ~100 µm depth of the SMATed 

(diameter of balls: 6 mm, ball velocity: ~3 m/s, and SMAT duration: 1 h) AZ91D 

alloy. A comparison of this result with the current study suggests that higher 

compressive stress at deeper depth could be achieved at a longer SMAT duration 

(when ball velocity is low, for example, ~3 m/s) due to increased peening intensity. 

In other literature, Liu et al. [107] reported residual stress of about -206 MPa 

at ~50 µm depth after severe shot peening (SSP) (diameter of ZrO2 balls: 0.35 mm, 

air pressure: 0.36-0.61 MPa, and duration: 60 s) of Mg-8Gd-3Y alloy. Comparing 

this result with the SMATed specimens suggests that reasonable compressive stress 

in the thinner layer could be achieved quickly by impacting small-size (< 1 mm) 

hard particles using a high-pressure air jet in the SSP process. However, in the 

SMAT process, the larger diameter (> 1 mm) balls with moderate velocities (e.g., 

3-10 m/s) help obtain a thicker layer (Figure 4.1.4) with higher compressive stress 

(Figure 4.1.10).    
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4.1.3 Microhardness Distribution 

Microhardness values measured on α- and β-phases at various depths are 

shown in Figure 4.1.11(a) and (c) for SM-3v and in Figure 4.1.12(a) and (c) for 

SM-10v specimens. Further, averages of these microhardness value at different 

depths are plotted in Figure 4.1.11(e) and 12(e) for SM-3v and SM-10v specimens, 

respectively. The slope of the microhardness-depth profiles is shown in Figure 

4.1.11(b), (d), and (f), and Figure 4.1.12(b), (d), and (f) for SM-3v and SM-10v, 

respectively.  

 
Figure 4.1.11: Microhardness profiles and variation in their slope with the distance from the 

SMATed surface of SM-3v specimen for (a, b) α-Mg, (c, d) β-Mg17Al12, and (e, f) an average of the 

results for α- and β-phases 
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Figure 4.1.12: Microhardness profiles and variation in their slope with the distance from the 

SMATed surface of SM-10v specimen for (a, b) α-Mg, (c, d) β-Mg17Al12, and (e, f) an average of the 

results for α- and β-phases 

Microhardness values measured on β-phase are higher than the 

microhardness of α-phase at different depths. In the NSM specimen, the 

microhardness values of α- and β-phases and an average of both are ~56 HV0.05, 

~66 HV0.05 and ~61 HV0.05, respectively. In the SM-3v and SM-10v specimens, five 

distinct zones are visible in the microhardness profiles. In zone I, the sharpest 

microhardness gradient is observed for SM-10v and SM-3v specimens, which is 

decreased in zone II. The slope of the microhardness-depth profile fluctuates closer 

to zero (i.e., plateaued trend) in zone III. The slope becomes more negative (i.e., 
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hardness gradually reduces) in zone IV, and subsequently, it approaches zero in 

zone V (i.e., hardness profile reaches the core hardness). 

Such a gradient microhardness in the SMATed layer of AZ91D alloy is a 

consequence of gradient microstructure [40, 102]. The noticeable microhardness 

gradient exists up to 1200 ± 200 µm depth for SM-3v and 3500 ± 500 µm depth for 

SM-10v. During SMAT processing of softer material like AZ91D alloy, the 

squeezing action on a surface by colliding balls could generate different zones of 

varying extent of deformation/compression (Figure 4.1.10). Such action leads to the 

non-uniform density of dislocations and twins (Figures 4.1.2-4.1.4), the thickness 

of twins (Figures 4.1.7 and 4.1.8), and grain size distribution in the SMATed layer 

[102]. 

Microhardness values of α-Mg, β-Mg17Al12, and the average of these two 

for NSM, SM-3v, and SM-10v specimens’ surface regions are presented in Table 

4.1.1. The SM-10v surface reports the highest average hardness value of ~160 

HV0.05, which is ~2.6 times the NSM specimen’s hardness (~61 HV0.05). However, 

the average hardness value observed for the SM-3v is ~120 HV0.05, which is ~2 

times the hardness of NSM. Like lattice strain (Figure 4.1.5(d)), the SMAT has 

considerably affected the hardness of α-Mg and β-Mg17Al12 phases. A considerable 

rise in the microhardness of these phases with an increased ball velocity is observed 

in Table 4.1.1. Despite the higher hardness of the β-phase than the α-phase, the 

percentage rise in the β-phase’s hardness is more than that of the α-phase, 

suggesting the domination of the β-phase’s straining during the SMAT.  

Duan et al. [102] achieved ~72% enhancement in the SMATed surface’s 

microhardness (from ~68 HV to ~117 HV) and ~500 μm deformed layer thickness 

of AZ31 Mg alloy after 6 min SMAT using 3 mm diameter balls and 20 kHz 

vibration frequency. Comparison of this behaviour with the SM-10v specimen 

suggests that significant layer thickness (~3500 µm) and hardness improvement 

(~164%) of an Mg alloy are achievable using larger diameter balls (e.g., ~6 mm) 

and high ball velocity (e.g., ~10 m/s) in the SMAT process. 

 

 



56 
 

Table 4.1.1: Surface microhardness and its percentage increase for SM-10v and 

SM-3v specimens with respect to the NSM specimen  

Phases Microhardness (HV0.05) 

NSM SM-3v SM-10v 

Surface 

hardness 

% Increase 

(with respect 

to NSM) 

Surface 

hardness 

% Increase 

(with 

respect to 

NSM) 

α-Mg 56 108 94 134 141 

β-Mg17Al15 66 131 100 186 183 

The average 

hardness of α- 

and β-phases 

61 120 98 160 164 

The refined grains and considerable density of lattice defects in the 

SMATed layer are the main causes of microhardness improvements. The most 

dominant deformation mechanism of Mg alloys is twinning [76–78]. Therefore, 

strain-hardening induced through this mechanism is one of the factors for the 

hardness enhancement of the SMATed layer [40]. The twin boundaries impede the 

movement of dislocations produced during SMAT, limiting further slip. In other 

words, the interaction of dislocations and twins results in strain-hardening and 

improvement in the SM-3v and SM-10v specimens’ hardness. 

Hall–Petch relation can also be applied to the hardness, similar to the yield 

strength [109]. In this relation, the value of k (a material/strengthening constant) is 

strongly affected by the Taylor factor (which is linked to the grain/crystal 

orientations). If the Taylor factor increases, the value of k also increases. 

Magnesium has a larger Taylor factor than FCC and BCC structured materials, and 

it has a limited number of slip systems (being a material with an HCP structure). 

Consequently, the hardness of Mg alloy can easily be affected by a slight change in 

the grain size (which is altered due to SMAT). In other words, Mg-alloys’ hardness 

is very sensitive to grain size. Further, a decrease in the crystallite size and volume 

fraction of β-phase (Figure 4.1.5(c)) causes an increased hardness of the SMATed 

surface.  
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Formation of nanograins (Figure 4.1.9) and fine and dense twins (Figures 

4.1.2, 4.1.3, and 4.1.8) are dominating parameters in causing a high microhardness 

in zone-I (Figure 4.1.11 and 4.1.12). Duan et al. [102] established the grain size 

gradient in the SMATed layer of an Mg alloy. Moreover, a decrease in twin density 

(Figure 4.1.4) and an increase in twin thickness (Figures 4.1.7 and 4.1.8) with an 

increased distance from the surface causes a sharper drop in zones I and II of 

microhardness profiles (Figures 4.1.11 and 4.1.12). Zone III (which is squeezed 

between the maximum and minimum compressive stress: see Figure 4.1.10(c) and 

(d)) shows a plateaued hardness trend. Such a trend is observed because the density 

of twins (and, possibly, dislocation density and crystallite size also) does not change 

much in zone III (Figure 4.1.4) during microstructure refinement. In zone IV, the 

twin density is reduced drastically (Figure 4.1.4), and twins become coarser (i.e., 

the thickness of twins increases: Figures 4.1.7 versus 4.1.8), attributing a slightly 

inclined trend (with negative slope) in the microhardness profiles (Figures 4.1.11 

and 4.1.12). Finally, the slope of hardness profiles approaches zero in the core (zone 

V). All these zones represent the overall response of AZ91D alloy to the SMAT 

process. 

 

4.1.4 Nanoindentation Analysis 

4.1.4.1 Load-Displacement Curves and Nanohardness 

Compared to the indentation in microhardness measurements, the volume 

of material exposed to nanoindentation is tiny. Therefore, nanoindentation gives 

precise information about the role of the microstructure’s minute features on the 

material’s mechanical behaviour. At room temperature, the average load-

displacement (p-h) profiles corresponding to a few depths are shown in Figure 

4.1.13(a) and (b) for SM-3v and SM-10v specimens, respectively.   

As shown in Figure 4.1.13(c) and (d), during the deformation of SMATed 

material beneath the nanoindenter, the loading regime of a few P-h curves exhibits 

a sudden depth burst that can be called a “pop-in” effect [110, 111]. The dislocation 

loops are typically nucleated and expanded homogeneously during a deformation, 

causing a suddenness of a pop-in event. Due to their rapid expansion and 

multiplication, the twinned regions are also known to appear under falling stress. 
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The interaction of twins and dislocations with grain boundaries results in pop-in 

effects [112]. Dislocations’ annihilation or splitting, twins’ migration or growth, 

and de-twining of the pre-existing twins could also cause the pop-ins [112]. 

 

Figure 4.1.13: Nanoindentation load-depth profiles for (a) SM-3v and (b) SM-10v specimens. The 

corresponding amplified region shows pop-ins for (c) SM-3v and (d) SM-10v specimens  

Severe surface deformation techniques influence the pop-in effect to a 

greater extent [110, 111]. The surface of SM-3v and SM-10v specimens are 

severely deformed; hence, the dislocations and twins are already present in the 

SMATed layer. These preconditions of the specimens could enhance the pop-in 

effect during nanoindentation. This effect is more prominent at shallower depths 

(i.e., close to SMATed surfaces: see Figure 4.1.13(c) and (d)). The degree/extent of 

plastic deformation is greater in the SM-10v specimen (due to the higher ball 

velocity), which ultimately increases the density of dislocations and twins 

compared to the SM-3v specimen (Figures 4.1.2 and 4.1.3). Such behaviour is 

linked to higher pop-ins in SM-10v than in SM-3v (Figures 4.1.13(d) vs (c)). Hu et 

al. [110] investigated that intergranular strain compatibility requirements cannot be 

fulfilled during severe plastic deformation (due to limited slip systems in the HCP 

structure). This fact favours the formation of dislocation tangles (Figure 4.1.6) and 
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non-uniform twinned regions (Figures 4.1.2-4.1.4, 4.1.7, 4.1.8) that greatly 

enhances the pop-in phenomenon.  

Furthermore, a harder phase in the microstructure could restrict the 

dislocation activities, suppressing the pop-in effect [111]. In the SMATed layer of 

AZ91D alloy, the dissolution of the harder -phase in a -matrix is plausible due 

to the severe deformation (Figure 4.1.5(a) and (c)), which suggests the likelihood 

of a lesser hindrance to the dislocation activities near the SMATed surface (as 

compared to the deeper region). This behaviour could further support the 

occurrence of more pop-ins at shallower depths of the SM-3v and SM-10v 

specimens (Figure 4.1.13(c) and (d)). 

The maximum value of contact depth for NSM is ~548 nm, and the average 

contact depth of indentations in the SMATed layer of SM-3v and SM-10v is about 

~423 nm and ~376 nm, respectively. These results indicate that the SM-10v 

specimen is noticeably harder than SM-3v and NSM specimens. The nanohardness 

is derived from the loading and unloading curves. Figure 4.1.14(a) and (c) show the 

profiles of nanohardness vs distance from the SMATed surface, and the 

corresponding variation in slope is displayed in Figure 4.1.14(b) and (d) for SM-3v 

and SM-10v specimens, respectively. The nanohardness values of SM-10v and SM-

3v specimens’ surfaces are increased by ~3.1 and ~2.6 times the NSM specimen’s 

hardness (~0.63 GPa), respectively. Moreover, the average nanohardness of the 

SMATed layer of SM-10v (1.39 GPa) is more than SM-3v (1.22 GPa). 

Similar to the microhardness analysis, five zones are identified in the 

nanohardness profiles. A sharper drop is observed in zone-I (near the treated 

surface) of the nanohardness profiles of SM-3v and SM-10v specimens, which 

agrees well with the microhardness distribution (Figures 4.1.11 and 4.1.12). A 

gradient in an initial portion of the nanohardness profiles is linked to a sharp change 

in nano-twins’ thickness (Figure 4.1.8). The nanohardness trend differs in zones II 

and III, especially the microhardness profiles’ horizontal trend in zone III (Figures 

4.1.11 and 4.1.12) is absent in nanohardness profiles (Figure 4.1.14). Moreover, the 

nanohardness gradient (with some fluctuations in their slope) is continued up to 

zone-V. Such behaviour is possible due to the gradual change (with an increased 

depth) in tiny features of microstructure like twin thickness (Figure 4.1.8), the 
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intersection of twins (Figure 4.1.4), dislocation cells (Figure 4.1.6(b)), and planar 

faults (Figure 4.1.6(c)).  

 

Figure 4.1.14: Nanohardness distribution and corresponding slope variation with distance from the 

SMATed surface of (a, b) SM-3v and (c, d) SM-10v specimens. (e) Indentation size effect for NSM, 

SM-3v and SM-10v specimens 

4.1.4.2 Indentation Size Effect  

Nanoindentation hardness (H) versus indentation depth (h) profile of NSM 

and that of the SM-3v and SM-10v specimens’ SMATed layer are displayed in 

Figure 4.1.14(e). Classical plasticity does not account for the indentation size effect 

(ISE) phenomenon. According to classical plasticity, hardness is independent of the 

indentation depth (no matter indent is shallow or deep). However, hardness is 
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observed on the higher side at shallow indents in depth-sensing tests. This 

phenomenon is shown in Figure 4.1.14(e), where the higher hardness values are 

observed at shallow indent depths for NSM, SM-3v, and SM-10v specimens. The 

ISE effect can be better explained through strain gradient and dislocation-starved 

plasticity. According to dislocation-starved plasticity, a tiny volume is observed 

beneath the indenter when it encounters the surface. This volume is treated as a 

dislocation-free structure in an early stage of nanoindentation. Thus, the material’s 

strength at this stage is higher (which could be close to its theoretical strength) [98, 

99]. 

The further movement of the indenter into the specimen increases the 

affected volume, allowing more space for dislocations to form. A gradient plasticity 

theory usually attributes the ISE to geometrically necessary dislocations (GNDs) 

produced in the plastic zone under the indenter tip [97]. As a result of indentation 

penetration, lattice rotation occurs in the material, and to accommodate that, GNDs 

are generated. Compared to uniformly strained material, extra dislocations are 

created in a tiny region under the indenter tip. Thus, work-hardening or strain 

gradient results under the indenter (the collective effect of increased GNDs and 

loading rate) [97]. At further indenter penetration (at a larger depth), a plateaued 

trend is observed (Figure 4.1.14(e)).  

 

4.1.4.3 Ratio of Final Displacement (hf) and Maximum Displacement (hmax)  

Indentations’ maximum displacement (hmax) and final displacement (hf) 

values are obtained from P-h curves (Figure 4.1.13). Finally, the ratio of hf and hmax 

(i.e., hf/hmax) is plotted against a distance from the SMATed surface (Figure 4.1.15). 

When the hf/hmax approaches 1, the material possesses negligible elastic recovery. 

As shown in Figure 4.1.15, the hf/hmax values are lower near the SMATed surfaces 

(SM-3v and SM-10v) and gradually increase with an increase in the distance from 

the surface. This trend indicates that elastic recovery of the material close to the 

SMATed surface is more. The trend in the slope of the hf/hmax (Figure 4.1.15(b) and 

(d)) vs distance from the SMATed surface is fairly similar to the trend in the 

microhardness-depth profiles’ slope (Figures 4.1.11(f) and 4.1.12(f)), indicating the 

role of gradient microstructure of the SMATed layer. Considerable grain refinement 

(Figures 4.1.5(c) and 4.1.9), finer and denser deformation twins (Figures 4.1.2-4.1.4 
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and 4.1.8), and higher work hardening effect (Figures 4.1.11 and 4.1.12) are the 

most probable reasons for lower hf/hmax ratios in the SMATed layer. These features 

are observed up to ~1100 μm depth for SM-3v and up to ~3400 μm for SM-10v. 

The residual stress (Figures 4.1.10(c) and (d)) could also affect the hf/hmax ratios 

[113]. Hence, an increasing trend in the hf/hmax ratios is observed in zones-I to IV, 

and subsequently, a negligible variation is found in zone V (Figure 4.1.15). Zhang 

et al. [113] calculated the plastic and elastic energy (from loading-unloading 

curves) of the AZ31 Mg alloy processed through spinning and found that a 

deformed surface region exhibits maximum elastic energy compared to the core 

region. In the current work, the hf/hmax ratio varies from ~0.72 (near the surface) to 

~0.82 (at ~1100 μm depth) for the SM-3v specimen; it is ranged between ~0.71 

(near the surface) and ~0.85 (at ~3400 μm depth) for the SM-10v specimen.  

 

Figure 4.1.15: The hf/hmax ratio distribution through the cross-section and the corresponding slope 

variation for (a, b) SM-3v and (c, d) SM-10v specimens 

4.1.4.4 Creep Measurements 

 Figure 4.1.16 illustrates the relationship between creep displacement and 

holding time (5 s) at the constant load (4 mN) for the SMATed specimens. Within 

the SMATed regions, the creep displacements at different depths from the treated 
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surface are plotted against the holding time for SM-3v (Figure 4.1.16(a)) and SM-

10v (Figure 4.1.16(c)). An enlarged view of such plots at 600 μm depth is shown 

(as an example) in Figure 4.1.16(b) and (d) for SM-3v and SM-10v, respectively. 

 
Figure 4.1.16: Variation in creep displacement with holding time at different depth locations within 

the SMATed regions of (a) SM-3v specimen (with (b) an enlarged view at 600 μm depth) and (c) 

SM-10v specimen (with (d) an enlarged view at 600 μm depth)  

Creep-induced displacement is lower near the surface of SM-3v and SM-

10v, which is ~429 nm (at ~50 μm depth) and ~346 nm (at ~50 μm depth), 

respectively. However, in the core of the specimens (i.e., the least affected region 

of the specimen’s cross-section during SMAT), it is ~639 nm (at ~1200 μm depth) 

for SM-3v and ~660 nm (at ~3100 μm depth) for SM-10v. A positive shift in creep 

displacement curves with an increased distance from the SMATed layer is observed 

(Figure 4.1.16) due to the hardness gradient (Figures 4.1.11, 4.1.12, and 4.1.14), 

which is a consequence of the microstructure gradient. Region I (up to ~1.5 s) shows 

a sharp rise in the creep displacement for all curves, while region II shows a steady 

state creep. The maximum rise in creep displacement is observed in region-I; 

however, the extent of the rise in the creep displacement with time along the depth 

of the SMATed layer of SM-3v is different than that of the SM-10v specimen 
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(Figure 4.1.16). The change in creep displacement is slower for SM-10v than for 

SM-3v (Figure 4.1.16(b) and (d)). Moreover, this change is more sluggish in region-

II than region-I for both specimens.   

 

Figure 4.1.17: Variation in creep rate with (a) holding time and (b)-(d) indentation depth for 

NSM, SM-3v, and SM-10v specimens  

 The relationship between the creep rate and holding time derived using Eq. 

3.5 for NSM, SM-3v, and SM-10v specimens is shown in Figure 4.1.17(a). The 

data presented is based on the average of indents taken at various depths within the 

SMATed zone of SM-3v and SM-10v specimens. For all specimen conditions 

(NSM, SM-3v, and SM-10v), the creep rate initially decreases sharply (transient 

creep). It then gradually approaches a steady state (steady state creep) as the dwell 

time increases. The highest creep rate is observed for NSM, followed by SM-3v 

and then SM-10v (Figures 4.1.16(b) and (d), and 4.1.17). Ball velocities play a vital 

role in governing the degree of deformation, grain refinement (Figures 4.1.5(c) and 

4.1.9(d)), twins (their thickness and density: see Figures 4.1.2-4.1.4, 4.1.7, and 

4.1.8), dislocation density, and hardness enhancement (Figures 4.1.11, 4.1.12, and 

4.1.14); hence, the SM-10v specimen exhibits the lowest creep rate. It has also been 

noticed that the creep rate decreases with increasing indentation depth in the 
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holding stage (Figure 4.1.17(b)-(d)). This trend shows that the observed creep rates 

are high at shallower depths for all specimen conditions. The microstructural 

features are the probable reasons for such a creep rate behaviour of the SMATed 

and non-SMATed specimens [114]. 

Even if a small volume beneath the indenter is treated as a dislocation-free 

structure in an early stage of nanoindentation (according to dislocation-starved 

plasticity), the pre-existing/stored dislocations and twins are propagated and 

forwarded in the initial holding period during the loading regime. The opposite 

grain boundaries absorb these highly unstable dislocations, causing high creep 

displacements (transient creep). The generation of dislocations and their further 

movements are severely limited by the dislocation walls (Figure 4.1.6(b)) or twin 

boundaries (Figure 4.1.2-4.1.4) in the SMATed layer, which rapidly reduces the 

creep rate with an increased holding time. For the next holding period (1.5-5 s), the 

interaction between twin boundaries and dislocations could result in the 

dislocations’ dynamic recovery, forming a relatively stable dislocation network 

[110]. As a result, rapidly reducing creep behaviour approaches a steady state; 

hence, an almost plateaued trend is observed after that (Figure 4.1.17(a)). The SM-

10v specimen shows the lowest creep depth (Figure 4.1.17(b)-(d)), which suggests 

that a higher density of twins and dislocations in SM-10v offers higher resistance 

to creep.  

 

4.1.4.5 Strain Rate Sensitivities 

A material’s rate-dependent strength (or hardness) behaviour is governed to 

a greater extent by strain rate sensitivity (SRS). However, due to the complex 

deformation mechanism, complex rate-sensitive behaviour is observed in Mg alloys 

[114–116]. Figure 4.1.18(a) and (c) show double logarithmic plots of creep rate vs 

nanohardness for SM-3v and SM-10v, respectively, at different depths from the 

SMATed surface. An enlarged view of one of these plots (corresponding to ~50 μm 

depth) and its linear portion fitting are presented in Figure 4.1.18(b) for SM-3v and 

in Figure 4.1.18(d) for SM-10v. The reciprocal of the fitted line’s slope represents 

the SRS of the corresponding depth. The SRS values obtained by adopting this 

approach for different depths in the SMATed layer are presented in Figure 

4.1.18(e).  
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The SRS of the non-SMATed core of the AZ91D alloy is in the range of 

0.037-0.040. The SRS value in region-I (Figure 4.1.18(e)) at ~50 μm depth is 

~0.018 for SM-3v and ~0.027 for SM-10v; however, it drops suddenly when the 

distance from the SMATed surface increases to some extent, and subsequently, it 

increases in region II. Due to magnesium’s HCP crystallographic structure, several 

deformation mechanisms exist (with very different SRS values from each other), 

which have distinct roles under varying loading paths. Even though different 

deformation mechanisms have different SRS values, the rate-dependent behaviour 

of Mg alloys is commonly described through a single SRS scheme in many studies. 

Nevertheless, SRS values must be individually correlated with the different 

deformation mechanisms. 

Grain size could affect the SRS of material [80, 116]. Choi et al. reported 

that grain refinement during the high-pressure torsion (HPT) enhances the SRS of 

as-extruded ZK60 Mg alloy (from ~0.035 to ~0.043) [116]. However, the 

deformation twinning demonstrates low SRS [114]. Due to the gradient 

microstructure of the SMATed layer, SRS behaviour depends on the 

microstructure’s dominant feature. In the current study, the maximum grain 

refinement is observed near the SMATed surface, where 

nanocrystallites/nanograins are formed (Figures 4.1.5(c) and 4.1.9). Therefore, the 

reduced grain size dominates in causing higher SRS near the surface region (i.e., 

region-I) than region-II. As the SM-10v surface has better grain refinement than 

SM-3v (Figures 4.1.5(c), 4.1.8, and 4.1.9), region I of the SM-10v specimen shows 

higher SRS (Figure 4.1.18(e)). However, the lower value of SRS in region-I than in 

the non-SMATed specimen suggests the role of twinning in attenuating the 

dominance of grain refinement to control SRS.  
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Figure 4.1.18: Double-logarithmic plots of creep rate variation with hardness at different depths 

from the SMATed surface of (a) SM-3v specimen (an example of linear portion fitting at 50 μm (b)) 

and (c) SM-10v specimen (an example of linear portion fitting at 50 μm (d)). (e) Strain rate 

sensitivity variation in the SMATed region of SM-3v and SM-10v specimens 

As the distance increases from the SMATed surface (towards the region I/II 

interface), the increase in grain size and domination of twins reduce SRS. At the 

beginning of region II (at a depth of ~200 μm) of the SMATed specimens, the SRS 

is ~0.01 (Figure 4.1.18(e)). In region-II, SRS tends to increase as the distance from 

the SMATed surface increases and, finally, approaches the value of the non-treated 

specimen’s SRS. The intermediate SRS values can be associated with the combined 
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effect of twin gradient and dislocation slip. In Mg alloys, extension twinning, 

pyramidal slip, prismatic slip, and basal slip are some of the most common 

deformation mechanisms [86, 114]. When twinning is the dominant deformation 

mechanism, an Mg alloy becomes rate-insensitive, where SRS values could be 

reduced to ~0.01 (or even lower) [114]. In the current study, the densely distributed 

twins are formed near the surface of SM-3v and SM-10v (Figures 4.1.2 and 4.1.3). 

As mentioned above, the lowest value of SRS (at the beginning of region-II) is 

associated with the deformation twins’ dominance. An increasing trend in SRS is 

observed in region-II as the density of twins reduces with an increased distance 

from the SMATed surface (Figure 4.1.4). The SM-10v specimen shows lower SRS 

values throughout region-II, possibly due to the higher twin density in the SMATed 

layer of SM-10v (Figure 4.1.4). 

 

4.1.5 Mechanism of Grain Refinement and Evolution of Gradient 

Microstructure and Properties of AZ91D During SMAT 

In SMAT, strain and its rate are crucial in converting the strain-free 

microstructures into micro-, sub-micro-, and nanoscale-grained structures [80, 117, 

118]. Applied strain and strain rate are comparatively higher at a SMATed surface 

and decrease along with depth. In other words, the specimen surface experiences 

severe deformation, and its severity gradually reduces with an increased distance 

from the surface. Various steps are involved in microstructure evolution during the 

SMAT (Figure 4.1.19). During SMAT, the specimen surface initially experiences 

lower strain, followed by intermediate strain and, finally, higher strain. 

Consequently, the microstructure in the deformed layer of AZ91D alloy gradually 

changes with time and the distance from the SMATed surface (Figure 4.1.19(a)). 

The coarse-grained structure of the near-surface region transforms into the 

nanocrystalline layer after SMAT processing of the HCP-structured materials like 

Mg alloys (Figure 4.1.19(b)). Due to low-strain deformations at the beginning of 

SMAT, many dislocations appear within the coarse grains (Figure 4.1.6(b)). The 

nucleation of deformation twins is generally preceded by dislocation activity; 

hence, the deformation twins are observed at a later stage (Figure 4.1.7 and 4.1.8). 

The increased strain rate and strain accumulation further increase twin density 

(Figure 4.1.2-4.1.4) and alter the thickness of twins (Figure 4.1.7 vs Figure 4.1.8). 
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However, as the SMAT operation is performed at a lower (room) temperature, 

easily formed twins (due to increased strain rate) become difficult to grow 

compared to other SPD processes [68, 119] 

The twin gradient microstructure (concerning the density and thickness of 

the twins) is a result of the plastic strain gradient produced during SMAT [40, 78]. 

The velocity of balls has an important role in governing the density of one- and two-

dimensional lattice defects in the SMATed layer. The higher velocity of balls in 

SMAT causes the transfer of higher kinetic energy to the specimen surface, which 

increases the density of dislocations and twins and forms a deeper SMAT-affected 

region (Figure 4.1.4). The thickness of the SMATed layer and the accumulated 

strain increase with an increased SMAT duration (keeping other process parameters 

constant). An increased peening intensity or percentage coverage causes such a 

response. 

Furthermore, with the progress of the SMAT duration, some twins start 

interacting with each other due to an increased twin density within the grains 

(Figures 4.1.2-4.1.4). The twins impede the dislocations during the deformation. 

Hence, twin-twin interactions and twin-dislocation arrangements lead to grain 

refinement (Figure 4.1.19(b)). Further deformation forms sub-grains/nanograins 

(with low-angle boundaries) and many defects due to lattice rotation [79]. Different 

rotation directions are plausible, depending on the type of dislocation slip system. 

An increased misorientation between sub-grains and the gradual rotation of 

substructures accommodate the higher strain [119]. This situation eventually leads 

to the formation of high-angle boundaries and, finally, nanosized grains of around 

30-100 nm (Figure 4.1.9(d)). As the strain decreases with increasing depth, the 

grain size gradient occurs in the SMATed layer of an Mg alloy [102]. Moreover, a 

decrease in twin density (Figure 4.1.4) and twin thickness (Figures 4.1.7 and 4.1.8) 

occurs with an increased distance from the surface.  
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Figure 4.1.19: Schematics showing (a) gradient in microstructure and microhardness (for low and 

high ball velocity situations) with (b) grain refinement mechanism in the near-surface region of the 

SMATed AZ91D alloy  

The material’s abnormal (non-equilibrium) behaviour is possible due to a 

severe deformation during SMAT. In the case of AZ91D alloy, the -grain 

boundaries are enveloped by a thick -phase and microconstituents (+) (Figure 

4.1.1). The SMAT operation promotes the β-phase dissolution (Figure 4.1.5(a) and 

(c)) [68] which is possible due to the enhanced solubility of Al in the α matrix 

(caused by an increased density of defects and strain accumulation). Moreover, a 
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strain in β-lattice dominates with an increase in ball velocity (Figure 4.1.5(d)), 

which could drive the dissolution of β in the -matrix (Figure 4.1.5(c)). 

The SMAT process alters the mechanical properties, which are changed 

with an increased depth in the SMATed layer (Figures 4.1.10-4.1.18). In the SMAT 

process, an elongation of the deformed layer (during the impacts of the balls) is 

inhibited by the non-deformed or less deformed underneath material 

(substrate/core), leading to the accumulation of compressive residual stress in the 

SMATed layer (Figure 4.1.10). Different zones with varying trends in residual 

stress across the SMATed layer are formed during the SMAT (Figure 4.1.10(c) and 

(d)). In other words, the squeezing action on a surface of softer material (like 

AZ91D alloy) by colliding balls during SMAT processing generates different zones 

of varying compression/deformation. This response leads to the non-uniform 

density of dislocations and twins (Figures 4.1.2-4.1.4), varying twin thicknesses 

(Figures 4.1.7 and 4.1.8), and grain size across the SMATed layer [102, 106]. Such 

a non-uniform distribution of the microstructural features generates a hardness 

gradient in the SMATed layer (Figures 4.1.11, 4.1.12, 4.1.14, and 4.1.19(a)). 

Nanomechanical behaviour also shows a gradient nature due to the gradient 

microstructure (Figures 4.1.13-4.1.18). Attrition of AZ91D specimen surface with 

higher velocity balls (e.g., ~10 m/s) is useful in forming a considerably thicker layer 

(~3500 m) with higher hardness (~2 GPa at the surface) and compressive stress 

(about −281 MPa (max.) at ~600 µm depth) (for a peening intensity of 20) within a 

shorter SMAT duration (e.g., ~10 min).  
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4.2 Influence of Surface Mechanical Attrition Treatment Parameters on 

Microstructure and Residual Stress of Mg5Zn0.2Ca Alloy 

This section extends the discussion by evaluating the impact of key SMAT 

parameters (Table 3.2), explicitly colliding balls velocity (1, 5, and 10 m/s) and 

surface coverages (500, 1000, and 2000%), on the microstructural refinement, 

surface hardness, and residual stress distribution of the biodegradable Mg5Zn0.2Ca 

alloy. The evolution of microstructural features and hardness gradients is assessed 

alongside the quantification of residual stresses using the X-ray diffraction-based 

sin²ψ method. The findings underscore the critical role of SMAT-induced 

deformation in enhancing mechanical performance, contributing to the alloy’s 

suitability for biomedical applications. 

 

4.2.1 Results 

4.2.1.1 Microstructure Analysis  

 SEM micrograph and EDS spectra shown in Figure 4.2.1(a-e) represent 

microstructural features of Mg5Zn0.2Ca alloy. Its microstructure consists of an α-

Mg matrix, and secondary phase particles (Ca2Mg6Zn3) are dispersed throughout 

the grain interior and boundary.  

 

Figure 4.2.1: (a) SEM micrograph and (b)-(e) corresponding EDS maps for non-SMATed 

Mg5Zn0.2Ca alloy 
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A similar microstructure was reported in the literature [120]. The grain size 

of the as-cast Mg5Zn0.2Ca alloy is about 108 ± 5 µm. The literature has also 

reported an almost similar grain size of 114 ± 5 µm for as-cast Mg4Zn0.7Ca alloy 

[120]. Figure 4.2.2(a-i) shows optical micrographs of Mg5Zn0.2Ca alloy, which is 

SMATed with different ball velocities and surface coverages. For specimens 

SMATed at 10 m/s ball velocity (SA7, SA8 and SA9), fine and densely distributed 

twins are observed compared to the other specimens. Figure 4.2.3(a-c) shows the 

twins’ distribution from the treated surface to the core for SA3, SA6 and SA9. Other 

specimens also exhibit similar behaviour in terms of the distribution of twins.  

 
Figure 4.2.2: (a)-(i) Microstructure of SMATed Mg5Zn0.2Ca alloy obtained using an optical 

microscope for different SMAT velocities and surface coverage 
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Figure 4.2.3: Optical micrographs showing twin gradients across the cross-section of (a) SA3, (b) 

SA6, and (c) SA9 at a constant surface coverage of 2000% 

SA9 (Figure 4.2.3(c)) exhibits a dense distribution of fine twins near the treated 

surface. A transition from a fine twin morphology to coarser twins is observed when 

comparing SA9 to SA3. The thickness of the SMAT-affected layer influenced by 

the ball velocity and surface coverage is shown in Figure 4.2.4. In SA9, the presence 

of twins is evident up to a maximum depth of around 3000 ± 500 m (Figure 4.2.4). 

Conversely, the lowest depth up to which twins are observed is around 400 ± 100 

m for SA1.  

 

Figure 4.2.4: Thickness of SMAT-affected regions for all specimens SMATed at different velocities 

of colliding balls and surface coverages 
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Figure 4.2.5(a) shows XRD patterns of SMATed and non-SMATed 

specimens. They evidence the domination of α-Mg. A minute peak of Ca2Mg6Zn3 

phase (which has a minor quantity compared to α-Mg: see Figure 4.2.1) is evident 

in the non-SMATed specimen (amplified view of the relevant region of XRD is 

shown in the insert of Figure 4.2.4). Peak broadening is observed in all SMATed 

specimens.  

 

Figure 4.2.5: (a) XRD patterns for non-SMATed and SMATed specimens, (b) Variation in crystallite 

size at SMATed surface for all specimens. (c) Crystallite size distribution within the SMATed layer 

(for SA3, SA6 and SA9) at a constant surface coverage of 2000% 

 As shown in Figure 4.2.5(b-c), crystallite size is determined by assessing 

the broadening of the XRD peaks and utilising the Williamson-Hall method. Figure 

4.2.5(b) shows the crystallite size near the specimens’ treated surface. However, the 

variation of crystallite size across the cross-section of SA3, SA6, and SA9 (for 

2000% coverage) is displayed in Figure 4.2.5(c). Crystallite size is influenced by 

surface coverage and colliding ball velocity (Figure 4.2.5(b)). The higher the 

surface coverage and ball velocity, the better the microstructural refinement. The 

SA9 shows the smallest crystallites of ~25 nm, indicating maximum grain 
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refinement. On the other hand, SA1 exhibits the largest crystallite size of ~31 nm 

for 2000% coverage, reflecting the lowest degree of grain refinement.  

 

4.2.1.2 Microhardness Distribution 

 Figure 4.2.6(a) depicts the surface microhardness variation of the SMATed 

specimens. The highest microhardness value of ~118 HV0.05 is observed at the SA9 

specimen’s surface, while the SA1 specimen reports the lowest surface hardness 

value of ~68 HV0.05. There is a ~109% (~2.1 times) increase in the microhardness 

of SA9 compared to the microhardness of non-SMATed specimens (~56 HV0.05). 

The microhardness distribution across the cross-section of SMATed specimens 

(SA3, SA6 and SA9) is demonstrated in Figure 4.2.6(b). The microhardness 

gradient is observed in all the cases. As the distance from the SMATed surface 

increases, the microhardness value decreases, eventually reaching a plateaued 

trend. Figure 4.2.6(c) depicts a 3D plot generated using MATLAB illustrating the 

variation of surface microhardness concerning ball velocity and surface coverage. 

This plot depicts elevated microhardness values attributed to higher colliding ball 

velocities and surface coverages. 

 

Figure 4.2.6:  (a) Surface microhardness variation for the SMATed specimens. (b) Microhardness 

gradient across the cross-section of SA3, SA6 and SA9. (c) A 3D plot representing the variation in 

surface microhardness of the specimens SMATed at different ball velocities and surface coverages 
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4.2.1.3 Residual Stress Distribution 

 To measure the residual stress in the SMAT-affected region, an XRD peak 

of (203)α-hcp (2θ = 90.46°) is selected. Figure 4.2.7(a)) shows an example of such 

peaks corresponding to the 50 m distance from the SMATed surface. The d-

spacing versus sin2(ψ) method is employed to estimate the distribution of residual 

stress within the SMATed layer (representative plots are shown in Figure 4.2.7(b)).  

 

Figure 4.2.7:  (a) (203)α-hcp XRD peaks of SA9 recorded at 50 m depth. (b) d-spacing vs sin2(ψ) 

plot at 50 m depth for SA3, SA6 and SA9. (c)-(d) Surface residual stresses for the SMATed 

specimens. (e) A 3D plot representing residual surface stress distribution at different ball velocities 

and surface coverages 
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Data points of the graphical presentation confirm the negative slope (m) 

through fitted lines, which are used to calculate the residual stress. Scattered data 

points are observed in this plot, which can be attributed to the X-ray penetration 

depth [121]. The peak position is also influenced by grain size, micro-texture, and 

the gradient structure resulting from SMAT. Surface roughness has also been 

identified as a contributing factor to the formation of residual stress [122] and hence 

these values are also measured by using 2-D profilometer. The measured surface 

roughness (Ra) values for 500%, 1000% and 2000% surface coverages are 0.2904 µm, 

0.9616 µm, and 1.5215 µm respectively. Increase in the ball velocity from 1 m/s to 

10 m/s correspondingly elevated the Ra values from 0.2904 µm to 1.5215 µm. Even 

though surface roughness plays an important role in influencing the local 

concentration of stress and subsequent relaxation behaviour within a material, 

however, quantifying the effect of surface roughness on the residual stresses 

developed within the material is intricate in nature. The presence of numerous 

parameters within the stress relaxation mechanism adds to this complexity. The 

following expression (Eq. 4.2.1) is used to calculate the residual stress [123, 124]: 

𝜎𝑅 = 𝑚
𝐸

(1+𝜈)
                                              (4.2.1) 

where, 𝜎𝑅 is residual stress, 𝜈 is Poisson’s ratio, and 𝐸 is Young’s modulus for 

magnesium alloy. In this study, the considered elastic constants are a Poisson’s ratio 

of 0.35 and an elastic modulus of 46 GPa [44]. The SMATed specimens show 

compressive residual stresses generated at the surfaces (Figure 4.2.7) and within the 

SMAT-affected layer (Figure 4.2.8).  

Figure 4.2.7(c-d) and a 3D plot (Figure 4.2.7(e)) generated using MATLAB 

show the surface residual stress variation at different ball velocities and surface 

coverages. In a 3D plot (Figure 4.2.7(e)), the R2 value of ~0.96 ensures the 

closeness of fit. Hence, this profile illustrates a continuous and smooth transition 

without any undulations across various surface coverages and ball velocities. This 

plot also highlights that higher surface coverage leads to a reduction in compressive 

residual stress values. However, there is an initial increase in residual stress 

magnitude with higher ball velocity, followed by a subsequent decrease as ball 

velocity continues to rise. 
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Notably, the specimens SMATed with a ball velocity of 5 m/s exhibit the 

highest (among the different ball velocities) amount of surface compressive residual 

stress for all surface coverages. Maximum compressive residual stress values at the 

surface are observed at 500% coverage for all ball velocities. The highest surface 

compressive residual stress of -153.5 ± 4.2 MPa is observed for SA4 (5 m/s ball 

velocity and 500% coverage). For a given ball velocity, residual stress becomes less 

compressive with an increased surface coverage (Figure 4.2.7(d)), suggesting a 

decrease in locked-in stress at the specimen surface with an increase in the SMATed 

layer thickness (Figure 4.2.4) or an increase in the SMAT duration.  

 

Figure 4.2.8: (a) Distribution of residual stress across the cross-section of (a) SA1, (b) SA4, and (c) 

SA7 

Figure 4.2.8(a-c) demonstrates the residual stress distribution across the 

cross-section for SA3, SA6 and SA9 at 2000% surface coverage. At some distance 

from the SMATed surface, the maximum compressive residual stress is observed. 

As the distance increases away from such depth towards the surface and core (i.e., 

non-SMATed region of the cross-section), compressive residual stress decreases. 
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The extent to which this decrement occurs towards the surface depends on the depth 

corresponding to the maximum compressive stress and the magnitude of this stress. 

SA3 and SA6 show the highest compressive stress almost at a similar distance from 

the surface (i.e., ~100 m). However, SA6 has a higher magnitude of compressive 

stress (-163.3 ± 4.7 MPa) than SA3 (-73.1 ± 5.1 MPa) due to the higher kinetic 

energy of colliding balls (which is linked to the higher velocity of the balls). In 

other words, about the same volume of material (due to the similar depth of ~100 

m) closer to the SMATed surface experiences more accumulation of compressive 

stress for the SA6 than SA3. However, as the depth corresponding to the maximum 

compressive stress increases considerably, a near-surface region experiences lower 

compressive stress (even if the maximum compressive stress is somewhat higher). 

The SA9 specimen shows the highest magnitude of compressive residual stress (-

175.5 ± 7.6 MPa) at ~600 µm depth. This magnitude of maximum stress is close to 

that of SA6 (-163.3 ± 4.7 MPa); however, the residual surface stress of SA9 is lower 

than SA6 (due to the substantially higher relevant depth: ~600 m vs ~100 m).  

 Mg5Zn0.2Ca alloy subjected to SMAT with a ball velocity of 5 m/s (SA6, 

SA5, and SA4) exhibits a thinner SMATed layer (Figure 4.2.4) but notably higher 

surface compressive residual stress (Figure 4.2.7) and optimal surface hardness 

(Figure 4.2.6). However, the specimen treated at 10 m/s ball velocity exhibits the 

thicker SMAT-induced layer, high surface hardness, and maximum compressive 

residual stress in the layer. Consequently, SMAT processing of this alloy holds 

promise for further exploration and potential utilisation in commercial applications. 

 

4.2.2 Discussion 

4.2.2.1 Microstructure Analysis  

 An intermetallic compound Ca2Mg6Zn3 is evidenced in the microstructure 

of non-SMATed Mg5Zn0.2Ca alloy that is the primary form of Zn in the α-Mg 

matrix (Figure 4.2.1(a)). The phase proportion of Ca2Mg6Zn3 in the microstructure 

is ~2.2%. The precipitation of Ca2Mg6Zn3 significantly influences the properties of 

the α-Mg alloy. These secondary phase particles act as obstacles to dislocation 

movement, especially at the grain boundaries, enhancing the alloy’s overall strength 

[125].  



81 
 

 On the other side, the influence of increased ball velocities during SMAT is 

observed for constant surface coverage (Figure 4.2.2). For example, with a surface 

coverage of 2000%, SA9 demonstrates a higher twin density than SA6 and SA3, 

suggesting a higher degree of deformation of the specimens’ surface due to the 

increased strains and strain rates generated by the higher velocity of colliding balls. 

Under constant ball velocity conditions, such as 1 m/s (Figure 4.2.2(a-c)), SA3 

(2000% coverage) exhibits denser twins compared to SA2 (1000% coverage) and 

SA1 (500% coverage). These consequences are attributed to an increased 

dislocation activity due to higher ball velocities and an increased percentage 

coverage. 

 Since magnesium alloy is an hcp material, dislocation slip and twinning are 

the predominant deformation mechanisms. This behaviour can be further attributed 

to its low stacking fault energy. Initially, the impact of colliding balls during SMAT 

significantly enhances the strain and strain rate in the region near the specimens’ 

surface. Prolonged SMAT duration enables the colliding balls to penetrate deeper 

into the material, leading to an increased thickness of the SMAT-affected layer and 

even greater strains and strain rates in those regions. As a result of increased strain 

in the material, the movement of the dislocations occurs, leading to plastic 

deformation [40, 126–128]. When a material deforms, strain and stress are not 

uniformly distributed across the cross-section, and variations can occur in areas 

where they concentrate/localise. Consequently, non-uniformly distributed 

dislocations and twins can readily be observed. 

 The density of fine twins progressively reduces with an increased distance 

from the SMATed surface (Figure 4.2.3), and eventually, coarser twins form in the 

deeper regions. Strain variations and underlying microstructural changes across the 

material during deformation are the probable reasons for twin gradients [119]. 

However, higher thickness of SMAT affected region as in case of SA9 specimen 

(Figure 4.2.4) can be attributed to the higher impact energies and the increased rate 

of deformation. 

 As shown in Figure 4.2.5(a), a peak broadening is observed for the XRD 

peaks after SMAT and lattice defects, strain accumulation, and grain refinement are 

the major reasons for that. Smaller crystallite size often reflects the broader 

diffraction peaks; hence, peak broadening indicates the nanocrystalline nature of 
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materials [40, 129].  On the other side, the crystallite size gradually increases from 

the SMATed surface to the core (Figure 4.2.5(c)). In other words, the SMAT-

affected regions of all the SMATed specimens exhibit gradient structure concerning 

the crystallite size. It indicates that the variations in crystallite size can be attributed 

to the complex interaction among dislocations and twins and their density gradients 

(Fig. 4.2.2 and 4.2.3). 

Due to the low shear stress requirements, the basal plane (0001) is the 

primary slip plane in magnesium alloys. Dislocations can serve as nucleation sites 

for twin formation, and the stress concentrations around them can facilitate the 

initiation and propagation of twinning deformations [119]. As stain and strain rate 

increase (due to the increased ball velocity, percentage coverage, or SMAT 

duration), the density of dislocations increases, which interacts with twins and twin 

boundaries. These interactions between dislocations and twins influence the overall 

deformation behaviour of the alloy. Dislocations can either pile up at twin 

boundaries (leading to their pinning) or glide through twin boundaries (causing their 

motion) [103]. A higher density of dislocations and their interaction with twin 

boundaries further promotes twin formation, leading to dislocation-twin and twin-

twin interactions. Consequently, the larger grains undergo fragmentation/division, 

leading to a refinement in grain size. Hence, due to comparatively higher strain and 

strain rates caused by a ball velocity of 10 m/s, SMATed specimens (SA7, SA8 and 

SA9) experience better grain refinement. 

 

4.2.2.2 Microhardness Distribution 

 The gradient in microhardness (Figure 4.2.6) and fluctuations in the 

microhardness profiles could be linked to the variation in the density of crystal 

defects (like twins and dislocations) in the specimen cross-section (Figure 4.2.3). 

From a 3-D plot (Figure 4.2.6(c)), an empirical relationship is established for 

surface microhardness by fitting the profile as a function of ball velocity and surface 

coverage. The R2 value of ~0.91 ensures the closeness of fit. Therefore, this profile 

demonstrates a smooth transition without any fluctuations across various surface 

coverages and ball velocities. Eq. 4.2.2 expresses the established empirical 

relationship: 
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𝐻𝑆 = 𝐻0 + 𝑉
1

3⁄ 𝐶
3

4⁄                                                          (4.2.2) 

where, 𝐻𝑆 is the surface microhardness, 𝐻0 is the initial microhardness, 𝑉 is the ball 

velocity (m/s), and 𝐶 is the surface coverage (%). This equation indicates an 

increased microhardness value with an increased colliding ball velocity and surface 

coverage. However, from Eq. 4.2.2, it is clear that surface coverage is a more 

dominating parameter than the colliding ball velocity. The presence of lattice 

defects, strain hardening, and grain refinement are the most probable reasons for 

increased hardness value after deformation.  

 Increasing dislocation activity (due to SMAT) allows more significant strain 

hardening and better grain refinement [126]. The effect of grain size on hardness 

could be linked to the Hall-Petch relation [81]. Due to the hcp crystal structure, 

magnesium alloys have inadequate slip systems and a larger Taylor factor [130], 

influencing the material constant (k) in the Hall-Petch equation and increasing the 

sensitivity of hardness value on grain size. 

 

4.2.2.3 Residual Stress Distribution 

 The main cause of residual stress generation (Figure 4.2.7(a) and Figure 

4.2.8) is the resistance encountered by the material during plastic deformation. 

Further, this behaviour can be attributed to dislocation generation/accumulation, 

twin density, strain gradients, and grain refinement [131]. Variations in ball 

velocities and surface coverages during SMAT exert a notable impact on several 

critical aspects of the material's behavior. Specifically, they influence the degree of 

grain refinement, the distribution and density of twins, the formation of dislocation 

loops, and the non-uniform distribution of strain. This collective influence 

subsequently extends to the fluctuations in the magnitude of compressive residual 

stress that develops within the material and the intricate mechanism through which 

this stress relaxes over time [132–134].  

The material attempts to relax and reach equilibrium after the complete 

deformation process. The material, however, is in a metastable state due to the non-

uniform distribution of strain and defects [132, 135]. This response results in the 

generation of residual stress. Stress accumulation and defects near the deformed 

surface prevent the material from relaxing and increase residual stresses. In the 
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presence of dislocations, twins, and grain boundaries, the stress is locked in the 

material and hinders it from completely relaxing [132–134]. Hence, due to the non-

uniform distribution and accumulation of strain during the deformation process, 

residual stress is often higher beneath the deformed surface [136]. 

The dependency of the residual surface stress on the ball velocity (which 

governs the kinetic energy of colliding balls) for a given surface coverage indicates 

the role of the amount of strain accumulation in the SMATed layer. Moreover, the 

surface stress variation depends on the residual stress distribution across SMATed 

specimens and the stress relaxation phenomenon [132, 133, 135]. Therefore, the 

residual surface stress is a complex function of the cross-sectional width of the 

SMAT-affected region, surface coverage (which is also linked to the SMAT 

duration), the amount of maximum residual stress in the SMATed layer, and the 

depth at which the maximum residual stress accumulates.    

Compressive residual stress typically enhances the resistance to 

deformation and failure of materials [108]. It increases fatigue resistance and 

extends the material’s service life by counteracting tensile stresses, which otherwise 

can initiate and propagate cracks [137]. Especially in high-stress environments, 

compressive residual stress helps prevent premature failure and prolongs 

component durability. 

In summary, the observed gradient microstructure and refined grains 

contribute to enhanced surface hardness and residual compressive stress, which are 

vital for resisting early-stage deformation in a load-bearing implant. This supports 

the strategic aim of improving mechanical reliability for biomedical deployment of 

Mg5Zn0.2Ca. 
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4.3 The effect of severe surface deformation on microstructure refinement, 

corrosion, and biocompatibility of Mg5Zn0.2Ca alloy 

This section focuses on the influence of severe surface deformation induced 

by SMAT on the microstructure refinement, corrosion resistance, and 

biocompatibility of the Mg5Zn0.2Ca alloy. The study investigates the degradation 

behaviour through immersion testing and electrochemical analyses, including open 

circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and linear 

sweep voltammetry (LSV) in physiologically relevant media. Particular attention is 

given to Mg²⁺ ion release, surface film stability, and corrosion kinetics. 

Furthermore, the biological response is assessed through in vitro cytocompatibility 

tests using murine fibroblast (L929) cells and protein adsorption analysis, 

simulating human plasma conditions (Section 3.3). The findings demonstrate the 

potential of SMAT-treated surfaces to enhance both corrosion resistance and 

biological performance for biomedical implant applications. 

 

4.3.1 Results 

4.3.1.1 Microstructure 

 The microstructural features and corresponding EDS spectra of NSM 

specimens are presented in Figure 4.3.1. The Mg5Zn0.2Ca alloy exhibits two 

phases, α-Mg, and the secondary phase Ca2Mg6Zn3, as depicted in Figure 4.3.1(a), 

and the same is further validated using EDS spectra (Figure 4.3.1(b) and (c)). This 

secondary phase is located predominantly along grain boundaries. The XRD 

analysis further confirms the presence of the secondary phase in the alloy (Figure 

4.3.3(a)). A minor peak corresponding to the Ca2Mg6Zn3 phase is observed for 

NSM (an amplified view of this region is provided as an insert in Figure 4.3.3(a)). 

XRD pattern also highlights the predominance of α-Mg. 

 Figure 4.3.1(d) and (e) depict the microstructure of SM-3v and SM-10v 

specimens, respectively. SM-10v features a highly refined region adjacent to the 

surface, followed by fine and dense twins (Figure 4.3.1(e1)) and then coarse twins, 

whereas SM-3v displays fine and dense twins near the treated surface before 

transitioning to coarser twins (Figure 4.3.1(d1)). The twin density diminishes from 

the SMATed surface to the core. SM-10v shows finer twins at similar depths than 
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SM-3v (Figure 4.3.1(d1) vs. 2(e1)). SM-10v has a deeper fine-twined region than 

SM-3v (Figure 4.3.1(d) and (e)).  

 

 

Figure 4.3.1: SEM micrograph for NSM (a) with corresponding EDS spectra (b-c), SEM 

micrographs of SM-3v ((d), with magnified views of coarse twins (d1)) and SM-10v ((e), with 

magnified views of fine twins (e1)) 

  EBSD measurements are performed to comprehensively understand the 

microstructural changes in the Mg5Zn0.2Ca alloy induced by SMAT. Figure 4.3.2 

shows the image quality (IQ) and orientation image (OIM) maps for the SMATed 

samples. These results display a gradient microstructure in the SMATed layer.   
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Figure 4.3.2: EBSD results demonstrating IQ maps and OIMs for (a-b) SM-3v and (c-d) SM-10v, 

along with the amplified regions of OIMs (b1 and d1) and the corresponding misorientation angles 

for the twins (b2 and d2)  

 Figure 4.3.2(c) and (d) show that the region near the surface of SM-10v is 

highly deformed, making a significant portion unindexed. The unindexed regions 

in EBSD results are ~11.6% for SM-3v and ~56.1% for SM-10v. In SM-3v, fine 

and dense twins are evident near the surface, with their density decreasing with 

increasing depth. The SM-10v shows highly dense twins even at greater depths 

from the SMATed surface. This behaviour indicates that the higher velocity 

colliding balls penetrate deeper into the material, resulting in more significant grain 

refinement. Figure 4.3.2(b) and (d) present the OIMs for SM-3v and SM-10v, 

respectively. The grains in SM-3v appear to be relatively uniform in size and 

orientation (within the grains), indicating that the SMAT process at 5 m/s does not 

lead to extreme refinement and reorientation of the grains (Figure 4.3.2(b)). 

However, the higher deformation energy input at 10 m/s results in more pronounced 

reorientation effects, with the grains showing higher misorientation. This is 

evidenced by the broader range of colours (across the cross-section and within the 

grains) and more distinct boundaries between differently oriented grains. A TEM 

observation was also performed to investigate the highly refined region near the 

SMATed surface, detailed in subsequent text. 

Furthermore, Figure 4.3.2(b1) and (d1) present the different types of twins 

in the SMATed regions of SM-3v and SM-10v, respectively. The corresponding 
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misorientation angles for the twins are displayed in Figure 4.3.2(b2) and (d2). The 

misorientation profiles for SM-v (Figure 4.3.2(b2)) and SM-10v (Figure 4.3.2(d2)) 

show distinct twin patterns. Tension twins (TTs), compression twins (CTs), and 

double twins (DTs) are observed with characteristic misorientation angles of 

~86.10, ~57.26, and ~36.50, respectively. The fraction of {101̅2} TTs is 

considerably high for SM-3v, and these twins are evident almost everywhere. Along 

with TTs, near-surface regions (at ~100 µm depth from SMATed surface) reveal 

{101̅1} CTs. In contrast, Figure 4.3.2d(2) shows the presence of TTs, CTs, and 

{101̅1} − {101̅2} DTs even at ~550 µm depth from the SMATed surface, 

indicating that the strain induced by SMAT in SM-10v is sufficiently high to 

activate TTs, CTs, and DTs even at larger depths. Moreover, higher strain and strain 

rate leads to a higher degree of misorientation in SM-10v specimens. The presence 

of double twins in SM-10v increases the misorientation, contributing to the higher 

unindexed areas in the EBSD maps.  

 XRD results in Figure 4.3.3(a) indicate a peak broadening in all SMATed 

specimens. The Scherrer formula is employed to analyse this broadening and 

determine the crystallite size near the specimen surface [40] and the resulting 

crystalline sizes are shown in Figure 4.3.3(b). The NSM shows ~35 nm crystallite 

size. Crystallite size is significantly affected by SMAT, where a higher ball velocity 

results in the smallest crystallite size of ~24 nm due to a higher degree of grain 

refinement.  

 

Figure 4.3.3: XRD patterns for (a) NSM, SM-3v, and SM-10v with (b) variation of crystallite size 

near the surface 

 Furthermore, TEM analysis is performed at depths of ~50 μm (subsurface 

region) for SM-3v and SM-10v. Figure 4.3.4(a) shows a bright-field (BF) TEM 
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image with the related selected area electron diffraction (SAED) pattern (Figure 

4.3.4(b)) and the distribution of nanograins (Figure 4.3.4(c)) for SM-10v. Figure 

4.3.4(d) represents the BF TEM image for SM-3v. As a result of the transformation 

from coarse grains to refined grains, nanograins (~21 nm) are observed in the case 

of SM-10v (Figure 4.3.4(a) and (c)). In contrast, TEM analysis reveals fine twins 

near the surface of SM-3v, which is attributed to a lower degree of grain refinement 

caused by the lower velocity of colliding balls during the SMAT process. 

 

Figure 4.3.4: Bright field TEM images of the region close to the surface of SM-3v (d) and SM-10v 

(a) with corresponding SAED pattern (b) and nanograins distribution (c)  

 The microstructural changes induced in the Mg5Zn0.2Ca alloy by varying the 

intensity of colliding balls during SMAT have significantly influenced the hardness. 

The maximum surface microhardness value observed is ~117 HV0.05 for SM-10v 

and ~91 HV0.05 for SM-3v. These values indicate an increase of ~112% (~2.1 times) 

in the microhardness for SM-10v and ~65% (~1.6 times) for SM-3v when compared 

to the microhardness of NSM (~55 HV0.05). 
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4.3.1.2 Biocorrosion  

4.3.1.2.1 Electrochemical Measurements 

 Potentiodynamic polarisation curves and pH variation in pre- and post-

corrosion tests for NSM, SM-3v, and SM-10v are presented in Figure 4.3.5. The 

corrosion characteristics, icorr, Ecorr, Epit, and Tafel slopes (βc and βa), derived from 

the polarisation curves (through Tafel analysis), are presented in Table 4.3.1. 

 

Figure 4.3.5: Examples of the potentiodynamic measurements (a) and the pH values before and 

after electrochemical tests (b). Experiments are performed in EMEM-FBS in a 5% CO2 incubator 

Table 4.3.1: Corrosion parameters derived from polarisation curves 

Specimens Ecorr (V) icorr 

(μA/cm2) 

Epit (V) βc (V) βa (V) 

NSM -1.393 ± 

0.006 

5.93 ± 0.67 -1.280 ± 

0.006 

-0.231 ± 

0.004 

0.275 ± 

0.020 

SM-3v -1.383 ± 

0.041 

5.31 ± 2.27 -1.305 ± 

0.018 

-0.251 ± 

0.010 

0.254 ± 

0.080 

SM-10v -1.417 ± 

0.036 

4.89 ± 1.09 -1.314 ± 

0.018 

-0.245 ± 

0.012 

0.224 ± 

0.053 

 The Tafel slopes (βa and βc) provide insights into the electrochemical 

reactions’ kinetics at the electrode surfaces. SM-3v and SM-10v show slightly 

higher βc and slightly lower βa values than those of NSM, but no significant 

difference is observed in the statistical analysis by Student’s t-test. This behaviour 

indicates that the SMAT process may alter reaction kinetics but not drastically.  

 The parameter icorr directly relates to the corrosion rate; lower icorr values 

indicate higher corrosion resistance. The icorr value for SM-10v (4.89 µA/cm2) is 
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lower than that for SM-3v (5.31 µA/cm2), which is subsequently lower than NSM 

(5.93 µA/cm2); however, a statistically significant difference is not observed 

between the SMATed and non-SMATed specimens. This comportment suggests 

that the SMATed specimens tend to have enhanced corrosion protection, and a ball 

velocity of 10 m/s results in considerably better corrosion resistance compared to 5 

m/s ball velocity. This corrosion behaviour can be correlated with the pH values 

measured before and after the electrochemical test. The pH values before the test 

have minor variances due to an unavoidable difference in the timing of pH 

measurement after taking out the EMEM-FBS from the CO2 incubator and pouring 

it into the test chamber (when the electrolyte contacted the specimen surface). 

 On the other hand, the increase in pH (for which a statistically significant 

difference (p < 0.01) is noticed in Figure 4.3.5(b)) after the electrochemical 

measurement can be attributed to the difference in corrosion reaction during the 

immersion period (24 h) and PD measurement. There is a 0.13 ± 0.03 unit increase 

in the pH values for NSM, 0.08 ± 0.08 unit for SM-3v, and 0.08 ± 0.02 unit for SM-

10v, as demonstrated in Figure 4.3.5(b). This behaviour shows that the enhanced 

corrosion resistance for SM-3v and SM-10v aligns with the observed pH variations. 

The values of Ecorr, which indicate a material’s corrosion susceptibility in a specific 

environment, do not show any significant difference between the specimens tested. 

However, the values of Epit slightly shifted towards negative potential by SMAT 

application, indicating that the SMAT process enhances the corrosion susceptibility 

against pitting.  

 The typical Nyquist plots of NSM, SM-3v, and SM-10v specimens are 

displayed in Figure 4.3.6, and the parameters obtained by fitting with an equivalent 

circuit model (Figure 4.3.7(a)) are detailed in Table 4.3.2.  
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Figure 4.3.6: Examples of the Nyquist plots for NSM (a), SM-3V (b), and SM-10V (c) specimens 

measured in EMEM-FBS in the 5% CO2 incubator 

 In the case of NSM, the capacitive semicircle enlarges from 2 to 6 h and 

diminishes after that. In the case of SM-3v, the capacitive semicircle is the largest 

at 2 h, then decreases. In the case of SM-10v, the size of the capacitive semicircle 

is stable up to 6 h of immersion and slightly decreases after that. 

  

Figure 4.3.7: Equivalent circuit model for EIS analysis (a) and obtained polarisation resistance 

(Rp) plotted against the immersion period in EMEM-FBS in a 5% CO2 incubator (b, mean ±SD) 
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 The polarisation resistance, Rp, is defined as the sum of the resistance for the 

surface layer (Rfilm) and charge transfer resistance (Rct), which is calculated for each 

specimen and time point, as shown in Table 4.3.2 and Figure 4.3.7(b). It indicates 

the decreasing trend in Rp of SM-3v as immersion period increases whereas that of 

NSM increases from 2 to 6 h and decreases thereafter. For SM-10v, however, Rp is 

rather stable during the 24 h of immersion. These results suggest that the SMATed 

process influenced the corrosion behaviour depending on its conditions. It should 

be noted that all the specimens have a similar level of Rp at 24 h of immersion.  

Table 4.3.2: EIS parameters of SMATed and non-SMATed alloy samples after different 

immersion times 

 Immersion 

period (h) 

Rsol 

(Ω·cm2) 

Rfilm 

(Ω·cm2) 

Rct 

(Ω·cm2) 

TCPEfilm 

(× 10-5 

F·Sp-

1·cm2) 

PCPEfilm TCPEdl 

(× 10-

4 F·Sp-

1·cm2) 

PCPEdl Rp 

(Ω·cm2) 

NSM 2 25.8 ± 

2.6 

5850 ± 

1280 

682 ± 

224 

1.40 ± 

0.28 

0.866 

± 

0.039 

3.70 ± 

3.31 

0.441 

± 

0.068 

6540 ± 

1320 

6 25.9 ± 

2.4 

8810 ± 

3330 

888 ± 

257 

1.36 ± 

0.37 

0.844 

± 

0.049 

4.40 ± 

4.10 

0.416 

± 

0.073 

9700 ± 

3240 

12 26.6 ± 

3.5 

7940 ± 

790 

869 ± 

654 

1.44 ± 

0.31 

0.814 

± 

0.036 

1.89 ± 

1.02 

0.454 

± 

0.069 

8810 ± 

1290 

24 21.5 ± 

4.4 

6430 ± 

1500 

560 ± 

497 

2.15 ± 

0.46 

0.719 

± 

0.055 

0.74 ± 

0.73 

0.533 

± 

0.059 

6990 ± 

1460 

SM-

3v 

2 24.6 ± 

2.4 

10470 ± 

3680 

471 ± 

149 

1.13 ± 

0.09 

0.883 

± 

0.016 

3.37 ± 

3.15 

0.476 

± 

0.079 

10940 ± 

3820 

6 25.5 ± 

3.8 

10010 ± 

3110 

559 ± 

195 

1.04 ± 

0.12 

0.877 

± 

0.020 

2.61 ± 

1.41 

0.456 

± 

0.050 

10570 ± 

3300 

12 22.8 ± 

3.3 

8880 ± 

2620 

573 ± 

180 

1.23 ± 

0.18 

0.850 

± 

0.016 

4.19 ± 

3.17 

0.400 

± 

0.073 

9450 ± 

2790 

24 23.3 ± 

2.3 

7160 ± 

3390 

262 ± 

147 

1.62 ± 

0.42 

0.799 

± 

0.061 

1.48 ± 

0.82 

0.484 

± 

0.073 

7430 ± 

3300 

SM-

10v 

2 23.7 ± 

1.6 

6560 ± 

990 

484 ± 

112 

1.30 ± 

0.12 

0.871 

± 

0.001 

3.05 ± 

0.81 

0.455 

± 

0.016 

7040 ± 

940 

6 25.1 ± 

0.7 

6650 ± 

1120 

494 ± 

67 

1.30 ± 

0.16 

0.854 

± 

0.009 

5.43 ± 

2.82 

0.396 

± 

0.034 

7150 ± 

1140 

12 24.0 ± 

1.3 

5500 ± 

860 

517 ± 

129 

1.44 ± 

0.25 

0.827 

± 

0.022 

7.99 ± 

4.01 

0.347 

± 

0.047 

6020 ± 

850 

24 20.0 ± 

1.6 

6070 ± 

420 

514 ± 

102 

1.51 ± 

0.09 

0.832 

± 

0.009 

5.31 ± 

3.37 

0.383 

± 

0.055 

6590 ± 

370 
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 After the potentiodynamic polarisation test, the morphology of corroded 

surfaces was evaluated using SEM and OM (Figure 4.3.8). The NSM specimen 

shows both uniform corrosion and localised corrosion at multiple points, which 

further leads to the formation of pits; hence, significant material degradation 

(Figure 4.3.8(a) and (d)). In contrast, the corrosion of SM-3v and SM-10v appears 

more localised at a few points over the exposed area (Figure 4.3.8(b), (c), (e), and 

(f)). These results are consistent with the findings of the PD measurement, 

suggesting higher pitting corrosion susceptibility and a lower corrosion rate of 

SMATed specimens than those of NSM.  

 

Figure 4.3.8: Morphology of corroded surfaces: SEM micrographs for (a) NSM, (b) SM-3v, and (c) 

SM-10v and Optical images for (d) NSM, (e) SM-3v, and (f) SM-10v 

4.3.1.2.2 Immersion Test 

 The corrosion behaviour of SMATed and non-SMATed specimens was 

analysed up to 7 days of immersion in EMEM-FBS. Figure 4.3.9 presents the 
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calculated weight loss and corrosion rates after 1, 4, and 7 days for these specimens 

with Mg2+ ion release after 1 day of immersion. 

 

Figure 4.3.9: Weight loss measured over different immersion durations (a), corresponding 

corrosion rates (b), and Mg2+ ion release after 1 day of immersion (c) for NSM, SM-3v, and SM-10v 

 After 1 day, the weight loss is minimal for all three types of specimens. NSM 

reports weight loss of 1.58 ± 0.48 mg/cm2, which is higher than that of SM-3v (1.39 

± 0.16 mg/cm2) and SM-10v (1.34 ± 0.0.32 mg/cm2). However, Tukey’s HSD post-

hoc analysis discloses no statistically significant disparity between the weight loss 

values of NSM, SM-3v, and SM-10v after day 1 (p > 0.05). For day 4, the NSM 

exhibits considerably greater weight loss than the SMATed specimens, which is 

statistically significant (p < 0.05). Additionally, for day 7, this difference is further 

increased, and NSM shows the highest weight loss of 8.08 ± 0.53 mg/cm2. This 

behaviour leads to a more statistically significant difference between the weight 

loss values of NSM and the SMATed specimens on day 7 and between day 1 and 

day 7 (p < 0.01). The average corrosion rate of NSM, SM-3v, and SM-10v is 

calculated using Eq. 4.3.1 [138]: 

                𝐶𝑅 =
𝑚0− 𝑚1

𝐴·𝑡
                                                           (4.3.1) 
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where, m0 and m1 are the masses (mg) of the specimen before and after immersion, 

respectively, t is the immersion time (d), and A is the total exposed surface area 

(cm2). By considering the weight loss (Figure 4.3.9(a)), specimens’ corrosion rates 

are determined for 1, 4, and 7 days (Figure 4.3.9(b)). The findings show that the 

corrosion rate of non-SMATed and SMATed specimens decreases rapidly between 

1 day and 4 days of immersion, followed by a slower decline between 4 days and 7 

days. This behaviour can be linked to forming a protective layer on the specimen’s 

surface.  

 Initially, after 1 day of immersion, the corrosion rates for all specimens are 

relatively high compared to other immersion durations. However, on day 1, no 

statistically significant difference is noticed between the non-SMATed and 

SMATed specimens (p > 0.05). For NSM, the corrosion rate at day 1 is ~1.58 ± 

0.47 mg/cm2·d, which is slightly more than those of SM-3v (~1.39 ± 0.16 

mg/cm2·d) and SM-10v (~1.34 ± 0.03 mg/cm2·d). This correlation can further be 

linked to the Mg2+ ion release after one day of incubation in the atmosphere 

maintained at 5% CO₂ and 37 °C. NSM exhibits maximum Mg2+ ion release, which 

is ~20% more than SM-3v and ~24% more than SM-10v. The corrosion rate of 

NSM remains higher than that of SM-3v and SM-10v on days 4 and 7. Moreover, 

the difference in corrosion rates increases considerably. On day 7, the corrosion rate 

of NSM slightly increases in comparison with day 4, whereas a decreasing trend is 

observed for SM-3v and SM-10v. For SM-3v, the corrosion rate has drastically 

reduced from day 1 to day 7 with strong statistical significance (p < 0.01). 

Additionally, a considerable difference is observed in the corrosion rates between 

the NSM (higher corrosion rate) and SMATed specimens after 7 days of immersion, 

which is statistically significant (p < 0.05). This performance could be attributed to 

the stable, thicker, and more uniform insoluble salt layer formation on SM-3v and 

SM-10v, in contrast to the unstable, weaker, and thinner layer on NSM. This 

behaviour is elaborated in the subsequent section.  

 Figure 4.3.10 presents microfocus X-ray CT images with an average pitting 

depth on non-SMATed and SMATed specimens after 7 days of immersion. Even 

though corrosion appears to be more uniform in the case of NSM, the average 

pitting depth is higher. The maximum average pitting depth of 227.4 ± 9.5 µm is 

observed for NSM, which is around 13.8% deeper than SM-3v and 11.4% that of 
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SM-10v (Figure 4.3.10(d)). These results indicate that, in addition to uniform 

corrosion, NSM experiences localised corrosion. 

 

Figure 4.3.10: Microfocus X-ray CT images (a-c) with pitting depths (d) for NSM, SM-3v, and 

SM-10v after 7 days of immersion  

4.3.1.2.3 Surface Analysis after Corrosion 

 Figure 4.3.11 shows SEM micrographs, EDS maps, and atomic percentage of 

different elements present on the corroded surfaces of NSM (Figure 4.3.11(a-b)), 

SM-3v (Figure 4.3.11(c-d)), and SM-10v (Figure 4.3.11(e-f)) after 7 days of 

immersion. High percentages of phosphorus (P), oxygen (O), calcium (Ca), and Mg 

on the SMATed specimens suggest the formation of hydroxides and phosphates of 

Ca and Mg (refer Table 4.3.3). Furthermore, EDS maps display high carbon content 

on the corroded samples (Figure 4.3.11), which could be explained as follows. 

EMEM-FBS contains various carbon-based compounds, such as amino acids and 

glucose, which can adsorb onto the Mg alloy surfaces. Witecka et al. [139] also 

investigated an increased precipitation of carbonates (CaCO3 and MgCO3) on the 

surfaces of casted and ECAPed ZM21 Mg alloy. This phenomenon is attributed to 

the carbonate buffer system in EMEM-FBS, just like an interstitial fluid, working 

under the equilibrium condition with a 5% CO2 atmosphere. 
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Figure 4.3.11: SEM micrographs with corresponding EDS maps (a,c,e) and atomic percentages 

(b,d,f) for corroded NSM, SM-3v, and SM-10v surfaces after 7 days of immersion 
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Table 4.3.3: Results of EDS analysis (at.% of elements) of specimens after 7 days 

of immersion  

 Mg O C P Ca Zn 

NSM 43.5 ± 6.15 31.9 ± 

7.98 

14.5 ± 

2.16 

4.9 ± 1.13 3.4 ± 1.56 1.8 ± 0.83 

SM-3v 33.5 ± 5.06 32.5 ± 

6.01 

17.6 ± 

3.15 

8.9 ± 2.15 6.1 ± 3.65 1.4 ± 0.45 

SM-10v 30.6 ± 5.63 38.6 ± 

8.15 

14.2 ± 

4.45 

9.1 ± 3.25 5.8 ± 2.77 1.7 ± 0.55 

 The XRD patterns in Figure 4.3.12(a) illustrate the development of the 

insoluble salt layer on the NSM, SM-3v, and SM-10v specimens after 7 days of 

immersion. Key peaks correspond to Mg, Mg3(PO4)2, Ca3(PO4)2, and Mg(OH)2, 

phases. The presence of these phases indicates the insoluble salt layer formation on 

the specimen surface [37, 93], which is essential for the retardation of the corrosion 

reaction. The SMATed specimens exhibit more pronounced Mg(OH)2 and 

phosphates peaks, indicating a thicker and more stable insoluble salt layer.   

 The thickness of the insoluble salt layers on the specimens after 7 days of 

immersion is confirmed by SEM micrographs presented in Figure 4.3.12(b-d). SM-

3v and SM-10v exhibit the thicknesses of ~9.56 ± 1.01 µm and ~11.12 ± 1.23 µm, 

respectively. A comparatively thinner layer (~6.73 ± 0.78 µm) is observed for 

NSM. Figures 4.3.11 and 4.3.12 insinuate less protectiveness and more 

susceptibility to corrosion of NSM than the SMATed specimens.  
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Figure 4.3.12: (a) XRD patterns presenting salt layer formation behaviour with (b-d) SEM 

micrographs that indicate its thickness for NSM, SM-3v, and SM-10v after 7 days of immersion 

4.3.1.3 Cytocompatibility 

 Figure 4.3.13 depicts the images of the colonies exposed to 50% extract 

concentrations for NSM, SM-3v, and SM-10v specimens together with the control 

(exposed to EMEM-FBS). A gradient in the number of cell colonies is observed as 

the extract concentration increases (see Figure 4.3.14). At a 50% extract 

concentration, few cell colonies are evident for SM-3v and SM-10v. In contrast, 

almost no cell colonies are observed for NSM. The pH of the extracts for NSM, 

SM-3v, and SM-10v are 9.65 ± 0.64, 8.90 ± 0.28, and 8.80 ± 0.14, respectively. The 

higher pH of NSM than others agree with the electrochemical and immersion test 

results, suggesting its lower corrosion resistance than the others. In other words, the 

NSM extract contains more released ions than the SMATed specimens. 
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Figure 4.3.13: Typical images of the colonies for control (a) and those exposed to 50% extract 

concentrations for NSM (b), SM-3v (c), and SM-10v (d) specimens  

 Relative plating efficiency (RPE) reflects the ability of cells to attach, spread, 

and proliferate under a certain (cytotoxic) condition compared to the control 

condition. Figure 4.3.14 illustrates the impact of various extract concentrations of 

NSM, SM-3v, and SM-10v specimens on the RPE of L929. As the extract 

concentration increases, the RPE of NSM decreases significantly, dropping to zero 

at 50% extract concentration, indicating a substantial reduction in colony formation 

ability. In contrast, SMATed specimens exhibit considerably higher RPE than NSM 

across all extract concentrations. The RPE of SM-3v and SM-10v remains around 

0.2 at 50% extract concentration, demonstrating better performance in terms of cell 

viability. Based on the RPE for each type of specimen, the inhibitive concentration 

of the extract giving RPE 0.5 (=50%), which is abbreviated as IC50, was calculated 

using the probit method. NSM has the lowest IC50 at 8.4%, followed by those of 

SM-3v and SM-10v at 18.9% and 19.2%, respectively. These results clearly 
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indicate the higher cytotoxicity of NSM extract than those of SMATed specimens. 

This behaviour may be related to the lower corrosion rate of SMATed specimens 

than NSM in EMEM-FBS. As mentioned above, the greater intensity of SMAT 

treatment results in a finer surface microstructure (Figures 4.3.3(b) and 4.3.4(a)) 

and better corrosion resistance, especially through immersion tests.  

 

Figure 4.3.14: Effect of different extract concentrations on the relative plating efficiencies of NSM, 

SM-3v, and SM-10v 

4.3.1.4 Protein adsorption 

 For BSA and FN, a protein adsorption assay was conducted in an artificial 

plasma in the CO2 incubator, as depicted in Figure 4.3.15. The results reveal 

variations in the adsorption values, highlighting the influence of the SMAT process 

on protein adsorption behaviour. Following SMAT, there is an increase in FN 

adsorption but not BSA adsorption. SMATed specimens display higher FN 

adsorption than NSM; the SM-3v exhibits the highest FN adsorption with statistical 

significance against NSM (by student t-test, p < 0.01).  
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Figure 4.3.15: Bovine serum albumin (BSA) and fibronectin (FN) adsorption for NSM, SM-3v and 

SM-10v 

4.3.2 Discussion  

 This study addresses five crucial parameters that significantly impact the 

biocompatibility of the Mg5Zn0.2Ca alloy (Figure 4.3.16). Although all five 

parameters are interconnected, it is known from recent studies that microstructural 

developments due to SPD methods have a significant impact on the material’s 

biocompatibility [91, 140, 141]. In other words, any change in the microstructure 

will affect the remaining four parameters. As a biodegradable implant material, the 

corrosion rate should match the tissue healing rate, but this depends on establishing 

the insoluble salt layer on the material surface. This behaviour, in turn, influences 

the cytotoxicity of released metal ions and protein adsorption onto the material 

surface, which can also influence subsequent biological responses such as cellular 

attachment, growth, inflammation, and wound healing. Improved protein 

adsorption helps cellular growth, thus reducing cytotoxicity [142, 143]. This study 

addresses the relationships between these five important parameters influencing 

biocompatibility. 
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Figure 4.3.16: Biocompatibility influencing parameters for SMATed and non-SMATed 

Mg5Zn0.2Ca alloy 

4.3.2.1 Microstructure 

 The non-SMATed alloy’s microstructure reveals the presence of secondary 

phase Ca2Mg6Zn3 and α-Mg, which is confirmed with SEM (Figure 4.3.1(a-c)) and 

XRD analysis (Figure 4.3.3(a)). This secondary phase could act as a temporary 

barrier against localised corrosion [12, 63]. However, although Mg5Zn0.2Ca alloy 

is a favourable material for biodegradable implants [21, 64, 66], the alloy’s 

corrosion resistance and overall strength are insufficient. With this motivation, 

SMAT operation is performed on Mg5Zn0.2Ca alloy in the current study, where 

the velocity of colliding balls is crucial in introducing various microstructural 

features (Figures 4.3.1(d-e) and 4.3.4). The pronounced grain refinement and wider 

SMAT-affected region in SM-10v than in SM-3v are primarily attributed to the 

increased strain and strain rates imposed by the faster balls in the SMAT process 

[40, 102]. The higher velocity leads to more intense impacts, fostering extensive 

plastic deformation across the deeper region of the material. This extensive 

deformation facilitates the formation of nanograins near the surface (Figure 4.3.4(a-

c)) and finer and denser twins (Figure 4.3.1(d-e)), which modify the material’s 
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properties and result in a gradient microstructure [102]. The crystallite size of SM-

3v and SM-10v is found to be significantly reduced near the surface (Figure 

4.3.3(b)). Further, this gradient microstructure (Figure 4.3.2) induced by SMAT 

within the alloy’s deformed layer can also be attributed to the strain gradient created 

during the process [102].  

 The specimen surface experiences intense deformation, progressively 

decreasing as distance from the surface increases. This results in a multi-stage 

surface microstructure evolution [79]. Initially, the surface undergoes lower strain 

(comparable to the microstructural development of deeper regions of SM-3v), then 

intermediate strain (like the near-surface regions of the SM-3v), and finally, higher 

strain (corresponding to the near-surface regions of the SM-10v). In magnesium’s 

hexagonal close-packed (HCP) system, twinning is a significant deformation 

mechanism to accommodate plasticity due to the inadequate number of available 

slip systems. Therefore, twins play a vital role in the overall grain refinement 

process. In the initial stage of severe deformation (low strain), dislocations 

accumulate within the coarse grains [79, 144]. Conversely, prismatic and basal slips 

could readily activate at this lower strain level because they require a lower resolved 

shear stress (RSS). As strain increases, the refined grains exhibit a higher density 

of dislocations, and higher RSS leads to the activation of the pyramidal <c+a> slip 

system. Typically, the four main types of twins observed in magnesium alloys are 

{101̅1} < 101̅2 > compression twins; {101̅2} < 101̅1 > tension twins and 

{101̅1} − {101̅2} and {101̅2} − {101̅2} double twins.  

 As the SMAT progresses, the density of twins within the grains increases, 

leading to their interactions (Figure 4.3.1). Moreover, these twins obstruct 

dislocations during deformation. Consequently, interactions amongst 

twins/dislocations and between twins and dislocations contribute to grain 

refinement (Figure 4.3.4(a-c)). At a later stage, sub-grains with low-angle 

boundaries form, introducing numerous defects caused by lattice rotation. The 

direction of rotation varies depending on the slip system. The sub-grains experience 

increased misorientation and gradual rotation, accommodating higher strain m. This 

process eventually forms high-angle boundaries and nanograins of ~21 nm for SM-

10v (Figure 4.3.4(a-c)) in the near-surface region, whereas SM-3v shows fine twins 

(Figure 4.3.4(d)), attributed to intermediate strain levels. 
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 As strain decreases with depth, a gradient in grain size develops within the 

magnesium alloy’s SMATed layer [79]. Additionally, a noticeable reduction in twin 

thickness and density occurs with increasing distance from the surface (Figure 

4.3.1). Many researchers also documented a similar grain refinement mechanism, 

where coarse grains transformed into nanograins in severely deformed Mg alloys. 

Sun et al. [145] performed SMAT on AZ91D alloy for 20 min with 50 Hz frequency 

in a vacuum and reported ~40 nm of grain size. Laleh et al. [28] observed an ~8 nm 

grain size near the surface, which increased with the ball size when SMAT was 

performed on AZ91D alloy with a 20 kHz vibrating frequency in a vacuum using 

various ball sizes (2-5 mm diameter) for 30 min. Duan et al. [102] also evaluated 

the SMAT duration effect on AZ31D and reported grain sizes of ~84.3, ~51.7, and 

~46.5 nm for 2, 4, and 6 min, respectively. During the SMAT processing of softer 

materials like the Mg5Zn0.2Ca alloy, the surface undergoes varying degrees of 

deformation and compression due to the squeezing action of colliding balls. This 

action creates different zones with varying rates of deformation/compression[146], 

leading to a nonuniform density of twins and dislocations, changing twin thickness 

and grain size distribution within the SMATed layer (Figures 4.1.1(d-e)) [40]. 

 Microstructural changes influence mechanical properties. Mechanical 

properties of metallic implant materials, including hardness, are crucial factors that 

influence the durability of implants. SM-3v and SM-10v exhibit increased surface 

microhardness values. Significant lattice defect density and refinement of grains 

within the SMATed layer are the primary contributors to the improvement of 

microhardness. The movement of dislocations generated during SMAT could be 

impeded by twin boundaries, restricting further slip [147, 148]. Such interaction 

between twins and dislocations conceivably leads to strain-hardening, increasing 

the hardness of the SMATed specimens [149]. 

 Bandyopadhyay et al. [22] and Gerhatova et al. [8] presented the improved 

biocompatibility of metallic implants with higher surface hardness. As 

Mg5Zn0.2Ca is a biodegradable material, the enhanced microhardness values could 

contribute to improved biocompatibility at each stage of degradation. 
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4.3.2.2 Corrosion behaviour 

 In the current study, the corrosion behaviour of Mg5Zn0.2Ca alloy is 

evaluated by electrochemical and immersion tests under similar conditions inside 

the human body. EMEM-FBS, which has a similar composition to that of the 

interstitial fluid inside the human body, is employed under 5% CO2-95% air 

atmosphere. Compared to strong acids or artificial seawater, this environment is 

mild but more complicated, with various inorganic and organic components. As 

described in detail in the following section, an insoluble salt layer formation is 

observed to retard the corrosion reaction of Mg even with the existence of a 

carbonate buffer system [140, 150]. 

 In the potentiodynamic polarisation, the SMATed specimens tend to have 

slightly lower icorr, but the differences are relatively small and not statistically 

significant. However, in EIS (Figures 4.3.6-4.3.7 and Table 4.3.2), Rp behaviour 

differs with specimens. The increase in Rp of the NSM between 2 and 6 h indicates 

the insoluble salt layer growth. In contrast, the decrease in Rp can be linked to the 

insoluble salt layer’s partial disruption, such as localised corrosion. An increased 

Rp is not observed for the SMATed specimens, suggesting a faster insoluble salt 

layer formation. Since the SMATed specimens have higher defect densities, the 

initial corrosion reaction can be faster than the NSM, resulting in faster growth of 

an insoluble salt layer which reaches its maximum retardation on substrate 

corrosion within the first 2 h of immersion. In the case of SM-3v, the decreasing 

trend of Rp suggests the effect of the disruption of the salt layer is more significant 

than its growth. In the case of SM-10v, however, the Rp is stable through the testing 

time of 24 h, indicating the salt layer leaches to the stable state between its growth 

and disruption. The refined grains and higher defect densities of SM-10v lead to the 

even faster salt layer formation in the electrolyte, which may be less dense (or more 

porous) than that of SM-3v, giving the lower Rp but more balanced and stable 

through the experimental period. These findings show that the SMAT treatment 

effectively controls the surface reaction of the Mg alloy specimens by ball velocity. 

Notably, the Rp of all three types of specimens are in the comparable range at 24 h 

of immersion, similar to the results of PD measurement.  

 In the immersion test, a higher weight loss and corrosion rate are observed 

for NSM than the SMATed specimens at every time point. Still, the difference is 
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the largest on day 7 (Figure 4.3.9). This clear and significant difference between 

the NSM and the SMATed specimens can be derived from the different 

experimental conditions between the electrochemical and immersion tests, such as 

the electrolyte volume-to-specimen surface area ratio, the specimen’s exposed 

surface, and the immersion periods. The microfocus X-ray CT observation of the 

immersed specimens reveals the increased localised corrosion across a larger 

surface area of NSM (Figure 4.3.10). One key reason for such behaviour is the lack 

of gradient microstructure and grain refinement in NSM, as discussed earlier. 

Further, compressive residual stress induced by SMAT in the deformed layer of the 

Mg alloy [146] helps mitigate the initiation and growth of pits, making the surface 

more resistant to crack formation and propagation.  

 The EDS analysis on the corroded specimens revealed increased percentages 

of oxygen, phosphorus, calcium, and carbon (Figure 4.3.11) compared to those 

before the immersion (Figure 4.3.1(b-c)), indicating the insoluble salts (hydroxides, 

phosphates, and carbonates) formation. The slightly higher percentages of 

phosphorus and calcium (refer to Table 4.3.3) on the SMATed specimens than those 

on the NSM may improve the protective layer’s characteristics, giving better 

corrosion behaviour. Additionally, the salt layer’s stability and thickness (Figure 

4.3.12) are crucial in the pit formation and overall corrosion behaviour (discussed 

in the subsequent section). 

 Although there is some ambiguity, as few researchers reported a decrease in 

corrosion resistance after severe plastic deformation (SPD) of Mg alloys, many 

others have documented its increase. Wu et al. [138] presented a 31.3% decrease in 

corrosion current density after applying high-energy shot peening to Mg-4Y-

3.3RE-0.5Zr alloy. Severely deformed AZ91D Mg alloy (using hydrostatic cyclic 

expansion extrusion) also showed higher Ecorr and lower icorr [150]. Lopes et al. [90] 

processed pure Mg, AZ91, and AZ31 alloys using HPT and conducted polarisation 

tests in Hank’s solution. This processing resulted in passivation-like behaviour, 

which enhanced the corrosion resistance of the HPT-treated alloys. Conversely, 

ZK60 alloy treated with HPT lacks a tendency toward passivation, resulting in an 

increased corrosion rate [90]. Therefore, the material’s propensity to develop a 

protective layer of insoluble salts governs the corrosion behaviour of different Mg 

alloys to a greater extent. A stable and uniform protective film shields the alloy 
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from rapid corrosion in biological environments and minimises the release of 

potentially harmful degradation products [37, 93]. 

 The corrosion behaviour of implant materials, including orthopaedic screws 

and plates, can influence the pH of the surrounding solution. It is commonly 

accepted that pH variations outside the physiological range (~7.4) damage tissues 

and cells, as they could inhibit cellular growth and other functions [12, 92, 151, 

152]. Despite the buffering capacity of body fluids, which minimises pH 

fluctuations, considerable changes in pH are possible in the tissues surrounding the 

metallic implants. The corrosion reaction of magnesium alloy accelerates the pH of 

the solution [151]. The pH levels are increased for all specimen conditions (NSM, 

SM-3v, and SM-10v) after the electrochemical and immersion tests; however, the 

increased level in pH is notably higher for NSM than those of the SMATed 

specimens (Figure 4.3.5(b) and 4.3.S1 (supplementary data)).  

 

4.3.2.3 Protective salt layer formation 

 The immersion medium’s chemical composition and pH significantly alter 

the corrosion behaviour of magnesium alloys in an aqueous environment. 

Generally, magnesium alloys exhibit better corrosion resistance in low-chloride and 

highly alkaline environments [140]. However, understanding the electrochemical 

reactions of the alloy in EMEM-FBS is crucial to comprehend its corrosion 

behaviour in a biological environment.  

 The following equations describe the cathodic and anodic reactions of Mg in 

an aqueous medium.  

Mg → Mg2+ + 2e− 

2H2O + 2e− → H2 + 2OH− 

 The cathodic reaction leads to an increase in local pH. The Mg2+ ions 

subsequently react with these hydroxide ions to produce Mg hydroxide, 

precipitating at a local pH of over 11.  

Mg2+ + 2OH− → Mg(OH)2 
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 Exposure of magnesium and its alloys to humidified air at room temperature 

leads to the formation of an oxide layer on their surface [138]. However, MgO 

dissolves in water, forming Mg(OH)2.  

MgO + H2O → Mg(OH)2 

 The resulting Mg(OH)2 inhibits substrate dissolution and enhances corrosion 

resistance in alkaline conditions [92]. A properly developed Mg(OH)2 layer can 

further impede mass diffusion between the substrate and the surrounding medium, 

reducing the corrosion kinetics in alkaline conditions. Even in a chloride 

environment (0.9 wt.% NaCl solution), Wu et al. [138] demonstrated that shot-

peened WE43 alloy exhibited the protective behaviour of the Mg(OH)2 layer. 

Consequently, the measured corrosion rate was 0.017 mg/cm²·h after 15 min of 

shot-peening, compared to 0.024 mg/cm²·h for the as-received alloy. This 

improvement was attributed to shot-peening-induced nanocrystallisation near the 

surface, increasing grain boundaries and modifying the surface reactivity. 

 Although Mg(OH)2 is the primary salt layer formed in a simple aqueous 

environment, carbonates and phosphates could act as predominant salt layers in the 

body fluid, significantly influencing corrosion behaviour. Calcium and magnesium 

ions react with phosphate and carbonate ions in the immersion solution to form 

insoluble phosphate and carbonates: 

3M2+ + 2PO3
4

¯ → M3(PO4)2 (M: Ca2+ or Mg2+) 

M2+ + CO2
3

¯ → MCO3 (M: Ca2+ or Mg2+) 

 In human body fluids such as interstitial fluid and blood plasma, the presence 

of phosphates and carbonates leads to insoluble salt precipitation, even with a slight 

increase in pH, which is insufficient for the precipitation of Mg(OH)2 [153]. 

Additionally, these fluids contain a relatively high concentration of carbonate, 

which works as a carbonate buffer system with 5% CO₂-95% air atmosphere to 

maintain their pH of 7.4. However, any fluctuations in pH and the presence of 

certain ions, such as chloride (Cl⁻), can considerably impact the rate of substrate 

dissolution and uniformity of the protective layer. Even small amounts of chlorides 

are typically sufficient to compromise the protective film formed in a simple 

aqueous environment, such as 0.9% NaCl. 
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Mg(OH)2 + 2Cl− → MgCl2 + 2OH− 

 Generally, a coarse grain structure has fewer grain boundaries, resulting in 

limited nucleation sites for producing a dense and uniform oxide layer. In contrast, 

SMAT produces a refined microstructure at the surface (Figures 4.3.1-4.3.4), 

increasing the number of sites for nucleation [138]. Additionally, SMAT enhances 

surface energy and activity, which promotes a more uniform and denser protective 

layer formation [30]. In the present study, the NSM specimen, after 7 days of 

immersion, showed distinct peaks of Mg and insoluble salts on its XRD pattern 

(Figure 4.3.12(a)). The intensity of the Mg peak derived from the substrate suggests 

a thinner salt layer than the SMATed specimens (Figure 4.3.12(b-d)). 

 Literature also reveals the role of microstructure in governing the protective 

layer’s characteristics and the corrosion response of pure magnesium and its alloys 

in low-chloride environments. Birbilis et al. [30] observed a lower icorr value in 

0.1M NaCl solution for pure Mg processed by ECAP, attributing to the refined 

microstructure with a high misorientation angle of grain boundaries. Gollapudi 

[154] explained the results of Birbilis et al. [30] as the contribution of a stable and 

protective layer of MgO and Mg(OH)2 formed on fine-grained pure Mg in 

comparison with a more porous layer formed on a coarse-grained Mg surface. In 

simulated body fluid (SBF), Gao et al. [155] documented a lower icorr value for 

HPT-treated MgZnCa alloy than the as-received alloy. This behaviour was ascribed 

to increased dislocations and other defects, providing extra nucleation sites 

necessary for the protective layer’s uniform growth. These literature studies support 

that the protective layers with increased thicknesses formed on the SMATed 

specimens (SM-3v and SM-10v) are more stable and robust (Figure 4.3.12), 

offering better corrosion retardation compared to NSM specimens (Figures 4.3.6, 

4.3.7, and 4.3.8).   

 In summary, the improved corrosion resistance observed in SMATed 

specimens is highly significant for promoting Mg5Zn0.2Ca as a biomedical implant 

material. By reducing the corrosion rate in a biological medium, the SMAT process 

helps achieve more controlled and gradual biodegradation, minimizing sudden 

mechanical failure and excessive Mg2+ ion release. This supports safer, more 

predictable in vivo performance, which is a critical requirement for biodegradable 

implants. Therefore, these corrosion findings directly advance the strategic 
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objective of enabling Mg5Zn0.2Ca to serve as a reliable, biocompatible implant 

alloy. 

 

4.3.2.4 Cytocompatibility 

 Generally, cell and tissue compatibility of a material mainly depends on the 

material’s stability in an implanted environment, which means releasing metal ions 

and degradation products such as wear debris is crucial for compatibility. When the 

toxicity of released ions and debris is relatively mild, the direct interaction between 

the surface of a material and surrounding tissues/cells is more influential in 

controlling tissue and cellular response. Cytotoxicity evaluation by the extract 

method in ISO10993-5 focuses on the effect of released ions and degradation 

products. Therefore, the extracting condition employs the low ratio of extracting 

medium to the specimen surface area to increase the concentrations of released ions 

and degradation products.  

 In the present study, we performed the cytotoxicity tests by extract method at 

the extract medium to specimen surface area of 0.33 mL/cm2, which is much lower 

than those of the electrochemical and immersion tests. The obtained results show 

higher cytocompatibility for the SMATed specimens than the NSM (Figures 4.3.13 

and 4.3.14), which can be attributed to their lower corrosion rates with a smaller 

increase in pH. Several factors contribute to the higher corrosion resistance of 

SMATed specimens, as described earlier: a more uniform and stable protective 

layer formation (improving corrosion resistance) and a decrease in the release of 

harmful metal ions. A high density of defects, grain refinement, and increased 

surface energy contribute to the effective protective layer formation of insoluble 

salts on the SMATed specimen surface. Martynenko et al. [156] also reported that 

the WE43 alloy’s reduced grain size due to the ECAP and multiaxial deformation 

(MAD) processes enhances the mesenchymal stromal cell proliferation on the 

alloy’s surface. Additionally, Anisimova et al. [94] evaluated the viability of 

osteogenic mesenchymal stromal cells (by extract and direct methods) on the WE43 

alloy’s surface treated with multiaxial deformation (MAD). The alloy exhibited a 

more controlled biodegradation, less damage, and better growth of the cells on the 

alloy specimen with MAD treatment. 
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  Furthermore, in physiological environments, corrosion of magnesium alloys 

leads to the release of magnesium ions and hydrogen gas, adversely affecting cells’ 

survival [89]. A high corrosion rate in the case of NSM can result in the release of 

excessive hydrogen, significantly raising pH levels and toxicity. Conversely, a 

lower corrosion rate of SM-3v and SM-10v reduces the release of hydrogen, 

promoting uniform protective layer formation (Figure 4.3.12) and minimal 

variations in pH and toxicity levels (Figures 4.3.5(b) and 4.3.9(c)). Therefore, the 

cells have better chances of survival on the SMATed surface.    

 Overall, the improved cytocompatibility of the SMATed specimens is an 

essential outcome supporting their biomedical application. The reduced corrosion 

rate and stabilized surface nanostructure help maintain a favorable local 

environment, minimizing pH shifts and harmful ion release that could damage 

surrounding tissues. This directly promotes better cell viability and safe biological 

interactions, aligning with the strategic goal of advancing Mg5Zn0.2Ca for 

biodegradable implant use. 

 

4.3.2.5 Protein adsorption 

Several factors influence the adsorption of proteins onto material surfaces, 

including protein structure, solution pH, ionic strength, and the material’s surface 

properties [141, 143, 157]. The sequence of amino acids in a protein, which 

determines active sites for surface interaction, is crucial. A stable salt layer mediates 

the interaction between proteins and the underlying metal surface, enhancing 

mechanical stability and bio-corrosion resistance. Even though electrostatic 

interactions between the material’s surface and cells play a vital role in initial cell 

attachment, adsorbed proteins onto the surface predominantly regulate stable cell 

adhesion [141]. The current study has investigated the adsorption behaviours of FN 

and BSA on the Mg5Zn0.2Ca specimen surface. BSA is known to have non-

specific adsorption to the material surface, which can be substituted by other 

proteins with more stable and specific adsorption, such as FN. FN is one of the cell 

adhesion proteins that promote a certain type of cells, including fibroblasts, to 

adhere, proliferate, and express a specific cellular function.  
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Our study shows that BSA adsorption on the NSM and SMATed surface (with 

a similar surface roughness (Ra = 0.5 μm)) is comparable (Figure 4.3.15). In 

contrast, the amount of FN adsorption on SMATed specimens is significantly 

higher. SMAT treatment introduces numerous high-energy defects, such as 

dislocations, triple junctions (TJs), non-equilibrium grain boundaries (GBs), etc. 

These defects and the associated long-range stress contribute to the increased 

surface energy of the nanostructured alloys. The increased energy and possibly the 

metal surface’s chemical composition/reactivity do not influence the BSA 

adsorption much. Still, they benefit FN probably due to its multiple binding 

domains onto the material surface. As mentioned earlier, the higher surface energy 

of the SMATed specimens endorses the fast formation of the protective salt layer 

containing calcium or magnesium phosphates (Figure 4.3.12), which has a high 

affinity for the organic compounds and controls protein adsorption behaviour. That 

means SMAT-induced changes in surface energy and chemical reactivity could 

create more favourable conditions for FN adsorption. Compared to NSM, the 

substantial FN adsorption on SM-3v and SM-10v aligns with higher levels of 

cellular adhesion and proliferation, highlighting the effective enhancement of 

specific surface properties by SMAT. 

 The increase in surface energy or changes in surface chemistry due to the 

SMAT process enhances protein-surface interactions for FN better than for BSA 

[89]. This response is crucial for proteins like FN, which require specific binding 

sites to maintain their functional conformation. The difference in adsorption 

behaviours of BSA and FN demonstrates that surface chemistry modifications bear 

significant importance in facilitating or preventing certain protein adsorption. 

Kubacka et al. [141] reported that the titanium surfaces treated with hydrostatic 

extrusion favour the adsorption of BSA but inhibit the adsorption of FN. Since the 

mechanism of protein adsorption is competitive, and although some studies have 

attempted to elucidate the protein adsorption mechanism for deformed Mg alloys, 

further investigation is necessary to gain a complete understanding of the 

conformation and functional consequences of adsorbed proteins on these modified 

surfaces. 
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 In summary, the enhanced protein adsorption observed on SMATed surfaces, 

particularly bovine fibronectin, is highly relevant to biomedical performance. 

Improved protein attachment promotes early cell adhesion and integration of the 

implant with host tissue, accelerating the healing process. This highlights the 

critical contribution of SMAT-induced surface modifications toward realizing 

Mg5Zn0.2Ca as a clinically effective biodegradable implant alloy. 
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4.4 Effect of Surface Strengthening on Tensile and Tribological Properties of 

Mg5Zn0.2CaAlloy: Role of Gradient Microstructure 

This section investigates the influence of SMAT-induced surface 

strengthening on the tensile (Section 3.2.3) and tribological (Section 3.4) behaviour 

of the Mg5Zn0.2Ca alloy, with emphasis on the role of the gradient microstructure. 

This study evaluates mechanical performance through uniaxial tensile testing, wear 

resistance under circular loading conditions (5, 10, and 20 N), and scratch behaviour 

under constant (50 N) and progressive (20-80 N) loads. Detailed analyses using 

SEM, surface profilometry, and acoustic emission monitoring provide insights into 

wear track morphology, surface damage evolution, and failure mechanisms. The 

combined effects of grain refinement, increased dislocation density, and the 

presence of a gradient-structured surface layer are critically examined, 

demonstrating substantial improvements in tensile strength, wear resistance, and 

scratch durability. 

 

4.4.1 Microstructure Analysis 

The microstructure of the NSM alloy was analysed using SEM, EDS, and 

EBSD. Figure 4.4.1(a) reveals a dual-phase microstructure comprising primary α-

Mg grains and Ca2Mg6Zn3 as the secondary phase [158]. This secondary phase is 

predominantly located along grain boundaries, with some distribution within the 

grains. Figure 4.4.1(a1)–(a3) provides insights into the spatial distribution of key 

alloying elements (Mg, Zn, and Ca), further confirming the presence of the 

secondary phase. The EBSD grain size distribution (Figure 4.4.1(b) and (b1)) 

depicts a well-defined grain structure with an average grain size of 67 ± 17 µm.  
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Figure 4.4.1: (a) SEM micrograph along with elemental distribution maps (a1–a3), and (b) EBSD 

grain size map with grain size distribution (inset (b1)) for the NSM specimen 

EBSD analysis of the SMATed Mg5Zn0.2Ca alloy was conducted to gain 

deeper insight into the microstructural modifications induced by the severe surface 

deformation. Figure 4.4.2 presents the orientation image (OI) and image quality 

(IQ) maps of the SMATed specimens, illustrating the gradient nature of the 

microstructure. IQ maps of SM-5v and SM-10v are displayed in Figure 4.4.2(b) and 

(d), respectively. It is evident that the near-surface region of SM-10v has undergone 

substantial deformation, resulting in a significant fraction of unindexed areas. The 

percentage of unindexed regions is approximately ~12.4% for SM-5v, whereas it 

increases to ~39.4% for SM-10v, suggesting a more lattice distortion by higher 

velocity balls during SMAT. A high density of twins in SM-5v is localised closer 

to the surface, with their occurrence significantly diminishing as depth increases. 

In contrast, SM-10v exhibits an abundance of twins even at greater depths, 

indicating a more profound influence by the higher velocity balls, which triggers a 

more extensive microstructure refinement. 
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Figure 4.4.2: EBSD analysis presenting OI and IQ maps for (a-b) SM-5v and (c-d) SM-10v 

specimens, accompanied by magnified OI map regions (a1 and c1) and the respective misorientation 

angle profiles across twins (a2 and c2) 

Furthermore, Figure 4.4.2(a) and (c) depict the OI maps for SM-5v and SM-

10v, respectively. Orientation contrast within the grains is negligible in SM-5v 

compared to SM-10v, implying that the SMAT with the lower ball velocity does 

not cause extreme grain fragmentation or reorientation. However, in the case of a 

specimen subjected to 10 m/s ball velocity, grains exhibit pronounced 

misorientation and increased boundary distinction, as evidenced by the broader 

spectrum of colours and more fragmented regions in the OI map (Figure 4.4.2(c)).  

Figure 4.4.2(a1) and (c1) highlight the various types of twins observed in 

SM-5v and SM-10v, while Figure 4.4.2(a2) and (c2) present the corresponding 

misorientation angles across the twins. The misorientation profiles for SM-5v 

(Figure 4.4.2(a2)) and SM-10v (Figure 4.4.2(c2)) illustrate distinct twinning 

characteristics. In SM-5v, tensile twins (TTs) and compression twins (CTs) are 

observed, with corresponding misorientation angles of around 86.1° and 57.3°, 

respectively. A significant fraction of {101̅2} tensile twins is present in SM-5v, 

predominantly distributed across the surface region. Additionally, {101̅1} 

compression twins are detected near the SMATed surface at around ~375 µm depth. 

In SM-10v, the twinning behaviour becomes more complex, with the additional 
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formation of double twins (DTs), characterised by a misorientation of ~36.5°. The 

SM-10v demonstrates the presence of TTs, CTs, and {101̅1} − {101̅2} double 

twins even at a depth of ~850 µm.  

These results suggest that the higher energy input by higher velocity balls 

in SMAT promotes more significant deformation, leading to an extensive lattice 

distortion, enhanced grain misorientation, and refinement. The higher strain and 

strain rate in the SM-10v specimen results in greater misorientation. Moreover, the 

higher strain energy is sufficient to activate multiple twin systems at a much greater 

depth than that of SM-5v, signifying the role of increased impact velocity in 

endorsing severe plastic deformation and twinning activity. 

 

 Figure 4.4.3: GND and GB maps for (a-b) SM-5v and (c-d) SM-10v specimens 

Figure 4.4.3(a) and (c) depict the geometrically necessary dislocations 

(GND) maps for the SMATed specimens. They show average dislocation densities 

of ~4.1×1013 m-2 and ~5.3×1013 m-2 for SM-5v and SM-10v, respectively, indicating 

that the specimen SMATed with higher velocity balls has a higher dislocation 
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density and stored energy within the grains. Moreover, the grain boundary (GB) 

maps shown in Figure 4.4.3(b) and (d) reveal a larger density of low-angle grain 

boundaries (LAGBs) in the surface region of SM-10v than that of SM-5v due to 

more strain accumulation and higher density of twins and dislocations. A higher 

dislocation density and LAGBs than those mentioned in Figure 4.4.3 are possible 

for SM-10v due to the greater proportion of unindexed regions. 

Since a considerable portion of the near-surface region remained unindexed 

in the EBSD analysis due to severe plastic deformation, further microstructural 

investigation was carried out using TEM at a subsurface depth of ~50 µm (below 

the SMATed surface). Figure 4.4.4(a) and (b) present the TEM micrographs for 

SM-5v and SM-10v, respectively, demonstrating the distinct microstructural 

changes induced by different impact velocities of balls. For SM-5v, the TEM 

micrograph (Figure 4.4.4(a)) reveals the presence of fine deformation twins 

dispersed throughout the microstructure, which suggests that twin-mediated 

plasticity significantly contributed to accommodating the deformation imparted by 

SMAT at 5 m/s ball velocity. The inserted SAED pattern in Figure 4.4.4(a) shows 

a spot pattern and not a ring pattern, which indicates that the near-surface regions 

have a well-defined crystallographic orientation, further validating the twinning as 

the primary deformation mechanism and the accumulated strain in the lower 

velocity SMA-treatment is insufficient to form nanograins. 

In contrast, the microstructural response of the SM-10v specimen’s surface 

region deviates from the twin formation, exhibiting a nanograined structure instead 

(Figure 4.4.4(b)). The higher impact energy at 10 m/s ball velocity results in more 

strain accumulation, which triggers the formation of nanoscale grains. The 

corresponding SAED pattern (Figure 4.4.4(c)) presents a diffuse ring-like structure, 

indicative of an ultrafine-grained or nanocrystalline microstructure. Further 

analysis of the grain size distribution for SM-10v (Figure 4.4.4(d)) reveals an 

average grain size of 28 ± 12 nm, reinforcing the significant grain refinement at 

higher impact velocities.   

The comparison between SM-5v and SM-10v highlights a clear transition 

in deformation mechanisms, shifting from twin-dominated plasticity at lower 

velocity (5 m/s) to grain refinement via severe plastic deformation at higher velocity 

(10 m/s). This transformation aligns with the progressive increase in strain energy, 
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intensifying dislocation activity and ultimately promoting nanograin formation over 

twinning [76, 105]. In the deeper regions of the SM-10v specimen’s deformed layer, 

twinning is a dominant deformation mechanism (Figure 4.4.2(c)) due to a gradual 

drop in the influence of high-velocity impact (concerning strain and strain rate) with 

an increasing depth . 

 

Figure 4.4.4: (a) TEM micrograph illustrating fine twins in SM-5v specimen with the corresponding 

SAED pattern as an inset. (b) TEM micrograph exemplifying nanograins with (c) the associated 

SAED pattern, and (d) the nanograin size distribution for SM-10v specimen 

From a mechanical perspective, the presence of twins in SM-5v is expected 

to enhance strain hardening, contributing to improved strength and ductility [106]. 

Conversely, the formation of nanograins in SM-10v leads to grain boundary 

strengthening, potentially enhancing hardness and wear resistance, although at the 

expense of ductility. The observed transition from twinning to nanograin formation 

underscores the influence of impact velocity on deformation mechanisms, 

demonstrating the possibility of tailoring microstructural features for specific 

application requirements. 



122 
 

4.4.2 Microhardness and Strengthening Behaviour 

4.4.2.1 Microhardness Distribution in the Deformed Layer 

 The microhardness distribution across the SMATed layer is consistent with 

the aforementioned microstructure evolution. A gradient in microhardness is 

observed within the deformed layer of SM-5v and SM-10v (Figure 4.4.5), which is 

attributed to the gradient microstructure (Figures 4.4.2-4.4.4). As shown in Figure 

4.4.5(a) and (c), SM-5v exhibits a microhardness gradient up to 1300 ± 200 μm 

depth, while SM-10v shows a gradient up to 2400 ± 200 μm depth. The maximum 

microhardness value observed is ~117 ± 8.9 HV0.05 for SM-10v, and ~91 ± 4.5 

HV0.05 for SM-5v. These values indicate a ~112% (~2.1 times) increase in the 

microhardness value for SM-10v and a ~65% (~1.6 times) increase for SM-5v when 

compared to the microhardness value of NSM (~55 HV0.05).  

 Microhardness distribution (Figure 4.4.5(a) and (c)) and corresponding 

slopes (Figure 4.4.5(b) and (d)) highlight five distinct zones for SM-5v and SM-

10v. In Zone I, a steep decrease in microhardness is observed up to a depth of ~110 

µm for SM-5v and SM-10v. A significant negative slope of the microhardness 

versus depth profiles confirms it. In Zone II, the slope of the microhardness-depth 

profile is less negative, indicating a gradual decrease in microhardness values up to 

~500 µm for SM-5v and ~900 µm for SM-10v. After this gradual change in 

microhardness, the values become almost constant, with minimal variation up to a 

depth of ~700 µm for SM-5v and ~1600 µm for SM-10v, which is designated as 

Zone III. Hardness is the material’s response to the altered microstructure caused 

by the strain accumulation in SMAT. In the case of twinning-dominated regions, 

twin density is directly linked to the accrued strain [76, 105]. Therefore, the 

hardness stability in Zone III can be attributed to the consistent twin density 

observed in this region. Due to the negligible change in microhardness values with 

depth, this zone’s slope profile remains constant, close to the zero slope. In Zone 

IV, a gradual decrease in microhardness values to the core’s hardness is observed, 

extending to ~1400 µm for SM-5v and ~2500 µm for SM-10v. The slope profiles 

in this zone approach zero towards the end of Zone IV. Following this, SM-5v and 

SM-10v exhibit an almost plateaued trend in Zone V, with the corresponding slope 

nearing zero, indicating minimal or no change in hardness values.  
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Figure 4.4.5: (a-b) SM-5v and (c-d) SM-10v specimens’ microhardness distribution (a, c) and the 

corresponding slope variation (b, d) with depth from SMATed surfaces 

Microstructural modifications are critical in determining the mechanical 

behaviour of metallic implant materials, particularly their hardness, which directly 

affects implant longevity and durability. During the SMAT of relatively softer 

materials such as Mg5Zn0.2Ca alloy, the surface experiences differential 

deformation and compressive stresses due to repeated high-energy impacts from 

colliding balls [159]. Such impacts induce distinct deformation zones (Figure 4.4.5) 

with varying strain and strain rates, leading to an inhomogeneous distribution of 

dislocations and twins (Figure 4.4.2 and 4.4.5) and alterations in twin thickness and 

crystallite size across the SMATed layer [146]. 

Both SM-5v and SM-10v exhibit an increase in surface microhardness, 

particularly in Zone I of the SMATed region (Figure 4.4.5). This enhancement 

primarily arises from microstructure refinement (Figure 4.4.4) and a high density 

of lattice defects (Figures 4.4.2 and 4.4.3). Given that twinning is the predominant 

deformation mode in Mg-alloys (Figure 4.4.2), the strain-hardening effect induced 

by twinning is a key contributor to the observed hardness increment in a significant 
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portion of the deformed layer. Twin boundaries obstruct dislocation movement, 

restricting further slip and promoting strain-hardening [80]. Consequently, the 

interaction between twins and dislocations intensifies this hardening effect, 

resulting in a substantial improvement in the hardness of SM-5v and SM-10v 

specimens. 

Strain accumulation/localisation, grain refinement, and variation in density 

of dislocations and twins are responsible for the gradient in microhardness. 

Bandyopadhyay et al. [22] and Gerhátová et al. [8] reported the improved 

biocompatibility of metallic implants with higher surface hardness. As 

Mg5Zn0.2Ca is a biodegradable material, the gradient in microhardness could 

contribute to improved biocompatibility at each stage of degradation. The higher 

hardness values with gradient behaviour enhance the material’s performance 

throughout its degradation process [22]. 

 

4.4.2.2 Surface Strengthening Properties 

Microhardness measurements were performed throughout the specimens’ 

cross-sections (5 mm thickness), which were SMATed from both sides (flat 

surfaces). To better understand the gradual attenuation of hardness from surface to 

core, an exponential decay model (Eq. 4.4.1) was employed to represent the 

microhardness gradient within the treated layer [160]: 

𝐸 = 𝐻𝑚 + (𝐻𝑀 − 𝐻𝑚)𝑒−𝑅𝑥                     (4.4.1) 

where HM and Hm represent the maximum and matrix microhardness, respectively, 

R denotes the surface strengthening exponent (decay constant), which represents 

the rate at which microhardness decreases with depth, and x represents the distance 

from the SMATed surface. The surface strengthening energy (𝐸, J/m²) represents 

the absorbed energy per unit area of the surface-strengthened specimens. The 

energy absorbed by the gradient layer during strengthening (i.e., the energy stored 

due to plastic deformation) was calculated as the area under the microhardness-

depth curve using Eq. 4.4.2: 

𝐸 = ∫ ((𝐻𝑀 − 𝐻𝑚)𝑒−𝑅𝑥)𝑑𝑥
𝜆

0
               (4.4.2) 
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In this study, the gradient layer properties, including the gradient layer 

thickness (λ), HM, 𝑅, and 𝐸, are systematically analysed to characterise the 

behaviour of SM-5v and SM-10v. This comprehensive approach provides a unified 

evaluation of the microhardness gradient and the associated strengthening effects, 

combining mechanical properties with the microstructural features of the treated 

samples. The essential properties of the strengthened layer are shown in Figure 

4.4.6 and summarised in Table 4.4.1. Figure 4.4.6 depicts the total surface energy 

stored within the deformed layers on both sides (flat surfaces) of SM-5v and SM-

10v. 

A lower value of R indicates a more gradual hardness transition from the 

SMATed surface to the core (substrate), suggesting sustained strengthening effects. 

The results show that for SM-10v, the value of R is 0.0016 μm-1, whereas for SM-

5v, it is 0.003 μm-1. These results confirm that the SMAT (with a constant 

percentage coverage) at a higher intensity impacts results in a more profound and 

uniform hardening effect. 

Furthermore, the surface strengthening energy is significantly higher (~3.3 

times) for SM-10v (3.77 × 105 J/m2) than SM-5v (1.16 × 105 J/m2), indicating a 

greater degree of strain hardening by higher-intensity SMA-treatment. This 

increased energy storage can enhance the mechanical performance of the SMATed 

alloy by improving resistance to deformation and wear.  

Overall, these findings highlight the role of an imperative process 

parameter, i.e., impact velocity, in influencing surface strengthening characteristics, 

where higher intensity SMAT contributes to improved mechanical stability. The 

effect of this strengthening behaviour on bulk mechanical properties is further 

explored in the subsequent section. 
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Figure 4.4.6: Surface strengthening energy (SSE), E, for dual-surface SMATed specimens: (a-b) 

SM-5v and (c-d) SM-10v 

Table 4.4.1: Surface layer strengthening properties 

Specime

n Name 

Maximu

m 

Hardness

, HM 

(HV0.05) 

Matrix 

Hardness

, Hm 

(HV0.05) 

Gradient 

Layer 

Thicknes

s (μm) 

Surface 

Strengthenin

g Exponent 

(or Decay 

Constant), R 

(μm)-1 

Surface 

Strengthenin

g Energy, E 

(J/m2) 

SM-5v 91 ± 4.5 55.4 ± 

2.5 

1300 ± 

200 

0.003 1.16×105 

SM-10v 117 ± 8.9 55.4 ± 

2.5 

2400 ± 

200 

0.0016 3.77×105 

4.4.3 Tensile Properties 

4.4.3.1 Stress-Strain Response 

The effect of SMAT on the tensile properties of the Mg5Zn0.2Ca alloy is 

evaluated by comparing the engineering stress-strain response (Figure 4.4.7(a)) and 
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corresponding ultimate tensile strength (UTS) and yield strength (YS) of the NSM, 

SM-5v, and SM-10v specimens (Figure 4.4.7(b) and Table 4.4.2). The results reveal 

a significant improvement in the strength after SMAT. The NSM exhibits a lower 

stress level throughout deformation, with a relatively higher strain at failure, 

indicating a more ductile response. In contrast, SM-5v and SM-10v demonstrate 

higher flow stresses and reduced ductility due to the presence of hardened layers on 

both surfaces by SMAT (Figure 4.4.8). The SM-10v exhibits the highest strength, 

with a noticeable increase in YS and UTS compared to SM-5v.  

The NSM exhibits a UTS of around 228 ± 22 MPa, whereas SM-5v and 

SM-10v significantly increase the UTS value to ~291 ± 28 MPa and ~330 ± 33 

MPa, respectively. A similar trend is observed for YS, where the SMATed 

specimens show significantly higher values than the NSM condition (Table 4.4.2). 

The statistical significance of UTS and YS among NSM, SM-5v, and SM-10v is 

highlighted in Figure 4.4.7(b) using a single asterisk (*), indicating a statistically 

significant difference (p < 0.05) between the compared groups. Additionally, the 

difference between SM-5v and SM-10v is statistically significant, reinforcing that 

higher-intensity SMAT (using 10 m/s ball velocity) leads to superior mechanical 

performance.  

This improvement in strength is ascribed to grain refinement strengthening, 

where the SMA-treatment-induced reduction in grain size due to the repeated 

impacts by high-velocity balls in random directions (Figure 4.4.4(b)-(d)) increases 

the grain boundary area, thereby restricting dislocation motion and hardness 

increase (Figure 4.4.5) following the Hall-Petch effect [40, 69]. Additionally, 

SMAT generates a high density of deformation twins (Figure 4.4.2 and Figure 

4.4.4(a)) and dislocations (Figure 4.4.3), which act as barriers to plastic deformation 

during tensile test, further contributing to strength enhancement [161, 162].  

Furthermore, the UTS/YS ratio implies the alloy’s capability to sustain 

stress via plastic deformation (i.e., competence to absorb energy) before the 

occurrence of its failure. The results show a minor drop in this ratio (from ~2.15 to 

~1.3) after SMAT (Table 4.4.2). Moreover, ball velocity has a negligible effect on 

the UTS/YS ratio for the SMATed Mg alloy (Table 4.4.2) due to a proportional 

enhancement in YS and UTS with an increased impact velocity (Figure 4.4.7(b)). 

Even though the initial surface hardness is noticeably high (Figure 4.4.8), the 
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UTS/YS ratio of SMATed specimens is much greater than one, possibly due to 

gradient microstructure.      

Overall, the interplay between various strengthening mechanisms and the 

microstructure evolution in SMATed specimens suggests that SMAT effectively 

enhances mechanical properties and deformation characteristics, making the Mg 

alloy more suitable for biomedical and engineering applications. 

 

Figure 4.4.7: (a) Stress-strain curves and (b) UTS and YS for NSM, SM-5v and SM-10v specimens 

Table 4.4.2: Tensile properties of NSM, SM-5v and SM-10v specimens 

Specimen 

condition 

Yield 

strength, YS 

(MPa) 

Ultimate tensile 

strength, UTS 

(MPa) 

UTS/YS 

Ratio 

Total 

elongation % 

NSM 106 ± 14 228 ± 22 2.15 ± 0.44 14.15 ± 2.59 

SM-5v 223 ± 34 291 ± 28 1.30 ± 0.24 2.73 ± 0.41 

SM-10v 258. ± 26 330 ± 33 1.28 ± 0.18 2.69 ± 0.28 

4.4.3.2 Surface Layer Strengthening and Ductility 

Understanding and establishing a correlation between surface-strengthening 

and ductility of NSM, SM-5v, and SM-10v specimens is crucial. The improvements 

in UTS and YS observed in the previous section (Section 4.4.3.1) for the SMATed 

specimens are linked to the gradient-hardened layer. The microhardness depth 

profiles shown in Figure 4.4.8 illustrate the influence of SMAT on the SM-5v and 

SM-10v specimens’ strengthening behaviour, where the specimens are 1 mm thick, 

and both sides (flat faces) are SMA treated before tensile testing. The SM-10v 

exhibits the highest surface hardness (~117 HV0.05), followed by SM-5v (~91 
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HV0.05), while the NSM sample maintained a uniform hardness of ~55 HV0.05. As 

discussed above, this hardness increase directly impacts the material’s ability to 

resist plastic deformation, contributing to its improved tensile strength. The 

difference in the hardness profiles of SM-5v and SM-10v is also essential. The 

hardness profile of SM-10v uniformly shifts upward throughout the thickness due 

to the higher strain energy stored in the material during plastic deformation by 

higher velocity balls (Section 4.4.2.2). The hardness profiles of SM-5v and SM-10v 

indicate that the thickness of the gradient-hardness region is ~400 µm for both 

specimens; however, SM-10v has a higher hardness in the central region of ~200 

µm width (due to the overlap of straining in this region during SMAT on both flat 

faces of the specimen).  

 

Figure 4.4.8: Microhardness gradient profiles for SM-5v and SM-10v specimens 

Beyond hardness, percentage elongation (Table 4.4.2) offers additional 

insight into the SMAT’s influence on plastic deformation behaviour. The NSM 

specimen exhibits the highest percentage of total elongation (~14%), indicating a 

greater capacity for strain hardening and more gradual work-hardening behaviour. 

In contrast, SMATed specimens show considerably lower percentage elongation 

(~3%), suggesting that while their surfaces are significantly hardened, their ability 

to undergo further strain hardening and deformation is circumscribed. 

The reduced ductility of SMATed specimens aligns with the observed 

increase in initial (pre-existing) hardness (Figure 4.4.8) and dislocation saturation 

in the microstructure (Figure 4.4.3), which limits additional plasticity during tensile 

deformation. Moreover, the E values from Section 4.4.2.2 support this trend, where 
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impacts by balls lead to the stored energy in the treated layer, contributing to an 

enhanced surface hardness but less available capacity for further straining during 

subsequent tensile loading. 

In summary, although SMAT improves tensile strength and surface 

hardness, it leads to a more saturated microstructure with lower strain-hardening 

potential. Further, even though higher-velocity SMAT considerably enhances 

hardness (Figure 4.4.8) and strength (Figure 4.4.7), an insignificant change in the 

UTS/YS ratio is noticed (Table 4.4.2), which suggests the role of microstructure 

refinement in making the material stronger without compromising ductility and 

retaining some strain-hardening capacity during subsequent loading. The strain-

hardening behaviour is further discussed in detail in subsequent sections. 

 

4.4.3.3 Strain-Hardening Behaviour During Tensile Loading  

Figure 4.4.9(a)–(d) illustrates the evolution of true stress-strain curves, 

strain hardening rate (dσ/dε), and instantaneous strain hardening exponent (n) for 

NSM, SM-5v, and SM-10v Mg5Zn0.2Ca specimens. The calculated n-values, 

derived from Hollomon’s equation (Figure 4.4.9(d)), indicate a reduction in strain-

hardening capacity with increasing SMAT intensity. This trend can be justified 

based on dislocation density evolution, twinning activity, and dynamic recovery; 

all are influenced by severe surface deformation. To better understand the 

deformation behaviour, the tensile response is divided into four distinct zones (I–

IV). 
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Figure 4.4.9: True stress-strain curves and strain hardening rate under tensile loading for (a) NSM, 

(b) SM-5v, (c) SM-10v, and (d) The corresponding instantaneous n-value vs true strain 

Zone I has a steep rise in true stress; however, the strain hardening rate 

(dσ/dε) drops rapidly from a very high initial value. In the case of SMATed 

specimens, this response is significantly sharper due to a nanograined surface layer 

produced by surface mechanical attrition treatment. This surface layer’s high 

dislocation density and grain boundary area enhance initial resistance to plastic 

flow. However, because the material is already dislocation-rich (due to SMAT), 

there is limited room for further hardening, so the hardening rate drops quickly. In 

contrast, the NSM specimen’s coarser and uniform grain structure shows a 

smoother and broader yielding transition, reflecting homogeneous dislocation 

activation [161].  

Zone II is marked by a continued but more gradual decrease in hardening 

rate after the initial rapid drop seen in Zone I. In the SM-10v, which has the most 

refined gradient structure in a treated layer (Figures 4.4.2(c)-(d) and 4.4.4(b)-(d)), 

the hardening rate continues to decline steadily, indicating early saturation of 

dislocation accumulation and the onset of dynamic recovery in the ultrafine grains 

[103]. The SM-5v sample, with a relatively coarser subsurface grain structure 

(Figure 4.4.4(a)), also shows a downward trend in hardening rate but at a slower 
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pace than SM-10v, suggesting a somewhat better balance between dislocation 

storage and recovery. In contrast, the NSM specimen maintains a relatively stable 

hardening rate during this zone, as dislocation multiplication and the initiation of 

deformation twinning are active throughout the bulk grains, sustaining a more 

consistent strain-hardening response.  

Zone III is the dominant plastic deformation stage, where significant 

differences among the specimens emerge. The NSM specimen’s coarse grain 

structure (Figure 4.4.1) effectively activates the basal slip and deformation 

twinning. Twinning dynamically subdivides grains and acts as a strong barrier to 

dislocation motion, thereby enhancing the strain-hardening rate and sustaining a 

high instantaneous n-value [160–162] over a broader strain range (Figure 4.4.9(d)). 

This behaviour results in a prolonged Zone III in NSM. In the SM-5v, this region 

is moderately sustained. While the grain-refined layer near the SMATed surface 

saturates quickly, the relatively coarser grains in the subsurface and core continue 

to accommodate plastic strain through dislocation glide and limited twinning, 

ensuring some hardening. The SM-10v specimen shows a much narrower Zone III. 

The extensive nanograined structure suppresses twinning almost entirely, and the 

high dislocation density from SMAT causes early dynamic recovery. As a result, 

the material’s ability to accumulate further dislocations diminishes, leading to a 

faster reduction in hardening rate and n-value. 

Finally, in Zone IV (softening and necking region), the hardening rate 

approaches zero (or turns negative), marking the onset of necking and eventual 

failure. The SMATed specimens move into Zone IV earlier than NSM. These 

specimens’ ultrafine grains and high surface dislocation density cause rapid 

softening due to dominant dynamic recovery and shear localisation. Cleavage facets 

observed in its fracture surface (elaborated in the subsequent section) further 

confirm the brittle response in this zone. In contrast, the NSM specimen delays 

entry into Zone IV owing to continued twinning and dislocation interaction, which 

sustain the material’s strain-hardening capacity and postpone localisation and 

fracture.  

These zone-wise differences reflect how the gradient microstructure of 

SMATed specimens influences deformation and strain-hardening response during 
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tensile deformation. These results reinforce the idea that surface modification 

through SMAT plays a crucial role in optimising the strength and plasticity of Mg-

Zn-Ca alloys based on application needs.    

 

4.4.3.4 Analysis of Fractured Surfaces  

To further understand the failure mechanisms and the influence of SMAT 

on the fracture behaviour of the Mg5Zn0.2Ca alloy under tensile loading, SEM 

fractography analysis is performed on NSM, SM-5v, and SM-10v specimens, as 

presented in Figure 4.4.10. The fracture surface characteristics provide insights into 

the deformation and damage evolution under tensile loading. 

The fractured surface of the non-SMATed specimen (Figure 4.4.10(a)) 

appears strikingly different than that of the SMATed specimens (Figure 4.4.10(b) 

and (c)). The NSM specimen (Figure 4.4.10(a) and (a1)) exhibits a classic ductile 

fracture morphology, which is dominated by the presence of large and deep 

dimples, typically formed via microvoid coalescence [163, 164]. This dense 

dimpled pattern reflects substantial plastic deformation before fracture, consistent 

with the high ductility and sustained strain-hardening comprehended in the stress-

strain response (Figures 4.4.7(a) and 4.4.9).  
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Figure 4.4.10: SEM micrographs depicting the fracture surface morphologies of (a) NSM, (b) SM-

5v, and (c) SM-10v 

In comparison, the SM-5v specimen (Figure 4.4.10(b) and (b1)) shows a 

refined ductile fracture surface featuring fine dimples and tear ridges, with 

occasional micro-cracks. The fine dimples indicate void nucleation and growth at a 

smaller scale due to grain refinement near the SMATed surface. The tear ridges 

(with raised ligaments between dimples) highlight zones of localised plastic 

deformation, suggesting enhanced strain accommodation in confined regions of the 

gradient microstructure. Although plastic deformation is still significant, micro-

cracks presence suggests that some localised strain accretion occurs near the fine-

grained surface due to high dislocation density and reduced twin activity. 
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The fracture surface of the SM-10v (Figure 4.4.10(c) and (c1)) shows a clear 

transition toward a mixed-mode fracture, with a combination of ultrafine dimples, 

cleavage facets, tear ridges, and more frequent micro-cracks. This morphology 

reflects the effect of the ultrafine and twin-suppressed grains in the surface layer, 

where dislocation activity could saturate early, and twinning is mainly absent. The 

limited strain-hardening and rapid strain-localisation in these regions promote early 

void coalescence and brittle fracture features. The observed cleavage facets suggest 

crack propagation along crystallographic planes or grain boundaries, while the 

shallow dimples indicate minimal plastic flow before fracture. These features 

correlate well with the mechanical response of SM-10v, specifically, its reduced 

uniform elongation and early saturation of the hardening rate (Figures 4.4.7 and 

4.4.9). 

Overall, the progression from large and uniformly distributed dimples in 

NSM to fine dimples in confined regions with cleavage-like features in SMATed 

specimens reflects the influence of microstructural refinement and gradient 

structure on fracture behaviour. While SMAT improves strength through grain 

refinement, it increases stored strain energy. It promotes early strain localisation, 

leading to microvoid coalescence and premature fracture once the ductility limit is 

exceeded during tensile loading. 

 

4.4.4 Surface Roughness and Tribological Behaviour 

Figure 4.4.11 shows the surface roughness profiles and surface appearance 

of NSM, SM-5v, and SM-10v specimens. Here, the average surface roughness 

values are obtained by considering 8.5 mm of sampling length on the specimens’ 

surfaces (Figure 4.4.10(a)). The surface roughness (Ra) values of the SMATed 

surfaces (SM-5v and SM-10v) are significantly larger than that of the non-SMATed 

(NSM) surface (Figure 4.4.11(a)). Moreover, the highest Ra is observed for SM-

10v. This trend is pragmatic during SMAT because the rapid deformation caused 

by the balls with higher velocity produces the craters with the highest peaks and 

deepest valleys on the specimen surface (Figure 4.4.11(b) and (c)). Such a surface 

deformation during SMAT further results in a greater number of wider surface 

micro-irregularities, leading to an increased Ra value. Hence, the specimen’s initial 

surface roughness of 0.09 ± 0.005 µm increases to 0.85 ± 0.15 µm for SM-5v and 
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1.35 ± 0.3 µm for SM-10v. Chen et al. [80] also observed a rise in AZ31B Mg 

alloy’s surface roughness after the SMAT.  

 

Figure 4.4.11: (a) 2D surface roughness profiles with corresponding (b) 3D topographies and (c) 

actual surface appearance (under the optical microscope) of NSM, SM-5v, and SM-10v specimens  

A tribological study of NSM, SM-5v, and SM-10v under 5, 10, and 20 N 

loads and dry friction conditions is performed using ball-on-disc tribometers. Time 

and load-dependent coefficient of friction (COF) results are shown in Figure 4.4.12. 

All specimen conditions exhibit higher COF under higher loads. In general, the 

average values of COF (Figure 4.4.12(d)) for NSM and SM-5v do not differ much 

in all loading conditions, but the values are considerably reduced for SM-10v. In 

other words, higher ball velocity during SMAT is advantageous in reducing COF 

even if initial surface roughness is the highest (Figure 4.4.11). This behaviour 

suggests that higher surface hardness and thicker gradient SMATed layer (Figure 

4.4.5 and Table 4.4.1) play crucial roles in controlling the tribological response of 

the Mg alloy. Such characteristics of the SMATed layer could have minimised the 

formation of wear debris and enhanced the load-bearing capacity of the SM-10v, 

leading to a considerable reduction in COF. Similar behaviour is also reported in 

the literature [69].  
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Figure 4.4.12: Variation of COF with sliding time under (a) 5 N, (b) 10 N, and (c) 20 N for NSM, 

SM-5v, and SM-10v. (d) Average COF of these specimens under different loads  

Some examples of 2D profiles across the wear tracks under all loading 

conditions for NSM, SM-5v, and SM-10v are shown in Figure 4.4.13. These 

profiles indicate the material removal trend. Under the investigated loading 

conditions, the wear track depths of NSM are more than those of SMATed 

specimens (Figure 4.4.13). Further, the wear track widths are measured using SEM 

micrographs (Figure 4.4.14). A consistent trend is observed across all specimens. 

The results indicate that the wear track depth and width progressively increase as 

the applied load increases from 5 to 20 N. However, the extent of wear under a 

given load differs significantly among NSM, SM-5v, and SM-10v, highlighting the 

influence of SMA-treatment-induced strengthening of the gradient layer on wear 

performance. The wear tracks are narrower on the SMATed surface than on the 

NSM specimen under all load conditions (Figure 4.4.14). These results confirm the 

superior wear resistance of SMATed specimens, especially SM-10v, under the 

increased load conditions. The higher surface hardness and thicker SMATed layer 

(Figure 4.4.5) help enhance wear resistance. 
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Figure 4.4.13: 2D wear track profiles under different loads for NSM, SM-5v, and SM-10v specimens 

 

Figure 4.4.14: SEM micrographs showing wear track widths for NSM, SM-5v and SM-10v 

specimens 
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Furthermore, the specimens’ wear volume loss and wear rate are presented 

in Figure 4.4.15. The statistical significance of wear volume loss across different 

conditions is illustrated in Figure 4.4.15(a). A notable increase in wear volume loss 

is observed across all specimens as the load increases from 5 to 20 N, reflecting the 

expected load-dependent wear behaviour. Such a trend is attributed to the increased 

stresses (due to increased applied load) between the contact interfaces [165]. At 10 

and 20 N, a statistically significant difference (p < 0.05) between the volume loss 

of NSM and SM-10v is evident, with prominence of the improved wear resistance 

of SMATed specimens, particularly under higher velocity SMAT. Improved 

mechanical properties (Section 4.4.3) due to the refined and gradient microstructure 

(Section 4.4.1) enhance the SMATed specimens’ load-bearing capacity, resulting 

in reduced wear rate [3].  

The slope of the wear rate vs load plots indicates the specific wear rate 

(SWR) (Figures 4.4.15(b) and 4.4.16). In other words, the SWR represents the 

material loss normalised by the applied load and sliding distance. One of the major 

factors that influence SWR is surface hardness. Archard equation can be used to 

estimate the wear volume loss (V) theoretically [78, 165] and is given by, 

  𝑉 = 𝐾
PL

3𝐻
                            (4.4.3) 

where, K is a sample-specific dimensionless wear coefficient, H is the hardness 

(GPa), P is the applied load (N), and L is the total sliding distance (m). As per Eq. 

4.4.3, the wear loss is inversely proportional to the surface hardness. In the current 

study, a linear relationship between SWR and surface hardness is evident in Figure 

4.4.16. This trend aligns with Archard’s wear equation (Eq. 4.4.3). The regression 

equation provided in Figure 4.4.16 suggests a strong dependency of SWR on 

microhardness, where the higher surface hardness leads to lower SWR. A maximum 

SWR of 0.93 × 10-3 mm3/Nm is found in the case of NSM; however, SM-10v 

exhibits the lowest specific wear rate of 0.6 × 10-3 mm3/Nm. These results 

underscore the effectiveness of SMAT, especially with higher velocity balls, in 

enhancing the wear resistance (Figures 4.4.13-4.4.16) of the Mg5Zn0.2Ca alloy, 

along with a reduction in the COF (Figure 4.4.12). It should be noted that SWR 

trend can be a complex function of various factors. Along with the hardness, it can 

be attributed to the material’s modified microstructural features, localised surface 
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heating, initial surface roughness, phase transformation during wear (for example, 

the dissolution of the secondary phase through plastic deformation), etc. [112,120]. 

The wear volume of the counter surface (alumina balls) is shown in Figure 

4.4.15(c). This volume loss is considerably lower than the specimens’ wear volume 

loss (Figures 4.4.15(a) vs 4.4.16(c)). Nevertheless, the counter surface’s volume 

loss increases with applied load, indicating an enhanced mechanical interaction at 

higher contact pressures. Interestingly, the highest counter surface wear is observed 

for the SMATed specimens (Figure 4.4.15(c)), particularly SM-10v, despite their 

lower wear volume loss (Figure 4.4.15(a)). Conversely, the NSM surface’s sliding 

leads to a relatively lower counter surface wear. This trend suggests that the 

SMATed specimens impose greater abrasive effects on the alumina ball due to 

increased surface hardness (Figure 4.4.5) and reduced adhesion tendency. However, 

the softer NSM surface results in less severe mechanical interaction with the 

alumina ball, reducing counter surface wear. These observations highlight the trade-

off between the enhanced wear resistance of SMATed specimens and increased 

wear on the counter surface, a common phenomenon in tribological systems 

involving surface-hardened materials [165, 166]. 

 

Figure 4.4.15: (a) Specimen wear volume loss, (b) wear rate, and counter surface wear volume loss 

for NSM, SM-5v, and SM-10v under different loading conditions 



141 
 

 

Figure 4.4.16: Specific wear rate vs surface hardness for NSM, SM-5v and SM-10v under different 

loading conditions 

Further, the SEM micrographs presented in Figure 4.4.17 focus on the wear 

tracks formed on the specimens’ surface under 20 N to examine the dominant wear 

mechanisms under high-load conditions. SMA-treatment-induced surface 

modifications could significantly influence the wear mechanisms, including grain 

refinement, strain hardening, and compressive residual stresses. 

The NSM exhibits adhesive wear, ploughing, delamination, and wear debris 

formation, indicating severe material removal under sliding conditions. The 

presence of deep grooves and ploughed surfaces, as marked in Figure 4.4.17(a), 

suggests that the relatively soft surface of the non-SMATed specimen experiences 

substantial plastic deformation. Delamination and wear debris accumulation further 

indicate a dominance of adhesive wear, which is commonly observed in Mg alloys 

with insufficient surface strengthening [167, 168]. The lack of surface work-

hardening in NSM results in rapid material transfer and debris formation, 

accelerating wear damage. These findings align with literature that reports the poor 

wear resistance of as-cast magnesium alloys due to their low hardness and high 

ductility [167]. 

The SM-5v reveals a notable reduction in adhesive wear compared to NSM, 

as seen in Figure 4.4.17(b). The primary wear mechanisms observed are 

delamination, scratching, and localised fracture. The increase in surface hardness 

due to SMAT contributes to decreased adhesive wear, but the wear track still 
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exhibited signs of fracture and material pull-out. Compared to NSM, the wear 

debris size is smaller and less prominent for SM-5v, supporting the influence of 

higher hardness and refined microstructure in the enhanced wear resistance. 

However, localised micro-fractures indicate that the relatively brittle surface of SM-

5v might have experienced sub-surface crack initiation under high load, leading to 

material removal via delamination and pull-out. This behaviour is typical for 

surface-treated Mg alloys, where an increase in hardness can lead to a transition 

from adhesive wear to more brittle failure mechanisms under severe loading 

conditions [166]. 

 

Figure 4.4.17: Wear mechanisms for NSM, SM-5v, and SM-10v specimens under a 20 N load 

Among all tested specimens, SM-10v exhibits the most favourable wear-

resistant characteristics. The wear track in Figure 4.4.17(c) shows minimal wear 

debris and a predominance of scratching and localised fracture, with significantly 

reduced delamination compared to NSM and SM-5v. The absence of significant 

ploughing or deep grooves suggests that the higher intensity SMAT (using higher 

velocity balls) leads to improved wear resistance, primarily due to the following 

factors: 
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1. Increased surface hardness: Higher hardness reduces the depth of penetration 

by the counter-body, instigating a lower material loss. 

2. Strain hardening and grain refinement: The SMAT introduces a 

nanostructured surface layer (Figure 4.4.4(b)-(d)), which enhances the 

strength (and hence, load-bearing capacity) and mitigates severe plastic 

deformation during sliding, as supported by previous studies on SMATed 

alloys [78, 165, 166]. 

3. Compressive residual stresses: SMAT induces compressive residual stress 

[146] that counteracts crack propagation, reducing delamination and fracture-

related wear [121]. 

The comparatively smooth wear track with minor fracture suggests that 

SMAT at 10 m/s ball velocity significantly enhances the alloy’s ability to resist 

adhesive and abrasive wear mechanisms, making it a superior choice for 

applications requiring high wear resistance. The augmented wear resistance of SM-

10v is consistent with the surface strengthening phenomena discussed in Section 

4.4.2.2. The higher E for SM-10v (Figure 4.4.6) resulted in a more effective surface 

strengthening effect, which is directly linked to the enhanced wear resistance. 

 

4.4.5 Microscratching Properties 

4.4.5.1 Scratch Behaviour Under Constant Loading (50 N) 

Figure 4.4.18 displays scratch morphology, pile-up characteristics, and 

deformation response of NSM, SM-5v, and SM-10v specimens during 

microscratching (5 mm scratch length) under a 50 N load. The width of the scratch 

is maximum for NSM and minimum for SM-10v. The NSM unveils the deepest 

scratch, accompanied by significant pile-up ridges on both sides of the groove 

(Figure 4.4.18(a1) and (a2)). The scratch depth measures ~45 µm, and the pile-up 

height and width are ~43 µm and ~27 µm, respectively. The NSM scratch track 

(Figure 4.4.18(a1)) displays severe plastic flow and ploughing, with noticeable 

shear lips at the groove edges, indicating extensive material displacement. This 

broad deformation zone suggests that NSM undergoes unrestricted plasticity due to 

its lower hardness (Figure 4.4.5) and yield strength (Figure 4.4.7). 
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In contrast, the SMATed specimens demonstrate reduced scratch depths and 

smaller pile-up. The SM-5v specimen (Figure 4.4.18(b1) and (b2)) shows a 

shallower scratch depth of ~38 µm and smaller pile-up dimensions of ~39 µm in 

height and ~19 µm in width. The SM-10v specimen (Figure 4.4.18(c1) and (c2)) 

exhibits the smallest scratch depth of ~35 µm and minimal pile-up of ~31 µm in 

height and ~14 µm in width. The shallower scratches and reduced pile-up formation 

in SMATed specimens suggest that strain-hardening and microstructure refinement 

contribute to confining deformation beneath the scratch. The SM-10v surface, in 

particular, indicates that the nanostructured surface layer effectively absorbs and 

distributes the applied load without excessive plastic upheaval. 

 

Figure 4.4.18: SEM images and scratch depth profiles of (a) NSM, (b) SM-5v, and (c) SM-10v under 

a 50 N load 

The COF and scratch wear volume for the specimens under a 50 N load are 

shown in Figure 4.4.19. These results provide additional insight into the scratch 

response and material deformation behaviour, complementing the findings 

discussed in the previous section. The trend in the results observed in Figure 4.4.19 

is similar to that observed in the tribological study using a pin-on-disc tribometer 

(Figures 4.4.12(d) and 4.4.15(a)).  

An initial increase in COF with time in Figure 4.4.19(a), seen across all 

specimens, corresponds to the contact stabilisation phase, after which a steady-state 
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value is reached. Higher width and deeper scratch (Figure 4.4.18(a)) indicate 

greater contact area between the indenter and specimen surface, resulting in more 

resistance to scratching (i.e., more COF) on the NSM surface. The opposite 

behaviour is observed for the SMATed surfaces. Moreover, the lower pile-up 

formation in SM-5v and SM-10v (Figure 4.4.18(b) and (c)) reduces interfacial 

ploughing and adhesion, thereby minimising frictional resistance. The SM-10v 

specimen, with its highest hardness and lowest scratch width and depth, exhibits 

the smoothest (i.e., the most stable) interaction during scratching, resulting in the 

lowest COF among all conditions. The progressive reduction in wear volume from 

NSM to SM-5v to SM-10v (Figure 4.4.19(b)) further supports the effectiveness of 

SMAT in limiting material displacement during scratching, thereby improving 

scratch resistance and overall surface durability. 

 

Figure 4.4.19: (a) COF variation over time and (b) scratch wear volume for NSM, SM-5v, and SM-

10v under a 50 N load 

4.4.5.2 Scratch Behaviour under Progressive Loading (20 N – 80 N) 

Figure 4.4.20 presents the scratch morphology, COF evolution, and acoustic 

emission (AE) response of NSM, SM-5v, and SM-10v under a progressive load 

ramp (20 to 80 N). The progressive loading condition reveals how the specimen 

surface responds to increasing stress, highlighting the role of SMAT in stabilising 

deformation and minimising surface damage.   

The SEM scratch profiles in Figure 4.4.20(a)–(c) illustrate distinct 

differences in deformation mechanisms between the non-SMATed and SMATed 

specimens. The width of the scratch increases with an increasing load for all 

specimens. Further, the wider scratch is noticed for NSM, followed by SM-5v and 
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then SM-10v. The NSM track (Figure 4.4.20(a)) exhibits extensive material pile-

up, irregular surface features, and signs of severe plastic flow (close to the scratch 

edges), suggesting instabilities in material response as the load increases. This 

behaviour is consistent with the above findings, where NSM showed deeper 

grooves and higher material displacement (Figure 4.4.18(a)). In contrast, SMATed 

specimens (Figure 4.4.20(b) and (c)) display smoother scratch tracks, with 

significantly reduced pile-up and material upheaval, indicating a more controlled 

and stable deformation response under progressive loading. The progressive load 

condition further validates that SMAT enhances resistance to increasing mechanical 

stress, ensuring a smoother deformation profile compared to NSM. 

 

Figure 4.4.20: (a-c) Scratch morphology, (d) COF, and (e) acoustic emission (AE) response for 

NSM, SM-5v, and SM-10v under a progressive load ramp (20 to 80 N) 

The COF evolution (Figure 4.4.20(d)) follows a trend similar to that 

observed under the constant load (Figure 4.4.19(a)), with NSM demonstrating the 

highest COF, followed by SM-5v and SM-10v. After the initial contact stabilisation 

phase, a steady-state zone with some fluctuations in COF is observed for all 

specimens (Figure 4.4.20(d)). Strikingly, the SMATed specimens maintain a more 

stable COF response than NSM, reflecting a reduced frictional resistance and a 

smoother contact interface. The lower COF values for SM-5v and SM-10v align 

with their less severe surface deformation, reinforcing the positive effect of 

microstructure refinement and increased hardness on reducing interfacial adhesion 
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and increasing ploughing resistance. Unlike NSM, the SMATed specimens show a 

slightly increasing COF trend after the initial contact stabilisation phase (Figure 

4.4.20(d)). This behaviour could be linked to a gradual drop in hardness in the 

SMATed layer, due to which the indenter interacts with a relatively softer region 

with an increasing load.  

The AE response (Figure 4.4.20(e)) provides further insight into the 

deformation mechanisms occurring during progressive loading. NSM exhibits 

multiple high-amplitude AE bursts, indicating instabilities in plastic deformation, 

localised material failure, and potential micro-fracture initiation [169, 170]. These 

abrupt energy releases correlate with the rougher scratch morphology observed in 

Figure 4.4.20(a), where severe pile-up and irregular surface features suggest that 

material flow is inconsistent and prone to sudden instability. Conversely, SMATed 

specimens show significantly reduced AE activity, with lower signal amplitudes 

and a more stable trend throughout the scratch length. This behaviour indicates that 

deformation in these specimens is more controlled, with fewer sudden failure events 

or material disruptions. The enhanced surface properties imparted by SMAT 

effectively suppress localised failure and allow a more uniform deformation under 

progressive loading. 
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Chapter 5: Conclusions and Future Scope 

 

This research comprehensively investigates the role of SMAT in modifying 

the microstructure and enhancing the functional performance of Mg alloys, with a 

specific focus on AZ91D and Mg5Zn0.2Ca systems. The study begins by 

examining the evolution of gradient structures in AZ91D alloy under varying ball 

velocities, revealing critical insights into twin formation, grain refinement, and 

surface hardening mechanisms. Building upon this, the subsequent investigation 

explores the influence of SMAT parameters such as ball velocity and surface 

coverage on the microstructure, hardness gradient, and residual stress distribution 

of the Mg5Zn0.2Ca alloy. The third phase delves into the biodegradation behaviour 

and cytocompatibility of SMATed Mg5Zn0.2Ca surfaces, highlighting the 

improvements in corrosion resistance, ion release characteristics, and in vitro 

biological response. Finally, the study evaluates the tensile and tribological 

performance of the gradient-structured surfaces, establishing strong correlations 

between microstructural refinement, dislocation density, and enhanced load-

bearing capability. This chapter outlines the key conclusions drawn from these 

findings and identifies potential directions for future research and application in 

structural and biomedical domains. 

 

5.1 Major Findings  

5.1.1 Evolution of Gradient Structure in Surface Mechanical Attrition Treated 

AZ91D Alloy: An Effect of Colliding Balls Velocity 

This study dealt with the SMAT-induced severe plastic deformation of 

AZ91D magnesium alloy’s surface. The specimens SMATed using ball velocities 

of ~3 m/s and ~10 m/s were investigated, maintaining the same percentage coverage 

(2000%). The velocity of the colliding balls during SMAT directly influenced the 

evolution of gradient microstructure and properties. The following are some critical 

concluding remarks: 

1. The microstructural study confirmed the presence of dislocation cells, 

tangles, planer faults, and deformation twins in the SMATed layer. The 

SMATed specimens showed higher twin density near the surface, which was 
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reduced gradually with increasing depth from the surface. Twin density was 

higher in the specimen SMATed with higher ball velocity. The thinner twins 

(~180 nm thickness) were close to the SMATed surface, while coarser twins 

were present in deeper regions of the cross-section. High-velocity balls 

caused better grain refinement. The average grain size in the near-surface 

region of the specimen SMATed with higher ball velocity was ~32 nm. 

SMAT reduced the volume percentage of the β-phase in the surface region by 

~28% and ~39% for the specimens SMATed with ~3 m/s and ~10 m/s ball 

velocities, respectively. 

2. Ball velocity considerably affected the thickness and mechanical properties 

of the gradient layer. Attrition of AZ91D specimen surface with higher 

velocity balls helped form a considerably thicker layer (~3000 m) with 

higher hardness (~2 GPa at the surface) within a shorter SMAT duration (~10 

min). The nanohardness values in the surface of specimens SMATed with ~3 

m/s and ~10 m/s ball velocities were increased by ~3.1 and ~2.6 times, 

respectively, compared to the non-SMATed specimen’s hardness (~0.63 

GPa). Different zones with varying trends in hardness and residual stress were 

formed in the SMATed layer. 

3. The maximum residual stress of −281 ± 18 MPa was observed for the 

specimen SMATed with higher ball velocity at ~600 µm depth. However, the 

specimen SMATed with lower ball velocity reported −170 ± 8 MPa as the 

maximum residual stress at ~200 µm depth. These stresses were about 2.3-

2.5 times the residual stresses at the SMATed surface. 

4. In the nanomechanical study, the hf/hmax ratio near the SMATed surface was 

~0.72. However, this ratio in the non-SMATed region (i.e., core) was in the 

range of 0.82-0.85, indicating more elastic recovery of the material close to 

the SMATed surface than the core. Further, the highest creep rate was 

observed for the non-SMATed specimen (0.034 s-1), followed by the 

specimen SMATed with lower ball velocity (0.029 s-1) and then the specimen 

SMATed with higher ball velocity (0.026 s-1).  

5. The gradient microstructure caused by SMAT also influenced the rate-

dependent behaviour of AZ91D alloy. The SRS of the non-SMATed alloy 

was in the range of 0.037-0.040. The SRS value in the near-surface region 
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(where the reduced grain size dominates) was ~0.018 for the specimen 

SMATed with lower ball velocity and ~0.027 for the specimen SMATed with 

higher ball velocity. It dropped suddenly (to ~0.01) when the distance from 

the SMATed surface increased to some extent (~200 μm), and subsequently, 

it increased with an increased distance in the SMATed layer (where twins 

played a dominating role). 

6. By carefully controlling the SMAT parameters, it is possible to tailor the 

gradient in microstructure and properties to suit specific applications and 

requirements. 

The summary of this study is shown in Figure 5.1.1. 

 

Figure 5.1.1: Summary highlighting the influence of colliding ball velocity during the SMAT process 

on microstructural evolution and hardness variation in the AZ91D alloy 

5.1.2 Influence of Surface Mechanical Attrition Treatment Parameters on 

Microstructure and Residual Stress of Mg5Zn0.2Ca Alloy 

This study investigated the impact of SMAT process parameters on the 

microstructure, microhardness, and residual stress of Mg5Zn0.2Ca alloy. 

Specimens SMATed with different ball velocities (~1, ~5, and ~10 m/s) and surface 

coverages (500, 100, and 2000%) were examined to comprehensively explore the 

relationships between the SMAT parameters and their influence on the final 

material properties. The following are some significant concluding remarks: 

(i) SMAT formed a layer with a gradient in hardness, crystallite size, and twins. 

The microhardness increased with an increased colliding ball velocity and 
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surface coverage. Surface coverage was a more influencing parameter than 

the colliding ball velocity. The surface hardness value ranged between 68 

HV0.05 and 118 HV0.05, higher than the hardness of non-SMATed specimens 

(~56 HV0.05).  

(ii) SMAT induced compressive residual stress in the alloy’s surface layer. The 

highest compressive residual was observed at some distance from the 

SMATed surface. The compressive residual stress decreased as the distance 

increased from such depth towards the surface and core. High ball velocity 

(~10 m/s) and surface coverage (2000%) induced high compressive residual 

stress of about -175.5 MPa at ~600 µm depth. The residual surface stress was 

observed depending on the magnitude of maximum residual stress in the 

SMATed region and the depth at which maximum residual stress 

accumulated. Among the different ball velocities, the specimens SMATed 

with a ball velocity of ~5 m/s exhibited the highest compressive residual 

stress at the surface for all surface coverages. The maximum surface 

compressive residual stress of about -153.5 MPa was observed for the 

specimens SMATed at ~5 m/s ball velocity and 500% coverage. 

(iii) The overall analysis revealed that the specimen treated at ~10 m/s ball 

velocity and 2000% surface coverage exhibited the most refined grain 

structure, finely and densely distributed twins, maximum SMAT-induced 

thickness (~3000 µm), highest surface hardness (~2.1 times the hardness of 

non-SMATed specimen), and highest compressive residual stress at a certain 

distance away from the surface.  

The summary of this study is shown in Figure 5.1.2. 
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Figure 5.1.2: Summary of influence of SMAT process parameters on microstructure and residual 

stress of Mg5Zn0.2Ca alloy 

5.1.3  The Effect of Severe Surface Deformation on Microstructure Refinement, 

Corrosion, and Biocompatibility of Mg5Zn0.2Ca Alloy 

 This study proposed SMAT, a novel severe surface plastic deformation 

technique that emphasised the role of ball velocity as a critical parameter. The 

Mg5Zn0.2Ca alloy’s microstructure refinement (by SMAT) and its influence on the 

biocompatibility behaviour of the alloy were examined. The specimens were 

SMATed in this work with ~5 and ~10 m/s ball velocities. The investigation 

commanded the following significant conclusions: 

1. SEM, EBSD, and TEM analysis revealed significant grain refinement in 

SMATed specimens, with higher ball velocity enabling the formation of the 

finest grain structure (grain size of ~21 nm). This behaviour was caused by 

the substantial strain and strain rate imposed by high-velocity colliding balls. 

2. Microhardness measurement showed surface hardness values of 117 HV0.5 

for SA2, 91 HV0.5 for SA2, and 55 HV0.5 for NSA. The significant density of 

lattice defects and refined grains within the SMATed layer were the primary 

contributors to the improvement of microhardness.  

3. Electrochemical and immersion tests performed in E-MEM + 10% FBS have 

indicated the highest corrosion resistance for the specimen SMATed using 

higher ball velocity, followed by the specimen treated using lower ball 

velocity, with the non-SMATed specimen exhibiting the least resistance. This 
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response was ascribed to the thicker and more stable protective layer 

formation on the SMATed specimens’ surfaces, which was characterised by 

a higher concentration of phosphates and carbonates. 

4. Cytotoxicity tests performed by the extract method using murine fibroblast 

L929 showed lower cytotoxicity (better relative plating efficiency) for the 

SMATed specimens with larger IC50s (18.9% and 19.2% for the specimens 

treated with lower and higher ball velocities, respectively, which were higher 

than that of the non-SMATed one (8.4%)). The lower corrosion rate with 

reduced Mg2+ ion release and smaller pH increase were vital in enhancing 

cytocompatibility for SMATed specimens. 

5. The solutions of bovine serum albumin (BSA, 20 µg/mL in artificial plasma) 

and bovine fibronectin (FN, 30 µg/mL in artificial plasma) were used for 

protein adsorption analysis. Enhanced FN adsorption on the specimens 

SMATed with lower ball velocity (0.913 μg/cm2) and higher ball velocity 

(0.732 μg/cm2) in protein adsorption tests further supported the improved 

biological performance of the SMATed specimens. SMAT-induced changes 

in surface energy and chemical reactivity could create more favourable 

conditions for FN adsorption.  

6. These findings highlighted the SMAT process’s potential to optimise the Mg 

alloys’ properties for biodegradable implants.  

The summary of this study is shown in Figure 5.1.3. 

 

Figure 5.1.3: Summary of the effect of microstructural modifications on the corrosion resistance 

and cytocompatibility of the Mg5Zn0.2Ca alloy 
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5.1.4 Effect of Surface Strengthening on Tensile and Tribological Properties of 

Mg5Zn0.2CaAlloy: Role of Gradient Microstructure 

This study comprehensively investigated the impact of SMAT on the 

microstructure, mechanical performance, and surface durability of the 

biodegradable Mg5Zn0.2Ca alloy. Two SMAT intensities were employed, using 

ball velocities of ~5 and ~10 m/s, to explore the correlation between treatment 

severity and resulting property enhancements. The following are some major 

concluding remarks: 

(i) Microstructural analysis revealed that higher ball velocity induced finer 

surface grains and a substantially deeper gradient layer, along with higher 

surface hardness (117 ± 8.9 HV) and increased surface strengthening energy 

(~3.5 × 105 J/m2), compared to the specimen SMATed with lower ball 

velocity and the non-treated specimen.  

(ii) Tensile testing showed significant improvements in the mechanical strength 

of SMATed specimens, with higher ball velocity specimens achieving a yield 

strength of ~258 MPa and UTS of ~330 MPa that was significantly higher 

than that of non-SMATed specimens, though accompanied by a reduction in 

ductility.  

(iii) Tribological evaluations demonstrated a marked decline in wear volume, 

specific wear rate (as low as 0.6 × 10-3 mm3/Nm), and coefficient of friction 

with increasing SMAT intensity. Furthermore, scratch testing revealed that 

SMATed surfaces, particularly with higher velocity, displayed shallower 

scratch grooves, reduced material pile-up, and lower acoustic emissions (AE) 

under progressive loading, indicating enhanced resistance to localised 

deformation and improved surface stability.  

(iv) These findings highlighted the potential of SMAT, especially at higher 

intensities, as an effective surface modification technique to enhance the 

functional and structural integrity of Mg5Zn0.2Ca alloys for advanced 

biomedical and load-bearing applications.  

The summary of this study is shown in Figure 5.1.4. 
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Figure 5.1.4: Overview of the influence of microstructural refinement on the tensile and tribological 

performance of SMAT-treated Mg5Zn0.2Ca alloy 

5.2 Overall Summary: Key Findings of the Study 

Overall, this research systematically demonstrated the effectiveness of 

SMAT in enhancing the structural, mechanical, and biological performance of 

magnesium alloys, specifically AZ91D and Mg5Zn0.2Ca systems. The following 

key insights were obtained: 

• Gradient Microstructure Development in AZ91D: The study established 

that increasing ball velocity during SMAT leads to enhanced twin density, 

finer surface grains (~32 nm), and a significant reduction in β-phase volume 

near the surface. The highest hardness (~2 GPa) and thickest gradient layer 

(~3000 µm) were achieved at higher ball velocities (~10 m/s). 

• Residual Stress and Microstructure in Mg5Zn0.2Ca Alloy: The SMAT 

parameters like ball velocity and surface coverage had a pronounced impact 

on surface integrity. The optimal condition (10 m/s, 2000% coverage) 

resulted in the finest grain structure, the highest compressive residual stress 

(−175.5 MPa), and maximum hardness enhancement. 

• Corrosion and Biocompatibility: SMAT-treated Mg5Zn0.2Ca exhibited 

significant grain refinement (down to ~21 nm), directly correlated with 

improved corrosion resistance and lower Mg²⁺ ion release. Cytotoxicity 

assays revealed better cell viability for SMATed samples, and enhanced 

fibronectin adsorption indicated improved biological affinity for implant 

applications. 



156 
 

• Tensile and Tribological Properties: The gradient microstructure induced 

by SMAT led to a marked improvement in tensile strength (YS ~258 MPa, 

UTS ~330 MPa) and a notable reduction in wear volume and scratch-

induced damage. High-velocity SMAT specimens displayed superior 

resistance to plastic deformation, improved acoustic response under 

loading, and increased surface strengthening energy. 

• Overall, although previous studies have recognized the promise of SMAT 

for magnesium alloys, systematic investigations into how SMAT velocity 

(intensity) influences both mechanical and biomedical properties remain 

extremely limited. This thesis addresses that gap by establishing clear 

correlations between SMAT parameters, microstructural gradients, and 

multifunctional performance, representing an important and novel 

contribution to the field. 

Collectively, the findings confirm that optimising SMAT parameters offers 

a powerful route for tailoring the surface and bulk properties of magnesium alloys, 

enabling their advanced use in structural and biomedical sectors. 

 

5.3   Future Scope 

Building on the insights gained through this work, several future research 

directions are proposed: 

1. Long-Term In Vivo Biocompatibility: While the in vitro biocompatibility 

of SMATed Mg5Zn0.2Ca alloy has been demonstrated, extended in vivo 

studies are essential to evaluate degradation kinetics, tissue response, and 

systemic effects in physiological environments. 

2. SMAT Process Optimisation via Simulation: Incorporating advanced 

computational techniques such as crystal plasticity finite element modelling 

(CPFEM) or discrete element methods (DEM) can help simulate ball-

material interactions and predict microstructure evolution under varying 

SMAT conditions. 

3. Integration with Coatings: The synergistic effect of SMAT, followed by 

biocompatible or corrosion-resistant coatings (e.g., hydroxyapatite, 
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polymeric, or ceramic layers), can be explored to enhance further the surface 

performance for clinical applications.  

4. Thermomechanical Stability: Investigating the thermal stability and 

ageing behaviour of SMAT-induced nanostructures can provide insight into 

the material’s reliability under prolonged mechanical or environmental 

exposure. 

5. Scaling and Industrial Adaptation: Developing SMAT techniques 

adaptable to complex geometries and scaling for industrial-grade 

components, especially for orthopaedic implants or lightweight structural 

parts, remains a critical step toward real-world implementation. 

6. Extrapolation to Other Alloys: The methodology and findings from this 

work can be extended to other magnesium-based or lightweight alloys (e.g., 

titanium, aluminium) to achieve similar surface strengthening and 

functional improvements. Future studies should consider alloy-specific 

deformation mechanisms and phase stability while tailoring SMAT 

parameters for broader industrial and biomedical applications. 

These future directions will further elevate the understanding and 

application potential of SMATed Mg alloys across biomedical, aerospace, and 

automotive industries. 
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