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ABSTRACT 
Magnesium (Mg) and its alloys have gained significant attention in recent years due to their 

lightweight nature and potential applications in transportation, aerospace, and biomedical 

industries. However, one of the major limitations to their broader application is the pronounced 

poor ductility. To better understand the root causes of this limitation, it is essential to investigate 

the plasticity across different crystallographic orientations. 

This thesis investigates the onset of plastic deformation, with a particular focus on dislocation-

mediated incipient plasticity in a coarse-grained Mg–2 wt.% Gd alloy using the nanoindentation 

technique. A nanoindentation protocol was designed to suppress the formation of deformation 

twins by applying low indentation loads (1000 µN), enabling the isolation and examination of 

dislocation nucleation events. A novel “grain signing–finding approach” was developed to 

accurately identify and repeatedly test specific grain orientations. This allowed for over 100 

indents per orientation across 13 distinct grains, including basal, prismatic, and pyramidal 

orientations. 

High-resolution scanning electron microscopy (HRSEM) and scanning probe microscopy (SPM) 

revealed no evidence of twinning, supporting that deformation at the nano-scale was mediated 

exclusively by dislocations. Load-displacement curves showed three distinct modes of the first 

pop-in event—(i) ideal pop-in, (ii) deviation before pop-in, and (iii) excursion before pop-in—all 

of which demonstrated strong orientation dependence. Furthermore, two types of pop-in sequences 

were observed: single and successive pop-ins, with successive events occurring only in basal 

orientations. The basal grains exhibited a higher median resolved shear stress (~1.3 GPa) compared 

to prismatic and pyramidal grains (~1.0 GPa), consistent with theoretical predictions for 

dislocation nucleation. This suggests the involvement of pyramidal ⟨c+a⟩ dislocations in basal 

orientations, facilitating plastic deformation along the c-axis. The activation volume associated 

with the first pop-in ranged from 27 to 40 Å³—involving about ∼2 atoms of magnesium—

supporting a surface dislocation nucleation mechanism and ruling out twinning, which typically 

requires a much larger activation volume. 

Interestingly, the observation of successive pop-ins in basal orientations, along with higher stress 

levels, suggests the possibility of a cross-slip nucleation mechanism to accommodate ⟨c⟩-axis 

deformation. 
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Chapter 1- Introduction 
 

1.1. Research Background 

Magnesium (Mg) and its alloys stand among the most significant structural metals in contemporary 

engineering and manufacturing. Their importance is primarily due to a unique combination of 

properties, most notably their low density (1.74 g/cm³), especially when compared to other 

common structural metals such as iron (7.9 g/cm³), aluminium (2.7 g/cm³), and titanium (4.5 

g/cm³) [1, 2] . This low density translates into substantial weight and cost savings in industries 

where lightweight materials are essential, including aerospace and transportation. From an 

environmental perspective, the resultant reduction in fuel consumption through lightweight design 

is highly beneficial in mitigating global warming concerns [3, 4]. Magnesium’s relatively low 

melting temperature (approximately 650 °C), good castability, and weldability further enhance its 

industrial appeal by simplifying manufacturing processes and reducing overall production costs 

[5, 6]. As a result, Mg alloys have experienced a growing demand across various sectors, such as 

automotive, aerospace, electronics, biomedical, and energy systems [3]. Despite these benefits, 

magnesium alloys exhibit anisotropic mechanical behaviour, which is closely linked to the 

hexagonal close-packed (HCP) crystal structure of Mg [7-9]. In HCP systems, the critical resolved 

shear stress (CRSS) for basal ⟨a⟩ slip is significantly lower than for ⟨c⟩-component slips, such as 

pyramidal ⟨c+a⟩ and prismatic ⟨c⟩ slip. This CRSS disparity leads to limited deformation along the 
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⟨c⟩-axis, thus encouraging deformation twinning as a compensatory mechanism [1]. Consequently, 

the mechanical response of Mg is strongly orientation-dependent, frequently resulting in notable 

yield asymmetries in tension–compression tests [7, 9, 10]. 

To develop high-performance Mg alloys with reduced mechanical anisotropic properties, it is 

critical to understand the earliest stage of plastic deformation, known as “incipient plasticity” in 

various crystallographic orientations. This can help to understand the dominant deformation modes 

in different grain orientations. 

Conventional macroscopic tests—such as tensile, compression, and hardness testing—cannot 

adequately capture the complex details of incipient plasticity because they probe a relatively large 

volume of material and combine multiple competing deformation mechanisms. In contrast, 

nanoindentation, with its ability to control minute loads and displacements over very small 

material volumes, offers a powerful tool for probing the onset of plastic deformation at the 

nanoscale. 

Although nanoindentation studies have provided valuable insights into the incipient plasticity of 

Mg and its alloys, most investigations have focused on only a few low-index crystal orientations 

[11-15]. This narrow scope hinders our comprehensive understanding of orientation-dependent 

incipient plasticity. A major challenge is preparing single crystals or well-oriented grains across a 

wide spectrum of orientations, an endeavor often costly and time-consuming. 

 Another major challenge is the complexity of magnesium’s deformation mechanisms, which 

involve various types of dislocations and twinning. It is essential to decouple the inferences and 

contributions of each mechanism, as it can reveal more detailed insights into the fundamental 

processes governing incipient plasticity in each orientation.  

 

1.2. Research Motivation 

Magnesium’s anisotropic mechanical behaviour significantly limits its use across various 

industries. Mitigating this mechanical anisotropy requires a clear understanding of the dominant 

deformation modes in different crystallographic orientations. Using conventional mechanical 

testing methods, such as tensile, compression, or microhardness tests, is useful for bulk 

assessments, they typically involve multiple grain orientations at once. However, to develop new 

alloys with reduced anisotropy, it is crucial to first understand how incipient plasticity initiates in 

individual crystallographic orientations. As a result, these macroscale techniques have very limited 
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capability to reveal how plastic deformation initiates or how it depends on crystallographic 

orientation. In this context, nanoscale mechanical testing techniques, particularly nanoindentation, 

enable localized probing of incipient plasticity within individual grains, thus shedding light on 

orientation-specific deformation mechanisms. Nanoindentation can also be strategically applied to 

isolate dislocation-mediated plasticity from twinning, thereby clarifying how dislocation activity 

alone evolves with orientation. 

Despite substantial research efforts, most studies have concentrated on basal and prismatic 

orientations, leaving a gap in our understanding of how other crystallographic directions affect 

incipient plasticity. Furthermore, precisely disentangling dislocation-driven processes from 

twinning remains a significant challenge, yet is crucial for a thorough evaluation of dislocation-

mediated incipient plasticity. Addressing these gaps will not only advance our fundamental 

understanding of orientation-dependent dislocation nucleation and behavior in Mg but also guide 

the development of high-performance Mg alloys with more predictable, and potentially more 

isotropic, mechanical properties.  

 

1.3. Research Objectives and Thesis Structure 

The primary goal of this thesis is to clarify the orientation dependence of incipient plasticity in 

magnesium, with a particular emphasis on dislocation-driven mechanisms. To achieve this goal, 

two main objectives have been defined: 

1. Optimisation and development of nanoindentation for different crystallographic grains: In this 

objective, we optimised the nanoindentation methodology to specifically examine incipient 

plasticity with detectable pop-in. Additionally, we introduce a novel grain identification 

“signing-finding approach”, enabling systematic investigation across a wide range of 

crystallographic orientations. 

2. Study orientation-dependent incipient plasticity: Investigate how varying crystal orientations 

influence the critical stress, pop-in behavior, activation volume, and underlying dislocation 

mechanisms governing incipient plasticity. 

The thesis is organized into five chapters: 

• Chapter 1 introduces the research background, highlights the motivation, and outlines the 

primary objectives and structure of the study. 
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• Chapter 2 provides a comprehensive literature review, covering the fundamentals of 

nanoindentation, existing findings on incipient plasticity across different alloys, and 

emphasising the key challenges and knowledge gaps specific to magnesium. 

• Chapter 3 details the experimental methodology, including sample preparation, orientation 

characterization, and the design of nanoindentation tests tailored to capture dislocation-

dominated behavior. 

• Chapter 4 presents and discusses the experimental results, focusing on pop-in events, 

stress calculations, activation volumes, and the plausible dislocation mechanisms driving 

incipient plasticity. 

• Chapter 5 concludes the thesis by summarising major findings and proposing future 

directions for research on orientation-dependent plasticity in Mg alloys. 
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Chapter 2 – Literature Review 

2.1. Nanoindentation technique 

Nanoindentation is a precise mechanical testing technique used to measure the hardness, elastic 

modulus, and other mechanical properties of materials at the nanoscale. By applying a controlled 

force using a sharp indenter, such as a Berkovich or spherical tip, and measuring the resulting 

penetration depth, nanoindentation provides insights into a material's response to localized 

deformation. This method is particularly valuable for studying thin films, coatings, and small 

volumes of material, where conventional hardness tests are impractical [16, 17]. Advanced 

analyses, such as load-displacement curves, enable the evaluation of additional parameters like 

plasticity, creep, and fracture toughness, making nanoindentation a powerful tool in materials 

science and engineering. 

Nanoindentation is particularly well suited for investigating the incipient plasticity and dislocation 

nucleation, as its small indenter generates highly localized stress fields that enable close 

examination of regions free from preexisting lattice defects. By this capability, it provides clearer 

insight into the fundamental mechanisms governing the initial formation of dislocations. 

Moreover, nanoindentation allows for the application of controllable and complex loads [17-19] 

providing varying levels of stress triaxiality, enabling the extraction of quantitative information 

that closely resembles triaxial stress states present in polycrystals.  This capability makes it ideal 

for examining the initiation processes of deformation modes, such as dislocation and twinning 
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nucleation [14, 18, 20, 21]. It is important to emphasize that this thesis specifically focuses on the 

onset of plastic deformation, commonly referred to as incipient plasticity. 

 

2.1.1. Load-displacement (P-h) curve 

In nanoindentation, by pressing a sharp indenter, typically made of diamond, into the sample and 

carefully recording both the applied load and the penetration depth, researchers can generate a 

precise profile of how the material deforms under stress through the load-displacement (P-h) curve. 

From the P-h curve, key properties, such as hardness and elastic modulus can be extracted.  

A typical P–h curve consists of an initial elastic deformation phase, followed by a plastic 

deformation phase, with a transition region in between where elastic and plastic behaviors coexist 

which is discussed in further sections. Figure 1 presents a schematic representation of the 

indentation process using a spherical indenter, along with the corresponding P–h curve, 

highlighting the elastic, plastic, and transition regions [16]. 

 

 

1Figure 2.1. a) Schematic of the Load-displacement curve after nanoindentation including the load, unload, elastic 

and plastic segments [16]. 

 

2.1.2. Elastic deformation behaviour 

In the nanoindentation method, since a small indenter contacts the material at very localized scales 

and creates a highly concentrated stress field, the relationship between the applied load, the 
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resulting displacement, and the underlying deformation processes can be understood by contact 

mechanics theory. 

Due to the simplicity of modelling the elastic behavior in nanoindentation, the Spherical indenter 

is well-established and widely used in the literature [22].. The fundamental assumption is that two 

bodies—ideally spherical or with well-defined radii of curvature—experience purely elastic, 

frictionless contact, and isotropic[23, 24]. When a spherical indenter of radius R is pressed into a 

flat specimen under a load P, the contact forms a circular contact region with radius a. The 

magnitude of a depends on the applied load P and the effective elastic modulus E* of the system, 

which accounts for the elastic moduli and Poisson’s ratios of both the indenter and the sample. 

Mathematically, the relationships can be expressed as: 

𝑃 =  
4

3
𝐸∗√𝑅∗ℎ𝑒

3
2⁄
                                                                                                 Eq. 2.1 

Where he is the penetration depth inelastic stage, and E* and R* are the effective modulus and 

effective radius given by: 

1

𝐸∗ =  
1−𝜈𝑠

2

𝐸𝑠
+  

1−𝜈𝑖
2

𝐸𝑖
            Eq. 2.2 

Where νs and Es are Poisson’s ratio and Young’s modulus of the specimen while νi and Ei are the 

diamond indenter’s Poisson’s ratio and Young’s modulus ( νi = 0.07, Ei = 1141 GPa).  

Under purely elastic contact on the unloading part, using a multiple-point unload approach, the 

slope of the initial portion of the unloading curve is described by [25]: 

𝑑𝑃

𝑑ℎ
= 2𝐸∗𝑅

1
2⁄ ℎ𝑒

1
2⁄
           Eq. 2.3 

Since S is contact stiffness and given by the quantity dp/dh, and A is the area of contact given by 

a2, the Young’s modulus can be obtained by: 

𝐸∗ =  
√ 𝑆

2√A 
            Eq. 2.4 

By the using this model , a robust estimation of the sample’s elastic behaviors can be obtained. 

While this work focuses on the spherical indenter, numerous other models have been developed in 

the literature to account for various indenter geometries, including conical, pyramidal, and flat 

punch tips [26-29]. As the load and displacement progress during a nanoindentation test, the 
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material response transitions from purely elastic to plastic deformation [22]. Owing to the highly 

localized nature of nanoindentation—confined to a volume encompassing only a few atomic 

layers—the initial deformation typically occurs within a nearly defect-free lattice [30, 31]. 

Consequently, the onset of plasticity is generally associated with the nucleation of deformation 

modes such as dislocation and/or twining [32, 33]. This early-stage transition from elasticity to 

plasticity, commonly known as incipient plasticity, is discussed in detail in the following section. 

 

2.1.3. Incipient plasticity in nanoindentation 

As mentioned earlier, incipient plasticity is defined as the earliest stage of irreversible deformation 

[34, 35], typically involving the nucleation of deformation modes such as dislocation and/or 

twining [35, 36]. The incipient plasticity is often accompanied by a sudden displacement burst of 

a few nanometers under load-control conditions, commonly referred to as a “pop-in” or “first pop-

in”. In displacement-control mode, the same phenomenon appears as a drop in the P-h curve [16, 

17, 19]. In this chapter, for the explanation, we focused on load-control conditions for the sake of 

consistency, although we also included observations made under displacement-control conditions. 

The term “pop-in” refers to a distinguishable segment on the load–displacement (P–h) curve whose 

slope differs from that of the Hertzian fit. While a pop-in usually appears as a region of constant 

load (zero slope), it may sometimes exhibit a nonzero slope. Another key feature of a pop-in is 

that, once it occurs, the slope of the curve changes again, deviating from both the Hertzian fit and 

the initial pop-in slope. Although multiple pop-ins can appear on a nanoindentation curve, the term 

“incipient plasticity,” by definition, corresponds to the first pop-in event. The manifestation of 

pop-in signifies the activation of lattice-level mechanisms, such as dislocation or twinning 

nucleation, that accommodate the applied strain.  

Pethica and Oliver [37] suggested that pop-in events are associated with sudden nucleation of 

dislocations, and the contact stress is close to the theoretical lattice strength when the surface is 

nearly defect-free. Numerous studies have reported shear stress values at pop-in ranging from G/10 

- G/30, which support the occurrence of homogeneous dislocation nucleation [11, 20, 33, 38-43]. 
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2.1.4. Shear stress at pop-in 

To quantitatively evaluate the incipient plasticity stress, the maximum shear stress (τmax) 

corresponding to the first pop-in event can be estimated according to the Hertzian elastic contact 

mechanics for spherical indentation on a defect-free surface [44, 45]. Based on this model, inside 

the circular contact area, the contact pressure distribution is assumed to be semi-ellipsoidal, with 

its highest value at the center (r=0), where r denotes the radial distance from the center of the 

circular contact area on the specimen’s surface. The maximum contact pressure (P0 ) is defined as 

[24]: 

𝑃0  =  (
6𝑃𝐸𝑟

2

𝜋3𝑅2)1/3                                                                                                                       Eq. 2.5 

The calculation of resolved shear stress on a specific plane and direction can be done by applying 

the Schmid factor concept. However, in a nanoindentation, since the stress field below the indenter 

is not uniaxial, it is often approximated by a triaxial compressive stress state, Li et al. [46] defined 

the indentation Schmid factor (ISF).  The ISF is the ratio of the maximum resolved shear stress 

𝜏𝑅𝑆𝑆
 (𝛼)

 on a given slip system (𝛼) to the maximum contact pressure, 𝑃0. 

𝜏𝑅𝑆𝑆
(𝛼)

= 𝐼𝑆𝐹(𝛼) ∙ 𝑃0                                                                                                                   Eq. 2.6 

The stress tensor (σij) is used to capture the complete state of stress as expressed in the following 

equation [46]: 

𝜏𝑅𝑆𝑆
 (𝛼)

=  𝑠𝑖
𝛼 ∙ 𝑚𝑗

𝛼 ∙  𝜎𝑖𝑗                                                                                                               Eq. 2.7 

Where 𝑠𝑖
𝛼 and 𝑚𝑗

𝛼
 represent the slip direction and slip plane normal of the slip system (𝛼), 

respectively.  

ISF is a dimensionless parameter, and its highest value is 0.31, therefore, the maximum shear stress  

corresponding to the elastic-plastic transition loads can be given by [24]:  

𝜏𝑅𝑆𝑆
𝑀𝑎𝑥 = (3/2). 𝐼𝑆𝐹. 𝑃𝑚 = 0.47𝑃0                                                                                            Eq. 2.8 
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2.1.5. Activation volume  

As mentioned earlier, the first pop-in is recognised as an indicator of dislocation nucleation. The 

statistical nature of this event can be directly correlated to the activation volume associated with 

the first pop-in. Schuh et al. [47] developed a framework to relate the rate-dependent behavior of 

dislocation nucleation events observed during nanoindentation to the activation volume, providing 

a quantitative measure of the atomic-scale mechanisms at play. Activation volume, in this context, 

represents the effective volume swept by dislocations or associated with atomic-scale defect 

rearrangements during the thermally activated and stress dependent process of overcoming local 

energy barriers. By analyzing the probabilistic distribution of pop-in stress, an analytical model 

has been developed to determine the activation volume associated with the pop-in. Dislocation 

nucleation involves overcoming an activation barrier, which can be achieved through the 

mechanical work exerted by the indenter or the combined effects of thermal and mechanical work 

[47].  

The nucleation rate per unit volume, denoted as 𝜂0, is given by [47, 48]: 

𝜂0 =  𝜂 exp(−
𝜀− 𝜏𝑉

𝑘𝑇
)                                                                                                              Eq. 2.9 

In this context, η is the attempt frequency factor which presents the number of atomic tries at 

nucleation each second when no external stress is present ε is the activation energy barrier for the 

dislocation nucleation process, τ, is the maximum resolved shear stress generated beneath the 

spherical indenter is approximately 0.47 𝑃0, where 𝑃0 is the maximum contact pressure, and V 

(activation volume) represents , the effective swept volume that couples the applied shear stress to 

the energy barrier. Thus, activation volume for the process with considering spherical indenter can 

be expressed as [47-49]: 

𝑉 =  
π

(
3

2
).𝐼𝑆𝐹

 (
3𝑅

4𝐸𝑟
)2/3 𝑘𝑇𝛼                                                                                                      Eq. 2.10 

Where, α is a time-independent parameter obtained from the linear fit of the slope of the 

ln(−ln(1−F)) versus P1/3 plot. F denotes the cumulative probability that the first pop‑in occurred by 

the specified load, and it provides the statistical link between the measured pop-in distribution and 

the activation-volume formulation..This statistical treatment of pop‑in events was first introduced 

by Schuh et al. [47]  for extracting 𝑉 from nanoindentation experiments. 
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Analyzing the activation volume serves as a fundamental parameter to identify the controlling 

deformation mechanisms of nucleation during first pop-in. For instance, Schuh et al. [47] reported 

that, in single-crystal SiC, the activation volume for the first pop-in was less than 1b³ (where b is 

the Burgers vector), suggesting that such a small volume—only a few atomic volumes—may be 

linked to point‐defect‐assisted dislocation nucleation. Similarly, Manson et al. [50] observed in 

single-crystal Pt that the activation volume, roughly 0.5b³, is much smaller than one would expect 

for a conventional critical-sized homogeneous dislocation loop. They also found that the estimated 

activation energy was too low to be solely driven by ordinary thermal fluctuations, thereby 

proposing a vacancy‐assisted mechanism for the first pop-in. Moreover, molecular dynamics 

simulations in various FCC metals have shown that vacancies can act as precursors, initiating 

dislocation nucleation [51]. Another proposed mechanism for pop-in, especially in high‐entropy 

alloys (HEAs), involves solute‐assisted dislocation nucleation, indicating that local compositional 

fluctuations may similarly promote or facilitate the early stages of plastic deformation [20, 43, 49, 

52].  

In addition, studies with uniaxial compression test on the single crystal Cu nanowire [53, 54] 

showed that surface‐mediated dislocation nucleation is often characterized by a remarkably low 

activation volume, typically on the order of 1–10 b³. Such small volumes imply that only a few 

atoms participate in creating the dislocation embryo at the free surface, leading to high sensitivity 

of the nucleation stress to both temperature and strain rate.  

Although only a few studies have directly compared activation volumes from nanoindentation 

experiments with atomistic simulations to assess their reliability, the available evidence strongly 

supports the validity of the experimental results. Molecular dynamics (MD) simulations and 

embedded atom method (EAM) simulations [32, 55, 56] consistently show that the first pop-in 

event during nanoindentation corresponds to the nucleation of a dislocation loop, which is confined 

to just a few atomic distances—typically on the order of a few b [47, 50, 57] These simulation-

derived volumes closely match the sub-10 b³ activation volumes obtained from strain rate–

dependent nanoindentation analysis, suggesting that the experimental approach captures the same 

fundamental atomistic process [12, 15, 47, 58]. 
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2.2. Modes of pop-ins 

According to the literature, pop-in in metals and alloys manifests in three primary modes: 

(i) Single pop-in: A single pop-in appears immediately following the Hertzian fit. 

(ii) Successive pop-ins: Multiple smaller pop-ins events occur progressively. 

(iii) Curve deviation before pop-in: A slight deviation/excursion from the Hertzian fit is 

observed prior to the pop-in event. 

Each mode signifies the onset of plastic deformation, albeit driven by distinct underlying 

mechanisms. The following sections will discuss these mechanisms in detail and elucidate how 

they influence incipient plasticity in different materials. 

Figure 2 provides a schematic representation of the three distinct incipient plasticity modes. 

 

 

2Figure 2.2. Schematic illustration of three distinct modes of incipient plasticity. a) single pop-in, b) Successive pop-

ins, c) Single pop-in after a slight deviation from Hertzian fit. 

 

2.2.1. Single pop-in  

According to the literature, this type of incipient plasticity  reported in different metals and alloys 

[11, 43, 46, 50, 52, 59-65]. In this mode, the transition of the pure elastic regime changes to the 

plastic regime with the nucleation of deformation modes.  

This pop-in occurs without any prior deviation from the Hertzian fit, indicating that the material 

remains elastically loaded right up to the threshold stress for dislocation nucleation. Experimental 

investigations by Oliver and Pharr [27] were among the first to document this phenomenon in 

metals such as tungsten, where a single, pronounced pop-in was observed shortly after the 

nanoindentation load was applied. Subsequent studies suggested that this is indicative of a 
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homogeneous dislocation nucleation [50, 66-75], which is plausible given the minimal likelihood 

of encountering any preexisting dislocations [71] . Gouldstone et al. [59] investigated the 

underlying mechanism of this incipient plasticity mode by simulating nanoindentation in a two-

dimensional defect-free single-crystal bubble raft. Their study demonstrated that this behavior 

originates from the sudden emergence of dislocation nucleation in a defect-free region beneath the 

indenter (approximately 0.48a, where a represents the contact area), where the stress distribution 

reaches its maximum level. 

Molecular dynamics (MD) and embedded atom model (EAM) simulations elucidating the 

atomistic mechanisms responsible for these single pop-in events [56, 68]. By capturing atomic-

scale processes, MD studies show how the contact stress intensifies beneath the indenter until it 

reaches a critical level, at which point a dislocation loop spontaneously forms and subsequently 

propagates, causing the observed displacement burst. These simulations also reveal that the stress 

required to trigger homogeneous dislocation nucleation often approaches a significant fraction of 

the material’s shear modulus (on the order of G/10 to G/30) [32]. 

 

2.2.2. Curve deviation before pop-in 

Another form of incipient plasticity reported in the literature is a pop-in event that follows a 

noticeable deviation from the Hertzian fit [32, 68, 76, 77]. The initial deviation during 

nanoindentation can manifest as a change in the slope of the load–displacement curve compared 

to the Hertzian fit.  

 Atomistic simulations of incipient plasticity in FCC metals such as Al, Cu, and Au during 

nanoindentation suggest that the initial deviation from elastic behavior originates from the 

nucleation dislocations at the free surface [68, 78-80]. This behavior is reported in Mg s HCP metal 

as well [15]. It is important to note that this type of pop-in does not always manifest as a clear 

deviation in the slope from the Hertzian fit; instead, it may appear as a subtle excursion from the 

Hertzian response prior to the first distinct pop-in event [32]. 

Needless to say, this deviation or small excursion has a very small length (around 1-2 nm) 

suggesting that plastic mechanisms begin to activate before the abrupt pop-in. 

Li et al. [32] reported minor excursions (less than 2 nm) in the P-h curve prior to the main pop-in 

in Al(111) single crystals. Their MD simulation (Figure 3) demonstrated that this small excursion 
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(m) is attributed to the single slip event where just one prismatic loop is created at the surface, 

subtly modifying the P–h curve. On the other hand, the pop-in (M) which has a larger length 

compared to the excursion, is attributed to at least ten consecutive complete slips, happening 

underneath the indenter.  

 

 

3Figure 2.3. a) P–h curve showing small excursion (m) and pop-in (M); b) MD simulation of a 12 nm spherical 

indenter on Al <111> surface showing sessile structure from glide loops on {111} planes [32]. 

 

These findings reinforce that incipient plasticity need not manifest as a single, isolated event; 

instead, it may initiate at lower stresses, producing a moderate but discernible deviation from 

purely elastic contact mechanics.  

 

2.2.3. Successive pop-ins 

In some cases, incipient plasticity manifests through multiple smaller pop-ins instead of a single 

pop-in. It is important to note that between these discrete events, the load–displacement curve 

often follows a Hertzian fit, indicating brief returns to elastic behavior. In other words, the atomic 

processes that accommodate the strain and generate each pop-in are interspersed with periods of 

purely elastic response, leading to successive pop-ins. 

This type of incipient plasticity is mostly reported in FCC metals like Au, Al, Ni, and Cu [42, 59, 

81-86]. Extensive simulations on Al, Ni, and Cu have demonstrated that successive pop-ins in FCC 

metals are closely linked to the formation of Lomer–Cottrell (L–C) locks [86]. The initial pop-in 

event corresponds to the nucleation of extended dislocations, while the subsequent elastic loading 
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phases allow these dislocations to propagate and interact, ultimately leading to the formation of 

L–C locks. Once these locks are established, the indentation response temporarily follows the 

Hertzian elastic fit until another extended dislocation nucleates, triggering the next pop-in event. 

These L–C locks give rise to half-prismatic dislocation loops (half-PDLs), which are anchored at 

the surface, restricting their movement into the bulk of the crystal. However, as indentation 

progresses, additional extended dislocations form and align with the L–C Burgers vector, leading 

to the formation of closed prismatic dislocation loops (PDLs).  

Figure 4 illustrates the simulation process of Lomer–Cottrell (L–C) lock formation, depicting the 

interaction of extended dislocations in each pop-in, the development of half-prismatic dislocation 

loops (half-PDLs), and their subsequent transition into fully closed prismatic dislocation loops 

(PDLs) in (111) orientation in the pure Cu [86]. 

 

 

4Figure 2.4. Formation of Lomer–Cottrell locks in pure Cu (111) orientation, showing the transition from half-PDLs 

to fully closed PDLs during successive pop-ins from a) to d) [86]. 

 

Successive pop-in events have also been observed in BCC metals such as tungsten (W) [39, 44, 

87]. Bahr et al. [44] reported that this “staircase” or successive pop-in phenomenon occurs only in 

the (111) orientation of tungsten, likely due to the limited number of dislocations in that 

orientation. In essence, the sample initially deforms elastically, and once the applied stress reaches 

the theoretical shear strength, a small number of dislocations nucleate. Because this number of 

dislocations is insufficient to sustain plastic flow, the stress quickly drops, allowing the material to 

elastically reload. When the stress again reaches a critical level, additional dislocation sources are 

activated, causing a repeated “pop-in” effect. This cycle continues until a sufficiently large 

dislocation network forms, enabling continuous plastic deformation.  

There are several reports of successive pop-in events occurring in specific crystallographic 

orientations of HCP metals—particularly in basal orientations of magnesium in Mg[14, 15, 88]. 
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Although it has been proposed that this behavior may originate from c-axis deformation 

mechanisms such as pyramidal dislocations [15] or twinning [88], it remains unclear whether these 

events represent multiple independent pop-ins or a sequence of successive pop-ins separated by 

elastic intervals. Moreover, no comprehensive statistical analysis or atomistic simulations have 

been conducted to explain the origin of such behavior in magnesium or other HCP metals. These 

three pop-in modes have been reported in various metals and alloys across a broad range of 

crystallographic orientations. However, due to the stochastic nature of pop-in events, statistical 

analysis is essential to reliably evaluate their orientation dependence. To the best of the authors’ 

knowledge, no comprehensive statistical analysis has been conducted to determine the prevalence 

of specific pop-in modes as a function of crystallographic orientation. Therefore, a rigorous and 

statistically significant evaluation is needed to clarify the frequency and dominance of each mode 

across different orientations. 

 

2.3. Orientation dependence of incipient plasticity 

The incipient plasticity during nanoindentation is highly dependent on the crystallographic 

orientation of the tested material. This anisotropic behaviour arises from variations in dislocation 

nucleation stress, which can be effectively described by the Schmid factor. 

Yao et al. [89] demonstrated a clear orientation dependence of pop-in loads in tungsten single 

crystals, where the (100) orientation exhibited the highest pop-in loads, followed by (110), with 

the lowest observed in (111). Similar trends have been reported in molybdenum and tantalum 

single crystals in other studies [90, 91]. The differences in pop-in load can be attributed to the 

variation in the Schmid factor, the (111) orientation has the highest Schmid factor, making it more 

susceptible to early dislocation nucleation and, consequently, lower pop-in loads. In contrast, the 

(100) orientation has a lower Schmid factor, requiring higher applied stress to activate dislocation 

motion. 

In face-centred cubic (FCC) metals, however, the (111) orientation typically exhibits the highest 

pop-in load, indicating greater resistance to plastic deformation, while the (001) and (110) 

orientations show lower pop-in loads. This behaviour is primarily governed by the Schmid factor, 

which influences the ease of slip initiation under an applied load. The predominant dislocation 

system in FCC metals, ⟨11̅0⟩{111}, has a Schmid factor of 0.27 for the (111) orientation. In 

contrast, for the (001) and (110) planes, the Schmid factor is 0.4, which is approximately 1.5 times 
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higher than that of the (111) plane. This higher Schmid factor facilitates easier activation of glide 

systems in the (001) and (110) orientations [92, 93]. At the atomic scale, molecular dynamics (MD) 

simulations have confirmed that the primary mechanism governing the onset of plasticity in FCC 

metals is the nucleation of Shockley partial dislocations, regardless of crystallographic orientation 

[32, 94]. Furthermore, MD simulations show that partial dislocation nucleation occurs more 

readily in the (001) and (110) orientations, forming closed loops more easily compared to the (111) 

orientation [93]. This observation aligns with the higher Schmid factor values of the (001) and 

(110) orientations, which result in lower pop-in loads and easier slip activation. 

In hexagonal close-packed (HCP) metals, such as magnesium (Mg), titanium (Ti), and hafnium 

(Hf), the c/a ratio plays a significant role in determining their anisotropic mechanical response 

[95]. The c/a ratio dictates the relative ease of slip activation in different orientations, leading to 

variations in plastic deformation behaviour. For instance, Mg, with a c/a ratio close to 1.633, 

primarily activates basal 〈a〉 dislocations, making basal slip the most favourable deformation mode 

[1]. In contrast, Ti, with a c/a ratio of 1.58, exhibits a deformation response dominated by prismatic 

〈a〉 slip, which is the easiest slip system to activate [95]. Kwon et al. [96, 97] performed 

nanoindentation experiments on an α-Ti alloy to examine its plasticity onset behaviour. Their study 

revealed that indentation in the basal (0001) orientation resulted in higher pop-in loads, while 

prismatic (11̅00) and pyramidal (112̅0) orientations exhibited lower pop-in loads. This suggests 

easier dislocation nucleation and plasticity in these orientations. The observed behavior was 

attributed to the dominant slip system in each orientation. In the (11̅00) and (112̅0) orientations, 

the predominant dislocation types were basal 〈a〉 and prismatic 〈a〉 slip systems, which have lower 

critical resolved shear stresses (CRSS). In contrast, for the (0001) orientation, deformation was 

primarily governed by pyramidal 〈c + a〉 slip, which requires significantly higher stresses for 

activation, leading to increased pop-in loads. Similarly, Gao et al. [98] investigated the incipient 

plasticity of Hf single crystals through nanoindentation. Their findings demonstrated that the c/a 

ratio has a significant impact on the indentation Schmid factor, particularly when the indentation 

direction deviates from the c-axis by more than 30°. This variation is attributed to a combination 

of elastic anisotropy and the c/a ratio, which influence the stress distribution beneath the indenter. 

Their experiments also confirmed that pop-in loads were highest for orientations near the c-axis, 

consistent with findings in Ti. A similar trend has been observed in magnesium nanoindentation 

studies [11, 14], where indentation along the c-axis resulted in higher pop-in loads compared to 
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the (10̅12) and (10̅10) orientations. However, unlike previous studies on NiAl, where a strong 

correlation between the indentation Schmid factor and pop-in loads was established, experimental 

results for HCP metals do not exhibit the same level of agreement. This discrepancy was also noted 

by Barret et al. [99], who used MD simulations and uniaxial Schmid factor analysis to demonstrate 

inconsistencies in pyramidal dislocation nucleation. 

These findings suggest that homogeneous dislocation nucleation during nanoindentation in HCP 

metals is not governed by a single slip system. Instead, it is influenced by a combination of basal 

〈a〉, prismatic 〈a〉, and pyramidal 〈c + a〉 slip systems, with their relative contributions depending 

on the zenith angle of indentation. While indentation Schmid factor calculations provide useful 

insights into the orientation dependence of incipient plasticity, the actual mechanisms of plasticity 

onset are much more complex. Understanding the orientation dependence of incipient plasticity 

requires experimental testing on a wide range of crystallographic orientations. However, producing 

large, high-quality single crystals necessitates specialized equipment—such as Bridgman or 

Czochralski furnaces—and extremely slow solidification rates. Even laboratory-scale specimens 

demand substantial capital investment and consumables, while commercially available magnesium 

is almost exclusively polycrystalline[100]. Micromechanical methods, such as focused ion beam 

(FIB) fabrication of micropillars, mitigate the need for large single crystals but are very time-

consuming and expensive [101]. As a result, experimental investigations covering a 

comprehensive range of orientations remain limited. Bridging this gap is crucial for advancing our 

understanding of orientation-dependent incipient plasticity. 

 

2.4. Incipient plasticity in magnesium and its alloys 

Magnesium (Mg) is a promising lightweight structural material, widely valued for its high 

strength-to-weight ratio and environmental benefits, making it an attractive choice for automotive, 

aerospace, and other industries aiming to reduce carbon emissions [1, 3, 4, 14, 15]. However, the 

widespread adoption of Mg alloys is hindered by their pronounced anisotropic plasticity, which 

limits their formability and mechanical performance in diverse applications [7, 8]. This anisotropy 

arises from the inherent crystallographic characteristics of the hexagonal close-packed (HCP) 

structure of Mg, where the activity of deformation modes is highly directional. 
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The primary deformation mechanisms in Mg include dislocation slip and twinning, with basal 

dislocation slip ({0001}⟨112̅0⟩ and extension twinning ({101̅2}⟨101̅1⟩ being the most active under 

typical loading conditions due to their relatively low critical resolved shear stresses (CRSS). In 

contrast, other deformation modes such as prismatic ({101̅0}⟨112̅0⟩ and pyramidal-I 

({112̅2}⟨112̅3⟩)  and pyramidal-II ({112̅2}⟨112̅3⟩)  slip systems require significantly higher 

CRSS, resulting in limited contributions to overall plastic deformation. The dominance of basal 

slip and extension twinning, combined with the suppression of non-basal slip systems, underpins 

the strong anisotropy in Mg's plastic response [1]. 

Addressing this anisotropic behavior requires a fundamental understanding of the mechanisms 

governing incipient plasticity, specifically the nucleation of dislocations and twins. These 

processes dictate the onset of plastic deformation and play a pivotal role in determining the 

mechanical performance of Mg alloys under varying loading conditions. By elucidating the 

nucleation mechanisms of these deformation carriers, researchers can develop strategies to 

engineer Mg alloys with balanced deformation modes, thereby mitigating anisotropy and 

unlocking their full potential as high-performance structural materials.  

Since incipient plasticity involves the nucleation stage of deformation mechanisms, the dislocation 

and twinning nucleation in magnesium and its alloys are reviewed in the following subsections. 

 

2.4.1. Dislocation nucleation  

Catoor et al. [11] investigated the incipient plasticity of pure Mg using spherical nanoindentation 

on three crystallographic orientations: (0001), (101̅2), and (101̅0). Their study revealed that, 

regardless of the indentation orientation, the pop-in events predominantly appeared in single pop-

in mode, signifying a well-defined transition from elastic to plastic deformation. By performing 

statistical analysis of pop-in loads and calculating the resolved shear stress at pop-in, they 

demonstrated that the normalized shear stresses at the onset of plasticity was 0.6-1.2 GPa which 

closely matched the theoretical strength required for basal dislocation nucleation. This confirmed 

that pop-in is associated with homogeneous dislocation nucleation rather than pre-existing defect 

activation, twinning, or non-basal slip. Notably, this range of stress for dislocation nucleation in 

magnesium has been independently corroborated in molecular dynamics (MD) simulations, 

reinforcing the theoretical basis of their findings [99]. 
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Their cross-sectional TEM analysis before and after indentation provided direct experimental 

evidence that dislocations nucleate during indentation. In all tested orientations, basal dislocations 

were found to be the dominant deformation mode under the indenter, despite the presence of other 

deformation mechanisms. Although extension twins ({101̅2}⟨101̅1⟩) were observed in the (101̅2) 

and (101̅0) orientations, the overwhelming presence of basal dislocations suggested that twinning 

occurs only during post-pop-in deformation, rather than initiating the plasticity event. This is a 

crucial distinction, as twinning is often a dominant deformation mechanism in larger-scale Mg 

deformation but appears to play a secondary role in incipient plasticity under nanoindentation 

[102-104]. 

Furthermore, Catoor et al. [11] utilized anisotropic contact mechanics to compute the Indentation 

Schmid Factor (ISF), a key parameter determining which slip system is most likely to be activated. 

Their analysis showed that for (0001) indentation, although pyramidal <c + a> slip ({112̅2}⟨112̅3⟩) 

had the highest ISF, the significantly higher self-energy of these dislocations made their nucleation 

unlikely. Instead, the activation energy barrier for basal dislocations was lower, enabling their 

preferential nucleation during pop-in. This observation aligns with theoretical predictions that 

incipient plasticity in Mg is governed by basal slip due to its relatively lower critical shear stress 

compared to prismatic and pyramidal slip [1]. 

Somekawa et al. [15] conducted a detailed investigation into the mechanisms of dislocation 

nucleation in both basal and prismatic orientations of pure magnesium, providing deeper insights 

into the incipient plasticity of this material. Their study, which combined nanoindentation 

experiments with molecular statics simulations, demonstrated that plasticity in Mg initiates with 

the nucleation of basal ⟨a⟩ dislocations at the surface. However, since these dislocations nucleate 

in a semi-loop (bow-like) shape, they contribute minimally to strain accommodation and primarily 

manifest as a deviation from the Hertzian elastic fit in load-displacement curves. 

For indentation along the basal orientation, as the indentation depth increases, basal dislocations 

expand but eventually reach a limitation in their ability to accommodate further plastic strain. To 

relieve the increasing strain along the c-axis, basal dislocations cross-slip onto pyramidal planes, 

transitioning into pyramidal ⟨c+a⟩ dislocations (1/3⟨112̅3⟩ slip). This transition occurs when the 

screw components of basal dislocations rotate onto pyramidal planes, where they continue to glide. 

Since pyramidal ⟨c+a⟩ slip has a much higher CRSS, its activation requires higher stress, 
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explaining the higher pop-in loads observed during nanoindentation on the basal plane compared 

to the prismatic plane. 

For indentation along the prismatic orientation, the simulations revealed a similar initial nucleation 

of basal dislocations at the surface. However, instead of transitioning to pyramidal ⟨c+a⟩ slip, the 

basal dislocations cross-slip onto prismatic planes, activating prismatic ⟨a⟩ slip (1/2⟨112̅0⟩). This 

transition allows further deformation along the ⟨a⟩ directions within {102̅0} prismatic planes. 

Their results align with those of Catoor [11], demonstrating that the early stage of incipient 

plasticity is dominated by basal dislocations. However, the activation of pyramidal dislocations at 

larger displacements accounts for the higher pop-in stress. Similarly, for indentation on the 

prismatic plane, prior studies consistently emphasize the critical role of dislocations with the <a> 

component in initiating plasticity. Figures 5 and 6 depict the atomic configurations during 

indentation in different stages in basal and prismatic orientations, respectively. 

 

5Figures 2.5. Atomic configurations of incipient plasticity during indentation in different steps in basal orientation 

[15]. 
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6Figures 2.6. Atomic configurations of incipient plasticity during indentation in different steps in prismatic 

orientation [15]. 

 

Recently, Goswami et al. [105] conducted embedded-atom method simulations to investigate the 

early incipient plasticity of magnesium crystals oriented with the c-axis normal to the indentation 

surface up to a depth of 20 Å. Their findings revealed that dislocation nucleation initiates at the 

contact surface in the form of “U-shaped” half loops, expanding in various directions. As these 

dislocations propagate, they coalesce to form prismatic loops—a process that occurs nearly 

simultaneously with dislocation nucleation. This orientation-dependent insight underscores the 

fundamental mechanisms of plastic deformation at the early stages of indentation and highlights 

the importance of crystallographic orientation in governing dislocation behavior in magnesium. 

 

2.4.2. Twinning nucleation 

Nayeri et al. [106] investigated the nanoindentation behavior of high-purity magnesium (Mg) with 

a (0001) crystallographic orientation. Their findings indicate that incipient plasticity is marked by 
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an initial deviation from Hertzian elastic behavior, followed by multiple  pop-ins during 

subsequent plastic deformation. 

Through 3D-EBSD misorientation mapping, they demonstrated that the majority of residual 

dislocations beneath the indent are basal ⟨a⟩ dislocations, which is consistent with the last reported 

experiments and simulations [11, 15]. Furthermore, their analysis revealed that the first pop-in 

event corresponds to the nucleation of {101̅2} extension twins. At greater indentation depths (≥500 

nm), twinning becomes more pronounced, as evidenced by 3D-EBSD observations of twin 

structures adjacent to the indent. The successive pop-ins observed in the load-displacement curves 

correspond to the sequential activation of different twin variants, each forming at distinct stress 

levels, leading to multiple discontinuities in the loading curve. These results align with recent 

experimental and simulation studies on twinning nucleation, which indicate that a larger activation 

volume is required for its initiation. Specifically, the findings reveal that the nucleation of twinning 

involves the participation of at least six atomic layers [10]. 

Cheng et al. [12] conducted nanoindentation experiments on pure Mg in the (101̅0), (12̅10), and 

(0002) orientations, showing that pop-in events occurred following a deviation from the Hertzian 

elastic fit. For the (101̅0) and (12̅10) orientations, this deviation was linked to basal slip, as 

confirmed by slip traces observed around the indentation sites using atomic force microscopy 

(AFM). The subsequent pop-in events were attributed to the activation of extension twinning. In 

contrast, indentation on the (0002) orientation showed no evidence of basal dislocations or 

twinning at the surface. This led the authors to propose that, in this orientation, the onset of 

plasticity is governed by the nucleation of pyramidal ⟨c+a⟩ dislocations rather than basal slip or 

twinning. Further supporting this hypothesis, the calculated resolved shear stress (RSS) for (0002) 

indentation was found to be approximately twice as large as that for the (101̅0) and (12̅10) 

orientations. Additionally, the higher indentation Schmid factor (ISF) for pyramidal ⟨c+a⟩ slip 

provided further evidence that basal slip alone was insufficient to accommodate the induced strain. 

While the absence of surface traces of twinning or basal slip does not definitively rule out their 

occurrence beneath the surface, the findings are consistent with prior studies [47], which also 

suggest that plasticity in this orientation is likely dominated by pyramidal ⟨c+a⟩ dislocation 

activation. Figure 7 presents the P–h curve alongside AFM images of the surface for each 

orientation. 
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7Figure 2.7. Nanoindentation behaviors on pure Mg in different crystallographic orientations, a) P-h curves, b) 

corresponding AFM images of indenter impressions [12]. 

 

Guo et al. [107]  reported dislocation initiation and twinning nucleation in Mg-Gd and Mg-Zn 

alloys during the nanoindentation technique with AFM in (101̅0) and (12̅10) crystallographic 

orientations [107, 108]. They linked the deviation of curve from Hertzian fit to the basal dislocation 

activation which is supported by the basal slip line on the surface. Moreover, pop-in event was 

attributed to the twinning nucleation based on the observation of twining traces on the surface. The 

Crystal Plasticity Finite Element Method (CPFEM) simulations were used to estimate the 

maximum resolved shear stress (RSS) on the {10-12} twinning system, showing that the stress 

matched the critical value for twin initiation and correlated precisely with the experimentally 

observed pop-in events. 

 Although the presence of solute atoms had a different effect of strengthening the initiation of 

dislocation and twinning, the trend of nucleation remained the same as pure magnesium. This trend 

was also observed in the study by Somekawa et al. [15], which investigated the incipient plasticity 

of Mg alloys containing Li, Al, Zn, and Y with small loading. The dislocation nucleation 

mechanism associated with pop-in was found to have an activation volume on the order of 0.2–1 

b³ and was minimally influenced by solute content [41]. 

In summary, the literature consistently demonstrates that the incipient plasticity in magnesium is 

initiated by basal dislocation nucleation. In the basal orientation, these basal dislocations act as 

precursors that subsequently transition to pyramidal <c+a> dislocations with increased loading. 
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Similarly, in the prismatic orientation, incipient plasticity is also governed by basal dislocations at 

the early stages, followed by a transition to prismatic <a> dislocations under further loading. 

Twinning has also been reported to nucleate in the basal orientation; however, its activation 

requires a larger activation volume. Therefore, distinguishing between dislocation slip and 

twinning during incipient plasticity is a critical aspect of understanding the contribution of each 

mechanism. This issue is further discussed in the following section. Moreover, while it has been 

determined that the presence of solute atoms does not fundamentally alter the sequence of 

dislocation and twinning nucleation, it does cause subtle shifts in the stress levels at which these 

events occur. 

 

2.4.3. Decoupling the dislocation and twinning nucleation through the 

nanoindentation: 

To decouple twinning and dislocation in incipient plasticity, it is essential to consider the volume 

of material required for each nucleation event. Twinning demands a significantly larger activation 

volume compared to dislocation nucleation. As previously discussed, atomistic simulations and 

experimental studies have shown that nucleation of a deformation twin requires activation across 

at least six atomic layers [10]. Moreover, Nayeri et al. [106] observed that twin nucleation in the 

basal orientation occurs only after the indenter has penetrated more than 500 nm. In contrast, 

dislocation nucleation—particularly the nucleation of partial dislocations from a free surface—can 

occur with far fewer atoms, sometimes involving as few atomic layers [32]. This fundamental 

difference forms the basis for distinguishing their occurrence during nanoindentation. From the 

nanoindentation side, instrument parameters must be chosen to limit the indented volume beneath 

the tip, which enhances the ability to distinguish between dislocation slip and twinning. The two 

most critical parameters are the indenter tip radius and the applied load. A smaller tip radius 

reduces the contact area and thus minimizes the deformed volume. Moreover, a lower indentation 

load limits the maximum displacement, further reducing the indented volume. It is important that 

using low loads improves the resolution of the load–displacement (P–h) curve, which helps 

identify subtle events such as early dislocation nucleation. However, the load must not be reduced 

below the noise threshold of the instrument, as it would obscure meaningful deviations in the P–h 

curve. Therefore, using a small-radius indenter and optimized low-load conditions is essential for 
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focusing specifically on dislocation-dominated incipient plasticity and distinguishing it from 

twinning. 

A notable example of this approach is the study by Guo et al. [103], who performed 

nanoindentation on magnesium using a spherical indenter with a 5 µm radius. They varied the 

applied load and examined post-indentation features using Atomic Force Microscopy (AFM). At 

lower loads (1.5–2 mN), they observed only slip lines, indicating basal dislocation activity. At 

higher loads (3–5 mN), twin boundaries became visible. Their results were further supported by 

Electron Backscatter Diffraction (EBSD), which confirmed that the slip lines corresponded to 

basal planes, and the newly formed boundaries were consistent with {10-12} tensile twins.  

 

 2.5. Gaps and challenges in study the Mg’s incipient plasticity 

Despite significant progress in understanding the incipient plasticity of magnesium and its alloys, 

several gaps and challenges remain. Nanoindentation studies on magnesium have primarily 

focused on low indexed basal, prismatic, and pyramidal orientations, consistently reporting that 

the basal orientation exhibits higher pop-in loads than the other two. However, the limited number 

of studied orientations has left gaps in the comprehensive understanding of the orientation-

dependent mechanical response of magnesium. Expanding the range of crystallographic 

orientations examined in nanoindentation experiments is essential to developing a more complete 

picture of the anisotropic plasticity in magnesium and its alloys. 

One of the primary experimental challenges in studying the orientation-dependent incipient 

plasticity of magnesium is the difficulty of preparing single-crystal magnesium specimens with 

precise crystallographic orientations. Producing high-quality single crystals in different 

orientations is not only experimentally demanding but also highly expensive. This limitation 

restricts systematic investigations across a broader range of orientations. Therefore, alternative 

approaches are required to facilitate the study of incipient plasticity in magnesium with greater 

accuracy and efficiency. 

Addressing these gaps and challenges will be essential for advancing the understanding of 

magnesium’s fundamental deformation mechanisms. A more comprehensive investigation of its 

orientation-dependent incipient plasticity could provide valuable insights for optimising the 

mechanical performance of magnesium alloys, particularly for applications in lightweight 

structural materials where strength, ductility, and plasticity control are critical. 
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2.6. Research Objective 

To address the existing gaps and challenges in the understanding of incipient plasticity in 

magnesium, this study is designed with the following objectives: 

1. Nanoindentation experimental optimisation for studying the incipient plasticity in a broad 

range of crystal orientations in a Mg-Gd alloy: Given the challenges associated with preparing 

single-crystal magnesium specimens in multiple orientations—and the resulting gaps in our 

understanding of orientation-dependent incipient plasticity—this objective focuses on 

optimizing nanoindentation techniques to capture the earliest stages of plastic deformation, 

with an emphasis on dislocation-mediated mechanisms. Key advancements include precise 

load control for detecting subtle pop-in events and the implementation of a grain orientation 

identification and targeting approach using nanoindentation combined with EBSD. This 

methodology enables the systematic investigation of a broad range of crystallographic 

orientations without relying on costly and difficult-to-fabricate single-crystal specimens.  

2. Study the orientation dependence of dislocation-induced incipient plasticity in the Ma-Gd 

alloy: This objective aims to examine how varying crystal orientations influence the critical stress, 

pop-in behavior, activation volume, and underlying dislocation mechanisms governing incipient 

plasticity. By establishing a reliable and efficient framework for studying dislocation-mediated 

incipient plasticity, this objective aims to expand current knowledge beyond conventionally 

studied orientations and provide a foundation for a more comprehensive understanding of 

magnesium’s anisotropic mechanical behaviour. 

By addressing these objectives, this study aims to fill critical gaps in experimental data and 

establish a reliable methodology for investigating incipient plasticity using instrumented 

nanoindentation. It will enhance our understanding of dislocation nucleation mechanisms in 

magnesium, clarify the orientation dependence of incipient plasticity in Mg alloys, and contribute 

valuable insights to the broader field of plasticity in HCP metal 
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Chapter 3 - Materials, Experimental optimization and 

design, and Methodology 
To minimize or suppress twinning, experimental conditions must rely on extremely low 

indentation volume, requiring precise control over indentation parameters, including small 

displacements and loads. 

Moreover, to investigate orientation-dependent of dislocation-mediated incipient plasticity, high-

quality single crystals in various orientations is needed.  The preparation of high-quality single 

crystals in various orientations is both experimentally demanding and expensive Therefore, in this 

chapter, we present the experimental optimization for studying dislocation-mediated incipient 

plasticity and the proposed methodology for conducting experiments across different 

crystallographic orientations. We detail the critical parameters that were fine-tuned, including 

sample preparation procedures, load selection, scanning probe microscope optimization, and post-

indentation surface analysis to assess the potential for twinning. Additionally, the proposed 

approach for grain location identification, essential for ensuring high-fidelity measurements, is 

thoroughly explained. 

Figure 3.1 presents a comprehensive flowchart outlining the experimental design, optimization 

strategies, and overall methodology employed in this study. 
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8Figure 3.1. A comprehensive flowchart outlining the experimental design, optimization strategies, and overall 

methodology employed in this study. 
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3.1. Material 

In this study, a coarse-grained Mg–2 wt.% Gd alloy rod with dimensions of ϕ10 × 20 mm was 

used, as shown in Figure 3.2(a). The alloy was synthesized in an electric furnace by melting high-

purity Mg (99.99%) with a Mg–25 wt.% Gd master alloy under an SF₆/CO₂ protective gas mixture. 

A solution treatment at 500°C for 8 hours was performed, resulting in coarsened grains and the 

reduction of crystal defects [109]. Although this treatment is crucial for minimizing defects, it can 

cause excessively large grains in pure Mg. Gadolinium (as a rare-earth element) was introduced to 

help prevent such excessive grain growth by segregating at grain boundaries [110]. Figure 3.2(b) 

schematically illustrates how the samples were sectioned from the cylinders, and Figure 3.2(c) 

shows the Mg–2.0 wt.% Gd sample mounted on the holder for EBSD and nanoindentation tests. 

 

9Figure 3.2. Illustration of the (a) Mg-Gd (2.0 wt.%) binary alloy ingot; (b) schematic illustration of how the sample 

was cut from the raw ingot, (c) sample located on the holder for EBSD and nanoindentation experiments. 

 

 To measure the average grain size, three EBSD maps containing various grain orientations were 

selected, as shown in Figure 3.3. The average grain size, determined via the intercepts method in 
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OIM software, was 215 μm . Due to the large variation in grain sizes, only grains larger than 200 

× 200 μm were selected for subsequent experiments to minimize grain boundary effects.  

 

 

10Figure3.3.  EBSD maps of three selected regions used to measure the average grain size. 

 

 

3.2. Surface preparation  

Accurate grain orientation analysis using the electron backscatter diffraction (EBSD) technique 

requires that the sample surface be both stress-free and extremely smooth. Any residual stress or 

surface roughness can distort the diffraction patterns and reduce the confidence index during 

orientation mapping. Furthermore, during nanoindentation testing, the initial “pop-in” events—

commonly observed as abrupt displacement excursions—are highly sensitive to subtle variations 
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in surface condition. Consequently, achieving a mirror-like finish is critical for minimizing 

measurement artifacts and enhancing the reliability of both EBSD and nanoindentation data. 

 

3.2.1. Mechanical polishing 

The samples were first ground using sandpapers with grit sizes of 600, 1200, and 4000. This step 

helped to remove any major surface irregularities and gradually reduce surface roughness. 

Subsequent mechanical polishing was carried out using a MultiPrep™ machine with a polishing 

cloth, employing polycrystalline glycol-based suspensions containing diamond particles of 3, 1, 

0.25, and 0.05 μm, along with a 0.05 μm silica suspension from Allied. During polishing, a 

rotational speed of 300 r.p.m. was maintained to obtain a mirror-like finish. To ensure consistent 

results, samples were thoroughly cleaned (e.g., rinsed with ethanol and dried) after each polishing 

stage to eliminate debris from previous steps.  

 

3.2.2. Electron backscatter diffraction (EBSD) maps 

To identify different grain orientations in materials, an FEI Nova NanoSEM 450 equipped with an 

EBSD detector was used. The EBSD maps were post-processed using orientation imaging 

microscopy (OIM) analysis software (TSL OIM analysis 7.3, EDAX Inc., USA). During data 

acquisition, samples were typically tilted at 70° relative to the electron beam to optimize pattern 

detection, and appropriate accelerating voltages (e.g., 15–20 kV) and working distances were 5mm 

to achieve clear Kikuchi patterns. Figure 3.3 illustrates an EBSD map from the sample surface, 

showing various grain orientations represented through an inverse pole figure (IPF).  
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11Figure. 3.4. Different grain orientations in  EBSD with the inverse pole figure (IPF) image. 

 

3.2.3. Obtaining stress-free surface  

The initial surface preparation involved grinding the sample using sandpapers with 600, 1200, and 

4000. Subsequent mechanical polishing was conducted with a MultiPrep™ machine, utilizing 

various polycrystalline glycol-based suspensions containing diamond particles of 3, 1, 0.25, and 

0.05 μm, and a 0.05 μm silica suspension. The 3 and 1 μm diamond suspensions were applied for 

30 minutes each, while the final polishing with 0.05 μm diamond particles and 0.04 μm silica 

particles was carried out for 2 hours. The etching process employed a solution composed of 4 ml 

HNO3, 6.5 ml HCl, and 100 ml ethanol [12]. The quality of the surface preparation was assessed 

using the confidence index (CI), which is the ratio of indexed bands to total bands in electron 

backscatter diffraction (EBSD) [111] through a FEI Nano Nova SEM instrument equipped with an 

EBSD detector. Our results indicate that etching, commonly used for Mg alloys (4 ml HNO3 + 6.5 

ml HCl + 100 ml ethanol) [112, 113], yielded inferior EBSD signals compared to a single step of 

mechanical polishing. Moreover, using a suspension with finer particles results in a smoother 

surface with a higher confidence index (CI) during EBSD signal collection. Furthermore, between 

silica and diamond 0.05 μm particle size suspensions, the diamond particle suspension resulted in 

a higher CI after 2 hours of mechanical polishing, providing a smoother surface. Figure 3.4 

illustrates different EBSD maps from various polishing conditions, including the use of diamond 

particle and silica particle suspensions with and without final etching. As shown, the highest CI is 
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0.58, achieved by polishing with a polycrystalline diamond glycol-based suspension with 0.05 μm 

particle size, which we selected for our study. 

 

 

Figure 3.5. EBSD maps illustrating the effects of various surface preparation methods aimed at achieving a stress-

free surface: (a) mechanical polishing with 0.05 diamond size suspension followed by 20 seconds of etching (CI= 

0.02), (b) mechanical polishing followed by 5 seconds of etching (CI= 0.44), (c) polishing for 2 hours using a 0.25 

μm diamond particle emulsion (CI= 0.29), (d) polishing for 2 hours using a 0.05 μm Silica particle suspension (CI= 

0.36), and (e, f) polishing for 2 hours using a 0.05 μm diamond particle suspension (CI= 0.55-0.58). 
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3.3. Nanoindentation experiments 

Nanoindentation experiments were carried out using a Hysitron TI 750 Ubi NanoIndenter . A 

diamond Berkovich tip with an elastic modulus of 1141 GPa and a Poisson’s ratio of 0.07 was 

employed. The tip radius (R) was measured to be approximately 650 nm by fitting the contact area 

(A) versus contact depth (h_c) to the tip area function, following the Oliver–Pharr method—which 

accounts for the effects of a rounded indenter tip [27] . The tip area function is given by: 

𝐴(ℎ𝑐)  =  24.5ℎ𝑐
2  +  𝐶1ℎ𝑐

1  +  𝐶2ℎ𝑐
1/2

 +  𝐶3ℎ𝑐
1/4

 +  … … . + 𝐶3ℎ𝑐
1/128

                              Eq. 3.1 

Where C1 through C8 are constant, and in our evaluations where C1 = 2.21 × 103 nm, C2 = 4.76 

× 1023 nm, and C3 to C8 were set to zero. Figure 3.5 shows the contact area versus contact depth 

for the Berkovich tip used in our experiment, based on the applied tip area function. 

 

 

12Figure 3.6. Contact area versus contact depth for the Berkovich tip used in our experiment, derived from the 

applied tip area function. 
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To ensure accurate and repeatable results, all nanoindentation tests were conducted under minimal 

vibration conditions, which involved scheduling experiments only when no other individuals were 

present in the laboratory to avoid interference from foot traffic. Nanoindentation experiments were 

carried out under the load-control condition. The loading and unloading segments were conducted 

at a constant rate, and a short dwell time was applied at the peak load to minimize the effects of 

creep and thermal drift. Additionally, the sample surfaces were polished to a mirror-like finish, 

ensuring reliable contact between the tip and the material.  

For indentation depth under 0.09R, the material’s response resembles that of a spherical indenter 

with radius R [59]. Given that the first pop-in occurs at a depth of approximately 10-20 nm, the 

contact mechanics theory for a spherical tip was applied in our study. Figure 3.6 illustrate the apex 

of the Berkovich indenter tip as observed through scanning electron microscopy.  

 

 

13Figure 3.7. Illustrates the apex of the Berkovich indenter tip as observed through scanning electron microscopy 

(SEM). a) SEM image of Berkovich tip a) Berkovich tip, b) a top view of the tip. 

 

Because of the stochastic nature of pop-in events during nanoindentation, over 100 indents were 

made on each grain orientation to ensure sufficient data for statistical evaluation. An interval of 10 

μm was maintained between indents to prevent plastic zones or the residual stress from one indent 

from influencing subsequent measurements. This methodical approach ensures that each 
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indentation event remains independent, providing more reliable insights into the stochastic 

behavior of pop-in phenomena. 

 

 

3.3.1. Loading selection 

Since the primary objective of this research is to investigate dislocation-based incipient plasticity, 

the first pop-in event observed in the load-displacement curve serves as a key indicator. To 

determine the most suitable testing conditions, we evaluated multiple loading scenarios—1000, 

2500, 5000, and 12000 μN. A representative load-displacement curve for each is presented in 

Figure 3. Although all four conditions exhibited pop-in events, the first pop-in was most clearly 

discernible at 1000 μN. In contrast, the initial pop-in at 2500, 5000, and 12000 μN appeared 

alongside a substantial deviation—possibly stemming from pre-existing dislocation structures 

[106, 107]. Only the 1000 μN condition produced a first pop-in closely matching the Hertzian fit, 

suggesting it is more directly associated with the nucleation of new dislocations rather than the 

activation of existing defects. This observation is consistent with findings from another experiment 

reported in the literature [13]. 

To study dislocation-based incipient plasticity in magnesium (Mg), a low indented volume is 

needed. Based on the experimental observations under various loading conditions—particularly 

those that produced a clearer first pop-in—we selected a maximum load of 1000 µN for this study. 

This load proved optimal for capturing the incipient plasticity processes in Mg, allowing us to 

more accurately distinguish between dislocation nucleation events and the onset of twinning in our 

nanoindentation measurements. 

Figure 3.7 illustrates various load-displacement (P-h) curves under different loading conditions. 

In Each curve represents the results of multiple tests conducted under the specified loading 

conditions. 
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14Figure 3.8. Representative load-displacement (P-h) curves for different loading conditions, illustrating the distinct 

pop-in events observed under each load level. 

 

3.4. Scanning probe microscopy (SPM) 

Scanning Probe Microscopy (SPM) was employed to examine the indentation impressions and any 

resulting deformation features, such as twinning or slip traces, on the tested surfaces. These 

observations are crucial for correlating the mechanical response recorded during 

nanoindentation—such as pop-in behavior or changes in the load-displacement curve—to 

underlying deformation mechanisms. The SPM analysis was performed using a Hysitron TI 750 

Ubi NanoIndenter equipped with a Berkovich tip. By capturing high-resolution topographical data, 
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SPM allows for a detailed investigation of localized plastic deformation, including microcracks or 

shear bands, that may form around the indent site. Figure 3.8 illustrates the load-displacement (P-

h) curve followed by the SPM graph before and after an indentation mark. 

 

15Figure 3.9. a) Illustration of the load–displacement (P–h) curve, b) SPM graph obtained before indentation, and c) 

SPM graph obtained after indentation. 



40 
 

3.4.1. Scanning probe microscopy optimization 

Since nanoindentation is performed close to the free surface, dislocation activity and twinning 

propagation can create visible traces around the indentation mark. Slip traces generally appear as 

linear features[13, 48, 107, 112], while twinning is observed as three-dimensional (3D)-like 

patterns. Therefore, scanning probe microscopy (SPM) or atomic force microscopy (AFM) 

analysis can be useful for studying dislocation and twinning activities. 

To achieve the highest resolution in SPM imaging for our experiments, we optimized various 

scanning parameters. SPM imaging resolution is influenced by five key parameters: scan rate (SR), 

step point (SP), integral gain (IG), scan size (SS), and tip velocity (TV). These parameters are 

defined as follows: 

Scan Rate (SR): The speed at which the probe moves across the sample surface, typically measured 

in lines per second (Hz). 

Step Point (SP): The force applied by the nanoindentation probe while in contact and in feedback 

with the sample surface. The default value is 2.0 μN. 

Integral Gain (IG): The sensitivity of the system to signals generated by the tip’s motion. 

Tip Velocity (TV): The speed at which the probe moves over the sample surface, dependent on the 

scan rate and scan size, affecting image quality. 

For optimization, we kept the tip velocity and scan size constant, while adjusting the remaining 

parameters to achieve the highest resolution for nanoindentation imaging at 1000 μN load. The 

optimization trials and their corresponding results are summarized in Table 3.1. 

In Trial 1, we used the default values SR = 1, SP = 1, and IG = 240, which resulted in poor image 

resolution of the indentation mark and surrounding area. In Trials 2 and 3, we increased SP to 2 

and 5, respectively, while maintaining the same conditions as in Trial 1. This adjustment 

significantly improved the resolution. In Trial 4, we increased IG without changing other 

parameters compared to Trial 1, but this did not yield satisfactory results. In Trial 5, we 

simultaneously increased both SP and IG, which produced the highest resolution images. 

Additionally, in Trials 7 and 8, we tested lower and higher values of SR compared to the default 

value SR = 1. However, the best resolution was achieved with SR = 1. 

Based on our optimization study, the optimal parameters were identified as either SR = 1, SP = 2, 

IG = 500 (Trial 5) or SR = 1, SP = 5, IG = 240 (Trial 3). Since a higher IG was more sensitive to 
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external noise, such as vibrations caused by movement in the laboratory, we selected Trial 3 (SR 

= 1, SP = 5, IG = 240) as the optimized condition for subsequent tests. 

 

Table 3.1. Overview of SPM results under various experimental conditions, highlighting the key parameters and 

corresponding surface observations. 

Iteration SR SP IG Result Explanation 

Trial 1 – Default 

values 
1 1 240 

 

 

 

 

Trial 2 1 2 240 

 

 

 

 

Trial 3 1 5 240 

  

Trial 4 1 1 500 

  

 

 

Trial 5 1 2 500 

  

 

 

Trial 6 1 5 500 

  

 

 

Trial 7 0.5 2 500 

  

 

 

Trial 8 2 2 500 
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3.5. Possibility of Twinning nucleation/activation  

As it mentioned earlier, under nanoindentation, both dislocation slip and mechanical twinning can 

be nucleated and activated. When these defects extend to the material’s surface, they typically 

leave characteristic traces.  

In our study, the potential for twin nucleation and its corresponding surface traces around the 

nanoindentation sites were investigated with SPM and High-resolution SEM (HRSEM) for five 

different grain orientations  (O1–O5), as illustrated in Figure 3.9. 

Furthermore, the twin variant plane and direction exhibiting the highest indentation Schmid factor 

were identified using Vesta software to predict the most likely trace. To facilitate this prediction, 

the atomic structure was projected along the normal to the chosen orientation plane, thereby 

providing a clear visualization of the anticipated twin plane and direction. Table 3.2 presents the 

grain orientations along with their corresponding Euler angles, grain planes, normal directions, 

and the most likely extension and compression twin planes and directions. In table 3.3, P-h curve,  

pre- and post-nanoindentation SPM images, HRSEM results, and the simulated most probable 

extension/contraction twin planes and directions are listed.  

 

 

16Figure 3.10. EBSD map illustrating five distinct grain orientations (O1–O5). 
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Table 3.2. listed the Euler angles, plane and normal direction, and the highest possible extension and compression twin 

in each grain orientation. 

Grains 
Euler angle  

(ϕ, θ, ψ) 
Grain Plane  

Load direction 

(Normal to plane) 

Extension twin 

system 

Compression 

twin system 

O1 142.7, 126.2, 334.3 (-4 9 -5 -10) [-24 11 13 13] 
(-1 2 -1 1) 

[1 -2 1 6] 

(-1 1 0 1) 

[-1 1 0 -2] 

O2 147.4, 25.8, 14.1 (1 0 -1 -3) [-3 0 3 -2] 
(1 1 -2 1) 

[-1-1 2 6] 

(1 1 -2 2) 

[1 1 -2 -3] 

O3 339.5, 91.3, 279 (-27 17 10 -1) [1 5 -6 -2] 
(1 -1 0 2) 

[-1 1 0 1] 

(2 -1 -1 2) 

[2 -1 -1 -3] 

O4 82.02, 173.2, 27.8 
(1 1 -2 -27) 

 
[21 15 -36 4] 

(0 1 -1 2) 

[0 -1 1 1] 

(-1 -1 2 2) 

[-1 -1 2 -3] 

O5 333.7, 62.2, 252.8 (-23 5 18 20) [-4 8 -4 -3] 
(-1 0 1 2) 

[1 0 -1 1] 

(1 0 -1 1) 

[1 0 -1 -2] 
 

Table 3.3. P-h curve, pre- and post-nanoindentation SPM images, HRSEM results, and the simulated most probable 

extension/contraction twin planes and directions 

Grai

n 

P-h curve SPM before 

test 

SPM after 

test 

HRSEM after 

test 

Extension twin 

system 

Compession 

twin system 

O1 

    
  

O2     

  
O3  

 

 

 

   

  

O4  

 

 

 

 

   

  
O5  
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Analyses revealed no visible twin traces around the nanoindentation imprint, suggesting a low 

probability of twinning at the applied load conditions. Although twinning may still occur at 

subsurface levels, a lack of visible surface traces indicates reduced likelihood of twinning under 

these specific conditions, consistent with previous reports [10, 13]. In all grain orientations, some 

linear features—mostly visible in the HRSEM images—are observed. These lines, which share the 

same direction across different regions, are most likely polishing-induced scratches rather than slip 

traces. This conclusion is further supported by a comparison with SPM images taken prior to 

indentation, where the same lines are already present, confirming their origin as surface 

preparation artifacts. 

 

3.6. Grain location Identification 

Initially, an area of interest was marked on the sample (Figure 3.10 (a)), and then a 2.5 × 1.5 mm 

EBSD map was created (Figure 3.10 (a)) to encompass various grain orientations. To ensure 

precise identification of test locations, large load indentations of 12000 μN were made to sign the 

area, as depicted in Figure 3.10 (c). This signed area was then re-checked using another EBSD 

map to confirm the target locations (Figure 3.10 (d)). Subsequently, a directional map was 

generated to identify different grain orientations, as shown in Figure 4(b), which illustrates the 

directions and distances from the marked Grain 1 (G1) area to neighboring grain orientations. This 

procedure, involving signing with 12000 μN indentations and verification with EBSD, was 

meticulously repeated for each grain orientation. Figure 4 presents the flowcharts, the marked area, 

the EBSD map, the optical microscope image of the designated area in Grain 1 (G1), and the 

schematic of nanoindentation on selected grain orientations.  
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Figure 3.11. Grain location identification. (a) Sample with marked area, (b) directional EBSD map for locating 

different grain orientations, (c) optical microscope image of the designated area in (G1) with 12000 μN load, (d) 

EBSD map of the designated area in G1 for checking the indented location, and e) Schematic graph of 

nanoindentation experiments on one selected grain orientation 
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3.7. Grain Orientation Coverage  

In order to capture different grain orientations , different grain orientations were identified through 

the EBSD analysis, which is illustrated in Figure 3.12 (a-e). Using a grain-signing-finding 

approach, thirteen distinct orientations were selected—labeled G1 through G13—for the 

nanoindentation experiments. Figure 3.12 (f) shows an inverse pole figure (IPF) image of these 

orientations, illustrating the diversity of the selected grains.  

 

 

17Figure 3.12. Selection of thirteen distinct grain orientations, labeled G1 through G13 in the IPF image. 
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3.8. Pop-in evaluation 

In our experiments, multiple elastic-to-plastic transition behaviors were observed, as illustrated in 

Figure 3.12. A limited number of curves exhibited load–displacement (P–h) responses that 

deviated significantly from the Hertzian fit, showing complete divergence from the expected trend. 

Such behavior could be attributed to several factors, including the presence of pre-existing 

dislocations or surface discontinuities such as scratches. Regardless of the underlying cause, these 

cases were excluded from our statistical analysis, as the focus of this study is on dislocation 

nucleation.  Figure 3.12 (a,b) shows instances of such divergent curve, characterized by significant 

anomalies in the load–displacement curves. In contrast, Figure 3.12 (c,d) illustrates the classic 

“ideal” pop-in response, marked by a sudden and distinct displacement burst indicating the onset 

of plasticity. Meanwhile, Figure 3.12 (e,f) captures an excursion occurring just before the pop-in 

event, and Figure 3.12 (g,h) demonstrates a deviation in the load–displacement curve immediately 

prior to pop-in. All these distinct behaviors were documented in the G1 dataset, although similar 

transitions from elastic to plastic were observed in other crystallographic orientations as well. 

Because these incipient plasticity phenomena occur at very low displacement and load levels, a 

precise understanding of the noise level and well-defined detection criteria are essential. Such 

measures help to reliably separate genuine material responses from instrumental or environmental 

noise, thereby ensuring reproducible measurements and deeper insight into the underlying 

deformation mechanisms. 
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18Figure 3.13. Various elastic-to-plastic transition behaviors in the load–displacement (p–h) curve: (a, b) Divergent 

cases; (c, d) ideal pop-in; (e, f) excursions preceding pop-in; (g, h) deviations just before pop-in. 
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3.8.1 Experimental Noise Evaluation 

The first pop-in event, observed as a sudden displacement burst in the load–displacement (P–h) 

curve, typically signifies the onset of plastic deformation. However, if there are fluctuations in the 

load-displacement (P–h) curve caused by surface scratches or discontinuities, they may be 

indistinguishable from true incipient plasticity events [27], potentially introducing errors into the 

data .  Therefore, analyzing the instrument’s noise level under our experimental conditions is 

essential. To quantify the experimental noise, the differences between the experimentally 

measured displacement (dE) and the predicted displacement using the Hertzian fit (dH) are 

calculated for >10 randomly selected p-h curves for G1. The Hertzian fit covers the entire elastic 

deformation region up to the onset of either the excursion or the first pop-in. As shown in Figure 

3.13, the deviation (dE−dH) generally follows the normal distribution, with a standard deviation 

(𝜎) of approximately 0.2 nm. Thus, the displacement burst higher than FWHM of 0.46 nm can be 

considered as the materials' response. 

 

19Figure 3.14. The distribution of displacement noise (dE−dH) with an FWHM of ~0.46 nm, indicates the 

instrument's noise level. 
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3.8.2 Pop-in criteria 

Based on the nanoindentation results (Figure 3.12), any experiment that did not closely follow the 

Hertzian contact model was deemed invalid and excluded from further analysis. Since the first 

pop-in event corresponds to incipient plasticity, a distinct change in the load–load-displacement 

slope immediately afterward confirms the onset of plastic deformation. Accordingly, detecting 

such a slope change provides a clear criterion for validating the presence of a pop-in. 

In contrast, excursions typically involve smaller displacement magnitudes (less than 1 nm) 

compared to pop-ins, and the loading curves remain well aligned with the Hertzian slope after 

these minor bursts. The statistical distribution of displacement bursts arising from excursions and 

pop-ins (Figure 3.14) shows that the average excursion length is approximately 0.76 nm, whereas 

the average first pop-in length is substantially larger, at about 5.1 nm. This clear difference 

highlights the distinct nature of excursions versus pop-ins. Moreover, since the average excursion 

length exceeds three times the standard deviation of the noise level, we conclude that these 

excursions also represent a genuine manifestation of incipient plasticity. 

 

 

20Figure 3.15. Distribution of excursion and first pop-in lengths for G1. The average excursion length (gray 

distribution) is 0.76 nm, while the average first pop-in length (red distribution) is 5.1 nm. 
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Based on the aforementioned discussion, we established the following criteria for detecting the 

first pop-in event: 

a) acceptable hertzian fit in initiation of curve,  

b) pop-in length > 1 nm,  

c) different curve slope after the 1st pop-in compared to the hertzian fit.  

Based on the above-mentioned criteria, the first pop-in characteristics were analyzed using 

MATLAB software in combination with the PopIn MATLAB toolbox. To ensure accuracy and 

consistency across all grain orientations, three critical points were carefully identified for each 

load-displacement (P-h) curve: the Hertz endpoint (defining the end of the purely elastic region), 

the start of the pop-in, and the end of the pop-in. Figure 3.15 illustrates a representative analyzed 

p-h curve as an example. 

 

 

21Figure 3.16. Actual load-displacement curve with identified Hertz endpoint, the Pop-in start, and the Pop-in 

endpoint. 
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3.9. Conclusion 

In this chapter, the materials and methodologies employed in this research were discussed in detail, 

emphasizing the experimental design aimed at investigating dislocation-based incipient plasticity 

in nanoindentation while excluding twinning. Particular attention was given to covering various 

grain orientations to ensure a comprehensive evaluation. The key procedure can be summarized as 

follows: 

1. A stress-free surface of Mg-Gd alloys was successfully prepared using only mechanical 

polishing with a 0.05 μm polycrystalline diamond glycol-based suspension. This etch-free 

procedure yielded a high confidence index for EBSD analyses and provided a mirror-like 

finish suitable for nanoindentation measurements, eliminating the need for chemical 

etching commonly reported in the literature. 

2. The nanoindentation conditions for studying dislocation-based incipient plasticity were 

optimized using a 1000 µN load, which resulted in more clearly observable pop-in events 

occurring at low loads (<100 µN) and shallow displacements (approximately 10–20 nm). 

These conditions produced a small indented volume, making them suitable for minimizing 

the likelihood of twinning nucleation. By applying a precise “grain signing-finding 

approach,” nanoindentation experiments were conducted on 13 different grain orientations, 

with over 100 indents per orientation.  

3. The instrument’s noise level was estimated by analyzing the distribution of displacement 

noise, which exhibited a full width at half maximum (FWHM) of approximately 0.46 nm. 

This indicates that displacement bursts exceeding this threshold can be considered 

indicative of incipient plasticity rather than experimental artifacts. 

 

 

 

 

 

 



53 
 

 

 

 

 

 

 

Chapter 4 – Orientation dependence of incipient plasticity 

4.1. load-displacement (p-h) curves and first pop-in categories 

Upon examining the load-displacement (p-h) curves for all individual grains, we identify three 

distinct categories of the initial pop-in events, as illustrated in Figures 4.1 to 4.3 for selected grains. 

These categories are defined as follows:  

i) Ideal first pop-in: Pop-in occurs immediately after the Hertzian fit 

ii) First pop-in with deviation: The first pop-in occurs following a slight deviation (<5 nm) in the 

slope from the Hertzian fit 

iii) First pop-in with excursion: The first pop-in occurs after a minor excursion (<1 nm) from the 

Hertzian fit. After the excursion, the load-displacement curve can still be well predicted by the 

Hertzian fit, accounting for the additional displacement caused by the excursion. This suggests that 

only elastic deformation occurs between the excursion and the first pop-in. 

The criterion of <1 nm for the excursion is determined based on the statistical distribution of 

displacement bursts induced by either excursions or pop-ins. G1 is selected to demonstrate the 

typical length distribution of displacement bursts, as shown in Figure 3.14.  

In addition to the initial pop-in event, we identified two distinct pop-in behaviours, including single 

pop-ins (illustrated in Figures 4.2, and 4.3) and successive pop-ins (Figure 4.1). Single pop-in 
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events typically present as a single abrupt displacement burst. After the single pop-in, the slope of 

the curve changes, which suggests the plastic deformation regime. In contrast, successive pop-ins 

involve multiple abrupt displacements within the same load-displacement curve slope between 

each pop-in. By examining both types, we gain deeper insight into the underlying mechanisms 

governing incipient plasticity, including variations in dislocation nucleation and slip processes. 

 

 

 

Figure 4.1. Selected load-displacement curves in G1. a) G1: the applied loading direction is 17.9 ° off the c-axis, b) 

Ideal first pop-in state (21% curves), c) deviation before first pop-ins (29% curves), d) Excursion before first pop-ins 

(51% curves). The red arrow indicates the slight excursion before the first pop-in, and the blue arrows determine 

other pop-ins. 
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Figure 4.2. Selected load-displacement curve in G6. a) G6: the applied loading direction is 73.2° off the c-axis, b) 

Ideal first pop-in state (35% curves), c) deviation before first pop-ins (58% curves), d) Excursion before first pop-ins 

(7% curves). The red arrow indicates the slight excursion before the first pop-in. 
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Figure 4.3. Selected load-displacement curve in G9. a) G9: applied loading direction is 83.7° off the c-axis, b) Ideal 

first pop-in state (36% curves), c) deviation before first pop-ins (60% curves), d) Excursion before first pop-ins (4% 

curves). The red arrow indicates the slight excursion before the first pop-in. 

 

4.2. Orientation-dependence of p-h curves  

4.2.1. Pop-in initiation and pop-in modes 

As mentioned earlier, the initiation of pop-in was observed in three categories.  All grains exhibited 

these three types of pop-in modes, albeit with varying frequencies. The orientation dependence of 

the p-h curve is evaluated by statistical evaluation though all p-h curves for each grain orientation, 

which is summarised in Table 4.1. 
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G1 and G2, whose loading directions are nearly perpendicular to the basal plane, exhibit 

approximately 50% of their p-h curves showing excursions prior to the first pop-in event.  

Moreover, successive pop-ins, including excursions, first pop-ins, and a few subsequent pop-ins, 

are frequently detected in these two orientations; however, such occurrences are rarely observed 

in the other grains. Grains G3-G13 exhibit deviations prior to the first pop-in, as observed in over 

~50% of the load-displacement (p-h) curves, except for grain G5, which displays an ideal pop-in 

in 68% of the cases. Table 1 lists the loading direction relative to the c-axis (θ°) for each grain 

orientation, along with the median pop-in load for each grain orientation.  

Table 4.1. The percentage distribution of each type of initial pop-in event across various grain 

orientations, along with the loading direction relative to the c-axis (θ°) and the median pop-in load for 

each orientation. 

Grain 
Euler angles 

(ϕ, θ, ψ) 

loading 

directions 

relative to the c-

axis (θ°) 

Median 

pop-in 

Load (µN) 

Ideal first 

pop-in (%) 

Deviation 

before first 

pop-in (%) 

Excursion 

before first 

pop-in (%) 

G1 99.7, 162.1, 275.4 17.9 66.5 20 29 51 

G2 344.1, 1.8, 99.1 1.8 69.7 41 13 46 

G3 27.7, 94.8, 91.5 85.2 49.7 40 49 6 

G4 190.1, 83.7, 196.7 83.7 47.1 36 60 4 

G5 195.9, 89.9, 6.7 89.9 44.7 65 28 7 

G6 208.8, 73.2, 182.1 73.2 51.0 35 58 7 

G7 206.7, 97.9,205.6 82.1 57.6 17 78 5 

G8 139.2, 44.3, 358.7 44.3 47.2 16 72 12 

G9 35.4, 72.7, 283.4 72.7 44.9 38 51 11 

G10 154.4, 65.2, 9.7 65.2 40.6 38 52 10 

G11 255.1, 60.1, 260.5 60.1 43.2 21 65 14 

G12 165.2, 52.1, 8.8 52.1 49.9 25 64 11 

G13 35.5, 65.8, 281.9 65.8 46.4 20 69 11 
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4.2.2. First pop-in load 

Pop-in load distributions for selected grains (G1, G6, and G9) are shown in Figure 4.4. Each grain 

orientation exhibits a relatively broad range of pop-in loads, with a standard deviation of 

approximately 20 µN. This variability may arise from minor surface defects, microstructural 

inhomogeneities, variations in crystal quality [64, 114], or the activation of multiple dislocation 

mechanisms during the early stages of plasticity, all of which can contribute to the observed spread 

in pop-in loads [65]. The median pop-in load for each grain orientation is summarized in Table 

4.1. It can be observed that grains G1 and G2 display notably higher pop-in loads in comparison 

to the other orientations, emphasizing the strong crystallographic dependence. 

  

 

22Figure 4.4. Pop-in load distributions for selected grains (G1, G9, and G9) 
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Based on the pop-in modes and pop-in loads statistical evaluation all tested grain orientations have 

been classified into three distinct groups including: (i). Group I – basal orientations, consisting of 

G1 and G2, where the load direction is close to the c-axis; (ii). Group II – prismatic orientations, 

including G3 to G7, where the load direction is approximately normal to prismatic planes; and 

(iii). Group III – pyramidal orientations, encompassing G8 to G13, where the load direction is 

approximately normal to pyramidal planes.  

The observed variations in dominant pop-in types and corresponding pop-in loads indicate the 

presence of distinct mechanisms governing incipient plasticity, which are further analysed in the 

discussion section. 

 

4.3 Maximum shear stress at first pop-in 

To quantitatively evaluate the incipient plasticity across different grain orientations, the maximum 

shear stress (τmax) corresponding to the first pop-in event is estimated. According to the Hertzian 

elastic contact mechanics, the maximum contact pressure (P0 ) is defined as [24]: 

𝑃0  =  (
6𝑃𝐸𝑟

2

𝜋3𝑅2)1/3                                                                                                                       Eq. 4.1 

Where P represents the applied load, R denotes the indenter radius, and Er is the reduced 

indentation modulus calculated using Equation 2.  

𝐸𝑟  =  [
1

𝐸𝑒𝑓𝑓
+  

1−𝜐𝑖
2

𝐸𝑖
]−1                                                                                                                          Eq. 4.2 

Ei and νi denote Young’s modulus and Poisson’s ratio of the diamond indenter, respectively, with 

values of 1141 GPa and 0.07. To account for elastic anisotropy, indentation elastic moduli are 

adopted from Catoor et al [11], which applies the method described in Gao and Pharr [115] with 

elastic constants provided by Slutsky and Garland [116]. 

In addition, the indentation Schmid factor (ISF), characterizing the crystallography of different 

slip systems, is defined as the ratio of  resolved shear stress applied on a given slip system (𝛼) to 

the maximum contact pressure [11, 98].  

𝜏𝑅𝑆𝑆
(𝛼)

= 𝐼𝑆𝐹(𝛼) ∙ 𝑃0                                                                                                                    Eq. 4.3 
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For simplification, we adopt the explicit solutions for the stress field, 𝜎𝑖𝑗, underneath a spherical 

indenter to estimate the resolved shear stress, 𝜏𝑅𝑆𝑆
(𝛼)

, derived by Hamilton [25]. 

𝜏𝑅𝑆𝑆
 (𝛼)

=  𝑠𝑖
𝛼 ∙ 𝑚𝑗

𝛼 ∙  𝜎𝑖𝑗                                                                                                               Eq. 4.4 

Where 𝑠𝑖
𝛼 and 𝑚𝑗

𝛼
 represent the slip direction and slip plane normal of the slip system (𝛼), 

respectively. Although Hamilton’s solutions assume an isotropic solid, the calculated max ISFs of 

⟨a⟩- or ⟨c+a⟩- dislocations differ by <5% from the values for reported (0001), (101̅2), and (101̅0) 

orientations in [11, 98], which employ computationally intensive numerical solutions of the local 

stress field in an anisotropic solid like Mg. Since steep gradients in the local stress field are 

expected under the indenter, the mesh, used to discretize the stressed volume, must be fine enough 

to improve the precision of the local stress field and, consequently, the estimation of the indentation 

factor (ISF). The use of Hamilton’s explicit solutions enables the current estimation of the ISF with 

the nanometer precision under the current pop-in loads.  

In Table 4.2,  Eeff  for different grain orientations and ISF values for different slip systems including 

basal ⟨a⟩, prismatic ⟨a⟩,  pyramidal-I ⟨c+a⟩ , and pyramidal-II ⟨c+a⟩ are listed. Accordingly, Group 

I (G1 and G2) exhibit the highest ISF values corresponding to the pyramidal ⟨c+a⟩ slip, followed 

by basal ⟨a⟩-slip. Group II (G3-G7) has the very close values for prismatic ⟨a⟩ and pyramidal ⟨c+a⟩-

slip, much higher compared to basal ⟨a⟩-slip. Group III (G8-G13) have comparable ISF values for 

all slips, most having slightly higher values for basal ⟨a⟩-slip and pyramidal ⟨c+a⟩-slip.  

 

Table 4.2: Listing the Eeff, ISF, and activation volume values for different dislocation modes. 

Grain 
Eeff 

(GPa) 

ISF - Basal 

⟨a⟩ 

ISF – 

Prismatic  ⟨a⟩ 

ISF - Pyramidal 

I ⟨c+a⟩ 

ISF - Pyramidal II 

⟨c+a⟩ 

G1 49.8 0.271 0.127 0.309 0.309 

G2 50.25 0.220 0.133 0.290 0.302 

G3 48.6 0.231 0.299 0.288 0.306 

G4 48.5 0.230 0.308 0.303 0.298 

G5 48.6 0.198 0.306 0.280 0.295 

G6 48.5 0.243 0.286 0.306 0.271 

G7 48.5 0.241 0.300 0.296 0.307 

G8 48.7 0.288 0.203 0.270 0.254 

G9 48.4 0.264 0.293 0.308 0.300 
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G10 48.4 0.274 0.275 0.305 0.283 

G11 48.4 0.294 0.261 0.295 0.291 

G12 48.5 0.293 0.236 0.283 0.261 

G13 48.4 0.282 0.278 0.303 0.296 

 

Figure 4.5 presents the cumulative probability of the first pop-in load and the estimated maximum 

resolved shear stress under different assumptions. As shown in Figure 4.5 (a), the median first pop-

in load for G1 and G2 is higher than that of other grains. Figure 4.5 (b) represents τmax under the 

anisotropic elastic modulus (Eeff), and the maximum possible ISF (0.31). Figure 4.5 (c) illustrates 

τmax, considering the elastic anisotropy (Eeff) with considering the ISF for basal ⟨a⟩-slip. Figures 4.5 

(d–f) present τmax, accounting for elastic anisotropy by incorporating the indentation modulus Eeff 

and the highest ISF for ⟨a⟩-slip (d), ISF for pyramidal-II ⟨c+a⟩-slips (e), and ISF for all slip systems 

(f), respectively.  

While the highest ISF and Eeff are applied for all orientations, Group I (G1 and G2), exhibit the 

highest resolved shear stresses over other orientations (Figure 6(e)). In contrast, when the basal ⟨a⟩ 

ISF is incorporated into the calculation (Figure 4.5(c)), a significant disparity appears in the 

cumulative probability curves, suggesting that basal ⟨a⟩-slip is not the dominant mechanism across 

all orientation ranges. However, using the maximum ISF for ⟨a⟩-slips, as shown in Figure 4.5(d), 

results in a more convergent stress distribution across all grain orientations, although basal 

orientations display slightly lower stress values. 

Figure 4.5 (f) demonstrates that Group I (G1 and G2) have a median shear stress of around 1.3 

GPa while Group II & III orientations have comparatively lower stress, with median values 

of approximately 1 GPa, despite only minor differences for different orientations. While 

considering only ⟨a⟩-slips, the G2 exhibits slightly lower shear stress levels than other grains. The 

variation in the maximum shear stress required for basal orientations compared to others can be 

attributed to the differences in dominating dislocation nucleation mechanisms. 

Irrespective of the adopted ISF for τmax calculations, that τmax at the first pop-in is found to be 0.6-

1.3 GPa, well falling within the range between approximately G/14 to G/30 (where G is the shear 

modulus). This observed stress range aligns closely with theoretical predictions for the critical 

shear stress necessary for dislocation nucleation in crystalline materials [43, 47, 98, 117]. 
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Figure 4.5.  Cumulative possibility of the maximum shear stress of first pop-ins, (a) cumulative probabilities of first 

pop-in load, (b) Anisotropic elastic modulus (Eeff), ISF = 0.31, c) Anisotropic elastic modulus (Eeff), ISF for basal ⟨a⟩ 

dislocation, d) Anisotropic elastic modulus (Eeff), ISF for all ⟨a⟩-type dislocation, e) Anisotropic elastic modulus 

(Eeff), ISF for pyramidal-II ⟨c+a⟩ dislocation, and f) Anisotropic elastic modulus (Eeff), highest ISF for all types of 

dislocations. 
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4.4 Activation volume at the first pop-in 

As mentioned earlier, the first pop-in is recognized as an indicator of dislocation nucleation. The 

statistical nature of this event can be directly correlated to the activation volume associated with 

the first pop-in. By analyzing the probabilistic distribution of pop-in stress, the activation volume 

can be obtained from the equation [47-49]: 

𝑉 =  
π

1.5×𝐼𝑆𝐹
 (

3𝑅

4𝐸𝑟
)2/3 𝑘𝑇𝛼                                                                                                         Eq. 4.5 

Where, α is a parameter obtained from the linear fit of the slope of the ln[−ln(1−F)] versus P1/3 

plot, as illustrated in Figure 4.6. F represents the cumulative probability of given stresses for the 

target grain.  

As shown in Figure 4.6, a bimodal distribution is pronounced in basal orientations G1 and G2. 

This bimodal behavior likely reflects the involvement of different mechanisms of incipient 

plasticity at varying stress ranges [48]. However, for simplicity, we apply a linear fit for the entire 

distribution.  

 

 

23Figure 4.6. ln[−ln(1−F)] versus P1/3 for each grain orientation including the α values. 
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The activation volumes corresponding to various grain orientations are presented in Table 4.3. All 

grains exhibit activation volumes within the range of approximately 27-40 Å³, corresponding to 1-

2 atomic volumes in Mg. The observed small activation volume, involving only 1–2 atom volume, 

cannot be attributed to twin nucleation, which requires a much larger activation volume, i.e., at 

least six atomic layers [10]. This aligns with reported literature, which indicates that a large 

stressed volume—arising from either a large indenter or high loads—is necessary to trigger 

twinning events. Consequently, we exclude twin nucleation from our analysis and attribute the first 

pop-in event to dislocation events. 

 

Table 4.3..Activation volumes measured for various grain orientations, including the α value. 

Grain α Volume (°A
3
) V/Atomic Volume 

G1 2.01 27.44 1.08 

G2 2.58 34.2 1.35 

G3 2.46 35.26 1.39 

G4 2.69 37.47 1.48 

G5 2.16 30.20 1.19 

G6 2.43 35.75 1.41 

G7 2.18 31.02 1.22 

G8 2.42 34.83 1.41 

G9 2.36 34.43 1.36 

G10 2.51 35.02 1.38 

G11 2.45 35.28 1.4 

G12 2.77 40.44 1.6 

G13 2.71 29.58 1.17 

 

4.5. Possible dislocation nucleation mechanism 

The estimated activation volume, across all grain orientations, is approximately 27-40 Å³ (0.8-1.2 

b3), which is slightly higher than the reported values for indentation on the (0001) and (101̅0) Mg 

[15] and falls within the range for other metals [50]. The indentation behaviours of the current 

alloy are expected to resemble that of single-crystal Mg [11, 15], as the current alloy is annealed 

at 500°C for 8 hours, and the stressed volume under each indentation is much smaller than the 
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grain size. As a result, the influence of grain boundaries, twin boundaries, or pre-existing 

dislocations, can be considered negligible. Atomistic simulations on FCC metals, such as Au and 

Ni3Al stressed within small volumes, suggest that a single atom can achieve a critical 

displacement, under large applied strains, serving as the initialization site for dislocation [48, 75]. 

This process, which can be promoted at the surface, falls within the activation volume range of 1-

10 b3 [54]. While dislocation nucleation can also be facilitated by point defects, such as vacancies 

or solutes, the changes in the activation volumes is minimal, as reported in doped high-entropy 

alloys [41] and Mg alloyed with Li, Al, Zn, and Y [20]. Moreover, it is observed that the Gd solute 

in such heat treatment can segregate more in grain boundaries [118]. This indicates that the Gd 

likely has a negligible influence on the activation volumes for dislocation nucleation in the current 

alloy. In short, the surface dislocation nucleation is likely to be the predominant mechanism. 

 

4.6. Early stage of incipient plasticity 

As presented in Table 4.1, most p-h curves exhibit either excursions or deviations before the first 

pop-ins for all grains. Atomistic simulations of multiple materials suggest that the initial 

dislocation structure underneath the indenter usually consists of dislocation semi-loops emerging 

at the surface [68], where local shear stresses approach the material's theoretical strength [50]. The 

formation of a semi-loop can produce small displacements, which, in addition to appearing as 

excursions, can also lead to slight deviations from the Hertzian fit [15]. Atomistic simulations of 

indentation on the (0001)  and (101̅0) Mg confirm that the semi-loops are basal ⟨a⟩-dislocations, 

the easiest slip system [15, 105]. We speculate that such semi-loops are basal ⟨a⟩- dislocations for 

all grains. Theoretically, the shear stress associated with excursions and deviations should be 

identical across all grains. However, the experimental measurement can be largely scattered since 

the formation of semi-loops largely depended on the surface conditions, in addition to the local 

stress fields. In addition, deviations are likely ill-defined in recorded p-h curves, leading to 

scattered comparisons in the measured shear stress for excursions and deviations.    

The first pop-ins, characterized by significant displacement bursts, are attributed to dislocation 

nucleation producing full loops, slipping into the bulk lattice [15, 32]. The above semi-loops can 

act as precursors for the formation of full loops via either the transition of basal to pyramidal 〈c+a〉 

slip, and/or basal to prismatic ⟨a⟩ cross-slip mechanisms [15]. The occurrence of basal-to-prismatic 
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cross-slip has been reported in other modelling studies [119, 120]. As indicated by Figure 4.5(f), 

the cumulative probability curves for the first pop-in converge when the load is normalized to the 

maximum ISF of all slip systems. The scatter in these curves is likely due to the varying possibility 

of multiple cross-slip modes existing in individual grains. Group I (G1 and G2) exhibit slightly 

higher stresses, as a significant fraction of pyramidal ⟨c+a⟩-slip, which requires higher stress due 

to the larger Burgers vector, is expected to compensate for the c-axis deformation. 

4.7. Possible mechanism for successive pop-in mechanism in C-axis 

orientations 

In addition, almost every p-h curve for Group I (G1 and G2) exhibits successive pop-ins (Figure 

4.1). Similar successive pop-ins have been typically reported in both experimental and simulation 

studies of indentation normal to the {111} plane of FCC metals like aluminium (Al) [32] and gold 

(Au) [68], and the basal plane of Mg [15].  The surface dislocation semi-loops, that correspond to 

the excursions, can evolve into immobile Lomer-Cottrell locks via dislocation cross-slip in FCC 

metals, re-enabling elastic deformation between successive pop-ins [86]. Like the Lomer-Cottrell 

lock, the basal-pyramidal dislocation lock has been reported in Mg while ⟨a⟩ and ⟨c+a⟩ dislocations 

interact [68, 121, 122]. This interaction and resulting successive pop-ins, is expected to 

predominate in Group I (G1 and G2) grains compared to the others, as suggested by the proposed 

dislocation nucleation mechanisms.   

 

4.8. Conclusion 

In summary, nanoindentation experiments were conducted on 13 grains of a coarse-grained Mg-2 

wt.% Gd alloy, encompassing basal, prismatic, and pyramidal orientations. The findings provide 

significant insights into the orientation-dependent incipient plasticity of this alloy: 

1. During incipient plasticity, three first pop-in modes were identified: (i) ideal pop-in, (ii) 

pop-in with deviation, and (iii) pop-in with excursion. Statistical analysis reveals a strong 

orientation dependence. Grains G1 and G2, whose loading directions are nearly 

perpendicular to the basal plane, displayed excursions (mode iii) in about half of their load-

displacement curves. In contrast, grains G3–G13 predominantly showed deviations (mode 

ii), except for G5, which exhibited an ideal pop-in (mode i) in 68% of cases. 
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2. Basal orientations exhibit a higher median shear stress (~1.3 GPa) compared to prismatic 

and pyramidal orientations (~1 GPa). The measured shear stress aligns well with theoretical 

values for dislocation nucleation (G/14 to G/30). The difference is attributed to the 

involvement of pyramidal ⟨c+a⟩ dislocations for basal orientations, which accommodate 

plastic deformation along the c-axis.  

3. Load-displacement curves preceding the first pop-in reveal minor excursions and slight 

deviations from Hertz fitting. These behaviors are consistent with the nucleation of semi-

loop basal ⟨a⟩ dislocations at the surface, representing the early stages of incipient plasticity 

and serving as precursors for developing full loops, corroborating atomistic simulations in 

the literature. The first pop-ins are attributed to the transition of surface semi-loops into 

either ⟨a⟩-slip or pyramidal ⟨c+a⟩-slip via cross-slip.  

4. The activation volume associated with the first pop-in event across different grain 

orientations falls within the range of 27 to 40 Å³, roughly equivalent to the volume of about 

two atoms. This is consistent with values reported in simulations, reinforcing the likelihood 

of a surface dislocation nucleation mechanism. Additionally, the small size of this 

activation volume is insufficient to support twinning, which, based on atomistic models, 

generally involves the collective movement of six or more atomic layers. 

5. The exclusive appearance of successive pop-ins in basal orientations highlights orientation-

dependent incipient plasticity in HCP metals, reported here for the first time. This behavior 

likely stems from a basal–pyramidal dislocation lock involving ⟨a⟩ and ⟨c+a⟩ dislocations, 

similar to the Lomer–Cottrell lock in FCC metals. It also supports the nucleation of 

pyramidal ⟨c+a⟩ dislocations along the c-axis in magnesium, aligning with atomistic 

simulation findings in the literature. 
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Chapter 5 – Conclusion and future work 

5.1. Summary of Conclusion 

In summary, nanoindentation experiments were conducted on 13 grains of a coarse-grained Mg-2 

wt.% Gd alloy, encompassing basal, prismatic, and pyramidal orientations. The findings provide 

significant insights into the orientation-dependent incipient plasticity of this alloy: 

1- A stress-free surface of Mg-Gd alloys was successfully prepared using only mechanical 

polishing with a 0.05 μm polycrystalline diamond glycol-based suspension. This approach 

eliminates the need for chemical etching, which is commonly utilized in the literature. Our 

findings demonstrate that an etch-free procedure yields a stress-free surface with a high 

confidence index for EBSD analyses, as well as a smooth, mirror-like finish suitable for the 

nanoindentation measurements. 

2- The nanoindentation experiment was successfully designed to investigate dislocation-based 

incipient plasticity by minimizing the indented volume. Applying a 1000 µN load resulted in 

distinct pop-in events occurring at low loads (<100 µN) and shallow displacements 

(approximately 10–20 nm). This significantly reduced the indented volume and, consequently, 
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minimized the likelihood of twinning nucleation.  Surface probe microscopy (SPM) and high-

resolution scanning electron microscopy (HRSEM) analyses on five different grain 

orientations revealed no evidence of twinning traces, showing only a few scratches likely 

formed during sample preparation. . .  

3- By employing a precise grain identification approach called “grain signing-finding approach”, 

nanoindentation experiments were successfully conducted on 13 different grain orientations, 

with more than 100 indents per orientation. This approach can be applied to other alloy systems 

to investigate a wide range of grain orientations and their mechanical responses via 

nanoindentation. 

4- During the early stages of incipient plasticity, three distinct modes of the first pop-in were 

identified: (i) an ideal first pop-in, (ii) a first pop-in with deviation, and (iii) a first pop-in with 

excursion. Statistical analysis indicates that these modes depend strongly on grain orientation. 

Specifically, grains G1 and G2, with loading directions nearly perpendicular to the basal plane, 

exhibited excursions (mode iii) in approximately 50% of their load-displacement (p-h) curves 

prior to the first pop-in. By contrast, grains G3–G13 primarily displayed deviations before the 

first pop-in (mode ii) in more than half of their p-h curves, with the exception of grain G5, 

which showed an ideal pop-in (mode i) in 68% of the cases. 

 

5- Basal orientations exhibit a higher median shear stress (~1.3 GPa) compared to prismatic and 

pyramidal orientations (~1 GPa). The measured shear stress aligns well with theoretical values 

for dislocation nucleation (G/14 to G/30). The difference is attributed to the involvement of 

pyramidal ⟨c+a⟩ dislocations for basal orientations, which is needed to accommodate plastic 

deformation along the c-axis.  

 

6- The activation volume for the first pop-in across all grain orientations ranges from 27 to 40 Å³, 

corresponding to approximately ∼2 atoms.  This range aligns with simulations in the literature, 

supporting a surface dislocation nucleation mechanism. Furthermore, this activation volume is 

notably too small to support twin nucleation, which typically requires the coordinated motion 

of at least six atomic layers according to atomistic models.  

7- Load-displacement curves preceding the first pop-in reveal minor excursions and slight 

deviations from Hertz fitting. These behaviors are consistent with the nucleation of semi-loop 
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basal ⟨a⟩ dislocations at the surface, representing the early stages of incipient plasticity and 

serving as precursors for developing full loops, corroborating atomistic simulations in the 

literature. 

8- The exclusive observation of successive pop-ins in basal orientations provides new evidence 

of the orientation dependence of incipient plasticity, reported here for the first time in HCP 

metals. This behavior, inspired by atomistic simulations of magnesium under deformation, may 

result from a basal–pyramidal dislocation lock, which occurs when ⟨a⟩ and ⟨c+a⟩ dislocations 

interact—an interaction previously reported in magnesium. This phenomenon is analogous to 

the Lomer–Cottrell lock observed in FCC crystals, which also leads to successive pop-ins 

during incipient plasticity. Furthermore, this behavior supports the involvement of a the 

nucleation of pyramidal ⟨c+a⟩ dislocations along the c-axis in magnesium. 

 

5.2. Suggestions for future work 

Building on the orientation-dependent incipient plasticity observed in Mg-Gd alloys, future 

research should clarify the early stages of plastic deformation to elucidate the underlying 

dislocation mechanisms across various orientations. 

1- Cross-Sectional TEM Analysis Post-Indentation: 

Conducting cross-sectional transmission electron microscopy (TEM) immediately after the 

first pop-in event without extra plastic deformation would enable direct observation of 

dislocation structures and potential cross-slip mechanisms. This real-time structural 

information can validate atomistic models and enhance our understanding of the fundamental 

processes triggering incipient plasticity. 

 

2- Atomistic Simulations for Different Orientations: 

Although this study highlights orientation-dependent incipient plasticity in Mg-Gd alloys, 

comprehensive atomistic simulations are needed to elucidate the detailed mechanisms 

underlying dislocation nucleation in various orientations. In particular, focusing on early stage 

of basal orientations—which exhibited successive pop-ins—could provide a deeper 
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understanding of the atomistic processes governing incipient plasticity under different loading 

directions. 

3- Role of Grain Boundaries in Nano-Grained Alloys: 

Investigating the same Mg-Gd alloy at the nano-grain scale could clarify the influence of grain 

boundaries on incipient plasticity. By systematically varying grain size, researchers can 

determine how boundary characteristics (e.g., misorientation, boundary type) interact with 

dislocation nucleation, pop-in events, and overall plastic deformation. 
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