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Magnesium (Mg) and its alloys are the lightest structural metal in common 
engineering applications, offering substantial weight reductions compared with 
aluminium and steel. Therefore, they are attractive for lightweight design in sectors such 
as automotive and aerospace. However, wider adoption remains limited by relatively 
unsatisfying mechanical properties, which makes the improvement of Mg alloys 
important for reducing vehicle mass and associated carbon emission. Most of the 
strengthening strategies are related to thermal mechanical processing, where plastic 
deformation and subsequent annealing will determine the final microstructure. During 
annealing, two microstructural evolution progresses—recrystallisation and grain growth, 
together decide the final crystallographic texture and grain size, which are two critical 
microstructural features for Mg alloys. Therefore, a mechanistic understanding of 
recrystallisation and grain growth is essential for optimising heat treatment parameters 
and achieving improved properties. 

Nevertheless, despite decades of efforts, the mechanisms controlling 
recrystallisation and grain growth in Mg alloys remain disputed. For example, the origin 
of rare‑earth texture has been variously attributed to solute drag and particle pinning, 
preferential nucleation and oriented growth, etc. In practice, these factors coexist and 
interact during annealing, making it difficult to separate an individual factor for 
investigation. Despite recent development in advance characterisation, the ability of 
efficiently quantifying microstructural evolution to perform factor resolved study is still 
in absence. Accordingly, the key gap is grain‑resolved informatics in time‑resolved 
datasets, i.e. tracking of individual grains throughout large datasets and synthesise 
statistical outcome. 

Therefore, the aim of this thesis is to develop deliciated grains tracking method and 
combine with recent advancements in two-dimensional (2D) and three-dimensional (3D) 
characterisations to revisit long-standing questions, within the annealing related 



 

II 

 

microstructural evolution of Mg. The outcome contains well-structured, time-resolved 
dataset with tracked information of each individual grain, which not only clarify debated 
questions in physical metallurgy, but also accelerated materials informatics approaches 
for the optimisation of Mg alloys design. 

For recrystallisation, quasi-in-situ electron backscatter diffraction (EBSD) was 
used to capture grain-scale evolution during annealing. Three datasets were collected 
from two alloys: Mg–3Al–1Zn (AZ31, one dataset) and Mg–2.4Zn–0.2Ce (wt.%) (ZE20, two 
datasets). To enable statistically robust analysis, an automated grain tracking toolbox, 
Track-Rex, was developed to track individual grains across large quasi-in-situ datasets. 
Tracking was performed for more than 40,000 grains within approximately ten minutes 
and outputs structured datasets are suitable for straight forward analysis. Application of 
Track-Rex clarifies several debated aspects of recrystallisation, including growth and 
shrinkage behaviour of recrystallised grains, texture evolution in rare earth containing 
alloy systems, and the contribution of preferential nucleation sites. 

For grain growth, quasi-in-situ laboratory-based diffraction contrast tomography 
(LabDCT) was employed to investigate microstructural evolution in four-dimensional 
space (3D, 3D + time). Six interrupted annealing steps under argon flow was performed 
on a WE43 alloy, an effective scanning protocol and reconstruction procedure was 
established to yield a large, trackable 4D grain growth evolution dataset, across a 4 mm-
hight, 0.8 mm-diameter rod. Track-4DGG was built for with capability of tracking grains 
individually, as clusters, or for user-defined subsets. The resulting statistical datasets 
enabled analysis of 4D growth kinetics and the behaviours of shrinking, normal growth, 
and abnormal growth, including a correlation with spatial position, 

Overall, this work establishes practical interrupted annealing and characterisation 
workflows for generating large microstructural evolution datasets and delivers 
automated tracking toolboxes that convert such datasets into structured, analysis-ready 
formats. The combined experimental and informatics framework advances 
understanding of recrystallisation and grain growth in Mg alloys, while providing a 
scalable route towards predictive modelling and data-driven processing/design 
optimisation. 

Key words: Mg alloys, recrystallisation, grain growth, texture evolution, EBSD, LabDCT, 
grains tracking, materials informatics. 
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2D/3D .......................... Two/three-dimensional 

3D-EBSD ...................... Three-dimensional electron backscatter diffraction 

3DXRD ......................... Three-dimensional X-ray diffraction 

4D ................................ Four-dimensional (3D + time) 

ACT .............................. Absorption contrast tomography 

AGG ............................. Abnormal grain growth 

ANN ............................. Artificial neural network 

BCC ............................. Body-centred cubic 

BC ............................... Band contrast 
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DCT ............................. Diffraction contrast tomography 

DRX ............................. Dynamic recrystallisation 

EBSD............................ Electron backscatter diffraction 

ECAP ........................... Equal channel angular pressing 

EDM ............................. Electrical discharge machining 
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EDS .............................. Energy dispersive spectroscopy 

FCC ............................. Face-centred cubic 

GBCD ........................... Grain boundary character distribution 

GND ............................. Geometrically necessary dislocation 

GNN............................. Graph neural network 

GOS ............................. Grain orientation spread 

HAGB ........................... High-angle grain boundary 

HCP ............................. Hexagonal close-packed 

HEDM .......................... High-energy diffraction microscopy 

IPF ............................... Inverse pole figure 

LabDCT ........................ Laboratory diffraction contrast tomography 

LAGB ............................ Low-angle grain boundary 

MRD ............................. Multiples of random distribution 

MUD ............................ Multiples of uniform density 

NGG............................. Normal grain growth 

OM ............................... Optical microscopy 

OPS ............................. Oxide polishing suspension 

PFZ .............................. Precipitate-free zone 
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SB ................................ Shear band 

SEM ............................. Scanning electron microscopy 

SF ................................ Schmid factor 

SIBM ............................ Strain-induced boundary migration 

SPD.............................. Severe plastic deformation 

SPFB ............................ Second-phase particles-free band 

TEM .............................. Transmission electron microscopy 

UTS .............................. Ultimate tensile strength 

XRD ............................. X-ray diffraction 
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Chapter 1 Introduction 

Magnesium (Mg) is the lightest structural metal, and its low density makes Mg alloys 

attractive for lightweight design in transportation and aerospace applications. Despite this 

potential, wrought Mg products remain less popular to be used at room temperature compared 

to aluminium alloys because the hexagonal close-packed (HCP) crystal structure promotes the 

development of strong basal textures and limits the number of available deformation modes, 

leading to restricted mechanical properties. Improving the performance of wrought Mg alloys 

therefore relies on controlling the composition–processing–microstructure relationship, with 

grain size and crystallographic texture as the primary microstructural targets. In this context, 

annealing-driven recrystallisation and the subsequent grain growth are of critical importance, 

as they restore ductility, modify texture, and determine the final grain size distribution. 

However, key aspects of recrystallisation and grain growth remain debated, particularly in rare-

earth containing Mg alloys. Recent advances in characterisation techniques now allow time-

resolved observation of microstructural evolution during annealing, but these approaches 

generate large and complex datasets that are difficult to be analysed using conventional manual 

workflows. This challenge motivates the development of automated data-processing strategies 

capable of extracting grain-scale statistics to support materials informatics approaches. 

Materials informatics adopts data-centric methods, including data structuring, feature 

extraction, statistical analysis, and machine learning—to establish quantitative links between 

composition, processing, microstructure, and properties, thereby enabling more efficient 

materials development than traditional trial-and-error approaches. Nevertheless, a practical gap 

remains in the analysis of time-resolved microstructure datasets. Techniques such as electron 
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backscatter diffraction (EBSD) can provide sequential two-dimensional orientation maps, 

while laboratory diffraction contrast tomography (LabDCT) enables non-destructive 

reconstruction of four-dimensional grain structure evolution within bulk material. The resulting 

datasets are data-intensive, and yet still commonly analysed by low-throughput or manual 

approaches. Without robust and hight-throughput data processing strategies, it remains difficult 

to acquire well-structured, analysis-ready datasets, limiting a broader application of materials 

informatics to microstructural evolution investigation. 

The aim of this thesis is to combine time-resolved microstructure experiments with 

automated data-processing methods to quantify recrystallisation and grain growth in three 

representative wrought Mg alloys—AZ31, ZE20, and WE43—and to develop datasets that can 

support predictive modelling of microstructure evolution. For recrystallisation, large quasi-in-

situ EBSD datasets are acquired during interrupted annealing of AZ31 and ZE20 and analysed 

using Track-Rex, a toolbox developed in this work for automated grain correlation across 

extensive EBSD time series. Track-Rex enables the tracking of more than 40,000 grains within 

approximately ten minutes and outputs structured datasets suitable for statistical and data-

driven analysis. The tracked EBSD results provide grain-scale insight into recrystallisation 

kinetic, grains shrinkage and consumption, texture evolution from different nucleation sites, 

the origin and development of rare-earth texture. For grain growth, quasi-in-situ LabDCT is 

employed to reconstruct three-dimensional grain structures in WE43 during interrupted 

annealing steps. A high-quality four-dimensional dataset is established and processed by 

Track-4DGG, a dedicated spatial tracking toolbox that enables analysis of both normal and 

abnormal grain growth, as well as their correlations with spatial position and crystallographic 

orientations. 
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Overall, this thesis establishes practical workflows during interrupted‑annealing and 

characterisation for generating large microstructure evolution datasets and develops automatic 

tracking toolboxes that convert such datasets into structured, analysis‑ready formats. These 

contributions help shift Mg microstructure studies from qualitative comparisons towards 

quantitative analysis with grain‑resolved statistics, which strengthens the basis for mechanism 

investigation and supports a wider application of materials informatics. 

The thesis is organised to build a coherent argument from background, to methodology, 

to grain-resolved analysis. Chapter 2 reviews the physical metallurgy of Mg alloys, with 

emphasis on recrystallisation, grain growth, texture evolution and data-driven approaches. 

Chapter 3 introduces the materials, interrupted annealing procedures, characterisation methods 

and grain-tracking workflows. Chapters 4 and 5 focus on recrystallisation tracking using quasi-

in-situ EBSD and Track-Rex, first at the general statistical level and then at the level of shear-

band-induced nucleation. Chapter 6 extends the tracking concept to four-dimensional LabDCT 

grain growth in WE43 using Track-4DGG. Chapter 7 integrates the main findings and 

discusses their implications for Mg alloy design and process optimisation, while Chapter 8 

identifies future work arising from the limitations and opportunities of the present study. 
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Chapter 2 Literature review 

This chapter reviews the literature underpinning the alloy design of Mg and related 

annealing driven microstructural evolution. Starting with a brief of Mg and its key information 

including crystallography, strengthening mechanisms and thermomechanical processing. It 

then reviews recrystallisation and grain growth of Mg alloys, with emphasis on how three/four-

dimensional (3D/4D) characterisation techniques and materials informatics approaches can be 

applied to quantify microstructure evolution. This chapter concludes by introducing the studied 

alloy systems in this thesis and identifying research gaps and focus. 

2.1 General information of magnesium 

Magnesium is an abundant alkaline earth metal, constituting ~2 wt.% of the Earth’s crust, 

meanwhile identified as the third most dissolved element in seawater (~0.13 wt.%) [1]. Owing 

to its high chemical reactivity, Mg exists predominantly as compounds in minerals. 

Commercially important Mg minerals include the carbonates dolomite (MgCO3·CaCO3) and 

magnesite (MgCO3), the hydroxide brucite (Mg(OH)2), the halide carnallite 

(KCl·MgCl2·6H2O), and silicates such as olivine ((Mg,Fe)2SiO4) [2]. The extraction process 

of metallic Mg is energy intensive due to the stability of the aforementioned minerals, 

necessitating high energy input. Industrial production of Mg is mainly achieved by two routes: 

(i) electrolysis of MgCl2 derived from brines or seawater; (ii) thermal reduction of MgO which 

mostly from the calcination of dolomite [3]. Historically, the bright combustion of Mg enabled 

early applications as pyrotechnics and photographic flash, the scale of Mg production was 

expended during World War II due to the demand for incendiaries and lightweight components 
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in vehicles and aircrafts. Today, Mg are mainly applied as die-cast structural components, 

particularly in the automotive and aerospace sectors where mass reduction is critical, 

representative applications including cross-car beams and gearbox shell [4,5]. Other than 

structural applications, Mg is also widely adopted in body and case of portable electronics (e.g., 

laptop, camera, etc.), where low density and stiffness are beneficial [3,6]. In addition, 

biodegradable Mg are being developed for orthopaedic implants, for the avoidance of 

secondary removal surgery [7–9]. Nevertheless, broader utilisation remains constrained by the 

limitation of mechanical performance, corrosion behaviour, processing conditions, service 

environment, etc. [10–13]. These obstacles continue to motivate innovations on the approaches 

of alloy design, especially the emerging materials informatics methods, which can potentially 

accelerate alloy design optimisation  across composition–processing–microstructure–property 

relationships [14,15]. The aforementioned development barriers ultimately trace back to the 

crystallography of Mg, which is reviewed in the following section. 

2.2 Crystallography of magnesium 

Mg locates in the second group and the third period of the periodic table with an atomic 

number of 12. At ambient conditions, pure Mg crystallises in the hexagonal close‑packed 

structure (space group P63/mmc, No. 194) with lattice parameters a = 0.32094 nm and c = 

0.52108 nm (c/a ≈ 1.624), which is close to the ideal HCP arrangement (c/a = 1.633) [16]. This 

proximality of c/a to the ideal value reflects the close‑packed atomic geometry of the Mg lattice. 

From alloy design perspective, substitutional solid solubility is often discussed by the Hume–

Rothery criteria [17], which states an atomic size difference within 15% is generally favourable 



 

6 

 

for extensive solubility. In practice, the solubility of specific alloying elements in Mg also 

depends on electronic and chemical interactions and temperature [18]. 

The plasticity of Mg is governed by the HCP crystal structure. At room temperature, only 

a limited number of deformation modes is readily activated, compared with face centred cubic 

(FCC) and body centred cubic (BCC) metals. The crystallographic planes and directions in 

HCP structure are commonly described using the four index Miller indices [19], with {hkil} 

for the plane and ˂uvtw˃ for the direction. The common principal deformation modes in Mg 

are summarised and visualised in Table 2.1 and Figure 2.1 [20]. 

Table 2.1 Common principal deformation modes in Mg. 

Deformation modes Plane Direction 

Basal ⟨a⟩ slip {0001} ˂112�0˃ 

Prismatic ⟨a⟩ slip {101�0} ˂112�0˃ 

Pyramidal I ⟨a⟩ slip {101�1} ˂112�0˃ 

Pyramidal I ⟨c+a⟩ slip {101�1} ˂112�3˃ 

Pyramidal II ⟨c+a⟩ slip {112�2} ˂112�3˃ 

Tension twinning {101�2} ˂1�011˃ 

Compression twinning {101�1} ˂1�012˃ 

Compression twinning {101�3} ˂3�032˃ 
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Figure 2.1 Schematic illustration of slip and twinning systems in Mg: (a) a unit cell of 

hexagonal close-packed crystal (b) basal, prismatic, first and second order pyramidal slip, and 

tension, compression twinning systems [20]. 

At single crystal level, plastic deformation initiates when the resolved shear stress on the 

slip or twinning plane reaches its critical value, which is defined as the critical resolved shear 

stress (CRSS). For uniaxial loading, the Schmid’s law is expressed as Equation 2.1 [21]. 

𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐 𝜆𝜆
𝐴𝐴/ 𝑐𝑐𝑐𝑐𝑐𝑐 ∅

= 𝜎𝜎𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐 𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐 ∅ (2.1) 

Where F is the applied force, A is the plane area, σy is the loading stress, ϕ is the angle 

between loading axis and the plane normal, λ is the angle between loading axis and the 

slip/twinning direction. The value of cosλcosϕ is defined as the Schmid factor m (0 ≤ m ≤ 0.5). 

The geometry for resolving an applied stress along a slip/twinning plane is schematically 

illustrated in Figure 2.2 [22]. 
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Figure 2.2 Geometrical relationships between the tensile axis, slip plane, and slip direction 

used to calculate the resolved shear stress in a single crystal [22]. 

Hypothetically, if multiple deformation modes have comparable CRSS values, the 

system with the largest Schmid factor would be expected to activate, which often described as 

the primary deformation mode. However, in Mg, the CRSS values exhibit distinct difference, 
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especially between basal and non-basal systems. Hence, the activation of slip or twinning in 

Mg is governed by both Schmid factor and CRSS value [23,24]. 

The CRSS values of typical deformation modes versus temperature in pure Mg is 

described in Figure 2.3 [25]. Basal ⟨a⟩ slip exhibits notably low CRSS value regardless the 

temperature, measurement in pure Mg single crystals reported a value of ~0.7 MPa [26]. By 

contrast, non‑basal systems show much higher CRSS values at room temperature and decreases 

along temperature [26,27]. 

 

Figure 2.3 Critical resolved shear stress values in pure Mg and versus temperature [25]. 
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Prismatic ⟨a⟩ slip typically shows moderate CRSS values and pyramidal ⟨c+a⟩ slip shows 

higher values under most condition. The addition of alloying elements such as rare-earth, 

calcium, zinc and yttrium could increase CRSS value for both basal and non-basal slip. The 

representative values of non-basal slips in Mg alloys at room temperature are summarised in 

Table 2.2. Consequently, the difference between basal and non-basal CRSS values (by order 

of ~10²) makes basal slip easier to activate than non‑basal systems at ambient conditions. 

Table 2.2 The CRSS values of prismatic ⟨a⟩ slip and pyramidal ⟨c+a⟩ slip in Mg alloys 

Slip system Alloy system CRSS (approximately) Ref 

prismatic〈a〉 Mg–Y–Ca  105 ± 4 MPa [28] 

pyramidal〈c + a〉 Mg–Y–Ca 203 ± 7 MPa [28] 

prismatic〈a〉 Mg–Ca–Zn 85 MPa [29] 

pyramidal〈c + a〉 Mg–Ca–Zn 85 MPa [29] 

prismatic〈a〉 Mg–Y  38 MPa [30] 

pyramidal〈c + a〉 Mg–Y 36 ± 5MPa [30] 
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Hence, the plasticity of Mg at room temperature is dominated by basal slip, with tension 

twins providing an additional mode that accommodates c‑axis deformation. However, the twin 

activation is orientation‑dependent and often provide limited contribution [31]. Therefore, Mg 

possess insufficient independent systems for strain compatibility, as it cannot accommodate 

arbitrary shape changes along the c‑axis. This limitation is commonly discussed in the context 

of the Von Mises criterion [32], which requires five independent systems for homogeneous 

plastic deformation, reflecting the importance of non‑basal and twinning activation in Mg. In 

addition, the scarcity of available non‑basal systems at low temperature results in the poor 

formability and promotes the development of strong basal textures during cold deformation 

process. 

At elevated temperatures, the activation barriers for prismatic ⟨a⟩ and pyramidal ⟨c+a⟩ 

slips decrease substantially, enabling multiple slip activation. The increased availability of 

deformation modes improves strain accommodation and thus explains the better ductility and 

of Mg at higher temperatures [25]. 

In addition to temperature, alloying elements, mechanical processing and heat treatment 

[23,33,34] can further modify the formability and strength, these alloy design strategies are 

discussed in the following section. 

2.3 Design and strengthening of magnesium alloys 

Pure Mg exhibits poor strength and limited ductility [35]. Hence, alloy design and 

microstructural control are essential to achieve ideal combination of strength and ductility [36]. 

To avoid ambiguity in composition and condition, the American Society for Testing and 
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Materials (ASTM) codification system [37] is adopted throughout this thesis when referring to 

Mg alloys. In this designation, the first two letters stand for the two principal alloying elements, 

the following two numbers indicate their approximate nominal contents in weight percentage, 

and sometimes an additional letter (e.g., A, B) distinguishing compositional variants may 

follows. A temper designation (e.g., -T6) is appended to describe the processing and heat 

treatment condition, as detail listed in Table 2.3 and Table 2.4. For example, AZ91E-T6 

denotes a high-purity variant of AZ91, which nominally has ~9 wt.% of aluminium and ~1 wt.% 

of zinc, with manganese additions for impurity control, in a solution treated and artificially 

aged condition. 

Table 2.3 ASTM alloy designation for Mg alloys [37]. 

Alloying Element Abbreviation Letter 

Aluminium A 

Manganese M 

Rare Earth E 

Silver Q 

Yttrium W 

Zinc Z 

Zirconium K 
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Table 2.4 ASTM temper and heat-treatment designations for Mg alloys. 

Code Condition 

O Annealed, Recrystallised (wrought) 

T1 Cooled and naturally aged 

T2 Annealed (cast products) 

T3 Solution heat treated then cold work 

T4 Solution heat treated 

T5 Cooled then artificially aged 

T6 Solution heat treated and artificially aged 

T7 Solution heat treated and stabilised 

T8 Solution treated, cold work, artificially aged 

T9 Solution treated, artificially aged, cold work 

T10 Cooled, artificially aged cold work 

Commercial alloy systems are considerate about price and performance. For example, 

Mg–Al–Zn alloys (AZ series) are widely deployed for its low cost and good castability, Al and 

Zn provide solid solution strengthening and precipitation strengthening arises from Mg–Al 

intermetallic phases (e.g. β-Mg₁₇Al₁₂). However, wrought products of AZ series often develop 
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strong basal textures after mechanical processing, thus results in limited ductility and 

pronounced anisotropy [38–40]. 

By contrast, rare-earth containing alloy systems such as the Mg–Y–RE alloys (WE 

series), are designed with optimised properties, particularly at elevated temperature—through 

RE solutes and thermal stable precipitates. In addition, RE containing wrought alloys typically 

exhibit weakened basal textures after thermomechanical processing and annealing, which 

contributes to improved formability and more isotropic mechanical behaviour [41–44]. 

The Mg alloy design generally aims at mitigating room temperature formability without 

sacrificing strength or achieving improvements simultaneously, which is possible through 

tailoring composition, processing, and heat treatments. In other words, through combining 

multiple strengthening mechanisms, including solid solution strengthening, precipitation 

strengthening, grain refinement, and texture modification [38,45]. The following subsections 

focus on each mechanism specifically. 

2.3.1 Solid solution strengthening 

Solid solution strengthening arises when alloying elements are dissolved into matrix and 

increase resistance to dislocation motion through lattice–dislocation interactions. Since 

interstitial solid solution is limited in Mg matrix, strengthening solutes act predominantly as 

substitutional solid solution. The strengthening efficiency depends on solute types and 

concentration as well as size misfit [45–47]. 

Aluminium and zinc exhibit appropriate solubility in Mg matrix at solution temperature 

and thus provide stable strengthening effect in common wrought alloys (e.g., AZ series). By 
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contrast, yttrium and rare-earth solutes such as gadolinium provide stronger strengthening 

effect per solute atom but limited by solubilities. Once the maximum solubility is exceeded, 

strengthening mechanism shifts from solid solution strengthening to precipitation 

strengthening [38,46–48]. Figure 2.4 shows representative room temperature stress strain 

curves for Mg–Y binary alloys at different yttrium concentrations, illustrating how the solute 

additions modify the mechanical performance [49]. 

From a heat treatment perspective, solution treatment followed by rapid quenching is 

commonly applied to maximise retained solute in the matrix and establish a starting state for 

subsequent ageing, which is introduced in the next subsection [38,45]. Table 2.5 summarises 

the solubility of common alloying elements in the Mg matrix [25]. 

Table 2.5 Solubility of alloying elements in Mg matrix [25]. 

Element at% wt% Condition 

Aluminium 11.8 12.7 Eutectic 

Manganese 1.0 2.2 Peritectic 

Zinc 2.4 6.2 Eutectic 

Yttrium 3.75 12.5 Eutectic 

Zirconium 1.0 3.8 Peritectic 

Silver 3.8 15.0 Eutectic 

Lanthanum 0.04 0.23 Eutectic 

Cerium 0.1 0.5 Eutectic 

Neodymium 1 3 Eutectic 

Samarium 1 6.4 Eutectic 

Gadolinium 4.53 23.49 Eutectic 

Terbium 4.6 24.0 Eutectic 

Thulium 6.3 31.8 Eutectic 

Ytterbium 1.2 8.0 Eutectic 
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Figure 2.4 Typical room temperature stress strain curves for Mg–Y binary alloys at different 

yttrium contents [49]. 

2.3.2 Precipitation strengthening 

Precipitation strengthening is achieved by establishing fine distribution of second phase 

particles. After solution treatment and rapid quenching, ageing promotes solute clustering and 

precipitation. Strength increases because precipitates impede dislocation motion, therefore the 

strengthening effect strongly depends on precipitate size, density, distribution and coherency 

[38,45]. 

The morphology and habit plane are two important features regarding to strengthening 

effect in Mg, because it decides which deformation modes are most effectively obstructed. For 
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example, the same β-Mg₁₇Al₁₂ precipitate phase exhibits different age hardening response 

between Mg-Al systems and Al-Mg systems. This is because the β-Mg₁₇Al₁₂ precipitates 

normally habit on non-basal planes or grain boundaries in Mg matrix, thus has limited ability 

to obstacle basal slip, which is often the dominant modes in Mg. On the other hand, in FCC Al 

matrix, multiple equivalent slip systems can be intersected more effectively, therefore gives 

more strengthening effect. Mg–Zn systems normally demonstrate better age hardening 

response, because the morphologies of Mg–Zn intermetallic (e.g., MgZn₂) phases are more 

effective against basal dislocations motions [38,45,50,51]. 

In rare earth containing alloys, multiple precipitation sequences can form during ageing, 

including plate-like or rod-like phase on prismatic plane, these morphologies can provide more 

effective resistance to basal dislocation motion. In addition, these precipitates can contribute 

to high-temperature performance because of their thermal stability against coarsening [52,53]. 

Figure 2.5 shows an example of transmission electron microscopy (TEM) results recording the 

precipitation distribution of an WE43 alloy after solution treatment and hot extrusion, where 

nano-size precipitation contributes to excellent mechanical properties [54]. 

In practice, precipitation strengthening depends on heat treatment design. Solution time 

and temperature, ageing scheme are often tailored to maximise fine precipitate distribution 

while avoid over-ageing [38,39]. 
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Figure 2.5 Transmission electron microscopy results of WE43 alloy after solution treatment 

and hot extrusion. (a, b) Morphology and distribution of precipitated phase. (c, d) Dynamic 

recrystallised grains and boundary morphology. (e) Morphology of block-like phases [54]. 

2.3.3 Grain refinement 

Grain refinement is an effective strengthening mechanism in Mg alloys. Following the 

Hall–Petch relationship as showed in equation (2.2), the yield stress σy increases as grain size 

d decreases because increased boundaries fraction impedes dislocation motion. Physically, σ₀ 

represents the intrinsic lattice resistance to dislocation motion within grains, whereas k is the 

Hall–Petch coefficient quantifying the strengthening contribution from grain boundaries via 

dislocation pile-up effects. The value of k is relatively higher in Mg comparing with other FCC 

metals [55,56]. 

𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + 𝑘𝑘𝑑𝑑−
1
2(2.2) 
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Grain size is controlled by both alloying addition and processing. Grain refiners such as 

Zirconium (Zr) (in Al-free systems) and Calcium (Ca) can promote heterogeneous nucleation 

during solidification, leading to finer as-cast grains. Thermomechanical processing such as 

extrusion, rolling, forging, and severe plastic deformation (SPD) routes like ECAP, dynamic 

and post-annealing recrystallisation can generate refined grain structure when suitable strain 

path and temperature are appropriately selected [40,55]. 

In Mg, grain refinement can also improve ductility by reducing strain localisation and 

promoting homogeneous activation of slip and twinning across differently oriented grains. 

However, very fine (ultrafine/nanocrystalline) grain sizes may reduce work-hardening capacity 

and can penalise uniform tensile elongation depending on alloy system and texture [40,55]. 

Figure 2.6 and Figure 2.7 summarise typical grain-size effects reported for Mg alloys [57,58]. 

Decreasing grain size increases yield strength, while the ductility response can be alloy- and 

processing-dependent. In several Mg–RE and Mg–Zn systems, a reduction in grain size has 

been reported to improve both strength and elongation, consistent with more homogeneous 

deformation in fine-grained HCP microstructures. Grain refinement can also improve fatigue 

resistance by delaying crack initiation and reducing the severity of strain concentrations at 

microstructural features. Overall, grain-size optimisation is a practical design lever, but it must 

be balanced against the tendency for grain growth during heat treatment or in-service exposure. 

A further practical issue is grain-size stability: refined grains tend to coarsen during 

subsequent heat treatment or service exposure unless grain growth is inhibited by solute drag 

and/or particle pinning (Zener drag) [55,56]. The relatively high Hall–Petch coefficient in Mg 

is mainly associated with its HCP crystal structure and limited number of easily activated 

deformation modes at room temperature. Because basal <a> slip is the dominant slip mode and 
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cannot accommodate c-axis strain, deformation compatibility between neighbouring grains is 

more difficult than in many FCC metals. Grain boundaries therefore act as strong barriers to 

dislocation motion, slip transfer and twin propagation. With decreasing grain size, the increased 

boundary density raises the stress required for plastic deformation, making grain refinement 

particularly effective for strengthening Mg alloys. 

 

Figure 2.6 Engineering stress-strain curves of Mg–3Gd alloys at different average grain sizes 

obtained by different annealing conditions [57]. 
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Figure 2.7 A summarise of literature data showing (a) strength vs. grain size, (b) elongation 

vs. grain size for Mg and Mg alloys [58]. 
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2.3.4 Texture modification 

Texture control is a critically important aspect of wrought Mg alloy design. 

Crystallographic texture describes the preferred orientation distribution of grains in a 

polycrystal. Rolled and extruded Mg alloys frequently develop strong basal textures, which 

contribute to anisotropic mechanical behaviour, limited formability and pronounced tension–

compression asymmetry because basal slip and twinning are activated differently depending 

on loading direction relative to the basal poles [40]. 

Texture modification aims to weaken basal texture intensity and/or tilt basal poles away 

from the processing direction so that multiple deformation systems can be activated more 

uniformly. This typically improves ductility and formability and reduces anisotropy, even if 

the absolute strength increase is modest [42]. 

The most common two strategies are: 

• Alloying-driven texture modification: RE additions (and in some systems Ca) can 

promote broadened or split basal pole figures after processing and annealing, often 

referred to as “rare-earth texture”, and are widely associated with improved ductility and 

more isotropic behaviour. The underlying origin is linked to changes in recrystallisation 

nucleation and growth selection as well as solute/precipitate effects [41–44,59]. 

• Processing-driven texture modification: strain paths that introduce additional shear—

such as cross-rolling, asymmetric rolling, or modified extrusion geometries—can weaken 

conventional basal textures by altering the balance between deformation mechanisms and 

recrystallisation selection [40,42]. 
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Because texture evolution is tightly coupled to recrystallisation, both deformation 

temperature and subsequent annealing schedules must be selected with care. Figure 2.8 shows 

an example of the as-rolled and annealing textures for the Mg–1Zn–1Ce–0.6Zr, Mg–1Zn–1Gd–

0.6Zr, Mg–1Ce and Mg–1Gd to illustrate the effect of annealing addition on texture control 

[15,60]. 

 

Figure 2.8 (a) Basal pole figures for Mg–Zn–Zr–Gd and Mg–Zn–Zr–Ce for rolled and 

annealed states. (b) Basal pole figures for Mg–1Ce and Mg–1Gd for rolled and annealed 

states [15,60]. 
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2.3.5 Summary 

Solid solution strengthening, precipitation strengthening, grain refinement and texture 

modification are not independent design tools in Mg. Alloy chemistry controls solubility and 

phase stability, processing governs grain size and texture development, and heat treatment 

determines precipitation state and microstructural stability. Magnesium alloy design is 

therefore best viewed as an integrated composition–processing–microstructure–property 

optimisation problem, as schematically summarised in Figure 2.9. 

 

Figure 2.9 Schematic relationship between alloy design, processing, microstructure and 

properties. 

2.4 Processing of magnesium alloys 

This section reviews the principal thermomechanical processing routes for Mg alloys, 

emphasising the controlling role of deformation temperature. For clarity, the discussion is 
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organised into (i) cold deformation (near ambient temperature) and (ii) hot deformation (warm–

hot working), where recovery and dynamic recrystallisation (DRX) become increasingly 

important in governing flow behaviour, microstructure and texture. 

2.4.1 Cold deformation 

Cold deformation refers to plastic shaping carried out at or near room temperature (e.g., 

cold rolling, bending, stamping). For Mg alloys, cold work is intrinsically challenging because 

the HCP crystal structure provides a limited set of readily available deformation modes at 

ambient temperature. Basal ⟨a⟩ slip and extension twinning are comparatively easy to activate, 

whereas prismatic ⟨a⟩ and pyramidal ⟨c+a⟩ slip systems typically require substantially higher 

stresses. Consequently, strain accommodation—particularly along the c-axis—is restricted and 

deformation becomes strongly orientation-dependent, which promotes localisation and early 

cracking in unfavourably oriented grains [39,61]. 

As deformation proceeds, strain is frequently partitioned into deformation 

heterogeneities such as twin bands, twin–twin interactions and shear bands, which generate 

strong gradients in dislocation density and internal stress between neighbouring regions. These 

features are often accompanied by rapid work hardening at low temperature, because recovery 

processes are kinetically limited and dislocations accumulate rather than being annihilated or 

rearranged. In addition, the polarity of twinning contributes to the characteristic tension–

compression yield asymmetry commonly observed in many Mg products under room-

temperature loading.  

Microstructurally, cold-deformed Mg alloys typically develop elongated grains 

containing dense dislocation networks, substructure (e.g., subgrains) and a high density of 
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twins, together with a pronounced deformation texture. Although such stored energy can be 

detrimental in terms of residual stress and damage accumulation, it also provides the 

thermodynamic driving force for subsequent recovery and static recrystallisation during post-

deformation annealing. When carefully controlled, this can be exploited to refine grain size 

and, in some cases, modify texture; however, the limited cold formability of many commercial 

Mg alloys means that industrial practice often restricts cold work to small reductions and/or 

uses intermediate annealing or warm-forming schedules to restore ductility and avoid cracking 

[61]. 

2.4.2 Hot deformation 

Hot deformation of Mg alloys is typically conducted in the warm-to-hot regime 

(commonly ≈250–500 C, depending on alloy system, section thickness and process), 

encompassing hot rolling, extrusion and forging. With increasing temperature, the CRSS for 

non-basal slip systems decreases, enabling plasticity to be shared across a larger number of 

independent slip systems. Compared with cold deformation, this broadens the processing 

window for wrought Mg products by reducing the reliance on intense twinning and mitigating 

strain localisation [62]. 

A key distinguishing feature of hot working is that dynamic restoration operates 

concurrently with deformation. Dynamic recovery—mediated by dislocation climb, cross-slip 

and rearrangement into lower-energy configurations—reduces work hardening and may lead 

to near steady-state flow at large strains. Under suitable temperature–strain-rate conditions, 

dynamic recrystallisation becomes active and refines the microstructure. In Mg alloys, DRX 

can proceed via multiple pathways, including discontinuous DRX (grain-boundary bulging), 
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continuous DRX (progressive subgrain rotation) and twin-assisted DRX; the balance between 

mechanisms depends on alloy chemistry, initial microstructure and deformation conditions 

[34,63,64]. 

The combined influence of temperature and strain rate is often expressed using the 

Zener–Hollomon parameter, as expressed in equation 2.3, where ε is the strain rate, Q is the 

activation energy, R is the gas constant and T is the temperature. Z parameter provides a 

practical framework for correlating hot-working conditions with flow stress and DRX grain 

size. Numerous studies report that the characteristic DRX grain size decreases with increasing 

Z (i.e., higher strain rate and/or lower temperature), reflecting the competition between 

recrystallisation, recovery and grain growth during hot deformation [34,63,65,66]. 

𝑍𝑍 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀 (𝑄𝑄/𝑅𝑅𝑅𝑅)(2.3) 

Texture evolution during hot deformation remains influenced by the ease of basal slip, 

so conventional rolling/extrusion can still produce strong basal textures. However, the 

activation of additional slip modes and the occurrence of DRX frequently reduce texture 

intensity and/or rotate basal poles away from the ideal alignment. Alloying additions—

particularly rare-earth elements—can further modify recrystallisation behaviour and texture 

selection, contributing to weaker or “split” basal textures that improve formability and reduce 

anisotropy. Therefore, optimisation of hot-working schedules requires integrated control of 

deformation temperature, strain rate, strain path, inter-pass time and cooling/annealing practice, 

while accounting for solute/precipitate states that influence boundary mobility through solute 

drag and particle pinning [40,44,61,63]. 
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2.5 Annealing of magnesium alloys 

After cold or hot deformation, Mg alloys are commonly subjected to post-processing 

annealing to relieve residual stresses, restore ductility and tailor grain size and crystallographic 

texture [34,67,68]. The as-deformed microstructure contains a high density of lattice defects 

(dislocations, subgrain boundaries and deformation twins), which store elastic energy. During 

static annealing, this stored energy is progressively reduced through three closely related 

processes: recovery, primary (static) recrystallisation and subsequent grain growth [34,67]. 

The annealing response of Mg alloys depends strongly on the prior deformation history 

(strain magnitude, strain path, deformation temperature, and the extent of any dynamic 

recovery/recrystallisation already achieved) as well as alloy chemistry (solute content, 

precipitation/second phases, and impurity level) [34,67,69,70]. In practice, these processes 

rarely occur as sharply separated stages: recovery can overlap with the early stages of 

recrystallisation, while recrystallised grains may begin to coarsen if the temperature is high or 

the holding time is extended [34,67,71]. 

Recovery is typically the first stage. It reduces dislocation density and internal stresses 

while leaving the original grain framework largely intact [34,67]. Microscopically, recovery 

proceeds by dislocation annihilation and rearrangement into lower-energy configurations, 

commonly producing subgrain structures and low-angle boundaries [34]. In Mg alloys, the 

extent and kinetics of recovery are sensitive to temperature and to solute/particle content: solute 

drag and particle populations can retard defect rearrangement and boundary motion, thereby 

modifying the balance between recovery and recrystallisation and influencing subsequent grain 

growth stability [44,70]. 
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2.5.1 Recrystallisation 

With sufficient temperature and/or time, primary (static) recrystallisation replaces the 

deformed microstructure with new, comparatively strain-free grains. Recrystallisation involves 

two coupled steps: nucleation of new grains at favourable sites and growth of those nuclei into 

the surrounding high-stored-energy matrix via grain boundary migration. For Mg alloys, 

nucleation sites and mechanisms are strongly coupled to deformation substructure (orientation 

gradients, dislocation structures and twins), and they ultimately determine both the 

recrystallised grain size and the resulting texture [15,34,67,69]. 

• Grain-boundary nucleation and strain-induced boundary migration (SIBM). High-

angle grain boundaries are high-energy interfaces and commonly accumulate dense 

deformation structures in adjacent boundary regions. During annealing, parts of an 

existing boundary can bulge into a more heavily deformed neighbour, leaving behind 

fine recrystallised grains. This boundary-bulging process (often described as SIBM) is 

frequently associated with a “necklace” microstructure, in which fine recrystallised 

grains decorate prior grain boundaries [34]. 

• Twin-assisted nucleation. Deformation twinning provides additional internal interfaces 

within grains, and twin-related regions (particularly twin–twin intersections and 

contraction/double twins) can develop strong local orientation gradients and high stored 

energy. These regions can act as preferential nucleation sites, promoting recrystallisation 

within grain interiors rather than only along prior grain boundaries. Importantly, the 

potency of twin-assisted nucleation depends on twin type and the local substructure, and 

it can therefore bias the recrystallised orientation distribution [15,72–74]. 
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• Particle-stimulated nucleation (PSN). In alloys containing sufficiently large, hard 

second-phase particles (typically micron-scale), deformation generates pronounced 

strain gradients (“particle deformation zones”) due to local strain incompatibility. These 

high-dislocation-density zones can become preferred nucleation sites during annealing. 

PSN tends to weaken texture because nuclei formed around particles are less constrained 

to inherit parent orientations, although its net influence depends on its competition with 

other nucleation mechanisms and on subsequent growth selection [15,70,75]. 

• Continuous recrystallisation via subgrain rotation. Under some conditions (often 

when deformation and/or annealing promote extensive subgrain development), subgrain 

formed during recovery can progressively increase their misorientation until they evolve 

into high-angle boundaries, producing a more continuous transition from recovery to 

recrystallisation. While discontinuous nucleation routes are common in heavily cold-

worked Mg, continuous routes can contribute to fine, relatively uniform recrystallised 

structures within selected processing windows and compositions [34,69]. 

Once nuclei form, their growth is driven by the reduction in stored energy: grain 

boundary migration consumes highly defected material and replaces it with a lower-defect 

lattice. Recrystallisation kinetics can be rapid at typical annealing temperatures for wrought 

Mg alloys, and the final grain size is largely governed by the balance between nucleation 

density (linked to stored energy) and boundary mobility (strongly affected by solutes and 

particles) [44,70]. 

A particularly important special case is the so-called “rare-earth effect”, where certain 

RE additions (e.g., Y, Gd, Nd- or Ce-containing systems) are widely reported to weaken the 
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conventional basal texture and promote broader, off-basal components after recrystallisation. 

Multiple mechanisms have been proposed; recurring themes include (i) changes in the 

deformation substructure and nucleation landscape (e.g., increased propensity for non-basal 

deformation substructures and twin/shear-band related nucleation) and (ii) solute 

segregation/drag effects that modify boundary mobility and growth selection, potentially in an 

orientation-dependent manner. The practical outcome is a more dispersed orientation 

distribution and improved ductility/formability, which is why RE-containing alloys remain 

benchmark systems in texture-control studies [15,44,76–78]. 

2.5.2 Grain growth 

If annealing continues after primary recrystallisation is largely completed, the 

microstructure may coarsen by grain growth, driven by the reduction of total grain boundary 

area and energy. Grain growth in Mg alloys is commonly discussed in terms of normal grain 

growth (NGG) versus abnormal grain growth (AGG), with solute/particle effects often 

determining which regime is observed [71,79]. 

In NGG, the microstructure coarsens relatively uniformly: grains compete with 

neighbours under curvature-driven motion, small grains shrink and disappear, and the grain 

size distribution remains broadly self-similar while shifting to larger sizes. A widely used 

kinetic form is expressed as equation 2.4 [68]: 

𝐷𝐷𝑛𝑛 − 𝐷𝐷0𝑛𝑛 = 𝐾𝐾𝐾𝐾(2.4) 

where D is the characteristic grain size, D0 is the initial size, n is the growth exponent 

and K is a temperature-dependent constant. Consistent with diffusion-controlled boundary 
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mobility, grain growth accelerates strongly with increased K. In practical Mg alloys, grain 

boundaries do not migrate freely. Dispersed particles (precipitates or stable second phases) 

exert a pinning pressure that opposes boundary motion (Zener pinning), imposing an upper 

bound on grain size when pinning balances the capillarity driving force. A commonly used 

estimate for a limiting size is determined by equation 2.5 [80]: 

𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
4𝑟𝑟
3𝑓𝑓

(2.5) 

Where r is particle radius and f is particle volume fraction (for an idealised dispersion of 

spherical particles). In addition to particle pinning, solute atoms can reduce boundary mobility 

through solute drag and segregation effects, which can be particularly pronounced in some RE-

containing systems and may influence growth selection and texture evolution [44,78]. 

AGG refers to a non-uniform coarsening mode where a small fraction of grains grows 

disproportionately large, producing a bimodal grain size distribution. In Mg alloys, AGG is 

commonly associated with an imbalance in growth constraints—e.g., non-uniform pinning 

(particle coarsening/dissolution in specific temperature windows), heterogeneous boundary 

mobility, or texture-related growth advantages that allow certain grains to “break away” from 

a pinned matrix. When AGG occurs, it can strongly affect texture because a few very large 

grains may dominate the volume fraction and therefore the macroscopic orientation distribution. 

From a processing standpoint, suppressing AGG typically requires maintaining effective 

pinning (through stable dispersoids/precipitates), controlling solute redistribution, and 

avoiding annealing windows where the pinning population becomes ineffective [81]. 
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2.5.3 Texture evolution 

Across recovery, recrystallisation and grain growth, texture evolution is best understood 

as a competition between (i) inheritance from the deformed state and (ii) selective 

nucleation/growth mechanisms that bias which orientations survive. Recovery generally 

preserves the deformation texture because it rearranges defects without introducing new grain 

orientations. During recrystallisation, texture may be retained, weakened or reoriented 

depending on whether nucleation is dominated by boundary bulging, twins, PSN and/or shear-

band-related pathways, and on whether subsequent growth selection favours particular 

orientations. During grain growth, texture can remain stable if mobility differences are small, 

but it can also sharpen if certain orientations have a sustained growth advantage or if AGG 

occurs [70,72,73,76–78]. 

Overall, post-processing annealing in Mg alloys is a balancing act: recrystallisation is 

often required to restore ductility and refine the microstructure, but excessive holding risks 

grain coarsening and potentially undesirable texture sharpening or AGG. This trade-off—and 

its sensitivity to alloy chemistry and processing history—motivates more quantitative, data-

rich studies of microstructure evolution in Mg alloys, which are reviewed in the following 

section. 

2.6 Studies of microstructural evolution in magnesium alloys 

Microstructure evolution underpins the performance of wrought Mg alloys. During 

thermomechanical processing and subsequent annealing, the microstructure evolves through (i) 

the accumulation and partial removal of stored defects (dislocations, subgrain boundaries and 
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twins), (ii) recrystallisation (static or dynamic depending on the processing route), and (iii) 

grain growth. These processes reshape grain-size distributions, grain-boundary character and 

crystallographic texture, and therefore control the balance between strength, ductility and 

anisotropy in service. Because Mg has a HCP lattice, microstructure evolution is strongly 

coupled to crystallography: deformation substructures are highly orientation-dependent, and 

deformation twinning can play a central role in stored-energy partitioning, nucleation, and 

texture evolution. As a consequence, classical frameworks developed largely from fcc systems 

remain valuable conceptually, but Mg often requires additional attention to twinning-assisted 

pathways and texture-selection effects. 

2.6.1 Classic investigations 

Early investigations of recrystallisation and microstructure evolution in wrought Mg 

alloys were largely constrained by the available characterisation methods. The standard 

workflow was to impose deformation, anneal for discrete time–temperature conditions, and 

then compare “before/after” states using metallography. Optical microscopy, combined with 

manual (or intercept-based) grain-size measurements, was used to identify the emergence of 

strain-free grains and to document subsequent coarsening at longer annealing times. Where 

microstructural datasets were sparse or statistically limited, the progress of recrystallisation 

was often inferred indirectly from macroscopic softening metrics—most commonly 

microhardness—because annealing typically reduces hardness as stored defects are removed 

and the deformed matrix is progressively replaced by recrystallised grains. A representative 

example is the work of Su et al. on AZ31, where recrystallisation kinetics were analysed 

through hardness-based “fractional softening” when direct microstructural tracking was limited 

[82,83]. 
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To interpret such limited time–temperature datasets, many studies adopted 

phenomenological kinetic descriptions, most frequently Johnson–Mehl–Avrami–Kolmogorov 

(JMAK) [84] type forms. While this approach offers a pragmatic way to summarise kinetics 

via fitted parameters (e.g., the Avrami exponent), it rests on strong simplifying assumptions—

most notably spatially random nucleation and idealised nucleation/growth rate behaviours [85]. 

In Mg alloys, however, recrystallisation is rarely spatially uniform: nucleation is strongly 

biased towards microstructural heterogeneities (grain boundaries, twins, shear bands, particle-

affected zones), and both driving force and boundary mobility can vary substantially across the 

microstructure. Consequently, deviations from “ideal” behaviour should not be viewed as 

anomalies but as symptoms of heterogeneous nucleation and non-uniform growth conditions; 

this is explicitly reflected in kinetic analyses that separate high-stored-energy regions (e.g., 

twin- and shear-band-containing zones) from lower stored-energy regions [83]. 

Mechanistic understanding improved markedly with the increasing use of electron 

microscopy. A classic TEM-based study by Myshlyaev et al. [86] on hot-worked AZ31 

demonstrated how twinning and its evolution with temperature introduce pronounced 

microstructural heterogeneity: twins were observed over a broad temperature range, twin bands 

developed dislocation cells and subgrains as temperature increased, and the earliest 

dynamically recrystallised grains were reported at twin intersections—highlighting that 

twinning-related interfaces can act as preferential sites for recovery/recrystallisation processes 

because they concentrate lattice curvature and stored energy [86]. Complementary 

crystallographic studies using EBSD micro-texture analysis reinforced this picture for static 

recrystallisation: new grains forming at compression twins in AZ31 were found to show 

orientation characteristics similar to subgrains within twins or shear bands, consistent with 
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nucleation that is strongly “microstructure-selected” rather than spatially random [87]. These 

insights also helped underpin later, widely cited texture arguments in Mg processing: Stanford 

and Barnett’s seminal extrusion study linked rare-earth additions to a weakened extrusion 

texture and proposed that the characteristic “rare earth” texture component arises from oriented 

nucleation at shear bands, explicitly tying macroscopic texture outcomes to local 

heterogeneity-driven nucleation [41]. 

Despite their importance, classical approaches have intrinsic limitations that restrict 

mechanistic and predictive insight. Microhardness and bulk softening curves conflate multiple 

concurrent processes (recovery, recrystallisation and—in some alloys—precipitation or solute 

redistribution), while optical microscopy provides limited crystallographic information and 

samples only a 2D section that may not capture the full heterogeneity of nucleation sites. TEM 

offers the necessary spatial resolution for substructure-level mechanisms but is inherently local 

and may not be statistically representative of the microstructure as a whole. More broadly, the 

reliance on ex-situ “snapshot” comparisons makes it difficult to separate nucleation from 

growth, quantify the competition between grains, or attribute final texture/microstructure to 

specific nucleation sites with confidence. These shortcomings echo long-standing critiques in 

the wider recrystallisation literature, which emphasise that genuinely predictive models remain 

limited by incomplete quantitative characterisation of the deformed state and an inadequate 

understanding of the properties of migrating boundaries. 

Collectively, these constraints motivate the shift to advanced, data-intensive 

characterisation strategies capable of tracking microstructural evolution directly and at scale—

particularly (quasi-)in situ EBSD and automated grain-correlation approaches that follow many 

thousands of grains through nucleation, growth, stagnation and even consumption. For example, 
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Track-Rex was developed explicitly to analyse quasi in situ EBSD datasets by grain correlation 

and to automatically track large grain populations, enabling questions about when and where 

nuclei form, and which grains ultimately dominate the fully recrystallised microstructure, to be 

answered quantitatively. Track-rex is designed to work with experimental data where 

crystallographic orientation is recorded. 

2.6.2 Applications of advanced characterisations 

Over the past two decades, microstructure-evolution studies in Mg have increasingly 

shifted from low-throughput comparisons to data-rich, time resolved datasets. A key enabler 

has been the widespread adoption of electron backscatter diffraction (EBSD), which provides 

quantitative orientation maps over statistically meaningful areas. EBSD makes it possible to 

move beyond average grain size by directly measuring grain-size distributions, misorientation 

statistics, grain-boundary character and texture evolution, and by mapping how these quantities 

vary along time within a sample. 

EBSD also enables more defensible estimates of recrystallised fraction than purely 

hardness-based proxies, because recrystallised grains can be identified using criteria based on 

low internal misorientation and/or the emergence of new orientations. In situ and quasi in situ 

EBSD approaches strengthen this further by mapping the same area sequentially during 

interrupted annealing or during high-temperature EBSD experiments, allowing direct 

observation of which regions are consumed, which nuclei emerge, and how texture evolves as 

recrystallisation proceeds [88]. 

Where sequential EBSD datasets are available, grain-tracking approaches provide an 

additional step change: rather than comparing statistics between time steps, individual grains 
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can be followed to quantify grain-resolved trajectories (growth, stagnation or consumption) 

and to link these trajectories to crystallography and local neighbourhood context. Recent work 

has formalised such analysis through dedicated toolboxes for tracking recrystallisation 

nucleation and grain growth across time-resolved datasets [89,90]. 

Beyond two-dimensional surface mapping, three-dimensional and time-resolved (3D/4D) 

characterisation techniques have enabled non-destructive measurement of bulk microstructure 

evolution. Synchrotron-based approaches—including three-dimensional X-ray diffraction 

(3DXRD) methods, diffraction contrast tomography (DCT), and high-energy diffraction 

microscopy (HEDM)—can reconstruct 3D grain morphology and orientation, providing access 

to true 3D neighbourhood and topology that are difficult to infer reliably from 2D sections. 

When repeated during annealing or deformation, these methods enable grain-by-grain tracking 

in the bulk, yielding datasets that capture the distribution of behaviours rather than only an 

average trend [91–93]. 

2.6.3 Materials informatics and data-driven approaches 

Despite major advances in experimental capability, much of the Mg literature still reports 

microstructure evolution using relatively coarse descriptors—e.g., an average grain size (or a 

single grain-size distribution per condition) and a single scalar “fraction recrystallised”, with 

texture summarised by peak intensities or a small set of pole-figure metrics. These summaries 

remain useful for comparing processing windows, but they can obscure the heterogeneity that 

often governs mechanism—specifically which grains nucleate, which grains grow, which 

grains shrink, and whether coarsening is uniform or dominated by a small subset of grains. 
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This motivates a transition towards materials informatics workflows for microstructure 

evolution: scalable pipelines that (i) structure microstructure datasets, (ii) extract robust grain- 

and boundary-level descriptors (size, orientation, internal misorientation, boundary character, 

neighbour counts, etc.), and (iii) where possible track grains through time with reduced user 

bias and improved reproducibility. Tool development in this direction (including grain-tracking 

toolkits for recrystallisation and grain growth) makes it feasible to treat the full dataset—rather 

than a small subset of images—as the primary object of this study [94,95]. 

Once grain-resolved datasets are available in a consistent feature space, statistical 

learning becomes a natural next step. Microstructures can be represented in forms that 

explicitly encode neighbourhood interactions (for example, graphs in which grains are nodes 

and boundaries are edges), enabling models that consider not only single-grain attributes but 

also interactions among neighbouring grains—an important requirement for predicting 

behaviour in polycrystals. Recent studies have demonstrated graph-based learning for 

polycrystal property prediction and for predicting abnormal grain growth in simulated 

microstructural evolution, illustrating the potential of neighbourhood-aware representations. 

In parallel, topological and geometry-aware analysis offers additional ways to represent 

complex microstructures. Topological data analysis methods such as persistent homology have 

been reviewed and applied in materials contexts to capture multi-scale structural features in a 

manner that can be less sensitive to arbitrary threshold choices than some traditional descriptors. 

While such approaches are still emerging for polycrystalline microstructure-evolution 

problems, they align well with the central challenge in Mg: the governing mechanisms are 

multivariate, spatially heterogeneous, and strongly dependent on crystallography and local 

neighbourhood context [96,97]. 
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Overall, research on Mg microstructure evolution is moving towards a data-rich 

paradigm. Classical metallurgy established the foundational concepts; modern characterisation 

supplies detailed, high-volume datasets; and the next step is to combine these with informatics 

methods that can extract grain-resolved, mechanism-relevant insight at scale. This progression 

motivates the following section, which reviews materials informatics methods applied to 

recrystallisation and grain growth and how such approaches can support alloy and processing 

optimisation. 

2.7 Materials informatics in alloy design 

Materials informatics refers to the use of data-centric methods—most commonly 

machine learning (ML), statistical modelling, and optimisation —to extract quantitative 

relationships between composition, processing, structure/microstructure, and properties (often 

framed as the CPSP chain) and to use those relationships to accelerate materials development. 

In alloy design, the motivation is pragmatic: the accessible design space expands 

combinatorially with the number of elements and processing variables, while conventional 

development pathways are frequently dominated by iterative trial-and-error. Informatics does 

not replace physical metallurgy; rather, it provides a systematic way to organise evidence, 

quantify uncertainty, and prioritise experiments or simulations when exhaustive exploration is 

impractical [98–100]. 

The uptake of materials informatics has been enabled by several converging 

developments. First, high-throughput experiments and simulations have increased the 

availability of structured data, while policy and community initiatives (e.g., the Materials 

Genome Initiative) have promoted data-sharing culture and digital infrastructure. Second, 
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modern characterisation methods—particularly microstructure mapping techniques—generate 

datasets that are both high dimensional and heterogeneous, which motivates automated 

pipelines for repeatable analysis. Third, the availability of open-source ML ecosystems and 

scalable computing has lowered the barrier to adopting robust modelling workflows [99–101]. 

A typical informatics workflow for alloy design can be summarised as [102]: 

• (i) Data acquisition and curation: assembling composition, processing history, 

microstructure descriptors and measured properties, while documenting uncertainties and 

experimental context. 

• (ii) Representation and feature engineering: converting raw inputs (e.g., compositions, 

thermomechanical schedules, microstructure maps) into descriptors that capture relevant 

physics and are suitable for modelling. 

• (iii) Model training and validation: fitting predictive models and assessing performance 

with appropriate validation strategies, recognising the risks of data leakage and the limits 

of extrapolation. 

• (iv) Deployment for decision-making: using models for screening, sensitivity analysis, 

multi-objective optimisation, or hypothesis generation. 

• (v) Iterative improvement: expanding the dataset through targeted new 

experiments/simulations (often using active learning and Bayesian optimisation). 

In alloy development, informatics strategies are often grouped into forward modelling 

and inverse design. Forward modelling predicts a target output (e.g., yield strength, corrosion 

rate, grain size after annealing, texture intensity) from known inputs such as composition and 
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processing. Depending on data volume and interpretability requirements, models may range 

from linear/regularised regressions to nonlinear ensembles and neural networks. Inverse design 

starts from a desired outcome and searches for candidate compositions and/or processing 

conditions predicted to achieve it. In practice this is typically implemented as an optimisation 

problem in which a trained ML model serves as a fast surrogate evaluator within a search 

strategy such as Bayesian optimisation, evolutionary algorithms, or multi-objective optimisers 

[102]. 

For magnesium alloys, materials informatics is particularly attractive because key 

performance limitations are microstructure-sensitive and strongly coupled: recrystallisation-

mediated texture evolution, grain growth during annealing, and precipitation/solute effects 

interact with composition and thermomechanical history in ways that are difficult to optimise 

by intuition alone. At the same time, Mg datasets are often “small” in the sense that the number 

of distinct, fully characterised thermomechanical routes is limited, even when each experiment 

yields large microstructure maps. Under such conditions, robust feature design, uncertainty 

awareness and the integration of metallurgical constraints are essential; hybrid strategies 

(combining mechanistic models with data-driven inference) are therefore often preferable to 

purely black-box optimisation [103]. 
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Table 2.6 summarises representative examples of materials informatics applied to alloy 

development and optimisation, illustrating the range of modelling approaches and the types 

of design questions that can be addressed. 

Study (Year) Alloy System / Focus Informatics Approach Key Outcome 

Bhadeshia (1990s) [104] Steels (weld metal) ANN models trained on 
composition→strength data 

First successful use of 
neural networks to model 
and design steel welds, 

accurately predicting tensile 
strength from composition. 

Rajan (2005) [105] Conceptual (Materials 
Informatics) 

Data-mining concepts for 
materials 

Defined the paradigm of 
materials informatics, 

emphasizing data-driven 
extraction of structure–
property relationships in 

alloys. 

Rickman et al. (2019) 
[106] 

High-Entropy Alloys 
(multi-component) 

Canonical-correlation 
analysis + Genetic 

Algorithm 

Discovered a new class of 
ultra-hard HEAs by 

screening a large 
compositional space; 

predicted and 
experimentally confirmed 
hardness ~2× higher than 

typical alloys. 

Hu et al. (2023) [107] Various alloy systems 
(review) 

Ensemble ML models for 
forward property prediction 

Demonstrated state-of-the-
art property prediction 

across steels, Al, Mg, etc., 
and highlighted the surge in 

ML-driven alloy 
development in recent 

years. 

Mi et al. (2024) [108] Mg–Mn Wrought 
Magnesium Alloys 

Bayesian optimisation + 
Active Learning 

Identified an optimised Mg 
alloy composition with 

ultrafine grains and high 
strength (UTS > 600 MPa) 

by iterative ML-guided 
experiments, accelerating 

development. 
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2.7.1 Applications in recrystallisation 

Recrystallisation is central to wrought Mg because it reshapes grain structure and 

crystallographic texture, thereby controlling anisotropy and formability. Predicting 

recrystallisation is challenging because nucleation and growth depend on interacting factors 

such as stored deformation energy, heterogeneity, solute content, particle distributions, and the 

crystallographic constraints of the HCP lattice. Consequently, classical constitutive and kinetic 

models—while valuable—often remain limited to specific processing windows or require 

simplifying assumptions [103]. 

Materials informatics contributes to three main ways. First, ML models can serve as fast 

predictors of recrystallisation-related outcomes (e.g., recrystallised fraction, post-anneal grain 

size, or qualitative regime maps) from deformation and annealing parameters, enabling 

interpolation across multivariate process spaces where simple empirical fits become unreliable. 

Second, informatics enables more complete use of microstructure-resolved datasets. EBSD-

derived descriptors (orientation statistics, boundary-character distributions, twin fractions, 

local misorientation measures) can be extracted at scale and linked to recrystallisation events, 

allowing analysis to move beyond bulk averages toward grain-resolved tendencies and spatial 

heterogeneity. Third, hybrid approaches integrate data-driven components with mechanistic 

frameworks (e.g., cellular automaton, Monte Carlo, phase-field), where optimisation /learning 

is used to identify parameters or rules that are difficult to specify a priori while retaining 

physical constraints through the simulation scaffold [100,101,103]. 
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2.7.2 Applications in grain growth 

Grain growth during annealing is a critical companion process to recrystallisation: even 

if recrystallisation produces a fine microstructure, subsequent coarsening can erode strength 

(Hall–Petch) and alter texture–property relationships. Traditional modelling approaches 

(parabolic growth laws, phase-field, Monte Carlo) offer mechanistic insight but can be 

computationally demanding and can struggle with predictive treatment of abnormal grain 

growth (AGG) and other non-ideal behaviours [101,109]. 

Informatics has begun to contribute in three complementary ways. First, ML surrogate 

models can emulate computationally expensive grain-growth simulations, enabling rapid 

“what-if” exploration of annealing schedules and microstructure sensitivities. Second, graph- 

and network-based representations of microstructure (grains as nodes, boundaries as edges) are 

well matched to AGG because they encode neighbourhood structure explicitly [110,111]; 

learning topological signatures can improve prediction of rare events that are not captured by 

bulk-average descriptors [95]. Third, data-driven correlation of composition and processing 

with grain-growth resistance can help quantify the roles of solute drag and particle pinning and 

support multi-objective trade-off studies when paired with physically meaningful descriptors 

rather than elemental fractions alone [99,103,112]. 
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Table 2.7 summarises representative examples where data-driven methods have been applied 

to recrystallisation and grain growth, illustrating both the modelling strategies and the kinds 

of questions that can be addressed. 

Investigated 
phenomenon 

Alloy & data 
format 

Informatics 
Approach Source / Key Reference 

Dynamic 
Recrystallisation 

[113] 

AZ31 Mg alloys 
during hot 

deformation 

Artificial neural 
network 

Predicted flow stress using more 
efficiently than classic flow 

stress model  

Dynamic 
Recrystallisation 

[114] 

AZ61 Mg alloy 
during hot 

deformation 
Genetic algorithm simulation of AZ61 DRX using 

generated model (2024) 

Abnormal Grain 
Growth [115] 

Monte Carlo 
simulations 

Graph Neural 
Network (GNN) 

GNN prediction of abnormal 
grain growth within simulation 

dataset for ~73% accuracy 

Normal Grain 
Growth [116] 

Simulation dataset 
of stainless steel 

316L 

Dynamic Graph 
Neural Network + 

Deep ML 

GrainGNN workflow: dynamic 
GNN for 3D microstructure 

prediction 
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Taken together, the literature indicates a clear trend: as datasets become richer and more 

time-resolved, the bottleneck shifts from data generation to data structuring, feature extraction, 

and predictive use. For Mg alloys—where microstructure evolution is multivariate, spatially 

heterogeneous, and tightly coupled to crystallography—materials informatics provides a 

toolkit to extract reproducible descriptors at scale, learn process–microstructure–property 

linkages, and guide systematic exploration of composition and processing spaces. In this thesis, 

these ideas are applied in a microstructure-centred manner: large annealing datasets are 

converted into structured, grain-resolved information that underpins both mechanistic 

interpretation and the development of predictive models for recrystallisation and grain growth 

in Mg-based alloys [64,117,118]. 

2.8 Alloy systems in this thesis 

Modern magnesium (Mg) alloy development can be viewed as a continuing effort to 

balance strength, ductility/formability, corrosion behaviour, thermal stability and cost through 

coupled choices of composition and thermomechanical route (e.g. casting/extrusion/rolling + 

heat treatment). Recent reviews emphasise that, while Mg alloys have expanded in 

transportation and consumer applications, their wider deployment remains constrained by a 

combination of formability/anisotropy (texture), corrosion sensitivity and microstructural 

stability during processing and service exposures [40,119,120]. 

From a manufacturing perspective, Mg alloys are commonly grouped into cast alloys 

(high‑volume, near‑net‑shape components) and wrought alloys (sheet, extrusions and forgings). 

Wrought products are particularly sensitive to recrystallisation and grain growth because final 

properties depend strongly on grain size distribution, grain-boundary network evolution and 
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texture intensity after deformation and annealing. This sensitivity makes wrought Mg an 

especially relevant platform for microstructure-centred optimisation [42,79]. 

In composition space, Al and Zn remain the dominant industrial alloying elements 

because they provide cost-effective solid‑solution/precipitation strengthening and good 

castability/processability in conventional systems. Rare‑earth (RE) additions are used in two 

distinct regimes: (i) lean additions (often <1 wt.%) to modify recrystallisation texture and 

improve room‑temperature formability, and (ii) higher additions to enable precipitation 

strengthening and improved high‑temperature stability (often via solute drag and particle 

pinning). Importantly, the “rare‑earth texture effect” is well established experimentally, yet its 

mechanistic origin—particularly why very small solute levels can generate large texture 

changes—remains an active and debated topic. Minor elements (e.g. Mn for impurity control; 

Zr as a grain refiner in Al‑free systems; Ca/Li/Ag in specialised systems) further expand design 

options by tuning oxidation resistance, creep response and microstructure evolution pathways. 

 

Figure 2.10 Directions of Mg alloys development [25] 
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Against this backdrop, this thesis focuses on three representative wrought alloys—AZ31, 

ZE20 and WE43—which span three contrasting microstructure‑engineering philosophies 

relevant to recrystallisation and grain growth [40,119,121–123]: 

• (i) A conventional RE‑free baseline alloy with strong basal texture and limited intrinsic 

grain‑boundary pinning (AZ31). 

• (ii) A lean‑RE alloy designed to trigger the rare‑earth texture effect, where 

orientation‑selective recrystallisation and growth become central (ZE20). 

• (iii) An RE‑rich precipitation‑strengthened alloy where second phases and solute drag 

strongly couple precipitation, recrystallisation and grain growth kinetics (WE43). 

The following subsections review each system in terms of current applications, 

state‑of‑the‑art understanding and unresolved problems—specifically through the lens of 

recrystallisation and grain growth—and highlight where materials informatics can accelerate 

progress. 

2.8.1 Mg-Al-Zn series and AZ31 

The Mg–Al–Zn (AZ) series remains the most widely used family of commercial Mg 

alloys because it offers a practical compromise between cost, processability and mechanical 

performance. AZ31 (≈Mg–3Al–1Zn, wt.%) is among the most common wrought grades (sheet 

and extrusions) and is frequently used as a benchmark material for texture-control strategies 

and microstructure‑engineering studies. In this sense, AZ31 is “well mapped” 

phenomenologically—deformation mechanisms, typical basal textures and recrystallisation 

trends are extensively reported—yet it remains a reference problem because its limitations are 
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closely tied to fundamental HCP plasticity and persistent basal texture strengthening during 

processing. 

State of the art: AZ31 processing–microstructure research increasingly emphasises that 

recrystallisation and grain growth must be treated as a coupled problem. Even when full 

recrystallisation is achieved, subsequent orientation‑selective growth can retain or sharpen 

basal texture components, sustaining anisotropy and limiting room‑temperature formability. 

Direct, time‑resolved observation approaches are now being used to quantify annealing-driven 

recrystallisation and grain growth more rigorously (e.g., tracking boundary motion and grain 

consumption rather than relying only on before/after statistics). 

Key unresolved issues: (i) AZ31 often contains only a limited population of stable, 

thermally resistant particles in many wrought conditions; therefore, grain boundary motion can 

be weakly constrained and grain growth can rapidly erode strength (Hall–Petch) if annealing 

windows are not tightly controlled. (ii) The relative contributions of nucleation selection versus 

growth selection to texture evolution are still difficult to separate quantitatively at scale, 

particularly because heterogeneity (local strain, twins, deformation bands) strongly biases 

where recrystallised grains appear and how they compete. (iii) Predictive process design 

remains challenging because small changes in strain path, local shear, or annealing schedule 

can shift the balance between refined/weak‑texture outcomes and coarse/strong‑texture 

outcomes. 

Trends and informatics opportunity: AZ31 is a natural “baseline” system for data-driven 

microstructure evolution modelling: it offers relatively clean chemistry (compared with 

RE‑rich alloys) while still exhibiting strong texture and growth‑selection behaviour. Large 
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EBSD datasets can be used to learn predictive links between deformation descriptors 

(orientation gradients, twin fractions, local misorientation measures), annealing conditions and 

recrystallised grain size/texture outcomes. Recent work on machine‑learning pipelines for 

linking processing/microstructure to properties in extruded Mg alloys supports the feasibility 

of this approach and highlights the importance of robust feature design and validation. In this 

thesis, AZ31 therefore serves as the RE‑free reference for quantifying nucleation and growth 

contributions during recrystallisation and for testing grain‑growth prediction strategies [124]. 

2.8.2 Mg-Zn-RE series and ZE20 

Lean‑RE Mg–Zn–RE alloys represent a design direction where Zn provides 

strengthening while a small RE addition is used to trigger texture modification and improved 

formability. ZE20 (≈Mg–2.4Zn–0.2Ce, wt.%) is a notable lean‑RE example, attracting 

sustained research interest because it can exhibit an off‑basal/dispersed recrystallisation texture 

at very low RE content. The scientific interest is sharpened by the fact that the rare‑earth texture 

effect can occur at extremely low solute levels, yet the mechanistic explanation remains 

incomplete—especially regarding the roles of segregation, boundary crystallography and 

mobility anisotropy. 

State of the art: Recent work has moved from qualitative texture descriptions towards 

grain‑resolved, time‑resolved evidence. A key example is quasi‑in‑situ EBSD combined with 

automated grain tracking, enabling tens of thousands of grains to be tracked through annealing 

and allowing nucleation and growth contributions to be quantified directly. This type of dataset 

supports a much more mechanistically defensible picture: early nucleation may be promoted 

in high‑strain features such as shear bands, but later-stage growth competition can consume 
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some early nuclei and reshape the final texture via orientation‑selective survival and growth. 

Such findings reinforce that texture control in lean‑RE alloys is not purely a “nucleation story”; 

growth selection and grain‑boundary character also matter. 

Key unresolved issues: (i) In lean‑RE alloys, neither particle effects nor solute effects are 

trivially dominant; sparse particles, segregation and solute drag can all contribute, making 

interpretation sensitive to chemistry/defect measurement resolution and to statistics. (ii) It 

remains challenging to quantify, in a generalisable way, how solute–boundary interactions 

translate into orientation‑dependent boundary mobility and therefore systematic texture 

evolution pathways. (iii) Processing robustness is still a practical barrier: achieving both fine 

grain size stability and a favourable off‑basal texture consistently requires controlling 

deformation heterogeneity and annealing schedules [125–127]. 

Trends and informatics opportunity: ZE20 is an ideal candidate for materials informatics-

driven analysis because its “core phenomenon” is grain‑level selection. Grain‑resolved datasets 

can be structured into features describing local neighbourhoods, stored‑energy proxies and 

boundary character distributions, and then used to predict which grains nucleate, survive and 

grow. The availability of automated tracking (and open-source workflows) directly lowers the 

barrier to building statistically meaningful training sets for ML and to testing mechanistic 

hypotheses against large populations rather than selected micrographs. In this thesis, ZE20 

therefore functions as the lean‑RE case study where orientation‑selective recrystallisation and 

growth are central to the texture outcome [128]. 
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2.8.3 Mg-Y-RE series and WE43 

The WE series (Mg–Y–RE, typically with Zr) was developed to exploit rare‑earth effects 

on strength, creep resistance and thermal stability. WE43 (commonly ≈Mg–4Y–3Nd–0.5Zr, 

wt.%) is among the best‑known alloys in this family and is used in niche, high‑value 

applications where elevated‑temperature performance is required. Compared with AZ31 and 

ZE20, WE43 is microstructurally rich: RE solutes and multiple precipitate/intermetallic 

populations (whose size, morphology and spatial distribution depend on thermal history and 

processing route) interact strongly with recrystallisation and grain growth [129]. 

State of the art: Recent studies demonstrate that thermomechanical processing routes 

such as hot rolling can produce high strength through combined grain refinement, precipitation 

strengthening and texture strengthening, but also introduce strong textures and anisotropy that 

must be managed. For example, multi pass hot rolling has been reported to refine WE43 grain 

size substantially (e.g., from ~34 μm to <10 μm) while increasing yield strength, indicating the 

potential of controlled DRX and second-phase evolution during processing. Systematic 

EBSD/TEM-based analyses further show that strength increments are often multi-mechanistic, 

and the challenge is to retain those benefits without triggering undesirable coarsening or 

instability during subsequent annealing [130,131]. 

Key unresolved issues: (i) Grain-growth resistance in WE43 is not fixed; it depends on 

the evolving precipitate state. Coarsening or partial dissolution during thermal exposure 

reduces Zener pinning and can shift the alloy into regimes where accelerated coarsening (or 

even abnormal grain growth) becomes possible. (ii) Spatial heterogeneity in precipitation and 

defect structures can lead to heterogeneous recrystallisation and heterogeneous growth 
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selection, complicating predictive control. (iii) Because precipitation, recrystallisation and 

grain growth occur on overlapping timescales, modelling and optimisation require integrated, 

multi-physics approaches and multi-modal datasets [132,133]. 

Trends and informatics opportunity: WE43 naturally generates high-dimensional 

datasets (grain structure + texture + precipitation descriptors). Informatics can help identify 

robust descriptors of grain growth resistance (e.g., local pinning proxies, topology and 

boundary-network measures) and provide fast surrogates for expensive simulations or long 

annealing experiments. Recent ML pipeline work in extruded Mg alloys illustrates how 

structured feature engineering can enable predictive structure–property modelling and suggests 

a pathway to extend such approaches to microstructure evolution problems (recrystallisation + 

growth) when sequential datasets are available. In this thesis, WE43 provides the precipitation-

rich, strongly pinned case study to test whether grain growth pathways and stability can be 

quantified and predicted more robustly when precipitation state and grain network descriptors 

are included [134–136]. 

2.8.4 Summary 

Taken together, AZ31, ZE20 and WE43 represent three distinct 

microstructure‑engineering strategies in Mg alloy design: a conventional baseline alloy where 

grain growth is comparatively weakly constrained and basal textures remain strong; a lean‑RE 

alloy where recrystallisation and grain growth become strongly orientation‑selective, enabling 

texture weakening; and an RE‑rich alloy where precipitation and solute effects promote both 

strengthening and microstructural stability but create a higher-dimensional optimisation  

problem. These contrasts motivate the central themes of this thesis: separating nucleation and 
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growth contributions during recrystallisation, quantifying grain growth pathways, and 

leveraging data‑rich methods—including materials informatics—to make microstructure 

evolution more predictable and optimisable. 

2.9 Research focus of this thesis 

Chapter 2 has reviewed the state-of-the-art in Mg alloy design, microstructural evolution 

mechanisms, and materials informatics as applied to different research. In summary, this 

chapter have explored strategic alloying to refine microstructures and modify the strong basal 

textures typical of wrought Mg. Significant progress has been made in understanding how 

processing influences texture and grain size – for instance, advanced EBSD mapping now 

allows textures in rolled/extruded Mg alloys to be well characterized under various conditions. 

Likewise, mechanisms of microstructure evolution such as twinning, DRX, grain growth, and 

precipitation have been elucidated by numerous recent studies. In parallel, materials 

informatics and data-driven approaches have emerged as powerful tools for alloy development: 

machine learning techniques are being used to model Mg alloy behaviour, optimise 

microstructures, and accelerate alloy design. Throughout this chapter, contemporary literature 

(up to 2025) was surveyed to ensure that the review captures the current cutting-edge 

understanding in these domains. 

Despite the advances reported in literature, several important knowledge gaps and 

unresolved challenges have been identified. Foremost, a complete understanding of grain 

growth and recrystallisation in wrought Mg remains elusive – the underlying recrystallisation 

mechanisms are still actively debated even with advanced characterisation techniques. For 

example, while adding rare-earth elements is known to weaken basal textures, the precise 



 

56 

 

mechanism (whether through solute effects, particle-stimulated nucleation, or boundary 

segregation) is not fully resolved. The interplay between alloying additions, deformation 

conditions, and microstructural evolution (including recrystallisation and subsequent grain 

growth) is complex, and current models do not yet capture all aspects. Predictive modelling of 

microstructure is particularly challenging; recent modelling efforts (e.g. multi-level cellular 

automata) have improved grain size predictions by accounting for concurrent phenomena like 

DRX and precipitation, but they highlight the necessity of including such interactions for 

accuracy. Moreover, data-driven prediction of microstructural outcomes in Mg alloys is still in 

its initial stage. While machine learning offers great promise, limitations in data availability 

and interpretability mean that fully reliable microstructure predictions are not yet attainable. In 

summary, controlling and predicting the microstructure (grain size distribution, texture) of 

wrought Mg alloys – especially those with complex chemistries or processing paths – remains 

a critical challenge. This gap is pronounced for alloys undergoing novel processing routes and 

for new compositions (e.g. lean rare-earth alloys). These unresolved issues underscore the need 

for further research, particularly studies that can observe grain-scale changes and build 

improved predictive frameworks. 

Considering the above gaps, the present study is undertaken to advance the understanding 

of recrystallisation and microstructure development in wrought Mg alloys, and to develop 

robust workflow that promotes the connection with data-driven approaches for studying 

microstructural evolutions. The scope of this research spans comprehensive experimental 

characterisation combined with grain-level tracking and analysis. We focus on three 

representative Mg alloy systems – AZ31, ZE20, and WE43 – selected to cover a range from 

conventional to advanced alloy design. AZ31 (Mg-3Al-1Zn) is a widely used commercial 
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wrought alloy, serving as a baseline with well-documented behaviour. ZE20 (Mg-2Zn-0.2Ce) 

is a newly developed wrought Mg alloy containing a trace rare-earth addition (Ce); it was 

chosen for its reported improved extrudability and mechanical performance and to investigate 

how a lean rare-earth microalloying influences recrystallisation and texture. WE43 (Mg-4Y-

3RE-0.4Zr, with Y and Nd/Gd as the main rare-earth constituents) is included as a high-

strength, rare-earth-rich magnesium alloy; it is known for retaining strength up to ~300 °C and 

sees critical application in aerospace components. By examining these three alloys, the study 

covers a broad spectrum: from a traditional workhorse alloy (AZ31) to a modern extrudable 

alloy (ZE20) and a high-performance aerospace alloy (WE43). This range provides a strong 

basis to generalize findings and discern the effects of composition (particularly rare-earth 

content) on microstructure evolution. The experimental program is designed to induce and 

observe grain growth and recrystallisation under controlled conditions (i.e. isothermal 

annealing after deformation), while the grain-level tracking will leverage the data to assist 

detailed analysis at grain scale. 

Objectives: Building on the literature review and gaps identified, the specific objectives 

of this research project are as follows: 

• Perform detailed experimental characterisation of microstructure evolution in AZ31, 

ZE20, and WE43 during and after thermomechanical processing. This includes recording 

grain size, grain morphology, and crystallographic texture at various annealing stages 

using techniques including optical microscopy, EBSD and LabDCT. The aim is to record 

the grain growth and recrystallisation behaviour in 3D/4D to collect large, time-resolved 

and quality datasets. 
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• Develop and apply grain-tracking methodology to follow individual grains (or groups of 

grains) through recrystallisation and grain growth. Using quasi-in-situ EBSD and 

LabDCT, the study track how specific grains nucleate, grow, or shrink during annealing. 

This grain-scale analysis is intended to reveal the mechanisms of new grain formation 

and growth inhibition – for example, identifying where and when recrystallisation nuclei 

appear, which grains successfully grow, and how some grains are consumed. By directly 

observing these events in AZ31, ZE20 and WE43, the thesis clarifies how factors like 

initial deformation substructure or second-phase particles influence recrystallisation and 

grain growth kinetics. This objective addresses the noted gap in understanding the grain-

level dynamics of recrystallisation in Mg alloys. 

By achieving these objectives, the present work will fill some of the critical knowledge 

gaps identified in the field of physical metallurgy. The findings are expected to not only deepen 

scientific understanding of microstructure control in Mg alloys but also to guide the 

development of improved predictive models for industrial alloy processing. In the next chapter, 

the experimental methodology employed to accomplish these objectives is presented. This 

includes descriptions of the materials (alloy compositions and processing history), the 

deformation and annealing procedures used to drive microstructural changes, the 

characterisation techniques, and the analytical methods for grains tracking. Together, the 

methodology in Chapter 3 provides the practical foundation for addressing the research aims 

outlined here and sets the stage for the results and discussions in subsequent chapters. 
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Chapter 3 Materials and methodology 

This chapter describes the materials, processing routes, interrupted heat treatments, 

characterisation methods, and data-processing workflows used throughout this thesis. The 

experimental and computational methodology is organised around three linked work packages: 

• Development of Track-Rex for grain-scale tracking in quasi-in-situ EBSD datasets, using 

AZ31 and ZE20 rolled-sheet datasets. 

• Application of Track-Rex to quantify the contribution of different recrystallisation 

nucleation sites, using a ZE20 extruded-profile material state and a shear-band-promoted 

cold-rolling condition. 

• Development of Track-4DGG for 3D/4D grain tracking in volumetric datasets, using 

WE43 extruded bar specimens characterised by quasi-in-situ LabDCT. 

The chapter first introduces the alloys and sample reference frames (Section 3.1), 

followed by processing routes (Section 3.2) and interrupted annealing schedules (Section 3.3). 

Characterisation methods are then described, focusing on quasi-in-situ EBSD (2D + time) and 

quasi-in-situ LabDCT (3D + time) (Section 3.4). Finally, the data-processing pipeline and the 

grain-tracking toolboxes (Track-Rex and Track-4DGG) are summarised (Section 3.5). 

3.1 Materials 

This thesis focuses on three representative wrought Mg alloys: AZ31, ZE20 and WE43. 

These were selected to span: 
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• A conventional RE-free alloy system (AZ31). 

• A lean RE-modified alloy system with distinct recrystallisation/texture behaviour (ZE20). 

• A RE-rich alloy system in which precipitates and second-phase particles are expected to 

influence grain-growth kinetics (WE43). 

Unless otherwise stated, compositions are given in wt.% (Mg balance) and are 

summarised in Table 3.1. Material form and intended use within the thesis are summarised in 

Table 3.2. AZ31 is adopted as the benchmark commercial alloy, which typically reveal a strong 

basal texture after rolling or extrusion. ZE20 is chose to investigate the rare‑earth texture 

development during recrystallisation. WE43 is employed for volumetric 4D (3D + time) grain 

growth studies. Unless otherwise stated, all alloy compositions are given in wt.% and Mg is 

the balance, as listed in Table 3.1. Microstructural reference coordinate follows standard 

wrought product conventions: rolling direction (RD), transverse direction (TD) and normal 

direction (ND) for sheet; and extrusion direction (ED) for extruded products. 

Table 3.1 Nominal chemical composition of alloys used in this thesis (wt.%) 

Alloy Al Zn Ce Y RE Zr Mg 

AZ31 3.0 1.0 – – – – Balance 

ZE20 – 2.4 0.2 – – – Balance 

WE43 – – – ~4.0 ~3.0 minor Balance 
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The selection of AZ31, ZE20 and WE43 was based not only on differences in alloy 

chemistry, but also on their technological relevance, commercial availability and representation 

of different categories of wrought magnesium alloys. These three alloys provide 

complementary case studies for examining annealing-driven microstructural evolution in Mg 

alloys, rather than forming a direct one-to-one comparison under identical processing and 

characterisation conditions. 

AZ31 was selected as a conventional RE-free Mg–Al–Zn alloy and serves as the baseline 

material in this thesis. It is one of the most widely used commercial wrought magnesium alloys 

because of its relatively low cost, good availability and established processing routes in sheet 

and extruded products. From an application perspective, AZ31 represents the class of general-

purpose lightweight Mg alloys considered for automotive, transport and structural components 

where weight reduction is important but high-temperature performance is not the primary 

requirement. Its well-known tendency to develop a strong basal texture after deformation also 

makes it an appropriate reference alloy for assessing recrystallisation behaviour and the ability 

of grain tracking to resolve the evolution of individual recrystallised grains. 

ZE20 was selected as a lean rare-earth-containing Mg–Zn–Ce alloy. Compared with 

AZ31, ZE20 represents a more recent alloy design strategy in which limited rare-earth addition 

is used to improve texture control and formability while avoiding the higher cost and alloying 

complexity associated with RE-rich systems. This makes ZE20 relevant to future wrought Mg 

products where improved deformation behaviour and weaker basal texture are required, 

particularly in automotive and lightweight structural applications. In this thesis, ZE20 provides 

a suitable case study for investigating recrystallisation, texture evolution and the contribution 

of specific nucleation sites, including shear bands, using quasi-in-situ EBSD and Track-Rex. 
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WE43 was selected as a high-performance Mg–Y–RE–Zr alloy. In contrast to AZ31 and 

ZE20, WE43 represents a RE-rich alloy family designed for applications where higher strength, 

improved thermal stability and better retention of mechanical properties are required. These 

characteristics make WE43 relevant to advanced aerospace, transport and high-value structural 

applications. Its relatively stable microstructure during annealing also makes it suitable for a 

4D LabDCT-based grain growth study, where the same volume must be tracked through 

multiple heat-treatment steps. In this thesis, WE43 is therefore used to examine three-

dimensional grain growth, abnormal grain growth and spatially resolved growth behaviour 

using Track-4DGG. 

Taken together, the three alloys cover a practical range of wrought Mg alloy design 

strategies: a conventional commercial RE-free alloy, a lean-RE alloy aimed at texture 

modification and formability improvement, and a high-performance RE-rich alloy with 

enhanced thermal and microstructural stability. The purpose of using these alloys is not to 

isolate the effect of rare-earth additions alone, but to demonstrate how grain-resolved tracking 

can be applied to technologically relevant Mg alloy systems with different processing histories, 

application targets and microstructural evolution problems. 

3.2 Materials processing 

To improve clarity and align with the datasets in later chapters, the processing routes are 

described below in the same order as they appear in the thesis:  

• AZ31 cold rolling  

• ZE20 cold rolling  
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• ZE20 hollow‑profile extrusion and subsequent cold rolling  

• WE43 extruded bar + wired electrical discharge machining (EDM) 

A brief summary for all the mechanical processing procedures that applied to the samples 

above is summarized in Table 3.2, details are provided in following subsections. 

Table 3.2 Material form, sample history, and role within the thesis 

Alloy As-received form As-received 
condition 

Applied machining and 
processing Primary usage 

AZ31  Commercial rolled 
sheet As-rolled 

Cold rolled with 10% thickness 
reduction in one pass then Cut 

into rectangular sample 

Baseline RE-free 
recrystallisation statistics 
Develop Track-Rex 

ZE20 Commercial rolled 
sheet As-rolled 

Cold rolled with 20% thickness 
reduction in two passes then Cut 

into rectangular sample 

Lean RE-modified 
recrystallisation statistics 
Develop Track-Rex 

ZE20  Industrial extruded 
hollow profile  As extruded 

Cold rolled with 20% thickness 
reduction in two passes then Cut 

into rectangular sample 

Lean RE-modified 
recrystallisation statistics 
Quantify texture evolution 
Apply Track-Rex 

WE43  Industrial extruded 
bar Extruded T5  Cylindrical rods extracted along 

ED by wire EDM 

4D grain growth statistics 
Spatially resolved grain growth 
Develop Track-4DGG 

3.2.1 AZ31 cold rolling 

A commercial Mg–3Al–1Zn alloy was used as the RE‑free reference material for 

quasi‑in‑situ EBSD study of static recrystallisation and subsequent grain growth. 

Commercially rolled sheet alloy was cold rolled at room temperature with approximately 10% 

thickness reduction in a single pass. Further thickness reduction was limited because a small 

edge crack initiated at this strain level. Rectangular sample for interrupted annealing were 
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sectioned from the rolled sheet. The commercial rolling and applied cold rolling share the same 

standard RD/TD/ND coordinate frame and subsequent EBSD mappings are conducted on the 

TD–RD plane. The purpose of this cold rolling is to introduce a controlled deformation 

substructure (i.e., strong basal texture and deformation twins) that drives static recrystallisation 

during the subsequent interrupted annealing sequence. 

3.2.2 ZE20 cold rolling 

Mg–2.4Zn–0.2Ce alloy is chosen to investigate RE‑modified static recrystallisation and 

texture evolution as well as subsequent grain growth, in comparison with the commercial AZ31 

alloy. ZE20 sheet exhibited higher formability than AZ31 under the same cold‑rolling 

conditions and was therefore rolled to a larger total thickness reduction strain of ~20% by two 

passes, with no comparable edge crack observed at this amount of reduction. After rolling, 

rectangular sample was sectioned for quasi‑in‑situ annealing and EBSD, again preserving the 

standard RD/TD/ND reference coordinate and the TD–RD plane was examined by quasi-in-

situ EBSD. The purpose of this cold rolling is to introduce a controlled deformation 

substructure (i.e., strong basal texture and deformation twins) that drives static recrystallisation 

during the subsequent interrupted annealing sequence. 

3.2.3 ZE20 extrusion and cold rolling 

Mg–2.4Zn–0.2Ce alloy is chosen to investigate RE‑modified static recrystallisation and 

texture evolution as well as subsequent grain growth. A ZE20 extruded hollow profile, 

representative of an automotive front-end subframe structure, was produced in a single 

hot‑forming operation from billet to completed profile by direct porthole‑die extrusion. The 
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internal mandrel forming the hollow section was supported by six bridges, and the profile 

reference frame is defined using ED (along the profile length) and ND/TD relative to the 

cross‑section geometry. A rectangular plate was cut from the top section as indicated in Figure 

3.1 (a). An initial EBSD observation of the ND-ED plane was conducted to exam the grain size 

and texture, as shown in Figure 3.1 (b). The average grain size is 39.6 μm and the (0001) basal 

planes is tilted from ND towards ED with an intensity of 15 MUD. 

 

Figure 3.1 As-extruded microstructure: (a) extruded hollow profile, (b) EBSD Inverse Pole 

Figure (IPF) map and (0001) pole figure. 

The plate was then cold rolled along ED so that the extrusion reference direction was 

retained during subsequent microstructure analysis. Rolling was performed using synchronous 

rolling mills at 10 m min⁻¹ and the 20% thickness reduction over two passes specifically to 

promote shear bands formation prior to interrupted annealing. 
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3.2.4 WE43 extrusion and electrical discharge machining 

Mg–4Y–3Nd alloy provided by Luxfer MEL Technologies was received as an extruded 

bar under the T5 condition (Ø75 mm). For the 4D grain‑growth experiments based on 

laboratory diffraction contrast tomography, cylindrical rod specimens (Ø0.8 mm) were 

extracted with their axis aligned to ED using wire electrical‑discharge machining (wire‑EDM), 

to minimize preparation‑induced deformation while preserving a physically meaningful 

processing reference direction in the reconstructed volumes. Figure 3.2 shows the cutting 

schematic for wire-EDM, hight of the rod is 14 mm. 

 

Figure 3.2 WE43 extruded bar and schematic drawing for EDM cut. 

3.3 Interrupted annealing procedure 

Interrupted annealing sequences was designed to capture time-resolved microstructural 

evolution. The same surface or volume is repeatedly characterized after cumulative annealing 
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times, thereby converting sequences of static characterisation snapshots into time-resolved 

datasets. 

For 2D quasi-in-situ EBSD test, annealing was carried out in a tube furnace under 

protective atmosphere, and the sample was rapidly cooled after each dwell to minimise 

uncontrolled microstructural change. Between each annealing steps, a very light surface 

repolishing using 40 nm OPS suspension was applied to remove potential oxidation so that 

EBSD pattern quality remained stable across the sequences. The thickness reduction after this 

mild polishing was less than 1 μm, measured by a micrometer. 

For the 4D LabDCT datasets, interrupted annealing was also carried out under protective 

atmosphere. Since the X-ray measurement for LabDCT is not affected by the surface condition, 

the sample is simply cooled in air. Table 3.3. and 3.4 summarise the cumulative time steps for 

recrystallisation studies. 
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Table 3.3 Quasi-in-situ annealing design for cold rolled AZ31 and ZE20 

AZ31 ZE20 

Temperature (℃) Time (min) Labels Temperature (℃) Time (min) Labels 

320 0 AZ/1 400 0 ZE/1 

320 1.5 AZ/2 400 5 ZE/2 

320 4.5 AZ/3 400 10 ZE/3 

320 8.5 AZ/4 400 16 ZE/4 

320 12.5 AZ/5 400 24 ZE/5 

320 18 AZ/6 400 35 ZE/6 

320 24 AZ/7 400 50 ZE/7 

320 34 AZ/8 400 80 ZE/8 

Table 3.4 Quasi-in-situ annealing design for ZE20 extrusion and cold rolling 

ZE20 

Temperature (℃) Time (min) Labels 

400 0 ZE1 

400 4 ZE2 

400 9 ZE3 

400 15 ZE4 

400 25 ZE5 

400 45 ZE6 

400 80 ZE7 
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For the 4D LabDCT study, a series of annealing trials was conducted on the same batch 

of materials cut near the rod sample. The purpose of the trial experiments was to identify a 

suitable time sequence that yield quality datasets from the LabDCT, which is a grain size 

sensitive technique. Optical microscope was employed to exam the grain size at different 

annealing times, the final decided annealing sequence and expected grain sizes are summarised 

in Table 3.5. The initial annealing for 12 minutes was to elevate the initial grain size to meet 

the detection limit of LabDCT, which is around 20 µm. The following annealing was designed 

to detect trackable grain growth that within 10 µm between each step. However, the designed 

grain size was calculated on a two-dimensional surface, thus the final three-dimensional grain 

size might be different. 

Table 3.5 Quasi-in-situ annealing design for WE43 grain growth 

WE43 

Temperature (℃) Time (min) Expect Grain Size (µm) 

490 12 20 

490 32 30 

490 80 40 

490 140 45 

490 800 50 

490 2240 60 
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3.4 Materials characterisation 

3.4.1 Optical microscope 

Reflected-light optical microscopy (OM) was used as a rapid, low-cost method to (i) 

screen processing conditions, (ii) evaluate surface preparation quality prior to EBSD, and (iii) 

provide a preliminary estimate of grain size evolution for planning interrupted-annealing dwell 

times (particularly for the WE43 grain growth study). 

Specimens for OM were prepared by standard metallographic grinding and polishing to 

a mirror finish, followed by a brief chemical etch suitable for magnesium alloys to reveal grain 

boundaries. Grain size was estimated using standard image-analysis procedures (e.g., 

intercept-based methods or equivalent-circle measurements), with multiple fields of view taken 

to reduce sampling bias. An example OM image for the design of annealing sequence of 4D 

grain growth is presented in Figure 3.3, it should be noticed that the edge part of the images 

are out of focus, which was because of bad stage condition, but it has minor effect on the grain 

size calculation. 
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Figure 3.3 Optical microscopy image of as received WE43 extruded bar, sample was cut near 

the rod EDMed sample. The observed plan is ND-TD plane. Average grain size is calculated 

to be 18.9 µm. 

3.4.2 Quasi-in-situ electron backscatter diffraction 

Quasi-in-situ EBSD was employed to capture recrystallisation nucleation and grain-

growth behaviour on the same mapped region across a sequence of annealing steps. EBSD 

provides grain-scale crystallographic orientation information and is therefore well suited to: (i) 

identify recrystallised grains, (ii) quantify texture evolution, and (iii) supply grain-level 

features required by the Track-Rex tracking pipeline. 
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Sample preparation and repeatability. After rolling, samples were ground and polished 

to obtain an EBSD-quality surface on the ND–RD plane. For quasi-in-situ sequences, after 

each EBSD scan the specimen was annealed for the next dwell, cooled, and returned to the 

SEM for remapping. A short, gentle repolish (e.g., colloidal silica/OPS) was used between 

steps where needed to remove oxidation while keeping material removal negligible relative to 

characteristic grain size. The same region was relocated between steps using SEM stage 

coordinates and identifiable microstructural features. 

The quasi-in-situ EBSD approach used in this thesis enables microstructural evolution to 

be followed over relatively large areas and multiple annealing steps, but it also introduces 

several sources of uncertainty. Unlike continuous in-situ EBSD, the same region must be 

relocated after each interrupted annealing step. Although map position, microstructural 

landmarks and the overall grain structure were used for relocation, exact pixel-to-pixel 

alignment cannot be fully guaranteed. Small differences in region selection, sample tilt, scan 

rotation or map alignment may influence the apparent position of grain boundaries, especially 

for small grains or regions with rapid boundary migration. 

Repeated sample handling and surface preparation may also affect EBSD data quality. 

Changes in surface condition, oxidation, contamination or minor polishing effects can 

influence pattern quality, indexing rate and grain boundary segmentation between annealing 

steps. In addition, interrupted annealing involves cooling and reheating between observations, 

so the recorded maps represent selected annealing states rather than continuous boundary 

migration. This limits the ability to determine the exact timing of nucleation, grain consumption 

or rapid local growth events. 
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These uncertainties were considered during tracking. The Track-Rex workflow combines 

spatial position, crystallographic orientation, shape information and neighbourhood 

consistency, rather than relying only on pixel-level overlap or nearest-centroid matching. The 

main conclusions are also based on statistical trends from large grain populations, reducing the 

influence of isolated local uncertainties. Nevertheless, ambiguous individual cases require 

careful interpretation. Future in-situ EBSD experiments using a heating stage could reduce 

relocation and repeated preparation uncertainties, although they may introduce other 

challenges such as thermal drift, smaller field of view and reduced long-duration stability. 

EBSD acquisition. EBSD mapping was conducted using an FEI Nova 450 field-

emission-gun SEM equipped with an Oxford Instruments Nordlys Nano EBSD detector. A step 

size of 0.4 µm was used for the quasi-in-situ tracking datasets to balance spatial resolution 

against mapping area. Annealing schedules (temperatures and cumulative times) for AZ31, 

ZE20 rolled sheet, and the ZE20 shear-band dataset are summarised in Table 3.3 and Table 3.4 

Data cleaning and grain definition. Standard EBSD clean-up routines were applied to 

remove isolated wild spikes, reduce small unindexed regions where appropriate, and ensure 

consistent grain reconstruction across time steps. Grains were reconstructed using a 

conventional critical misorientation threshold, and grain-level features (grain ID, centroid 

position, mean orientation, equivalent size/area, and neighbour list) were exported for tracking 

analysis. 

3.4.3 Quasi-in-situ laboratory diffraction contrast tomography 

LabDCT was employed as a non-destructive 3D microstructure characterisation method 

to overcome limitations inherent to surface EBSD (notably, the inability to resolve through-
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volume grain connectivity and out-of-plane growth). LabDCT provides 3D grain maps 

(orientation, centroid and volume) that can be repeated after interrupted annealing to form a 

4D dataset (3D + time). 

WE43 cylindrical specimens (Ø0.8 mm, axis aligned with ED) were used for LabDCT 

experiments. Interrupted annealing was performed at 490 °C for cumulative times of 12, 32, 

80, 140, 800 and 2240 minutes under protective argon flow. After each dwell, the specimen 

was cooled to room temperature for X-ray characterisation. 

X-ray imaging was performed using a ZEISS CrystalCT system equipped with a flat-

panel detector. At each time step, an absorption-contrast tomography (ACT) scan was acquired 

to define the specimen mask and reconstruction volume, followed by LabDCT acquisition. 

LabDCT datasets were collected at 80 kV using a 375 × 375 µm aperture, with source–

specimen and specimen–detector distances of 12 mm and 400 mm, respectively. 

Approximately 3000 projections per time step were acquired using a helical phyllotaxis scheme 

with 20 s exposure per projection. 

Grain reconstruction was performed using GrainMapper3D (Xnovo Technology ApS). 

Diffraction images were denoised and segmented using customised routines, and low-intensity 

peripheral spots were excluded to improve indexing robustness. Grain indexing used a voxel 

size of 2.5 µm and a misorientation threshold of 0.5° for grain definition, yielding completeness 

values sufficient for reliable tracking. Post-processing (including surface meshing and feature 

statistics) was carried out using DREAM.3D and custom scripts. A sub-volume away from 

reconstruction boundaries was selected to minimise edge artefacts. Figure 3.4 & 3.5 provides 
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detailed experimental setup and raw data. Figure 3.6 shows the distribution of completeness 

for the selected sub-volume, and Figure 3.7 is an overview of the whole dataset.  

 

Figure 3.4 Experimental setup and processing for diffraction images. 

Limitations of LabDCT-based grain characterisation. The LabDCT-based workflow used 

in this thesis enables non-destructive three-dimensional grain tracking during interrupted 

annealing, but several limitations should be considered when interpreting the results. These 

limitations arise from specimen preparation, spatial resolution, reconstruction completeness, 

segmentation quality and the difference between the EBSD and LabDCT datasets used in the 

thesis. 

First, the WE43 specimen used for LabDCT was prepared by electrical discharge 

machining. This method is suitable for producing small cylindrical specimens with controlled 

geometry, but it may introduce a local surface-affected region, including possible thermal or 

mechanical alteration near the machined surface. Although the main analysis was conducted 

on a selected internal reconstructed volume to reduce the influence of surface preparation 

effects, the possibility of a locally altered near-surface microstructure cannot be completely 
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excluded. This should be considered when interpreting surface-related grain growth behaviour 

and spatial heterogeneity. 

Second, LabDCT has a finite spatial resolution, which imposes a lower practical grain-

size detection limit. Very small grains may not generate sufficient diffraction information to 

be reliably indexed and reconstructed, particularly when their size approaches the voxel size or 

when they are located close to larger neighbouring grains. As a result, the reconstructed grain 

population may underrepresent the smallest grains, especially during the early stages of 

annealing. Grain-size statistics and tracking results involving small grains should therefore be 

interpreted as conservative estimates rather than complete representations of the full grain 

population. 

Third, reconstruction completeness and segmentation quality affect the reliability of 

grain-level descriptors. Incomplete reconstruction can influence the measured grain volume, 

equivalent spherical diameter, grain shape, centroid position and local boundary topology. 

These factors are important for grain tracking because Track-4DGG uses grain-level 

descriptors and neighbourhood information to correlate grains between successive annealing 

steps. Poorly reconstructed grains, grains close to the detection limit, and grains involved in 

complex local topology changes may therefore have lower tracking confidence. For this reason, 

the tracking analysis treats ambiguous or poorly reconstructed cases conservatively and focuses 

the main interpretation on robust statistical trends across the tracked grain population. 

It should also be noted that 4D LabDCT was applied only to the WE43 alloy in this thesis, 

whereas AZ31 and ZE20 were studied using quasi-in-situ EBSD. Therefore, the three alloys 

are not compared through an identical three-dimensional characterisation route. The EBSD 
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datasets provide high-resolution two-dimensional information on recrystallisation and texture 

evolution over relatively large mapped areas, while the LabDCT dataset provides non-

destructive three-dimensional information on grain growth within a selected WE43 volume. 

These methods are therefore complementary rather than directly equivalent. 

Accordingly, the LabDCT results in Chapter 6 should be interpreted as a three-

dimensional grain-growth case study for WE43, rather than as a direct 3D comparison with the 

AZ31 and ZE20 recrystallisation datasets. Despite the limitations associated with spatial 

resolution and reconstruction completeness, LabDCT provides a unique capability to track 

grain growth non-destructively in three dimensions. When combined with conservative 

tracking criteria and population-level statistical analysis, it offers valuable insight into normal 

grain growth, abnormal grain growth and spatial heterogeneity in Mg-RE alloys. 
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Figure 3.5 Raw diffraction image of the same sample projection: (a)140 minutes, (b) 800 

minutes, the diffraction spots of same grains if highlighted by the red circle 
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Figure 3.6 Reconstruction quality. (a) Selected 3D volume at 12 minutes annealing time and 

(b) corresponding completeness distribution with mean value of 60% 

 

Figure 3.7 Overview of the LabDCT outcome 
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3.4.4 Three-dimensional electron backscatter diffraction  

Three-dimensional EBSD by serial sectioning provides an alternative route to obtain 3D 

crystallographic orientation information by repeatedly removing thin layers and acquiring an 

EBSD map after each slice, followed by alignment and reconstruction. Compared with 

LabDCT, serial sectioning can achieve finer spatial resolution in some cases but is destructive 

and typically limited by acquisition time and alignment uncertainty over large volumes. 

In the context of this thesis, serial sectioning is considered as a complementary approach 

for future extension of the tracking pipeline to higher-resolution 3D datasets, especially where 

very small grains or fine orientation gradients must be resolved. The non-destructive LabDCT 

route is adopted here as the primary 3D/4D method because it enables repeated measurement 

of the same volume across long annealing times. Figure 3.8 shows a comparison between 

LabDCT and 3D-EBSD 

 

Figure 3.8 A comparison between LabDCT and 3D-EBSD 
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3.5 Data Processing and toolbox development 

3.5.1 Data processing software 

The data pipeline combines established microstructure toolchains with custom scripts: 

EBSD processing and grain reconstruction: MATLAB-based processing using MTEX 

for grain segmentation, texture calculation, and extraction of grain features required for 

tracking. 

2D grain tracking: custom MATLAB toolbox Track-Rex (this work) built around MTEX 

grain objects and additional correlation logic. 

LabDCT reconstruction and feature extraction: vendor software for grain mapping, 

followed by post-processing and feature export using open-source microstructure tools (e.g., 

DREAM.3D) and custom scripts. 

3D/4D tracking and modelling preparation: Python scripts for data structuring, feature 

assembly, and preparation of inputs for subsequent modelling (Chapter 5 onwards). 

All datasets are converted into consistent grain-resolved tables such that each grain has 

a unique ID per time step, grain-level features, and an explicit mapping to its correlated 

“same-grain” identity across time. 

3.5.2 Grain tracking algorithm and coding 

The process begins with data preparation, where a reduced dataset is cropped from the 

raw EBSD data to ensure consistent mapping areas for Track-Rex. The reduced datasets 
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provide magnified views of several thousand grains, revealing statistically reliable and detailed 

information about the recrystallisation process. For instance, more than 4000 and 2000 grains 

are observed in the ZE20 and AZ31 samples, respectively, after a single pass annealing. The 

ZE20 sample with a high nucleation activity demonstrates a higher number of recrystallized 

grains compared to the AZ31 sample within the similar selected region size of 810×610 um2. 

These counts serve as the reference of grain correlation because of the higher indexing rate of 

ZE/2 and AZ/2 compared to the as-rolled condition. MTEX package is utilized on the reduced 

EBSD datasets for grain correlation. Five key features are extracted from the grain properties, 

including grain ID, position, orientation, size and neighbours. Grain ID serves as the direct 

input and output of Track-Rex toolbox with which other properties can be referred. Grain 

position and orientation are two major criteria for indexing the same grain on different EBSD 

scans. 

Figure 3.9 illustrates how Track-Rex correlates grains on two EBSD datasets of the ZE20 

sample, while the detailed algorithm is illustrated in Figure 3.10. The first step is to select a 

reference grain that appears on both EBSD scans (g1 and g1’) with similar locations and 

orientations (misorientation angle <= 5º), Figure 3.9 (a). The misorientation angle of 5° ensures 

the identification of the same grain across different EBSD scans, while minimizing the 

potential misindexing of two or more matching grains. To link the reference positions (grain 

centroid) on two EBSD maps, a displacement vector D1 is introduced. The next step is to assign 

D1 to the 1st order (N = 1) neighbouring grains (for example g2) of the reference. Since g1 and 

g2 are adjacent to each other, it is reasonable to assume that if g2 is retained on EBSD2, it 

should exhibit a comparable displacement vector to D1. That is, the position of g2 on EBSD2 

can be roughly calculated with its positions on EBSD1 and D1, as indicated by the white 
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rectangle in Figure 3.9 (b). After that, a searching process is carried out to identify grains 

located within a predefined searching area (Figure 3.9 (c)) surrounding the estimated position 

of g2. The misorientations between g2 (EBSD1) and each grain in the searching area (EBSD2) 

are then calculated. 

 

Figure 3.9 Examples of grain correlation using Track-Rex in a ZE20 sample: (a) reference 

selection and initial displacement vector, (b) estimation of neighbour position, (c) searching, 

(d) matching, (e) iteration. The numbers in bracket indicate the centroid positions of 

reference grains and displacement vector in (a). 

The core objective of grain tracking is to establish grain-to-grain correspondence 

between consecutive characterisation steps. This is non-trivial because: 

• new grains can appear due to recrystallisation nucleation, 

• grains can disappear due to consumption/impingement, 

• segmentation and indexing quality can vary between maps, 

• local distortions and polishing material removal can introduce small coordinate shifts. 
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Track-Rex addresses these issues by combining position-based prediction with 

orientation-based validation and a neighbour-assisted iterative propagation strategy. 

(i) Pairwise grain correlation between two EBSD maps. 

For two consecutive EBSD scans (EBSD1 and EBSD2), a reference grain that appears in 

both maps is first identified. A displacement vector is defined from the centroid shift of this 

reference grain between maps. For each grain in EBSD1, its expected position in EBSD2 is 

predicted by applying the displacement vector, and a local search window is built around the 

predicted position. Candidate grains in EBSD2 are evaluated using: 

• centroid proximity to the predicted location, 

• misorientation relative to the EBSD1 grain orientation, 

• consistency of local neighbourhood/grain-size scale (used as a secondary constraint). 

• The best candidate satisfying the misorientation threshold is selected as the most probable 

correspondence. 

(ii) Iterative neighbour propagation and voting strategy. 

Because a single reference grain may not represent local distortions everywhere in the 

map, Track-Rex expands correspondence outward using a neighbour-propagation strategy: 

once a grain is reliably matched, it can act as a local reference to predict and match its 

neighbours. Where multiple local references propose correspondences for the same grain, a 

voting/consensus step is used to resolve conflicts and improve robustness. 

(iii) Multi-step tracking across an entire quasi-in-situ dataset. 
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After pairwise matching is established between each consecutive map pair (EBSD1–

EBSD2, EBSD2–EBSD3, …), Track-Rex links correspondences across the full time series. 

Each grain can then be assigned a “life history” including: 

• first appearance time step (nucleation/visibility time), 

• whether it survives to later steps, 

• growth/consumption behaviour, 

• orientation evolution and contribution to texture at each step. 

Depending on the number of grains on EBSD2 that match the predefined misorientation 

angle tolerance of 5º, there are three potential situations, as shown in Figure 3.10. First, no 

grain within the searching area of EBSD2 shows a misorientation angle below 5º to the 

corresponding 1st order neighbour on EBSD1. Assuming that EBSD1 has a shorter annealing 

time than EBSD2, it means the neighbour grain g2, which only appears on earlier annealing 

condition but disappears on the next one, is consumed during the annealing process. On the 

contrary, the grains only observed on EBSD2 are newly formed grains. The second situation is 

one-to-one match: there is only one grain in the searching area of EBSD2 that shows a similar 

orientation to the 1st order neighbour on EBSD1. In this case, the neighbouring grain g2 is 

correlated between two EBSD scans, as shown in Figure 3.9 (d). Its displacement vector is 

calibrated which is further assigned to the next order neighbour, the 2nd order neighbour of 

reference grain. The last situation is that two or more matching grains are found on EBSD2, 

leading to an ambiguous correlation between two EBSD scans. To determine the most likely 

correlated grain, we apply a voting strategy which is similar to the triplet indexing of Kikuchi 
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bands in EBSD software. All potential correlated grains, along with their neighbours, are 

marked. Subsequently, the number of correctly indexed (one-to-one matching) neighbours is 

calculated, with each good index getting a vote. The grain with the highest vote count among 

all candidates is designated as the most probable correlated grain. 

With this iteration of all grains on EBSD1, we can distinguish the grains that appear on 

both EBSD (maintained grains), and others that are either only observed on EBSD1 (consumed 

grains) or EBSD2 (new RXed grains), Figure 3.9 (e). Movie S1 shows that the grain correlation 

of two EBSD datasets can be accomplished within only 6 minutes, demonstrating the 

remarkable efficiency of the Track-Rex toolbox in handling large datasets. 

 

Figure 3.10 Workflow of Track-Rex. 
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Apart from the grain correlation to identify the maintained, consumed, and newly formed 

grains between two EBSD scans, what is more important for the recrystallisation study is the 

history of RXed grains, for example, when the RXed grains are formed and how they evolve. 

Track-Rex enables us to track the RXed grains originated from a specific annealing step and 

their contributions to the microstructure and texture evolution. Figure 3.11 (a-f) shows 

magnified regions of EBSD orientation maps from as-deformed (EBSD1) to fully 

recrystallized condition (EBSD6) in a ZE20 sample. By comparing EBSD2 to the reference 

EBSD1, 93 grains on EBSD2 are indexed as RXed grains, Figure 3.11 (g). With the next grain 

correlation between EBSD2 and EBSD3, 43 out of 93 RXed grains originated from EBSD2 

are maintained in Figure 3.11 (h). These RXed grains are further tracked to EBSD6 on which 

only 9 of them remain on the grain map, while the others are consumed during annealing, 

Figure 3.11 (k). This grain tracking routine is applied to all RXed grains from different 

annealing steps which are separately marked in Figure 3.11 (l-p). Details of individual grain 

tracking process are shown in Movie S2. The entire grain tracking process of eight EBSD scans 

takes about only 1.5 hours. This is much less than using the conventional methods. For example, 

manual tracking could take up to several months to obtain the statistical results from large 

EBSD datasets containing thousands of grains. 
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Figure 3.11 Examples of grain correlation using Track-Rex in a ZE20 sample. (a-f) EBSD 

maps on different annealing conditions. (g-k) Evolution of the RXed grains originated from 

EBSD2. (l-p) Contributions of RXed grains from different annealing conditions to the 

microstructure. 

As the grains are categorized into maintained, consumed and newly formed grains based 

on their presence, the next step is to investigate the grain growth behaviours of the maintained 

grains. A factor of growth rate, g, is introduced as: 

𝑔𝑔 =
𝐺𝐺. 𝑆𝑆.2− 𝐺𝐺. 𝑆𝑆.1

𝐺𝐺. 𝑆𝑆.1
(3.1) 

where 𝐺𝐺. 𝑆𝑆.1 and 𝐺𝐺. 𝑆𝑆.2 are the grain sizes of the same grain on the first and second EBSD 

scans. With this factor, the grains are further divided into growing, stable, and shrinking groups. 

The grains with a growth rate between -0.2 and 0.2 are stable grains, while those lower than -
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0.2 and higher than 0.2 are shrinking and growing grains, respectively. The criteria of 0.2 and 

-0.2 are set to include a comparable number of grains in three groups. 

3.5.3 Tracking uncertainty and confidence assessment 

The grain-tracking results presented in this thesis should be interpreted together with the 

uncertainties associated with time-resolved EBSD and LabDCT datasets. Tracking uncertainty 

can arise from several sources, including imperfect spatial alignment between successive 

datasets, segmentation differences, indexing quality, reconstruction completeness, grain 

boundary migration, grain rotation and complex topological events such as apparent grain 

merging, splitting and consumption. These effects are unavoidable in interrupted annealing 

experiments, where each dataset represents a discrete microstructural state rather than a 

continuous record of boundary motion. 

For the quasi-in-situ EBSD datasets, alignment uncertainty mainly arises from relocating 

the same region after each annealing step and from small differences in scan position, rotation, 

surface condition and indexing quality. These factors may slightly change the apparent centroid 

position, grain boundary location or grain shape between two maps. For the LabDCT datasets, 

uncertainty can also arise from reconstruction completeness, segmentation quality and the 

limited recovery of small grains. Therefore, the tracking results should not be interpreted as 

exact pixel-by-pixel or voxel-by-voxel correlations. Instead, they represent grain-level 

correlations based on the combined consistency of several descriptors. 

To reduce the influence of these uncertainties, Track-Rex and Track-4DGG do not rely 

on a single matching criterion. Candidate matches are evaluated using a combination of 

centroid position, predicted displacement, crystallographic misorientation, grain shape and 
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local neighbourhood consistency. The predicted displacement is estimated from a user-verified 

reference grain pair, while neighbour-based propagation allows local spatial relationships to be 

considered rather than applying only a global rigid alignment. This approach makes the 

tracking less sensitive to small alignment errors and local map distortions. 

Grain rotation is handled through the crystallographic misorientation criterion. Small 

orientation differences between two annealing steps can be accepted when they remain within 

the defined tolerance and are supported by consistent spatial and neighbourhood information. 

However, a large misorientation difference is treated as evidence against a match unless there 

is strong supporting evidence from the local microstructure. In this way, the algorithm allows 

reasonable orientation variation while reducing the risk of linking two different grains with 

similar positions but different crystallographic identities. 

Grain consumption, merging and splitting require conservative interpretation. In 

recrystallisation and grain growth, a grain may disappear because it is consumed by 

neighbouring grains, because it falls below the detection limit, or because segmentation 

changes between two datasets. Similarly, apparent merging or splitting may reflect true 

microstructural evolution, sectioning effects in 2D EBSD, or reconstruction and segmentation 

changes in LabDCT. The algorithms therefore do not force a match when the candidate 

descriptors are inconsistent. If no reliable candidate is found, the grain is classified as 

consumed or left unmatched, depending on the specific analysis. This conservative treatment 

reduces false positive matches and avoids over-interpreting uncertain local events. 

The confidence of a tracked pair is therefore based on the agreement between multiple 

descriptors. A high-confidence match is one in which the predicted spatial position, 
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crystallographic orientation, grain shape and neighbouring grains are mutually consistent. A 

lower-confidence or ambiguous case is one in which one or more descriptors are inconsistent, 

for example when a grain is very small, located near the map boundary, poorly reconstructed, 

or involved in apparent merging or splitting. Such ambiguous cases are suitable for population-

level classification only when treated conservatively and require manual inspection if they are 

used for detailed mechanistic interpretation. 

The main conclusions of this thesis are based on statistical trends from large populations 

of tracked grains rather than on isolated individual events. This reduces the influence of 

occasional local mismatches on the overall interpretation. Nevertheless, the tracking results 

should be regarded as grain-level statistical correlations with defined confidence, rather than 

exact continuous trajectories of every boundary segment. This distinction is important when 

interpreting figures and statistics in Chapters 4–6, particularly for consumed grains, newly 

identified grains, abnormal growth events and small-grain populations close to the resolution 

limit. 

3.5.4 Comparison with existing grain-tracking approaches 

The grain-tracking workflows developed in this thesis were designed to address the 

practical limitations of existing approaches for analysing large time-resolved microstructural 

datasets. In conventional quasi-in-situ EBSD or three-dimensional characterisation studies, 

grain evolution is often assessed by comparing maps visually, manually selecting 

representative grains, or correlating a limited number of grains using their position and 

orientation. These approaches are useful for detailed case studies, but they become inefficient 
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when thousands of grains must be followed across multiple annealing steps. They also make it 

difficult to generate statistically meaningful grain histories for the entire dataset. 

A simpler automated strategy is to use global image registration followed by nearest-

centroid or nearest-neighbour matching. However, this approach is not sufficiently robust for 

interrupted annealing datasets. Between two experimental steps, the same region may 

experience local distortion, small alignment errors, grain boundary migration, grain rotation, 

grain growth, shrinkage and grain consumption. In such cases, the nearest grain in space is not 

always the same physical grain, particularly in regions where grain size changes rapidly or 

where new recrystallised grains appear. Therefore, a reliable tracking method must consider 

not only spatial proximity, but also crystallographic and neighbourhood information. 

Track-Rex and Track-4DGG were developed to overcome these limitations by 

combining user-verified reference matching, local displacement estimation, neighbour 

propagation and multi-parameter candidate evaluation. The initial reference grain pair provides 

an experimentally grounded displacement vector between two datasets. Tracking then 

propagates through neighbouring grains, so that local rather than only global spatial 

relationships are used. Candidate grains are evaluated using a combination of centroid position, 

crystallographic misorientation, shape similarity and neighbourhood consistency. This 

combined strategy improves robustness compared with tracking based only on grain position 

or grain ID, both of which can change between successive EBSD or LabDCT datasets. 

In terms of computational efficiency, the developed workflows allow large datasets to be 

processed within a practical time scale. Instead of manually checking thousands of grains, the 

algorithms automatically search, rank and assign candidate matches. In the recrystallisation 
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datasets analysed in this thesis, Track-Rex enabled tens of thousands of grains to be correlated 

within minutes, allowing grain-level statistical analysis to be performed across complete quasi-

in-situ EBSD sequences. Similarly, Track-4DGG allowed grains and grain clusters to be 

extracted and followed through successive three-dimensional LabDCT datasets, making it 

possible to analyse 4D grain growth behaviour at both individual-grain and population levels. 

The reliability of the tracking results is improved by using multiple descriptors rather 

than a single matching criterion. A grain is accepted as a valid match only when its spatial 

position, orientation and local neighbourhood are mutually consistent with the predicted 

evolution. This is particularly important for recrystallisation and grain growth, where 

individual grains may grow, shrink or be consumed. If no candidate satisfies the defined 

matching criteria, the algorithm does not force a match. Instead, the grain is classified as 

consumed or treated as an unmatched case. This conservative strategy reduces the risk of 

falsely linking two different grains and makes the resulting grain histories more suitable for 

statistical interpretation. 

Complex topological events, such as grain merging and splitting, require careful 

interpretation. In three-dimensional datasets, apparent merging can often be related to the 

growth of one grain into the volume previously occupied by neighbouring grains, while 

apparent splitting may arise from reconstruction artefacts, segmentation changes or incomplete 

grain recovery. In two-dimensional EBSD datasets, such events are even more difficult to 

interpret because the observed section may not represent the full three-dimensional topology. 

For this reason, Track-Rex and Track-4DGG do not assume that all apparent merging or 

splitting events can be uniquely resolved. Instead, the methods prioritise robust one-to-one 

grain histories where the matching confidence is high and treat ambiguous cases conservatively. 



 

94 

 

Individual ambiguous cases can then be inspected manually if they are used for mechanistic 

discussion. 

Overall, the originality of the tracking approach developed in this thesis lies in its 

combination of practical automation and physically meaningful descriptors. The workflows are 

not limited to visual comparison or nearest-neighbour matching, but use spatial, 

crystallographic, shape and neighbourhood information to generate traceable grain histories. 

This makes it possible to convert large time-resolved EBSD and LabDCT datasets into 

structured datasets suitable for statistical analysis, mechanistic interpretation and future 

materials-informatics applications. At the same time, the limitations of the method are 

recognised: the tracking accuracy depends on the quality of the input segmentation, the spatial 

alignment between datasets, the reconstruction completeness in LabDCT, and the ability of 2D 

or 3D characterisation to capture the relevant grain topology. 

3.5.5 Toolbox operation in MATLAB 

Figure 3.12 shows the algorithm of Track-Rex to correlation the same grains on different 

EBSD scans. The first step is to choose the reference for grain correlation, the grains which 

appear on both EBSD with similar locations and orientations (misorientation angle <= 5º). The 

IDs of the same reference grain are used as the input. The initial displacement vector is 

calculated as: D = (X2, Y2) – (X1, Y1), where (X1, Y1) and (X2, Y2) are the centroid positions 

of the same reference grains on EBSD2 and EBSD1, respectively. It is one of the grain features 

and can be referred by grain ID. The next step is to assign the initial displacement vector D0 to 

the 1st (N0 = 1) order neighbouring grains on the reference EBSD. Since the 1st order 

neighbours are adjacent to the reference grain on EBSD1, it is reasonable to assume that they, 
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if are maintained on EBSD2, should have comparable displacement vectors to the initial D0 of 

the reference. That is, the roughly estimated positions of 1st order neighbours on EBSD2 can 

be calculated with their positions on EBSD1 and D0. After that, a searching area of 50 × 50 

μm2 is defined with its centre locating in the correlation position of every 1st order neighbours 

on EBSD2. Then the misorientation between 1st order neighbours (EBSD1) and corresponding 

grains within the searching area (EBSD2) are calculated. 

There are three situations of this grain correlation depending on the number of grains on 

EBSD2 that match the pre-defined misorientation anlge tolerance of 5º. First, no grains on 

EBSD2 have misorientation angles below 5º to the corresponding 1st order neighbour on 

EBSD1. Assuming that the annealing time for EBSD2 is longer than EBSD1, so the 

neighbouring grains which only appear on earlier annealing condition but disappear on the next 

one are consumed during the annealing process. On the contrary, the grains are only observed 

on EBSD2 are newly formed grains. The second situation is one to one match that there is only 

one grain in the searching area of EBSD2 show similar orientation to the 1st order neighbour 

on EBSD1. In this case, the neighbouring grain is correlated on two EBSD. The displacement 

vector of the 1st order neighbour is calibrated which is furtherly assigned to its neighbour, the 

2nd order neighbour of reference grain. Movie. S1 shows the iteration of renewing and re-

assigning of displacement vector in all grains, and Track-Rex check if the grains are retained 

in both EBSD. The above two situations correctly index the neighbour grain on EBSD1 as 

consumed or correlated grain during annealing, but there can be a case that two or more grains 

matching grains are found on EBSD2, leading to the ambiguous correlation between two EBSD. 

To determine the most likely correlated grain, a voting strategy is introduced after the iteration 

of all grains on EBSD1. This voting is very similar to the triplet indexing of kikuchi bands in 
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EBSD software. To begin with, every possible correlated grain together with its neighbours are 

marked out. Then, the number of correctly indexed (1 to 1 matching) grains is calculated, with 

each good index getting a vote. The grain with most votes among all candidates is selected as 

the most probable correlated grain. To minimize the influence of reference selection on the 

accuracy of grain correlation, different reference grains are picked from 4 corners and centre 

of two EBSD scans. There is a matching list for each reference grain, and all the matching list 

are summarised as the final output of grain correlation. 

 

Figure 3.12 Track-Rex Algorithm. 
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Track-Rex is implemented in MATLAB and designed to run with MTEX-processed 

EBSD data. The practical workflow is: 

Check: quick visual inspection and parameter estimation (reference grain IDs, 

misorientation threshold, search range) using representative map pairs. 

Match: automatic pairwise correlation between two consecutive EBSD maps, producing 

a mapping table from EBSD1 grain IDs to EBSD2 grain IDs, along with summary plots (e.g., 

pole figures, size distributions). 

Track: aggregation of all pairwise mappings to produce full time-series tracking results 

across the dataset. 

The toolbox outputs (i) full grain-history tables suitable for statistical analysis (e.g., 

nucleation sequence fractions, survival probability), and (ii) optional “specific tracking” 

outputs that extract trajectories for a user-defined subset of grains/regions. The codebase and 

demonstration datasets are maintained in the public Track-Rex repository (see Section 3.5.3 

notes at the end of this response for the exact repository pointers and settings). 

3.5.6 Toolbox operation in Python 

For LabDCT datasets, the tracking problem is extended from 2D maps to 3D volumes, 

introducing additional challenges such as partial grain visibility near volume boundaries and 

grain fragmentation/merging artefacts arising from reconstruction uncertainties. 
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In this thesis, 3D/4D tracking is performed using a Python workflow that takes, for each 

annealing step, a grain list containing at minimum: grain ID, centroid (x, y, z), mean orientation, 

and volume. The tracking follows the same fundamental logic as the 2D Track-Rex approach: 

Initial seed pairing: a small set of high-confidence grain correspondences between 

consecutive steps is established (either manually verified or automatically selected based on 

combined centroid proximity and low misorientation). 

Local displacement estimation: the seed pair defines an initial displacement estimate, 

which is used to predict candidate locations for neighbouring grains at the next step. 

Candidate evaluation: for each grain, a candidate set is built within a spatial search radius; 

candidates are ranked using a composite score that favours small centroid separation, low 

misorientation, and consistent grain size/shape descriptors where available. 

Neighbour propagation and conflict resolution: matched grains become local references 

to propagate matching through the 3D neighbourhood; conflicts are resolved by consensus 

rules to enforce a one-to-one mapping where appropriate. 

Time-series linking consecutive-step mappings are chained to generate full 4D grain 

trajectories, enabling extraction of individual growth curves and population-level kinetics. 

This Python pipeline produces grain-resolved growth histories in 3D, which can be 

directly compared with 2D EBSD-derived trends while also revealing through-volume effects 

that are inaccessible to surface EBSD. 
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3.5.7 Author contribution statement 

The research presented in this thesis was carried out within a collaborative research 

environment. The author’s individual contributions are therefore clarified here to distinguish 

experimental data generation, algorithm development, code implementation, data processing 

and scientific interpretation. 

The experimental datasets analysed in Chapters 4 and 5 were collected by collaborators. 

The author was responsible for subsequent data processing, grain tracking, statistical analysis 

and interpretation of these datasets. The work presented in Chapter 6 was designed and 

experimentally conducted by the author. This included the design of the interrupted annealing 

schedule, the development of the LabDCT-based characterisation workflow, and the collection 

of the four-dimensional grain growth dataset. 

The conceptual design of the grain-tracking methodology was developed jointly by the 

author and a postdoctoral researcher within the research group. Following this conceptual 

design, the complete code implementation was carried out by the author. This includes the 

construction of the Track-Rex code for quasi-in-situ EBSD datasets and the Track-4DGG code 

for four-dimensional LabDCT datasets. 

The author also carried out all subsequent applications of the tracking algorithms. This 

included applying the codes to the experimental datasets, tracking individual grains across 

successive annealing steps, extracting grain-level descriptors, classifying grain behaviour, 

generating statistical outputs, producing the associated figures and interpreting the results. 

These analyses form the basis of the recrystallisation, texture evolution and grain growth 

studies presented in Chapters 4–6. 
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Accordingly, the main methodological contribution of the author lies in the 

implementation, coding, application and interpretation of the grain-tracking workflows 

developed in this thesis. These workflows convert large time-resolved microstructural datasets 

into structured grain histories and provide the data-driven basis for the analyses presented in 

the following results chapters. 
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Chapter 4 Statistical grains tracking throughout 

recrystallisation 

4.1 Introduction 

This chapter is the first results chapter of the thesis and establishes the grain-resolved 

framework used to analyse recrystallisation in two-dimensional time-resolved EBSD datasets. 

Building upon the methodology introduced in Chapter 3, Track-Rex is applied to quasi-in-situ 

EBSD datasets of AZ31 and ZE20 to follow individual recrystallised grains from their first 

appearance to later stages of growth, shrinkage or consumption. The purpose of this chapter is 

therefore not only to describe recrystallisation in two magnesium alloys, but also to 

demonstrate how automated grain tracking converts a sequence of EBSD maps into a structured 

dataset of grain histories. 

The chapter addresses the first major research question of the thesis: how do 

recrystallised grains nucleate, survive, grow or disappear during annealing, and how do these 

behaviours differ between a conventional RE-free Mg alloy and a lean-RE Mg alloy? By 

comparing AZ31 and ZE20, this chapter provides a broad statistical basis for interpreting 

recrystallisation as a dynamic process rather than a simple sequence of nucleation followed by 

uniform growth. The findings also provide the foundation for Chapter 5, where the analysis is 

narrowed to one specific nucleation feature, namely shear bands, and for Chapter 6, where the 

tracking concept is extended from two-dimensional EBSD maps to three-dimensional LabDCT 

volumes. 
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Mg alloys, with their high specific strength, emerge as promising candidates to fulfil the 

increasing demands of lightweight materials in the automobile industry. However, the inherent 

anisotropy of the hexagonal close-packed (HCP) structure results in a strong basal-type texture 

in Mg products, rendering them susceptible to cracking during deformation. The addition of 

rare earth elements (RE) to Mg is an effective way to weaken the basal texture and enhance the 

ductility of Mg products. The weakening of the deformation texture by RE is related to its 

alterations in precipitation strengthening [137–139] and stacking fault energy [140,141], which 

have been extensively discussed in the literature. Additionally, RE influences the 

recrystallisation texture evolution of Mg alloys by promoting oriented nucleation and 

preferential grain growth. Compared to RXed grains formed at traditional grain boundary, 

those originated from large particles [142–144], shear bands [145–147], and twin boundaries 

[148–150] show more randomized orientations. Nevertheless, these theories are challenged by 

their contributions to the recrystallisation [148,151–153]. Preferential grain growth theory [154] 

has been proposed that the grain boundary mobility can be altered by RE segregation, leading 

to different texture developments during recrystallisation [153,155–157]. Quasi in situ 

experiments provide valuable insights about the roles of double twin [150,158], compression 

twins [159] and shear bands [160,161] in shaping the RE texture. It is found that double twins 

play a key role in the formation of RE texture, while compression twins and shear bands cannot 

significantly influence the final texture due to restricted growth. Additionally, grain boundary 

segregation [162,163] and mobility [164] are reported to impact grain growth, resulting in a 

random texture. 

Numerous theories abound regarding the impacts of RE on the texture evolution of Mg 

alloys during recrystallisation, yet a consensus remains elusive. The understanding of 



 

103 

 

recrystallisation behaviours in Mg alloys holds significance due to their pivotal role in altering 

the microstructure and texture, subsequently influencing material properties [165]. To unveil 

valuable insights into the recrystallisation process, in-situ EBSD technique has been developed, 

boasting high acquisition speed (up to 4,500 Hz) and real-time observation capabilities [166–

168]. Nevertheless, this technique usually generates large datasets, posing significant 

challenges to data evaluation: (1) Prior studies often focus on localized regions with specific 

features like twins [169,170] and shear bands [168,171]. Yet, interpretation of the macro-

recrystallisation behaviours from these small regions with a very limited number of 

recrystallized (RXed) grains is problematic. (2) Recrystallisation nucleation and grain growth 

are believed to dominate different recrystallisation stages [165]. Nonetheless, recrystallisation 

is a dynamic process that involves continuous nucleation and grain growth. Additionally, it is 

not clear whether the nucleation and grain growth behaviours vary as recrystallisation 

progresses. (3) The lack of an efficient tracking method restricts our understanding of 

individual grain behaviour during recrystallisation, including their nucleation timing and 

whether they shrink or grow. Besides, it remains elusive about which RXed grains dominate 

the microstructure and texture at specific stages of recrystallisation, and whether this 

dominance persists throughout the full recrystallisation. 

To overcome these challenges, we have developed Track-Rex, a new and powerful 

toolbox built upon the open-source EBSD analysis toolbox MTEX [172]. Track-Rex enables 

effective grain-scale analysis to simultaneously track thousands of grains, from their nucleation 

to the fully recrystallized state. One of our key findings is that the main component of the fully 

recrystallized microstructure is the RXed grains formed in the middle recrystallisation stages, 

while the majority of those formed in the early stages are consumed. Oriented nucleation and 
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preferential grain growth are observed in two Mg alloys, responsible for the recrystallisation 

texture. Track-Rex shows its exceptional capacity for unveiling insights into recrystallisation 

compared to conventional approaches. More importantly, it can be easily customized and 

applied to various polycrystalline materials, significantly reducing the data processing time 

from several months to some hours with high confidence and statistical results. 

Accordingly, the following sections first present the overall microstructure and texture 

evolution of the AZ31 and ZE20 datasets. The tracking results are then used to separate 

recrystallised grains according to their nucleation step and subsequent behaviour. This structure 

is intended to move beyond conventional map-by-map interpretation and to show how the 

temporal history of each grain contributes to the final recrystallised microstructure and texture. 

4.2 Results 

4.2.1 Microstructure and texture evolution 

The microstructure and texture of the AZ31 and ZE20 samples under different annealing 

conditions are shown in Figure 4.1 and Figure 4.2 . It is to note that these reduced EBSD 

datasets can represent the general recrystallisation behaviours of two samples, as the raw data 

in Figure 4.1 exhibits comparable trends of microstructure and texture evolution. Severe shear 

banding is observed in the as-rolled ZE/1 condition, Figure 4.2 (a). Due to the low indexing 

rate of shear bands (black regions), the corresponding texture shows two strong peaks tilted 

from ND to RD. It should be mentioned that the same specimen reference with RD and TD 

aligned parallel to X and Y axis, respectively, is used for all EBSD maps afterwards. After one 

pass annealing, a large number of RXed grains are formed in the ZE20 sample, accompanied 
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by a reduction in texture intensity from 24.4 to 8.4 MRD (multiple of random distribution), as 

shown in Figure 4.2 (b). As the annealing time increases, the RXed grains start to grow out of 

the previous shear bands, Figure 4.2 (d). An almost fully recrystallized microstructure is 

obtained at ZE/6, while the RD split deformation texture is fully changed to the off-basal 

texture (Figure 4.2 (f)). This texture is slightly reinforced afterwards. 

The as-rolled AZ31 sample exhibits a bimodal microstructure, comprising both coarse 

and fine deformed grains, Figure 4.2 (i). In the early stages of annealing, the recrystallisation 

in the AZ31 sample is delayed as most of the basal oriented grains coloured in red are 

maintained, Figure 4.2 (j and k). However, a rapid recrystallisation process occurs from AZ/3 

to AZ/4, coinciding with a reduction in texture intensity from 22.4 to 16.6 MRD. There are no 

significant changes with the coarse deformed grains until they start to be consumed by some 

RXed grains at AZ/6, leading to a noticeable basal spread texture component since the 

overshadowing effect of coarse grains is decreased, Figure 4.2 (n). Compared to the ZE20 

sample in which the deformation texture is fully changed, the basal texture can only be 

weakened in the AZ31 sample. 
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Figure 4.1 Raw EBSD maps of the ZE20 and AZ31 samples. The ZE20 sample of (a) as-

rolled, and annealed at 400 ℃ for (b) 16 min, (c) 80 min. The AZ31 sample of (d) as-rolled, 

and annealed at 320 ℃ for (j) 8.5 min (d) 34 min. The corresponding pole figures of all 

grains in the ZE20 and AZ31 samples are shown in (g-i) and (j-l), respectively. 
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Figure 4.2 EBSD orientation and basal pole maps of: (a-h) the ZE20 sample under different 

annealing conditions, (i-p) the AZ31 sample under different annealing conditions. The 

numbers on the pole figures indicate the texture intensities. 

4.2.2 Statistical results from grains tracking 

Track-Rex enables systematic investigation of recrystallisation kinetics, specifically 

regarding the area fraction evolution of RXed grains over multiple annealing steps. Figure 4.3 

shows the RXed grains extracted by Track-Rex in the ZE20 and AZ31 samples. Advanced 

nucleation activity is observed within shear bands at ZE/2 step (Figure 4.3 (a)), in agreement 
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with the microstructure evolution in Figure 4.2 (a and b). However, the majority of these RXed 

grains do not grow, but are replaced by new RXed grains at ZE/3 in shear bands, Figure 4.3 

(b). This phenomenon highlights the exceptional capability of the toolbox to reveal 

recrystallisation behaviours that were previously unrecognized. Table 4.1 and 4.2 exhibit the 

statistical data of the RXed grains for the ZE20 and AZ31 samples, respectively. Each table 

row indicates the development of grain number and area fraction of the RXed grains from a 

specific annealing step, while each column shows the contributions of RXed grains from 

different steps to the overall recrystallisation. There are 4077 RXed grains with a 

recrystallisation area fraction (Fx) of 36.4% at ZE/2 step (Table 4.1). However, only 1580 of 

them are maintained at ZE/3 while another 2183 new RXed grains are formed. After that, the 

RXed grains from ZE/2 and ZE/3 grow at the expense of the large deformed grains, and the 

nucleation sites of new RXed grains become more randomized since the shear bands are 

consumed (Figure 4.3 (c)). With the continuous nucleation and grain growth process, an almost 

full recrystallisation microstructure (Fx = 92.1%) is observed at ZE/6 (Figure 4.3 (e)). 

After the initial two annealing steps of the AZ31 sample, the recrystallisation stays 

negligible, with a few RXed grains occupying a limited area fraction of the microstructure, as 

shown in Figure 4.3 (f and g) and Table 4.2. However, 1455 newly formed RXed grains 

suddenly appear at AZ/4 step (Figure 4.3 (h)), constituting an area fraction of 37.1%. These 

RXed grains from AZ/4 step grow fast and become the main component (Fx = 52.5%) of the 

fully recrystallisation microstructure at AZ/7 step (Figure 4.3 (k)). A notable trend is observed 

that the area fraction of newly formed RXed grains firstly increases and then decrease in both 

samples, though their amounts continuously decrease (Table 4.1 and 4.2). 
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Figure 4.3 Contributions of the RXed grains originated from different annealing steps to the 

microstructure evolution.  (a-e) RXed grains in the ZE20 sample at different annealing step. 

(f-k) RXed grains in the AZ31 sample at different annealing step. The deformed grains are in 

blank while the RXed grains are coloured based on their nucleation steps. Tracked grains 

refer to grains for which a reliable correlation was identified between successive EBSD maps 

using the Track-Rex criteria. Grains without a reliable candidate in the following step were 

classified as consumed. 
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Table 4.1 Number and area fraction of recrystallized grains in the ZE20 sample. 

Annealing 
condition ZE/2 ZE/3 ZE/4 ZE/5 ZE/6 

Total grain 
number 4984 4228 4024 3081 2556 

Number 
and area 
fraction 
of RXed 
grains 

originated 
from: 

ZE/2 4077, 
36.4% 

1580, 
23.6% 

830, 
19.9% 

449, 
16.4% 

247, 
12.9% 

ZE/3  2183, 
20.9% 

1186, 
25.5% 

669, 
22.2% 

359, 
17.1% 

ZE/4   1715, 
20.2% 

1010, 
28.9 % 

619, 
28.2% 

ZE/5    789, 11.8 
% 

523, 
18.6% 

ZE/6     745, 
15.3% 

Total 
recrystallisation 

fraction 
36.4% 44.5% 65.6% 79.3% 92.1% 
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Table 4.2 Number and area fraction of recrystallized grains in the AZ31 sample. 

Annealing 
condition AZ/2 AZ/3 AZ/4 AZ/5 AZ/6 AZ/7 

Total grain 
number 2931 2549 2643 2631 2265 2234 

Numb
er and 
area 

fractio
n of 
the 

RXed 
grains 
origin
ated 
from 

AZ/
2 

923, 
9.1% 

523, 
11.8% 

193, 
5.0% 

154, 
4.0% 48, 1.9% 29, 

1.6% 

AZ/
3 

 701, 
8.2% 

354, 
9.3% 

311, 
9.1% 

205, 
8.7% 

145, 
8.3% 

AZ/
4 

  1455, 
37.1% 

1358, 
40.5% 

1095, 
53.1% 

903, 
52.5% 

AZ/
5 

   254, 
1.9% 

172, 
4.3% 

132, 
4.5% 

AZ/
6 

    486, 
10.1% 

415, 
17.5% 

AZ/
7 

     409, 
5.8% 

Total 
recrystallisati

on fraction 
9.1% 20.0% 51.4% 55.5% 78.1% 90.2% 
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4.2.3 Recrystallisation at different annealing steps 

Track-Rex enables an in-depth analysis of the nucleation and grain growth processes and 

their effects on microstructure and texture evolution in different recrystallisation stages. The 

ZE20 sample initially exhibits a more advanced recrystallisation than the AZ31 sample. 

Considering that the recrystallisation area fractions of both samples are relatively low (< 40%) 

after the first annealing and do not increase much after the second one (Table 4.1 and 4.2), we 

can assume ZE/2~ZE/3 and AZ/2~AZ/3 as the early recrystallisation stages. The 

microstructure and texture maps of the RXed grains originated from ZE/2 and AZ/2 steps is 

shown in Figure 4.4. The RXed grains at ZE/2 within shear bands exhibit a weak off-basal 

texture with c-axis tilting 40 – 60º from the ND, Figure 4.4 (a). This texture differs significantly 

from the RD split deformation texture, responsible to the reduction of texture intensity in Figure 

4.2 (a and b). About 60% (Table 4.1) of these RXed grains disappear at ZE/3 step, namely 

consumed grains (Figure 4.4 (b)), while others are maintained during the annealing, Figure 4.4 

(c and d). Both the maintained and consumed RXed grains exhibit off-basal textures despite of 

a slightly higher texture intensity in the maintained ones. 

However, it is unclear whether the weakened texture in ZE20 sample is solely dependent 

on the preferential nucleation of off-basal RXed grains and their survival, or if the grain growth 

advantage also plays a role in the texture evolution. To address this question, an indicator of 

growth rate g is introduced which is detailed in the Methodology section. Table 4.3 and 4.4 

provide the average grain size of RXed grains at different steps, including the separate average 

grain size of the consumed and maintained RXed grains. For instance, the average grain size 

of maintained RXed grains in the former EBSD scan evolves into the average size of all RXed 

grains in the later EBSD. In the ZE20 sample (Table 4.3), the average grain size of 1580 
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maintained RXed grains originated from ZE/2 slightly increases from 11.7 µm at ZE/2 (Figure 

4.4 (c)) to 14.3 µm at ZE/3 (Figure 4.4 (d)). The growing RXed grains (g > 0.2) with a number 

fraction of 50.0% show a more obvious off-basal texture with tilted c-axis forming the off-

basal ring component (Figure 4.4 (h)), compared to the stable (Figure 4.4 (g)) and shrinking 

grains (Figure 4.4 (f)). This observation confirms the off-basal growth preference in the ZE20 

sample. 

 

Figure 4.4 Recrystallisation behaviours of the RXed grains in early recrystallisation stage. (a-

c) All, consumed and maintained RXed grains from ZE/2 step. (d) Maintained RXed grains at 

ZE/3. (e) Growth rate distribution of the maintained grains. (f-h) Shrinking, stable, and 

growing RXed grains from ZE/2. (i-k) All, consumed and maintained RXed grains from 
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AZ/2 step. (l) Maintained RXed grains at AZ/3. (m) Growth rate distribution of the 

maintained grains. (n-p) Shrinking, stable, and growing RXed grains from AZ/2.  

Table 4.3 Average grain size of the recrystallized grains in the ZE20 sample. 

Annealing condition ZE/2 ZE/3 ZE/4 ZE/5 ZE/6 

Average 
grain size of 
RXed grains 

from 
different 

step: 
 

All RXed 
grains 

(maintained 
grains, 

consumed 
grains) 
(µm) 

ZE/2 
10.5 

(11.7, 
9.7) 

14.3 
(16.4, 
11.5) 

16.1 
(19.7, 
11.7) 

19.5 
(24.6, 
14.0) 

21.8 

ZE/3  
11.9 

(13.1, 
10.0) 

15.4 
(19.0, 
11.2) 

19.2 
(23.4, 
14.4) 

21.1 

ZE/4   
11.9 

(13.2, 
9.3) 

17.9 
(20.7, 
12.8) 

20.5 

ZE/5    
13.3 

(14.6, 
10.8) 

18.2 

ZE/6     14.3 
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Table 4.4 Average grain size of the recrystallized grains in the AZ31 sample. 

Annealing 
condition AZ/2 AZ/3 AZ/4 AZ/5 AZ/6 AZ/7 

Average 
grain size 
of RXed 

grains from 
different 

step: 
 

All Rxed 
grains 

(maintained 
grains, 

consumed 
grains) 
(µm) 

AZ/2 
11.2 

(12.5, 
9.3) 

16.4 
(20.9, 
14.6) 

16.5 
(18.1, 
11.6) 

16.6 
(21.0, 
14.5) 

20.0 
(23.7, 
13.2) 

23.9 

AZ/3  
12.2 

(12.4, 
11.8) 

16.7 
(18.0, 
10.4) 

17.7 
(21.2, 
11.9) 

20.4 
(24.0, 
11.5) 

21.1 

AZ/4   
16.5 

(17.1, 
9.1) 

17.9 
(19.8, 
10.3) 

21.7 
(24.4, 
10.9) 

23.9 

AZ/5    
9.6 

(10.0, 
8.7) 

15.3 
(16.9, 
9.1) 

17.3 

AZ/6     
14.2 

(14.9, 
9.6) 

18.9 

AZ/7      11.00 
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In contrast, fewer RXed grains are observed at AZ/2 than those at ZE/2 step. The AZ31 

sample has 523 maintained RXed grains (Figure 4.4 (k)), showing more concentrated basal 

peaks compared to the consumed ones (Figure 4.4 (j)). In the meantime, a significant grain 

growth from 12.5 to 16.4 µm (Table 4.4) is found in the maintained RXed grains, Figure 4.4 

(k and l). Compared to the ZE20 sample, the AZ31 sample exhibits a higher number fraction 

of growing grains. Only 38 maintained grains with a number fraction of 7.3% shrink, leading 

to a strong basal peak (Figure 4.4 (n)). Despite the differences in texture intensities, all 

maintained RXed grains in the AZ31 sample generally show similar basal orientations, 

indicating a uniform grain growth process. 

With increasing annealing time, new RXed grains are formed as well as the early formed 

ones grow. The recrystallisation fractions reach about 60% at ZE/4 and AZ/4 steps, Figure 4.3 

(c) and (h), indicating the middle recrystallisation stages of ZE/3~ZE/4 and AZ/3~AZ/4. The 

growth rate distributions of the maintained RXed grains from different steps are separately 

shown in Figure 4.5 (a). For brevity, kernel smoothing is applied to the growth rate distributions. 

Notably, the growth rate peaks of the early formed RXed grains originated from AZ/2 and ZE/2 

(black curves) shift to the shrinking zone compared to those from AZ/3 and ZE/3 (red curves). 

This shift is also supported by the decreasing average grain size of early formed RXed grains 

in both samples (Table 4.3 and 4.4). For example, the maintained RXed grains originated from 

ZE/2 decrease in size from 16.4 µm at ZE/3 step to 16.1 µm at ZE/4 step. Additionally, the 

RXed grains in the AZ31 sample are more likely to grow, indicated by the larger grain size in 

Table 4.3 and 4.4, while those in the ZE20 undergo vibrant shrinking processes. Apart from 

the growth rate distribution, the textures of each growing, stable and shrinking group are 

investigated. Similar to the subgroup textures in Figure 4.4, the growing RXed grains in the 
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ZE20 sample originated from both ZE/2 (Figure 4.5 (d)) and ZE/3 (Figure 4.5 (g)) steps also 

show more pronounced off-basal textures compared to the stable or shrinking grains. On the 

contrary, the RXed grains in the AZ31 sample always show basal textures, although the texture 

intensities are much higher owing to the small amount of RXed grains.  

 

Figure 4.5 Grain growth behaviours of the maintained RXed grains in middle 

recrystallisation stage. (a) Growth rate distributions of the RXed grain originated from 

different annealing steps. (b-g) Basal pole maps of the shrinking, stable, and growing RXed 

grain from ZE/2 and ZE/3 steps. (h-m) Basal pole maps of the shrinking, stable, and growing 

RXed grain from AZ/2 and AZ/3 steps. 

The off-basal nucleation and growth of the RXed grains in the ZE20 are consistent 

through all recrystallisation stages. Even though the new RXed grains in the late 

recrystallisation stages come from different nucleation sites than the previous ones, for example, 

shear bands (ZE/2~3) and random positions (ZE/5~6), they share similar trends of off-basal 

nucleation (Figure 4.6) and growth (Figure 4.7). It should be mentioned that Figure 4.7 only 

includes the growth rate distributions and textures of RXed grains from the middle and later 
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recrystallisation stages, which constitute the main components of the recrystallized 

microstructure. This nucleation and growth preference in the ZE20 sample are also confirmed 

in Movie S2 that all RXed grains exhibit scattered off-basal orientations upon nucleation, 

which are further strengthened during subsequent annealing. In the AZ31 sample, basal 

textures are observed in the RXed grains despite of their origins from small grain region 

(AZ/2~5) or coarse deformed grains (AZ/6~8). Besides, there is no obvious growth advantage 

in the AZ31 sample as the growing, stable, and shrinking RXed grains are basal oriented 

(Figure 4.7). 

 

Figure 4.6 EBSD grain and orientation maps of newly formed recrystallized grains at 

different annealing steps. (a-g) ZE20 sample, (h-n) AZ31 sample. 
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Figure 4.7 Grain growth behaviours of the maintained RXed grains in late recrystallisation 

stage. (a) Growth rate distributions of the RXed grain originated from different annealing 

steps. (b-g) Basal pole maps of the shrinking, stable, and growing RXed grain from ZE/4 and 

ZE/5 steps. (h-m) Basal pole maps of the shrinking, stable, and growing RXed grain from 

AZ/4 and AZ/6 steps. Growth rate is defined by equation (3.1). 

4.3 Discussion 

4.3.1 Recrystallisation kinetics 

According to classic recrystallisation theory, the early recrystallisation stage is 

dominated by nucleation, while grain growth plays a more important role afterwards. However, 

our results show the continuous nucleation and grain growth of the RXed grains throughout all 

recrystallisation stages. For instance, obvious grain growth already occurs in the early 

recrystallisation stage (Figure 4.4), and considerable numbers of new RXed grains (Table 4.1 

and 4.2) are also formed in the late recrystallisation stage. Nevertheless, the possibility cannot 

be excluded that the new grains appearing in the late annealing steps might be the existing 
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grains growing from beneath the sampling area. To clarify the origin of these new grains at the 

late stage of recrystallisation process, the combination of in-situ 3D characterisation [173,174] 

and effective tracking method like Track-Rex will be required, which will be published in our 

future work. Another finding is that the RXed grains do not consistently grow after their 

nucleation; in fact, some early RXed grains can shrink or even be consumed (Figure 4.3 and 

Figure 4.4), thus making a limited contribution to the recrystallisation (Table 4.1 and 4.2). This 

phenomenon also explains the findings that the fully recrystallized microstructure is mainly 

derived from the RXed grains formed in the middle recrystallisation stage. 

 

Figure 4.8 Schematic of recrystallisation behaviours in the ZE20 and AZ31 sample. (a) 

Nucleating and consuming activities during annealing. (b) Grain size evaluation of the RXed 

grains from nucleation to the final annealing step. 

The recrystallisation kinetics of the ZE20 and AZ31 samples can be schematically 

summarised in Figure 4.8. The ZE20 sample shows a high nucleating activity (Figure 4.8 (a)), 

which generally decreases with the annealing time as the driving force and preferred sites like 
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shear bands for nucleation are being consumed. However, the nucleating rate decreases faster 

than the consuming rate. For example, there are 2497 RXed grains consumed from ZE/2 to 

ZE3 while 2183 grains are newly formed (Table 4.1), leading to a reduced total grain count 

from 4984 (ZE/2) to 2556 (ZE/6). In the AZ31 sample, the nucleating and consuming activities 

of RXed grains initially occur at low rates, followed by a sudden increase of nucleation at AZ/4 

step. Figure 4.8 (b) exhibits the relationship between grain size of the RXed grains and their 

existing time since nucleation. On the x-axis, grains with short existing time indicate they are 

newly formed in the late recrystallisation stages, whereas those with long existing time are old 

RXed grains originated from the early recrystallisation stages. In both samples, the RXed grains 

experience an initial growth phase, reach a peak grain size, and then undergo shrinking. As 

annealing proceeds, some new RXed grains can be formed that hold a growth advantage over 

the old RXed grains. In this case, the newly formed grains grow at the expense of the old ones, 

leading to a decreased average grain size of the maintained RXed grains from early 

recrystallisation stages (Table 4.3 and 4.4). The RXed grains originated from the middle 

recrystallisation stages, such as AZ/4 and ZE/4, reach their peak grain size in the fully 

recrystallized condition because of their existing time and fewer competitors (new RXed grains 

formed in the late recrystallisation stage). The combination of rapid nucleation and peak grain 

size of the RXed grains originated from AZ/4 step results in their predominance in the fully 

recrystallized microstructure at AZ/7 step. The RXed grains in the ZE20 sample grow slower 

and shrink faster compared to those in the AZ31 sample, which is confirmed by the smaller 

average grain size and lower fraction of the growing grains (Table 4.3 and 4.4). Consequently, 

the RXed grains from different annealing steps of the ZE20 sample play more comparable roles 

in the fully recrystallized microstructure than the AZ31 sample (Table 4.1 and 4.2). 



 

122 

 

4.3.2 Texture evolution 

Oriented nucleation and grain growth preference are believed to play key roles in the 

formation of RE texture. During annealing, the ongoing oriented nucleation and grain growth 

of the off-basal RXed grains in ZE20 sample lead to the transition from RD split texture to RE 

texture. In contrast, all the RXed grains in the AZ31 sample show basal textures without 

obvious grain growth preference. Consequently, the basal texture in the AZ31 sample can only 

be weakened, rather than fully altered. 

To understand the underlying mechanisms of the different texture evolutions between 

two samples, it is important to investigate the roles of deformation stored energy and grain 

boundary configuration in recrystallisation [165]. Firstly, deformation stored energy acts as the 

driving force for recrystallisation, providing the necessary energy to overcome the barriers to 

nucleation and growth of new grains. Comparing with the AZ31 sample, the as-rolled ZE20 

sample shows a higher area fraction of shear bands (Figure 4.2 (a)), indicating higher 

deformation stored energy as shear bands denote severely deformed regions with a notable 

concentration of dislocations [175,176]. This aligns with the advanced nucleation in the early 

recrystallisation stages of the ZE20 sample (Figure 4.3 (a)). However, it is challenging to 

explain the phenomenon that most of the RXed grains (defect-free with no deformation stored 

energy) formed at ZE/2 step are replaced by new RXed grains at ZE/3, considering the energy 

consumption during the nucleation process at ZE/2. Divergent nucleation and growth 

behaviours in the two alloys may be attributed to their unique kinetic parameters, including 

nucleation energy and growth energy [177]. Furthermore, the elevated thermodynamic stability 

of the secondary phase [178,179] in the ZE20 sample acts as an impediment to the rapid growth 

of recrystallized grains, resulting in a finer grain size and a subdued texture. 
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The effects of boundary configuration, including grain boundary curvature, 

misorientation, and boundary pinning, on grain growth should be taken into account. Since the 

RXed grains in both samples are equiaxed with comparable initial grain size, it is difficult to 

relate the preferential grain growth of the off-basal grains in the ZE20 sample to boundary 

curvature. The pinning effects of boundary precipitation have been reported to hinder the rapid 

growth of basal RXed grains from prior grain boundaries [180], leading to an increased 

contribution of the RXed grains from twins and shear bands with random orientations. This 

phenomenon is responsible for the observed texture weakening in previous studies 

[146,158,162,181]. In our study, the ZE20 sample produces stable Zn-RE rich precipitates at 

grain or twin boundaries and shear bands, aiming to reduce the lattice misfits caused by alloying 

elements, as reported by many researchers [147,182]. Different from previous studies that 

suggest different orientations for RXed grains from various sites, our results show that the 

RXed grains in the ZE20 sample, regardless of their nucleation sites and stages, tend to show 

the off-basal orientations during nucleation. Rather than suppressing the fast growth of basal 

RXed grains from prior grain boundary by precipitate pinning, all the RXed grains in the ZE20 

sample exhibit a consistent off-basal growth advantage. The growing grains show more 

obvious off-basal orientations compared with the shrinking and stable RXed grains (Figure 4.4 

and Figure 4.5). 

Certain grain boundaries with specific misorientations, such as 30º about <0001> axis 

misorientation boundary in Mg alloys [153,157,183], have been reported to exert a growth 

advantage over other boundaries during recrystallisation. This advantage is attributed to the 

formation of ∑13 coincidence site lattice (CSL) [184] or dislocation slip-induced grain rotation 

[185]. Figure 4.9 (a-b) shows that there are no specific misorientation boundaries in the ZE20 
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sample. The boundary length fractions of the two major peaks (30º about <0001> and 64º about 

<1�101> misorientation boundaries) are below 1%, due to their homogeneous distribution of 

misorientation angle and low misorientation axis intensities. Thus, the preferential nucleation 

and growth in the ZE20 sample are not associated with special misorientation grain boundary. 

On the contrary, the AZ31 sample has a strong peak of 55º about <1�100> misorientation, which 

is significantly weakened from 26.7 (AZ/3) to 10.1 MRD (AZ/4), as shown in Figure 4.9 (c-d). 

The corresponding boundary length fraction decreases from 8.2% at AZ/3 to 2.0% at AZ/4, 

Figure 4.9 (e-f), in accompany with the rapid nucleation process in Figure 4.3 (h). Some 

researchers attribute these boundaries to the tensile-tensile double twin boundaries 

characterized by 60º about <1�100> misorientation axis [186–188]. Considering the occurrence 

of this double twin boundary and the 5º misorientation angle difference with the observed peak 

in this work, we are cautious about relating the observed specific boundaries to double twin 

boundaries. Further study is needed to fully understand the effects of these misorientation 

boundaries on the recrystallisation behaviours of the AZ31 sample. 
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Figure 4.9 Grain boundaries evaluation the ZE20 and AZ31 sample. (a, b) Misorientation 

angle distributions of all grains in the ZE20 sample. (c, d) Misorientation angle distributions 

of all grains in the AZ31 sample. (e, f) Grain boundary maps of all grains in the AZ31 

sample. The axis distribution of the special misorientation boundary peaks are superimposed 

in misorientation angle distribution maps. The length fraction of 55-58º <1̅100> boundary is 

attached in (e, f). 
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4.4 Conclusion 

This work investigated the recrystallisation process of commercial and RE containing 

Mg alloys by applying the grain correlation approach. It is the first time to simultaneously track 

thousands of RXed grains from nucleation to fully recrystallized condition. Different from the 

classic nucleation and grain growth theory, it shows the continuous and dynamic nucleation 

and grain growth processes. The texture weakening mechanisms of RE addition are 

investigated. The main conclusions are given below: 

1. Recrystallisation does not occur at a constant rate. The severely deformation shear 

bands in the ZE20 sample promote nucleation, while the recrystallisation is initially low 

followed by a sudden increase of recrystallisation fraction in the AZ31 sample. 

2. The RXed grains do not always grow, but they can also shrink or even be consumed. 

This is because the newly formed grains grow at the expense of the old ones. 

3. The early formed RXed grains have minor contributions to the fully recrystallized 

microstructure and texture as most of them are consumed during annealing.  

4. RXed grains in the ZE20 sample show off-basal texture which is independent of the 

nucleation sites and recrystallisation stages. This oriented nucleation is the origin of RE texture. 

Basal orientation is the main texture component of the RXed grains in the AZ31 sample, 

meanwhile a basal spread is found in the middle recrystallisation stage.  Thus, the basal texture 

can only be weakened but not changed in the AZ31 sample. 
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5. Preferential grain growth is observed in the ZE20 sample that the growing grains show 

a more pronounced off-basal texture compared to the stable and shrinking ones. There is no 

obvious grain growth preference in the AZ31 sample. 

Within the narrative of this thesis, this chapter demonstrates that recrystallisation in Mg 

alloys cannot be fully interpreted from the final recrystallised microstructure alone. The Track-

Rex results show that a grain may nucleate early but later shrink or be consumed, whereas other 

grains nucleating at later stages may dominate the final microstructure. This distinction 

between nucleation frequency and grain survival is central to the grain-resolved approach 

developed in this thesis. It also provides the motivation for the next chapter, where the role of 

a specific microstructural feature, shear bands, is examined in greater detail. 

  



 

128 

 

Chapter 5 Specific grains tracking from shear bands 

5.1 Introduction 

Chapter 4 established the general capability of Track-Rex to follow recrystallised grains 

across large quasi-in-situ EBSD datasets and showed that grain survival, rather than nucleation 

alone, controls the final recrystallised microstructure. This chapter builds directly on that 

conclusion by focusing on a more specific metallurgical question: the role of shear bands as 

recrystallisation nucleation sites in a lean-RE ZE20 magnesium alloy. Shear bands have often 

been treated as preferential nucleation sites for texture modification in Mg-RE alloys, but their 

actual contribution to the final recrystallised texture depends on whether the grains formed 

within them are retained during subsequent annealing. 

The aim of this chapter is therefore to move from general recrystallisation tracking to 

feature-specific tracking. Instead of considering all recrystallised grains as a single population, 

the analysis separates grains nucleated at or near shear bands from those associated with other 

microstructural regions. This allows the contribution of shear-band-induced nucleation to be 

assessed not only at the moment of nucleation, but throughout the entire annealing sequence. 

In this way, the chapter links a classical recrystallisation question—the role of preferred 

nucleation sites—to the central thesis theme of grain-resolved, time-resolved microstructure 

analysis. 

With the increasing demand for lightweight materials in automotive and aerospace 

industries, magnesium (Mg) alloys are drawing attention because of their high strength-to-

weight ratio. However, the application of Mg alloys is restricted as they tend to form strong 
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basal crystallographic texture during deformation. The basal texture hinders the activation of 

deformation modes like basal slip and tension twinning [189,190] during subsequent 

thermomechanical treatments, leading to premature failure. One common approach to modify 

the deformation textures is recrystallisation annealing [191], through which weakened textures 

can be obtained, particularly in some magnesium rare earth containing alloys (Mg-RE alloys) 

[192,193] and some lean Mg-Zn-Ca alloys [194]. The rare earth (RE) textures are formed 

through statistical or dynamic recrystallisation processes. Typical RE textures demonstrate a 

fiber with the <112�1> axis of grains parallels to the extrusion direction (ED) after extrusion 

[195,196] and a weakened texture with tilted basal pole from normal direction (ND) towards 

the transverse direction (TD) after rolling [197,198]. 

The origin of RE textures remains a matter of debate over the past two decades, numerous 

factors have been considered to play roles during recrystallisation procedure, including solute 

drag [199,200] and particle pinning along specific grain boundaries (GBs) [201–203], 

preferential nucleation sites [195,204–206] and oriented grain growth [207,208]. However, 

real-time recrystallisation progress is usually associated with the synergies of aforementioned 

factors, making it difficult to establish their individual effects on the RE textures formation. 

For instance, the preferential nucleation sites in Mg alloys include second phase particles 

[205,206,209], grain boundaries and subgrain boundaries [209–211], deformation twins 

[204,212–214] and shear bands (SBs)[195,214–216]. This range of nucleation sites raises the 

questions: (1) what are the individual contribution of each nucleation site to the final texture; 

(2) dose the microstructure evolution differ depend on different nucleation sites; (3) does the 

initial recrystallised texture retain or there is growth advantage regarding to nucleation sites or 

specific orientation? It could be difficult to elucidate and validate potential answers considering 
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all nucleation sites within one work. Therefore, only the mechanism of SBs induced nucleation 

is investigated in this work. 

It is important to study the SBs induced nucleation as they are the predominant 

microstructural feature and preferential nucleation sites in severely deformed materials. 

Stanford and Barnett [195] first reported SBs in Mg-RE alloys have higher nucleation 

propensity than deformed grain boundaries. Basu et al. [215] further confirmed this in both 

Mg-1Ce and Mg-1Gd alloys, where recrystallisation is dominated by SBs induced nucleation 

with random orientation. However, after fully recrystallised, only Mg-1Gd presents RE texture 

while Mg-1Ce maintains basal texture. The negligible texture changes within Mg-1Ce 

attributes to the fine distribution of fragmented Mg12Ce precipitates, which restricts 

subsequent grain growth. Nevertheless, the insights into texture evolution of SBs induced 

nucleation remains unclear. Later, the texture modification of deformed Mg-1Ce was achieved 

with Zn and Zr addition [217], promoting the formation of both SBs and precipitation. Hence, 

it cannot be distinguished whether SBs induced nucleation or particle stimulated nucleation 

(PSN) should be responsible for the weakened texture. On the other hand, Zeng et al. [210] 

demonstrated the random orientation of GBs nucleation in a Mg-0.3Zn-0.1Ca alloy, Han et al. 

[211] also found GBs nucleated grains exhibit RE texture in a fine-grained Mg-3Gd alloy. 

Nevertheless, the contribution of these GBs nucleation to the final microstructure cannot be 

distinguished from other nucleation sites like SBs or PSN. Apart from nucleation, grain growth 

also plays a significant role in the formation of RE texture. Guan et al. [216] revealed the 

orientated growth of off-basal grains at elevated temperature in WE43 alloy. Zeng et al. [218] 

demonstrated that apart from growth, recrystallised grains can also shrink or be consumed by 

neighbouring grains. Prior to this work, the individual effect of double twins and SBs in WE43 
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alloy were systematically investigated using quasi-in-situ Electron Backscatter Diffraction 

(EBSD) method [213,216]. The results indicates that grains nucleated at double twins exhibit 

RE texture, which is preserved during subsequent uniform grain growth [213]. Conversely, 

SBs induced nucleation shows random orientation, and a weakened RE texture was obtained 

owing to the growth advantage of off-basal grains. This oriented grain growth attributes to the 

absence of particle pinning effect at GBs [216]. However, other researchers have also reported 

basal textures after annealing in Mg-RE alloys with SBs dominant microstructure, and non-RE 

alloys with intensive SBs show obvious basal texture after annealing[215,219,220]. Recently, 

Li et al. [221] proposed that the grains nucleated at SBs dominate the recrystallisation in a Mg-

1Al-1Zn-0.1Ca-0.2Y alloy and observe only weakened basal texture. However, a quantitative 

evaluation is still necessary to confirm the contribution of SBs induced nucleation to the final 

texture. Hence, the role of SBs during nucleation and grain growth needs to be thoroughly 

investigated and quantified with representative microstructure dataset and advanced data 

processing methods. 

The possibility remains that early formed recrystallised grains from SBs could be 

gradually consumed during recrystallisation, necessitating the clarification regarding the 

contribution of PSN or GBs nucleation. In either case, there is an inevitable need to track large 

number of grains from nucleation to fully recrystallised state, after which the contribution of 

specific group of grains can be calculated. Nonetheless, conventional grains tracking within in-

situ datasets is manually conducted at small regions, which is not only less representative but 

also time consuming. Moreover, the tracking task is becoming more challengeable because of 

the fast-expanding data size facilitated by the advancements in data acquisition speed. Recently, 

the authors have developed Track-Rex, a toolbox which allows researchers to efficiently track 
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large number of grains within in-situ or quasi-in-situ EBSD datasets. Details regarding the 

tracking algorithm, scripted code, as well as text and video instructions are available at open-

source GitHub repository [https://github.com/TrackRex/Track-Rex]. In the accompanying 

publication [222], the entire recrystallisation process of two Mg alloys (AZ31 and ZE20) were 

examined, but detailed contribution from SBs induced nucleation was not fully discussed in 

our previous works [216,222]. 

To clarify the role of SBs as nucleation sites during recrystallisation and grain growth, 

as well as resolve their contribution to the recrystallised texture, we employed Track-Rex to 

investigate the entire annealing process of a ZE20 alloy using quasi-in-situ EBSD method. The 

sample was firstly subjected to tailored mechanical processing to maximise the volume fraction 

of SBs, followed by multiple interrupted annealing steps until the recrystallisation process was 

nearly completed. After tracking all 40900 grains presented in the EBSD dataset, we confirmed 

that the recrystallised grains from SBs exhibited scattered RE texture upon nucleation. 

However, most of them were gradually consumed as the recrystallisation progressed and thus 

only provide limited contribution (20.89%) to the final texture. Moreover, basal-oriented grains 

within shear bands were progressively consumed, while off-basal grains demonstrated higher 

possibility to survive during subsequent annealing. As a result, the grains nucleated from SBs 

exhibit RE texture with off-basal peaks at fully recrystallised state. In addition, the consumed 

SBs grains reflect a higher content of low-angle grain boundaries compared to the maintained 

ones, suggesting that GBs have a significant impact on grain behaviour during recrystallisation. 

These findings will enhance the understanding of recrystallisation process and pave the way 

for the development of new wrought Mg alloys with tailored crystallographic texture. 

https://github.com/TrackRex/Track-Rex
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The chapter is organised as follows. The initial deformed microstructure is first described 

to identify the distribution of shear bands and potential recrystallisation sites. The subsequent 

quasi-in-situ EBSD maps are then analysed using Track-Rex to determine where recrystallised 

grains first appear, how their area fraction evolves, and whether shear-band-nucleated grains 

are retained or consumed during annealing. The final part of the chapter discusses how these 

grain histories affect the interpretation of shear bands as effective texture-modifying features. 

5.2 Results 

5.2.1 Microstructure after cold deformation 

Figure 5.1 (a) presents EBSD IPF map of the cold-rolled ZE1 surface, with an index rate 

of 30%, attributed to the large plastic strain introduced by cold rolling. Figure 5.1 (b) shows 

the corresponding band contrast (BC) map, where the SBs was prominent in the deformed 

microstructure (dark areas in BC map and non-indexed areas in IPF map). Figure 5.1 (c) shows 

(0001) pole figure of the IPF map, exhibited strong basal texture with peak intensity slightly 

tilted off from basal centre. Figure 5.1 (d) displays the misorientation angle distribution, a broad 

spectrum with peak angle at ~30°, ~89° was observed. It is clear that the SBs was the dominate 

deformation microstructure feature. 
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Figure 5.1 Microstructure after cold rolling: (a) EBSD IPF map, (b) corresponding band 

contrast map, (c) (0001) pole figure, (d) misorientation angle distribution. 

5.2.2 Nucleation at early-stage recrystallisation 

To investigate the nucleation event, a quasi-in-situ EBSD scan was conducted on the 

same region after annealing at 400℃ for 4 minutes (ZE2). Figure 5.2 (a) shows IPF map and 

(0001) pole figure of ZE2. In comparison to the deformed state (Figure 5.1(a)), a greater 

number of small, recrystallised grains were observed, accompanied by a decrease in peak 

texture intensity from 12 Multiples of Uniform Distribution (MUD) to 10 MUD in the whole 

EBSD area. In addition, grains in ZE2 were categorized into two groups depending on their 

correlation with ZE1: the residual deformed parent grains coloured in grey, and the newly 

formed recrystallised grains coloured by their orientations, as demonstrated in Figure 5.2 (b). 
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These recrystallised grains formed a band-like feature, corresponding to the previous SBs, as 

demonstrated by the black arrows and dash lines in Figure 5.2 (b), Figure 5.1 (a) and (b). This 

indicates the SBs were acting as primary nucleation sites at this stage of annealing. In the grains 

size distribution of Figure 5.2 (c), the deformed and recrystallised grains showed average size 

of 18.7 μm and 5.9 μm, respectively. Figure 5.2 (d) demonstrates the (0001) pole figure of 

deformed grains in ZE2, exhibited similar texture to ZE1 (Figure 5.1 (c)). On the other hand, 

the recrystallised grains exhibited scattered off-basal distribution with an intensity of 3.9 MUD 

(Figure 5.1 (e)). It should be mentioned that some deformed grains were mistakenly identified 

as recrystallised grains, as indicated by the red arrows in Figure 5.2 (b). This error was 

introduced by the sample misalignment during quasi-in-situ procedure. Because of the limited 

volume, this error does not affect the finding that SBs acted as primary nucleation sites and the 

recrystallised grains at SBs exhibit off-basal textures. 

 

Figure 5.2 Nucleation event at shear bands in ZE2 (annealed at 400℃ for 4 minutes): (a) 

EBSD IPF map, (b) tracking results with deformed grains in grey and recrystallised grains in 
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IPF colour, (c) grain size distribution, (d) (0001) pole figure of the deformed grains and (e) 

recrystallised grains. 

5.2.3 Statistical results from grains tracking 

To clarify the contribution of SBs induced nucleation, the recrystallisation progress of 

the same region was examined. Figure 5.3 (a)-(f) depict the microstructure and texture 

evolution with IPF maps and (0001) pole figures. The tracking results divided grains into 

subsets based on their nucleation sequence, as shown in Figure 5.3(a′)-(f′). For instance, light 

blue grains in ZE7 (Figure 5.3(f′)) were nucleated from ZE2 (Figure 5.3(a′)), which means they 

were nucleated no later than 4 minutes of annealing and survived the total 80 minutes of 

annealing. Hence, for each individual grain appears in this dataset, its nucleation sequence, 

grain size and orientation were recorded in the output file of Track-Rex. From the tracking 

results, the recrystallisation is initially concentrated within the shear bands (Figure 5.3(a′)-(b′)) 

and later transferred to the conventional deformed grain boundaries. Notably, the recrystallised 

grains originated from ZE4 (Figure 5.3(c′)) continuously grow, constituting the main 

component of the fully recrystallisation microstructure (Figure 5.3(f′)). To quantitively analyse 

the contribution of SBs induced nucleation at different stages, both area fraction and number 

frequency of grains subsets are calculated, as presented in Figure 5.4. The light bule and dark 

blue bars represent the area fraction (Figure 5.4(a)) and number frequence (Figure 5.4(b)) of 

grains nucleated no later than 4 minutes and 9 minutes. After matching the positions of 

recrystallised grains in ZE2 and ZE3 with the position of SBs in deformed sample ZE1, it is 

clear that a great majority of recrystallised grains shown in both maps (Figure 5.3 (a′-b′)) were 

nucleated from SBs in sample ZE1. After two interrupted annealing steps, the area fraction of 

recrystallised grains from SBs is up to 51.2%. However, when the recrystallisation is nearly 
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finished, the area fraction and number fraction of these recrystallised grains only occupy 20.89% 

and 14.74% in sample ZE7. Therefore, it can be confirmed that, although SBs were the 

dominant deformed microstructure and acted as primary nucleation site in the early stages of 

annealing, the grains nucleated from SBs were progressively consumed through 

recrystallisation procedure and provide limited contribution to the final texture. 

 

Figure 5.3 Entire recrystallisation process and grains tracking results: (a)-(f) IPF maps of the 

same region from nucleation to nearly fully recrystallised, together with texture evolution of 
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(0001) pole figure. (a′)-(f′) Tracking results demonstrated by colouring grains by their 

nucleation sequence, a light blue grain in ZE7 means it was nucleated at ZE2 and was 

maintained till the final annealing step. Apart from recrystallised grains, deformed grains are 

coloured in grey. Tracked grains refer to grains for which a reliable correlation was identified 

between successive EBSD maps using the Track-Rex criteria. Grains without a reliable 

candidate in the following step were classified as consumed. 

 

Figure 5.4 Statistical results representing the recrystallisation progress: (a) area fraction and 

(b) number frequency of recrystallised grains at different annealing steps. The light bule bar 

stands for the grains nucleated no later than 4 minutes in ZE2, of which both area fraction and 

number frequence drop along with annealing time. 

5.3 Discussion 

5.3.1 Recrystallisation kinetics and texture evolution 

As showed in Figure 5.3 (a)-(f), the deformed basal texture was gradually weakened 

through annealing progress and eventually replaced by a RE texture with peak intensity of 3.2 
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MUD. To investigate the origin of this weakening effect, the texture evolution of recrystallised 

grains from different annealing times is demonstrated in Figure 5.5. Each row represents the 

texture development of grains nucleated from the same sequence, while each column 

corresponds to the component of the entire recrystallised texture. For example, row (a) 

illustrates the texture evolution of grains nucleated no later than 4 minutes (ZE2), whereas 

column 80 mins represents the texture components of the recrystallised sample (ZE7). In row 

(a) and (b), there was a clear trend that the scattered off-basal texture component was 

strengthened with increasing annealing time. The texture intensity increased from 3.9 to 9.4 

MUD for grains nucleated from ZE2, and from 4.0 to 6.2 MUD for grains nucleated from ZE3. 

However, there is no obvious strengthening of any texture component regarding to row (c) and 

(d). This difference should be attributed to the nucleation sites, as row (a) and (b) represent the 

grains mostly nucleated from SBs (Figure 5.3 (a′)-(b′)), while row (c) and (d) demonstrate the 

grains mostly nucleated at prior GBs (Figure 5.3 (c′)-(d′)). It should be mentioned that despite 

the difference in nucleation sites, all recrystallised grains showed scattered off-basal 

orientations upon nucleation (Figure 5.5(a)-(d)) and share similar trend of basal-orientated 

grains being consumed. 
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Figure 5.5 The texture evolution of recrystallised grains subsets, each row corresponds to the 

same group of recrystalised grains nucleated at (a) ZE2, (b) ZE3, (c) ZE4, (d) ZE5 and their 

texture evolution along upcoming annealing steps. 

5.3.2 Recrystallisation from different nucleation sites 

It is generally accepted that the prior grain and subgrain boundaries, deformation twins, 

SBs, and second phase particles are the preferred nucleation sites in Mg alloys. With the grains 

tracking approach, this study reveals insights into the recrystallisation behaviours in a ZE20 

Mg alloy with server shear banding feature. The tracking results clearly show that SBs are the 

primary nucleation site at early stage of recrystallisation, as shown in Figure 5.2 (b). This 

finding aligns with most literature, and it was also generally accepted that this preferable 
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nucleation site would dominate the entire recrystallisation process and be responsible for the 

texture weakening. However, the tracking results in Figure 5.3 (b′) depict the nucleation event 

between 4 minutes and 9 minutes, where the recrystallisation nucleation stared to take place at 

prior GBs. This shift in preferred nucleation site became more obvious in Figure 5.3 (c′), where 

most of the recrystallised grains from 9 minutes to 15 minutes appears to be prior GBs 

nucleation. Hence, the assumption of SBs guiding or dominating recrystallisation progress is 

not rigorous and needs to be clarified. Instead of qualitative analysis, quantitative calculation 

is for the first time achieved in a large dataset containing 40900 grains, to validate the 

contribution of SBs nucleation. Figure 5.4 presents the contribution of grains subsets, where 

the trend of grains nucleated no later than 9 minutes is clear to be gradually reduced along 

annealing. Therefore, it can be confirmed that the SBs nucleation provide limited contribution 

to the final microstructure, with less than 20.89% in area fraction and less than 14.74% in 

number frequence. On the other hand, within the nearly fully recrystallised sample (ZE7), the 

grains nucleated at GBs between 9 minutes and 15 minutes contribute the most to the whole 

microstructure, with 26.34% in area fraction and 20.34% in number frequence. This suggests 

that the GBs nucleation plays a more significant role regarding to the texture weakening effect. 

It should be mentioned that according to the tracking results, there were still recrystallised 

grains nucleated between 45 minutes and 80 minutes. These “recrystallised grains” identified 

by Track-Rex might not be the real newly formed recrystallised grains in most cases. On the 

contrary, they are more likely to be grains growing from beneath the sample surface, as 

recrystallisation was nearly complete. However, it is difficult to investigate these 

"recrystallised grains" because no spatial information can be obtained in conventional 2D 

EBSD characterisation. Hence, the recrystallised grains identified by Track-Rex after 45 

minutes are not included in any analysis, and this does not affect any aforementioned findings 



 

142 

 

since there was no obvious grain growth until 45 minutes of annealing (ZE6), according to 

Figure 5.3 (d′)-(e′) and Table 5.1. 

Table 5.1 Average grain size of quasi-in-situ annealing of ZE20 sample. 

Total annealing time 
[minutes] Sample designation Average grain size 

[μm] 

4 ZE2 7.8 

9 ZE3 8.1 

15 ZE4 8.8 

25 ZE5 10.0 

45 ZE6 13.3 

80 ZE7 13.8 

Figure 5.6 presents the growth behaviour of grains subsets according to nucleation 

sequence. The recrystallised grains no later than 4 minutes (ZE2) started with an average size 

of 5.9 μm (point A) and grow to 7.6 μm (point A′) at 9 minutes, whereas the grains nucleated 

between 4 minutes and 9 minutes exhibit a smaller average size of 6.2 μm (point B). It is 

obvious that the average size of recrystallised grains continues to increase along annealing, 

however the area fraction (Figure 5.4 (a)) of the grains subsets tend to decrease. For instance, 

the grains nucleated in ZE2 continued to grow till 16.6 μm in the final stage, while their area 

fraction decreased from 26.89% in ZE2 to 8.47% in ZE7. This phenomenal should attribute to 
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the consumption of old recrystallised grains, which was acting as the expense of the growth of 

newly recrystallised grains. Despite the high amount (13033) of nuclei in ZE2, only 471 of the 

grains survived after 80 minutes of annealing. In this case, the total area fraction decreased 

while the average grain size increased. 

 

Figure 5.6 Average grain size of recrystallised grains formed at different annealing steps. 

Each group contains grains first detected at the same step and tracked through later annealing. 

Although the surviving early-formed grains become larger with annealing time, many of 

them are consumed, so their final area fraction decreases. 
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In addition to the quantitative analysis of texture contribution and grain growth behaviour, 

detailed analysis of texture development based on nucleation sequence is enabled by the 

tracking procedure. The results have shown that all recrystallised grains exhibit scattered off-

basal orientation upon nucleation. They further shared a similar trend of basal orientated grains 

progressively consumed while off-basal grains possess higher possibility of maintenance, 

regardless to the different nucleation sites, as clearly demonstrated in Figure 5.5. This similarity 

in features of nucleation and evolution should be responsible for the texture weakening effect. 

The scattered random nucleation at SBs and GBs has been reported in different Mg alloys, 

while the progress of basal grains consumption remains unexplained. Zeng et al. [210] found 

that the recrystallised grains with c-axes parallel to parent grains would exhibit growth 

advantages, which is on the opposite to the tracking results. Thus, resolving the factors that 

affect the grains behaviour of maintenance or consumption will unveil the origination of texture 

weakening. The first factor that should be considered is the GBs, Figure 5.7 represents the 

procedure of recrystallised grains nucleated at SBs no later than 4 minutes (Figure 5.1 (b)) 

evolving to the next annealing step. All the recrystallised grains (Figure 5.7 (a)) are firstly 

divided into consumed grains (a1) and maintained grains (a2), which then evolved to the next 

annealing step (b). The GBs misorientation angle distribution is presented in Figure 5.7 (a1′)-

(b2′), and the distribution of consumed and retained SBs nucleated grains exhibit different 

characteristics. The feature difference indicates that the grains with low angle grain boundaries 

(LAGBs) in the recrystallised grains are prone to be consumed, as shown in Figure 5.7 (a1′). 

This is because the LAGBs often have a high density of dislocations, making the grain 

boundaries unstable and thus easily consumed during recrystallised process. Compared to the 

consumed recrystallised grains, the retained recrystallised grains have a higher proportion of 

high angle grain boundaries (HAGBs), primarily concentrated between 60°-80°, as shown in 
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Figure 5.7 (a2′) and (b2′). There are also slightly changes in the content of other angle 

boundaries, suggesting that GBs features have a significant impact on grain behaviour during 

recrystallisation However, further analysis should be combined with computational methods 

like density functional theory [223,224] or molecular dynamics [225] that can simulate the 

boundaries mobility to help explain how the GBs features will affect the grains behaviour. 

 

Figure 5.7 Grains behaviour of SBs induced nucleation from 4 minutes to 9 minutes: (a) all 

SBs nucleation no later than 4 minutes and their (a1) consumed subset and (a2) maintained 

subset. (b) All SBs nucleation at 9 minutes and their (b1) consumed subset and (b2) 

maintained subset; (a1′)-(b2′) grain boundaries misorientation angle distribution as well as 

theoretical random disorientation of grains subsets. 
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5.4 Conclusion 

This study investigated the recrystallisation process of a ZE20 rare earth magnesium 

alloy with severe shear banding feature, using the grains tracking toolbox Track-Rex. To clarify 

the role of shear bands as nucleation sites, 40900 grains were simultaneously tracked from 

nucleation to nearly fully recrystallisation in less than 10 minutes. The tracking results 

demonstrates a continuous and dynamic nucleation and grain growth process, where the role 

of shear bands induced nucleation is thoroughly investigated. The findings will improve the 

understanding of recrystallisation mechanisms and pave the way for developing new wrought 

Mg alloys with tailored texture. Moreover, the toolbox greatly accelerates data processing 

speed and can be easily adopted by other researchers, thereby making a meaningful 

contribution to the broader research community. The main conclusions are as follows: 

(1) Shear bands act as preferential nucleation sites during early stage of recrystallisation. 

However, early formed recrystallised grains from shear bands were progressively consumed, 

especially those with low-angle grain boundaries. 

(2) The recrystallised grains formed from prior grain boundaries makes the major 

contributions to the fully recrystallised microstructure and texture. 

(3) Recrystallised grains exhibit an off-basal texture (e.g., RE texture) independent from 

nucleation sites and recrystallisation stages. The texture evolution shows a clear trend of basal 

orientated grains consumption and off-basal grains maintenance, acting as the origin of the RE 

texture development. 
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In the context of the thesis as a whole, this chapter refines the interpretation developed 

in Chapter 4 by showing that preferential nucleation sites do not necessarily make a 

proportional contribution to the final recrystallised microstructure. Although shear bands 

promote early nucleation, many of the grains formed in these regions are later consumed. The 

contribution of a nucleation site must therefore be evaluated through the complete grain history 

rather than from early-stage observations alone. This conclusion is important for Mg alloy 

processing, because it suggests that texture control requires both favourable nucleation and 

favourable subsequent grain retention. The next chapter extends this grain-history concept into 

three dimensions, where grain growth and abnormal grain growth are analysed using LabDCT 

and Track-4DGG. 
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Chapter 6 Statistical grains tracking throughout grain 

growth 

6.1 Introduction 

The previous two chapters used quasi-in-situ EBSD and Track-Rex to investigate 

recrystallisation in two-dimensional time-resolved datasets. Chapter 6 extends the same grain-

resolved philosophy to a three-dimensional grain growth problem. Instead of tracking 

recrystallised grains on a polished surface, this chapter uses laboratory diffraction contrast 

tomography (LabDCT) to reconstruct and follow grain growth in a WE43 magnesium alloy 

volume during interrupted annealing. This represents a shift from recrystallisation to grain 

growth, and from 2D + time to 3D + time analysis. 

The purpose of this chapter is to demonstrate how the tracking framework developed in 

this thesis can be generalised from surface EBSD maps to volumetric datasets. The use of 

LabDCT allows the evolution of grain volume, morphology and position to be analysed across 

multiple annealing steps. This is particularly important for grain growth because boundary 

motion is inherently three-dimensional and can be strongly affected by local neighbourhoods, 

curvature, spatial position and surface proximity. Accordingly, this chapter addresses the 

second major microstructural evolution process in the thesis: the statistical and spatially 

resolved behaviour of grains during normal and abnormal grain growth. 

Grain growth is a fundamental microstructural evolution process that significantly 

influences mechanical properties of metallic materials [226], including strength [227,228], 
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ductility [229–231], and creep resistance [228]. In magnesium (Mg) alloys, which are 

increasingly used in lightweight structural applications, controlling grain growth is essential 

for optimising microstructure and mechanical performance [71,229,230,232]. Despite decades 

of research, key questions remain unresolved, including the mechanisms of abnormal grain 

growth (AGG), the role of boundary pinning, and the influence of triple junctions and initial 

crystallographic textures on the growth kinetics [226,233,234]. 

Grain growth is a 3D phenomenon: boundary motion depends on the curvature and 

topology of the 3D grain network, where junctions and interfaces evolve collectively to reduce 

total interfacial energy. (Quasi) in-situ two-dimensional (2D) electron backscatter diffraction 

(EBSD) has been extensively used to elucidate the temporal evolution of grain growth study 

grain growth, while it is inherently limited to surface observations and requires destructive 

sample preparation [235,236]. Our recently developed Track-Rex toolbox enables us to 

automatically track recrystallisation and grain growth behaviour during annealing in 

magnesium Mg alloys [90,237]. Nevertheless, there are limitations to limitations of obtaining 

grain boundary and neighbouring grains beneath the sampling surfaces, such 2D methods 

cannot fully illustrate curvature-driven growth, orientated grain growth, and volume changes 

where full-field 3D information is required. hindering us from capturing full 3D morphology 

of boundary migrations, texture evolution, grains consumption, etc. inside the bulk volume or 

beneath the sampling surface. 

Recently, advanced synchrotron-based techniques (e.g., 3D x-ray diffraction microscopy) 

have also been employed to investigate recrystallisation and grain growth in various alloys 

[89,238–240]. However, these methods are often constrained by limited accessibility and 

tedious data analysis. Alternatively, Laboratory-based diffraction contrast tomography 
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(LabDCT) not only enables non-destructive, volumetric mapping of grain structures, but also 

offers a more accessible option for 4D (3D + time) investigations, with demonstrated success 

in materials such as Al-Cu [241–243], iron [244,245], and Ni [246,247] alloys. These 

capabilities are particularly advantageous for studying spatially dependent grain growth 

behaviour and validating current grain growth mechanisms [226]. However, to our best 

knowledge, LabDCT work focusing on studying grain growth behaviour of pure Mg or Mg 

alloys has not been reported so far.  4D methods, tracking the same grain(s) through successive 

annealing steps and enabling mechanistic insight into statistical grain growth behaviour—

particularly relevant for anisotropic hexagonal close-packed alloys like Mg, has not been 

reported so far. 

In this work, we present a quasi-in-situ 4D investigation of grain growth behaviour in a 

rare-earth (RE) containing Mg–RE alloy using LabDCT. Our approach enables high-

confidence 3D reconstruction of grain morphology and orientation across multiple annealing 

steps. A tracking toolbox (Track-4DGG) is developed with capability of resolving individual, 

clustered, and ensembled grain evolution in 4D. By sectioning the dataset base on grain 

positions, we reveal spatially dependent grain growth behaviour. Furthermore, surface grains 

layers are extracted and analysed to refine the understanding of surface effect on the growth 

kinetics. This study not only demonstrates the feasibility of LabDCT for 4D grain growth 

studies but also provides a framework for statistical analysis and mechanistic interpretation of 

grain evolution in other alloy systems, offering new insights into grain growth control strategies. 

The following sections first summarise the overall four-dimensional grain size evolution 

during annealing. The tracked grain histories are then used to classify grains into shrinking, 

normally growing and abnormally growing populations. Finally, the spatial distribution of 
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these behaviours is analysed to reveal how surface proximity and local heterogeneity influence 

grain growth kinetics. In doing so, this chapter connects the statistical tracking strategy 

developed in the preceding chapters with a fully volumetric interpretation of microstructural 

evolution. 

6.2 Results 

6.2.1 Four-dimensional grain growth kinetics 

The as-received extruded WE43 T5 bar (⌀ 75 mm) was supplied by Luxfer MEL 

Technologies Ltd. A cylindrical rod (⌀ 0.8 mm × 12 mm height) was cut along the extrusion 

direction (ED) by wire electrical discharge machining. Interrupted annealing was performed at 

490 °C for cumulative times of 12, 32, 80, 140, 800 and 2240 minutes in a tube furnace under 

argon protection, followed by air cooling. X-ray imaging was operated on a ZEISS CrystalCT 

equipped with a flat‑panel detector and beam stop. After each dwell, an absorption‑contrast 

tomography scan was acquired to determine the volume for subsequent diffraction imaging and 

reconstruction. LabDCT datasets were collected at 80 kV using an aperture size of 

375 × 375 µm, with source–specimen and specimen–detector distances of 12 mm and 400 mm, 

respectively. There are approximately 3200 projections covering a height of 4 mm from the top 

surface at each annealing step, operated through a helical phyllotaxis scheme with an exposure 

time of 20s. Energy dispersive spectroscopy (EDS) and EBSD characterisation were conducted 

on the cross section after the last annealing and LabDCT scan, to confirm the final 

microstructure. 
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Raw diffraction images were denoised, segmented and reconstructed using 

GrainMapper3D (Xnovo Technology ApS) [242]. Grain mapping was conducted with a voxel 

size of 2.5 µm and a misorientation threshold of 0.5°. Post processing of boundary meshing 

and features statistics were performed in DREAM.3D [248]. A sub-volume with a height of 

500 µm was selected for this study. Figure 6.1 presents details about the scanning setup, 

segmentation, reconstruction, and initial results. Figure 6.2 summarises the progress of grain 

coarsening by number-averaged grain size DN and volume-weighted average grain size DV, 

calculated by equation (1) and (2). For an individual grain i, Di represents its equivalent 

spherical diameter and Vi is its total volume. Through annealing, DV is constantly higher than 

DN, indicating the presence of large grains within the volume matrix, based on equations (1-2) 

[249]. 

𝐷𝐷𝑁𝑁 = ∑ 𝐷𝐷𝑖𝑖𝑖𝑖
𝑁𝑁

 (6.1)  𝐷𝐷𝑉𝑉 = ∑ 𝑉𝑉𝑖𝑖𝐷𝐷𝑖𝑖𝑖𝑖
∑ 𝑉𝑉𝑖𝑖𝑖𝑖

(6.2) 
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Figure 6.1 Experimental setup and results overview. (a) X-Ray Diffraction imaging 

condition. (b) Raw diffraction image of one projection from the first LabDCT scan and its (c) 

segmented diffraction spots. Reconstruction results of the 12 minutes annealing step are 

presented with the views of (d) the whole scanned volume and (e) select sub-volume of 500 

µm height for this study. (f) The completeness distribution plot of the whole 4 mm scanned 

volume. 
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Figure 6.2 Grain size evolution of the Mg rod during annealing at 490 °C. (a)-(f) 

Reconstructed 3D volume of LabDCT at 12, 32, 80, 140, 800 and 2240 minutes, respectively. 

After annealing the sample from 12 to 32 minutes, the average grain size slightly 

decreased. This is attributed to a detection threshold artifact of the LabDCT technique: 

Previously undetected small grains at the annealing step of 12 minutes became indexable after 

32 minutes annealing, thus decreased DN and DV. Figure 6.1 (f) gives the completeness 

distribution, which stands for the index confidence of Lab-DCT. Until 80 minutes, grain 

growth was sluggish. The reason for this is that the sample was initially extruded and T5 treated, 

so the second-phase particles along the ED and fine precipitates formed during T5 can 

effectively pin the grain boundaries and delay boundary migration [250]. Fitting the six values 

of DN to the parabolic growth law as equation (3), it yields a growth exponent of n≈6.5, which 

is above the value of n=2 for curvature driven normal grain growth (NGG). The elevated 

exponent is consistent with reported Mg–RE alloys, where n varies from 5 to 8, caused by 
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solute drag of RE elements (e.g., Y, Nd, Gd) and Zener pinning by pre-existing second phase 

particles or even nanoscale precipitates [251,252]. 

𝐷𝐷𝑛𝑛 − 𝐷𝐷0𝑛𝑛 = 𝐾𝐾𝐾𝐾 (6.3) 

6.2.2 Statistical results from grains tracking 

At the annealing step of 140 minutes, DV exhibited a pronounced increase from 58.9 to 

70.1 µm while DN increased only modestly. This divergence implies a subset of grains had 

grown disproportionately large by consuming pre-existing large grains, thus not reflected on 

the grain count or DN. For example, Figure 6.3 clearly shows the initial small grain G1 at 80 

minutes annealing grew to a large grain at 140 minutes annealing by consuming adjacent grains 

including G2, G3 and G5, which is normally considered as abnormal grain growth (AGG) [253]. 

Chronologically, after the AGG event, DV slightly decreased at 800 minutes annealing while 

DN increased following the parabolic scheme. This difference suggests the growth during this 

step was mainly caused by consuming small grains, reflected by the reduced grain count and 

steady DV. Figure 6.4 confirmed the decreased area fraction of small grains with the grain size 

distributions between 140 and 800 minutes annealing. Moreover, some grains have growth 

advantage over both neighbouring small and large grains, resulting in a slight decrease of DV. 

A typical example provided in Figure 6.5 demonstrates a small grain G1 at 140 minutes 

annealing became a giant grain at 800 minutes annealing by consuming adjacent small grains 

G4 and G5, and large grains G2, G3, G6, G7 and G8. Despite the topological disadvantages, 

the preferential growth of smaller grains after AGG occurrence has also been reported whilst 

the mechanism remains unresolved [247,254]. The final annealing step revealed uniform 

growth with both DN and DV increasing approximately 6 µm. Throughout annealing, the total 
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grain count declined from 6000 towards 2000 (Table 6.1), consistent with coarsening by 

consumption. However, one grain can exhibit distinct growth behaviours at different stages 

(e.g., normal growth at early annealing stage, AGG during subsequent annealing and followed 

by NGG or grain shrinkage in the late annealing stage because large grains impinge [226,245]). 

There might be innumerable combinations of these behaviour sequences, and all have occurred 

in the presented dataset. Thus, detailed analysis at grain-scale with statistical results is 

indispensable, similar with other synchrotron-based large datasets [255]. 

 

Figure 6.3 An example of abnormal grain growth behaviour between (a)-(b) 80 minutes and 

(c)-(d) 140 minutes. One grain exhibited a large GR of 19.7 is extracted and highlighted as 

G1 in (a) 80 minutes and (c) 140 minutes, with transparent surrounding grains. Neighbouring 

grains G2-G5 are also tracked and annotated in (b) 80 minutes and (d) 140 minutes annealing 

step datasets. G1 had abnormally grown and consumed G2(partially), G3 (entirely) and G5 

(partially). G4 had also grown by consuming G5 (partially). 
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Figure 6.4 Grain size distribution of (a) 140 minutes annealing step and (b) 800 minutes 

annealing step 
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Figure 6.5 An example of AGG behaviour between (a)-(b) 140 minutes and (c)-(d) 800 

minutes. One grain with large GR of 20.1 is extracted and highlighted as G1 in (a) 140 

minutes and (c) 800 minutes, with transparent surrounding grains. Neighbouring grains G2-

G8 are also tracked and annotated in (b) 140 minutes and (d) 800 minutes annealing step 

datasets. G1 had abnormally grown and consumed not only its small neighbours as G4 and 

G5 (entirely), but also its large neighbours as G2, G3, G6, G7 and G8 (partially). Similar 

AGG cases can be extracted using Track-4DGG within 10 minutes. 
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To facilitate grain-scale analysis and track growth behaviour efficiently, an in-house 

Track-4DGG toolbox based on our released Track-Rex has been developed to conduct grain 

tracking in 4D space [90,256]. The tracking procedure is initialized with a single, user-verified 

grain pair and proceeds iteratively and automatically. A schematic diagram of the algorithm is 

provided in Figure 6.6. Track-4DGG allows us to easily correlate consecutive datasets (i.e. 

Figure 6.2 (a)-(b)) within 5 minutes and track all six LabDCT datasets within 30 minutes, 

significantly reducing data processing time. Figure 6.7 demonstrates tracking results at both 

the individual grain and grain cluster scales. A relatively stable grain from the matrix centre 

was picked as a reference grain, as shown in Figure 6.7 (a1)–(a6). This grain grew from 88.7 to 

117.5 µm and then shrunk to 111.6 µm, while its sphericity drops slightly at early stage and 

later rises to 0.50. More importantly, the evolution of other properties (e.g., shape factor, 

boundary curvature, boundary velocity, etc.) can also be extracted from the tracking results. 

Grain cluster tracking was performed for the neighbours of the reference grain, where their 

volume fraction increased from 1.0% to 1.8% by 800 minutes, followed by a modest reduction 

to 1.7%, as in Figure 6.7 (b1)–(b6). 
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Figure 6.6 Grains tracking mechanism of Track-4DGG. (a) Algorithm flowchart schematic: 

neighbours of the input reference grain pair at order N define the matching frontier, and a 

spatial vector computed from the matched grains centroids displacement will direct the 

searching window for order N+1. Candidate grains within the window are ranked by the 

difference including orientation, shape parameter and boundaries features. The most matched 

candidate that satisfies user defined threshold is paired, otherwise considered as consumed. 

(b) Tracking procedure between 12 minutes and 32 minutes annealing steps, represented by 

the grains calculated during each iteration in 12 minutes dataset. 

 

Figure 6.7 Representative 4D tracking of a single grain and its neighbour cluster: (a1)-(a6) 

individual grain tracking, (b1)-(b6) grain cluster tracking, (c1)-(c4) subsets of the grain 

clusters split by growth rate. The grain-growth classification is based on the Track-4DGG 

criteria described in Chapter 3. Grains were classified according to their tracked volume 

evolution between successive LabDCT datasets, while ambiguous or poorly reconstructed 

grains were treated conservatively. 

To quantify the growth behaviour, growth rate (GR) was calculated using equation (4), 

Vt and Vt+1 are the grain volume at annealing step t and t+1, which can be obtained from the 
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tracking results. Therefore, the grains can be divided into shrunk grains (GR<0) and grown 

grains (GR>0). For example, the grain clusters in Figure 6.7 (b3) and (b5) are divided into 

shrunk subsets (Figure 6.7 (c1), (c3)) and grown subsets. 2 (c2), (c4)). Furthermore, grains with 

GRs that are five times greater than the mean positive GR of the grown subset are defined as 

AGG grains. 

𝐺𝐺𝐺𝐺 =
𝑉𝑉𝑡𝑡+1 − 𝑉𝑉𝑡𝑡

𝑉𝑉𝑡𝑡
(6.4) 

Hence, the AGG grains and their growth evolution from 80 to 140 minutes can be 

efficiently identified as presented in Figure 6.8, where abnormal grains grew from 27.6 to 82.2 

µm, and the normal grains grew from 68.7 to 78.9 µm. Further to this step, the AGG events at 

other steps were summarised in Table. S1. The average GR for AGG was initially around 10.8 

(12–32 minutes annealing) and increased to the peak value of 34.8 (80–140 minutes annealing) 

then decreased to 26.3 (800–2240 minutes annealing). 
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Figure 6.8 Grain size distribution of different grain growth behaviour subsets within 80 

minutes annealing step and their correspondences grains in 140 minutes dataset. (a)-(b) 

Consumed and shrunk subset, (c)-(d) grains with normal growth rate, (e)-(f) grains with 

abnormal growth rate. Volumed-weighted average grains size DV is adopted to annotate the 

mean size of grains subsets. 
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Table 6.1 Summarised grain growth behaviour obtained from tracking results. 

Time 
Step 

[minutes] 

Total 
grain 
count 

Consumed Shrunk Normal Abnormal 

Count DV GR Count DV GR Count DV GR Count DV GR 

12 6260 1517 49.3 NaN 2089 60.7 -0.2 2422 56.5 +0.2 232 23.7 +10.8 

32 6562 2200 46.3 NaN 2168 59.2 -0.3 1979 58.6 +0.3 216 25.8 +15.7 

80 5757 2298 48.9 NaN 2019 51.5 -0.4 1303 68.7 +0.9 137 27.6 +34.8 

140 4523 2107 69.5 NaN 974 74.4 -0.3 1319 64.7 +0.8 124 28.1 +20.6 

800 3517 1355 56.2 NaN 876 74.8 -0.3 1154 69.6 +0.4 133 34.7 +26.3 

2240 2411 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 
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6.2.3 Spatially resolved grain growth behaviour 

It has long been recognized that grain growth behaviour exhibits difference between 

surface and bulk volume. For example, thermal grooving [79,257] at the junction between grain 

boundaries and free surface exerts pinning effect for boundary migration due to the balance of 

surface tension. Hence, NGG at the sample surface is restricted, and sometimes AGG could be 

triggered by different thermal grooving depth at various grain boundaries with different 

neighbouring grain orientations. For instance, AGG is often observed in thin sheets materials 

[226,254,255]. For bulk materials, most of the grain growth studies focus on investigating 

sample surfaces (e.g., in-situ heating EBSD). However, it is challenging to make a solid 

conclusion whether the grain growth behaviour beneath the surface layer is similar to what is 

observed on the surface layer. To examine spatial variations in growth kinetic, the LabDCT 

data were partitioned into outer, middle, and inner sections comprising 35%, 30% and 35% of 

the total volume, respectively. Figure 6.9 shows the grain growth behaviour in the three 

sections between 80 and 140 minutes annealing, where peak AGG GR was found as 

demonstrated in Table S1. For visualization, grains are represented by their centroid positions 

and coloured by their growth rates (consumed grains (grey), shrunk grains (blue), grains with 

normal growth rate (green) and grains with abnormal growth rate (red)), as demonstrated in 

Figure 6.9(a-c). DV of the three sections is calculated to be 60.3, 58.6 and 56.3 µm, respectively.  
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Figure 6.9 Spatially resolved grain growth behaviour during annealing from 80 to 140 

minutes. Grains centroid spots in the 80 minutes annealing dataset coloured by their growth 

behaviour in the (a) outer, (b) middle and (c) inner sections. Volume fractions and growth 

rates in the spatial sections of (d) consumed and shrunk grains, (e) grains with normal GR 

and (f) grains with abnormal GR. 

For the consumed and shrunk grains, negligible differences are found across three 

sections, as shown in Figure 6.9(d). For grains with normal GR (Figure 6.9(e)), the outer 

section contains a smaller fraction (40.9%) compared with the middle (49.3%) and inner 

(50.8%) section, consistent with the surface restriction of NGG. For grains with abnormal GR 

(Figure 6.9(f)), although AGG fraction increased slightly from 0.38% (outer) to 0.48% (middle) 
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and 0.54% (inner), considering the small size of AGG grains within the 80 minutes matrix 

(27.6 µm in Figure 6.8), it still indicates the middle and inner sections hold more AGG grains 

than the outer section. This does not conflict with the surface promotion of AGG, because a 

higher GR of 49 is observed for outer section, which is almost twice compared to middle and 

inner sections. Therefore, the sample surface primarily accelerates the growth kinetics of AGG 

events, rather than their occurrence. 

A direct observation of grain evolution towards sample surface is presented in Figure 

6.10 (a1-a6). The outermost two layers of surface grains at 12 minutes were tracked to 2240 

minutes using Track-4DGG. Despite the average grain size increasing from 61 to 85 µm, the 

total volume fraction decreased from 20.3% to 9.1%. Therefore, ~55% of the original surface 

grains were consumed and replaced by inner grains growing outward. Grains smaller than 20 

µm were treated as consumed, as their sizes were below the LabDCT indexing limit. Consumed 

grain subsets were extracted efficiently using Track-4DGG (Figure 6.10(b1-b5)). A rapid 

fraction decrease (7.6%) occurred from 12 to 32 minutes, where the consumed grains were 

small (DV=22 µm) and the surviving grains grew only 2 µm, as shown in Figure 6.10(b1). 

Subsequent step exhibited modest changes, consistent with the growth kinetic in Figure 6.2. 

During 80-140 minutes, a slight fraction decrease (1.7%) and increase of consumed grain size 

(25 to 35 µm) reflected enhanced abnormal growth. After 800 minutes annealing, the surviving 

fraction decreased to 7.2%, then slightly recovered to 9.1% after 2240 minutes annealing.  
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Figure 6.10 Grain-resolved tracking of the outermost two grain layers during the annealing 

series. (a1)-(a6): Evolution of the grain structure as well as grain size, from 12 to 2240 

minutes. (b1)-(b5): The consumed grains subset for the surface grains at each annealing step. 

Figure 6.11(a-f) presents one slice of the SEM/EBSD/EDS results of the sample after 

2240 minutes annealing. Figure 6.11(a) is a typical SEM image obtained using a backscattered 

electrons detector. It clearly shows there is a second-phase particles-free band (SPFB) towards 

the surface layer. Combining the result of corresponding EDS and EBSD, the width of this 

SPFB is similar to the size of grains in the outmost layer. The solutes at the outer section were 

dragged to the sample surface and formed an oxide layer at this high annealing temperature of 

490 °C, leaving the ring-like SPFB (especially Y shown in Figure 6.11 (e)). This phenomenon 

was also reported in copper containing various oxide dispersions during annealing [258]. The 

ACT results also clearly show the SPFB started to appear just after 140 minutes annealing 

(Figure 6.14). This indicates that the grain growth behaviours on and beneath the sample 

surface in some alloys (especially alloys with considerable amount of micro-sized second-

phase particles and/or nano-sized precipitates) are different during annealing and should be 

investigated using non-destructive 3D instead of 2D imaging techniques. 
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Figure 6.11 (a) BSE image and (b) zoomed in image near surface region, (c) EBSD IPF map, 

and EDS Map showing the element distributions of (d) Oxygen, (e) Yttrium and (f) 

Neodymium 

6.3 Discussion 

The above results provide a comprehensive picture of microstructural evolution during 

grain growth in a WE43 Mg alloy, and they highlight several key mechanisms and phenomena. 

In this discussion, we situate these findings in the context of existing knowledge on grain 

growth – particularly abnormal grain growth (AGG) – and emphasize the unique insights 

gained through our 4D LabDCT approach with Track-4DGG. 
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6.3.1 Microstructural evolution and abnormal grain growth 

Consistent with classical theory, we observed that normal grain growth (NGG) involves 

a self-similar coarsening where all grains increase in size gradually. However, our experiment 

deviated from NGG behaviour at intermediate times by entering an AGG regime, wherein only 

a select few grains grew rapidly and consumed their neighbours. This led transiently to a 

bimodal grain size distribution (very large grains coexisting with much smaller ones), 

analogous to secondary recrystallisation phenomena. AGG has been widely reported in 

magnesium alloys and other metals, but its driving mechanisms can vary. In our WE43 alloy, 

the evidence points strongly to solute drag and particle pinning as the controlling factors for 

AGG. The rare-earth additions (Y, Nd) in WE43 produce solute atmospheres and precipitates 

that pin grain boundaries; AGG occurred when and where this pinning influence was locally 

reduced, allowing certain grains to break away and grow abnormally fast. This aligns with 

mechanism (ii) in the literature, which attributes AGG to the uneven overcoming of Zener drag: 

for example, Basu et al. found that in Mg-Gd, a few grains could overcome solute pinning at 

450 °C and grow abnormally, whereas in a Mg-Dy alloy (with different pinning characteristics) 

AGG did not occur. Our results echo this behaviour – pinning inhibited most grains, but once 

a grain’s boundary attained sufficient mobility (due to local precipitate dissolution or 

favourable orientation), it rapidly outstripped the others. Figure 6.12 shows the general grain 

growth behaviour from 80 minutes to 140 minutes of annealing, after tracking, the detailed 

grain growth behaviour as well as the growth rate can be summarised. The pronounced AGG 

behaviour is revealed by a sharp increase in volume fraction from 0.4% to 9.6%. 
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Figure 6.12 General growth behaviour from 80 minutes to 140 minutes 

Other AGG mechanisms from literature, such as anisotropic grain boundary 

energy/mobility (favoring certain misorientation boundaries) or the presence of special low-

energy boundaries, may also contribute to which grain wins the competition. For instance, we 

noted cases of relatively small grains becoming the abnormal growers, possibly due to 

possessing high-mobility boundaries (e.g. special coincidence boundaries or a favourable 

orientation relative to the surrounding texture). While our experiment did not focus on 

crystallographic texture changes, we did not observe the emergence of a strong new texture 

during grain growth, implying that oriented selective growth was muted under the 490 °C, 

precipitate-containing conditions (consistent with D. Guan et al.’s finding that precipitation 

during annealing suppresses orientation-driven growth). Had the alloy been annealed at higher 

temperature (above the solvus of the precipitates), we might expect orientation effects to play 

a larger role, as off-basal grains in Mg-RE alloys are known to grow faster once pinning is 
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removed. In our case, any orientation advantage was secondary to the pinning effects; abnormal 

grains did not share one specific orientation but rather were defined by their local environment 

(e.g. proximity to the surface or a particle-free zone). Figure 6.13 gives the relevance between 

grain size and their growth behaviour, by sectioning the volume fraction between different 

grain growth behaviour subset with in different grain size range. 

 

Figure 6.13 Grain growth behaviour versus grain size. 

A particularly intriguing observation is the temporal sequence of growth behaviours in 

individual grains. By tracking grains through multiple annealing steps, we saw that a single 

grain could experience normal growth in one interval, abnormal growth in the next, and even 

shrinkage at a later time if it became surrounded by larger competitors. Such behaviour 

underscores the dynamic nature of grain growth – it is not a predetermined path for each grain, 

but rather a result of neighbourhood interactions and changing conditions. This dynamic was 
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suggested in prior simulations and 2D observations, but our 4D data directly capture it. It also 

resonates with the “solid-state wetting” concept (mechanism (iv)), where a grain boundary that 

suddenly finds a low-energy configuration can sweep through surrounding grains (analogous 

to wetting), although in Mg alloys the evidence for classical wetting is limited. In essence, our 

findings reinforce that AGG in Mg alloys is a multi-factor phenomenon: pinning provides the 

general constraint, and when that constraint locally vanishes, the intrinsic boundary 

characteristics (energy, mobility, curvature advantage) of that lucky grain determine how far it 

can go. 

6.3.2 Spatial heterogeneity and surface restriction 

One of the most significant outcomes of this work is the clear demonstration that grain 

growth in the bulk interior can be quite different from grain growth near a free surface. 

Traditionally, many grain growth studies in Mg (and other metals) relied on metallographic 

cross-sections or surface EBSD, implicitly assuming that the observed behaviour represents 

the whole sample. Our results call this assumption into question for alloys with heterogeneous 

pinning. We found that the sample surface region had its own microstructural evolution – 

formation of a precipitate-free zone and an associated spur of abnormal growth – that is not 

representative of the interior behaviour. Specifically, the surface suppresses continuous normal 

coarsening but accelerates intermittent abnormal growth. This confirms anecdotal evidence 

from thin-film or surface studies that AGG often initiates at surfaces. In fact, AGG is more 

frequently reported in thin samples or surface-heated specimens, partly because a free surface 

can reduce the constraints on boundary motion. Our 3D data show that in a bulk sample, those 

surface-driven AGG events coexist with a more normal growth interior. The interior, laden 

with precipitates, exhibited slower kinetics and a greater proportion of grains that were 
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consumed rather than dramatically growing. This dichotomy suggests that engineering the 

uniformity of second-phase distribution is critical: any gradient (for example, precipitate 

denudation at surfaces or along certain regions) can become a seedbed for AGG in those 

specific locales. 

The discovery of the SPFB (second-phase-particles-free band) around the sample 

periphery is a novel insight into how thermal exposure can redistribute solute and particles. It 

appears analogous to the precipitate-free zones (PFZs) often observed along grain boundaries 

in age-hardenable alloys (where depletion of solute near boundaries occurs due to precipitate 

formation). In our case, however, the PFZ is at the free surface, likely caused by outward 

diffusion of Y and Nd to the surface (and their subsequent oxidation). A similar phenomenon 

was reported in Cu alloys containing oxide dispersions, where near-surface regions became 

denuded of oxides upon high-temperature annealing. The effect of the SPFB on grain growth 

was clearly deleterious to uniformity: once the pinning particles were removed, the local grain 

boundaries experienced a sudden increase in mobility. Consequently, grains at or near the 

surface either grew extremely quickly or were immediately consumed by those that did – a 

classic setup for abnormal growth. The formation of this precipitate-free surface layer thus 

essentially “triggers” AGG at the surface by providing an easy path for certain boundaries. In 

practice, this implies that high-temperature exposure of precipitate-strengthened alloys can 

lead to surface coarsening that outpaces interior coarsening, potentially affecting surface 

properties (like creep or fatigue, which are sensitive to grain size). It also highlights an often 

overlooked aspect of heat treatment: protecting or maintaining a uniform particle distribution 

even near free surfaces may be necessary to avoid abnormal grain growth from the outside in. 
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Figure 6.14 Absorption contrast tomography (ACT) images of the same slice from different 

annealing time steps. (a) 12, (b) 32, (c) 80, (d) 140, (e) 800, and (f) 2240 minutes. 
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6.4 Conclusion 

Beyond the material-specific findings, this study demonstrates the power of combining 

laboratory X-ray diffraction contrast tomography (LabDCT) with automated 4D grain tracking 

(Track-4DGG) to investigate microstructural evolution. Previous 3D in-situ studies of grain 

growth were mostly limited to synchrotron X-ray techniques and often did not have the 

capability to track individual grains through multiple time steps. Here, using LabDCT – a lab-

based system – we achieved time-resolved 3D mapping of thousands of grains, and with the 

Track-4DGG toolbox we correlated grain identities across six sequential states in an automated 

fashion. This allowed us to compile statistics on grain volumes, growth rates, and even 

neighbourhood changes that would be practically impossible to gather manually. The result is 

a grain-resolved, statistically significant analysis of grain growth kinetics in 4D. We directly 

captured phenomena like grain shrinkage and disappearance, which are usually inferred but not 

observed in cross-sectional studies. The ability to pinpoint, for example, that “55% of surface 

grains were consumed” or to define a quantitative threshold for AGG (grains growing five 

times faster than average) and see how many grains meet it at each time – these are unique 

benefits of the 4D approach. 

Moreover, by segmenting the dataset into spatial regions (outer vs. inner), we quantified 

the concept of spatially heterogeneous grain growth. Traditional analyses might average these 

together and miss the divergence; our approach clearly separated them. This underscores that 

non-destructive 3D/4D imaging is crucial for capturing bulk material behaviour. Had we relied 

on 2D surface EBSD alone, we might have concluded that the alloy exhibits rampant AGG 

(seeing only the surface-consuming big grains). Conversely, a bulk metallography on a cross-

section might have missed the surface effect or misinterpreted it. The take-home message for 
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methodology is that advanced characterisation tools like LabDCT, combined with intelligent 

analysis algorithms, open new avenues to study time-evolving phenomena in materials. As 

highlighted in a recent study by Zeng et al. [89] on recrystallisation tracking, grains can even 

shrink or reverse growth, and only by tracking the same grain can one uncover such behaviour. 

Our findings mirror that notion in the grain growth context – not all grains continuously grow; 

some are doomed to shrink from the start, being overtaken by others. 

Comparison with Prior Work: The observed grain growth behaviour in WE43 can be 

compared with prior studies on Mg and other alloy systems. Pei et al. reported that in pure Mg, 

AGG occurred at a relatively low annealing temperature (220 °C) but not at higher 

temperatures like 350 °C. They hypothesized that a gradient in dislocation density (residual 

from incomplete recrystallisation) gave certain grains an early size advantage at 220 °C, while 

at 350 °C the faster kinetics led to uniform growth. In our alloy, the situation is different: the 

driving force from residual defects is likely smaller (due to the prior extrusion and 

recrystallisation), and instead the presence of precipitates governs AGG onset. Indeed, our 

AGG manifested at an intermediate temperature (490 °C) when pinning was partially active – 

an interesting contrast to pure Mg which showed AGG at low T but not high T. This suggests 

that in Mg alloys containing pinning particles, the worst-case scenario for AGG may be 

intermediate temperatures: low enough that precipitates/particles do not dissolve (maintaining 

drag), but high enough that some boundaries can surmount the drag. At much lower 

temperatures, grain boundaries are essentially locked (no growth at all), and at very high 

temperatures, all boundaries move (normal growth or texture-driven growth). Our findings fit 

this narrative – 490 °C is around the aging temperature where precipitates exist but can coarsen; 

accordingly we saw AGG. By 545 °C (as per Dikai Guan’s study), those precipitates dissolve 
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and the growth mode shifts to orientation-driven without pronounced AGG in the classical 

sense (grains grow, but more uniformly, just with a texture change). 

It’s also instructive to compare with Al alloys or Fe alloys studied by 4D methods. For 

instance, 4D studies in pure iron showed normal grain growth with some grains temporarily 

stagnating or accelerating, but without second-phase particles the behaviour was largely 

curvature-driven. In WE43, the second-phase and solute effects introduce a significant 

deviation: growth exponents are higher and growth is more sporadic. The SPFB phenomenon 

is likely unique to alloys with substantial solute/particle content and might not appear in high-

purity metals. Thus, our work expands the understanding of grain growth into the realm of 

complex, multi-component alloys. It demonstrates how coupling between microchemistry 

(precipitate distribution) and grain topology can lead to spatially non-uniform growth – an 

insight that could not be fully captured by older techniques. As a final point, the effective 

statistical approach enabled by Track-4DGG (correlating thousands of grains across time) 

provides confidence in these conclusions. We did not rely on a single anecdotal abnormal grain 

or a single surface observation; rather, we quantified the prevalence and rate of AGG events, 

the fraction of grains affected, and the time windows in which they occur. This comprehensive 

dataset lends weight to mechanisms that were previously speculative. For example, the notion 

that “surfaces promote AGG” is now supported by quantitative data on growth rates and 

consumed fractions. Likewise, the idea that “pinning can both delay growth and cause sudden 

AGG” is evident from the growth exponent analysis and mid-anneal divergence we recorded. 

In summary, the discussion of our findings highlights that grain growth in a magnesium 

WE43 alloy is controlled by a synergy of pinning effects and local boundary conditions. The 

abnormal grain growth observed is a consequence of heterogeneous pinning – once a critical 
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threshold is crossed, a few grains explosively grow. The presence of a free surface exacerbates 

this heterogeneity, creating a precipitate-free zone that serves as a hotspot for AGG. These 

results bridge prior knowledge from 2D experiments and theoretical models, providing a 4D 

perspective that captures both spatial and temporal aspects of grain growth. Ultimately, the 

insights gained here – particularly regarding surface effects and the importance of maintaining 

uniform microchemistry to avoid abnormal growth – could inform better heat treatment 

strategies and alloy design to optimise grain structure in magnesium alloys. Moreover, the 

success of the 4D LabDCT + Track-4DGG approach lays the groundwork for applying similar 

analyses to other alloy systems, enabling deeper understanding of microstructural evolution 

that has until now been hidden from view. The ability to see and quantify every grain’s journey 

through growth and coarsening is a significant step forward in materials informatics for 

microstructure optimisation. 

This chapter completes the main experimental narrative of the thesis by extending grain 

tracking from two-dimensional recrystallisation datasets to three-dimensional grain growth 

datasets. The results demonstrate that grain growth in WE43 is not spatially uniform and cannot 

be fully represented by average grain size metrics alone. By tracking individual grains through 

the LabDCT volumes, the analysis reveals how shrinking, normal growth and abnormal growth 

coexist within the same specimen, and how these behaviours depend on spatial position. This 

chapter therefore provides the volumetric counterpart to the EBSD-based analyses in Chapters 

4 and 5 and establishes the final dataset required for the integrated discussion in Chapter 7. 
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Chapter 7 Conclusive discussion and summary 

This thesis has developed and applied grain-resolved tracking approaches to investigate 

annealing-driven microstructural evolution in magnesium alloys. Rather than treating 

recrystallisation and grain growth only through final-state microstructures or averaged 

descriptors, the work follows individual grains through time-resolved EBSD and LabDCT 

datasets. The central contribution is therefore an integrated experimental and data-processing 

framework that converts large microstructural image sequences into structured grain histories. 

These histories reveal when grains nucleate, whether they grow or shrink, how they are 

consumed, and how their behaviour contributes to the final texture and grain structure. 

The thesis consists of three connected experimental studies. Chapter 4 establishes the use 

of Track-Rex for statistical recrystallisation tracking in AZ31 and ZE20. Chapter 5 narrows the 

analysis to shear-band-induced nucleation in ZE20 and shows that preferential nucleation does 

not necessarily guarantee a dominant contribution to the final recrystallised microstructure. 

Chapter 6 extends the tracking concept to 4D LabDCT data and demonstrates that grain growth 

in WE43 is spatially heterogeneous, with abnormal growth behaviour depending strongly on 

local position and microstructural environment. Taken together, these chapters show that grain-

resolved tracking provides information that cannot be obtained from isolated EBSD maps, 

final-state microstructures or average grain size trends alone. 

Three representative alloys were selected to span distinct microstructure-engineering 

strategies. AZ31 (Mg–Al–Zn) provides a conventional rare-earth-free baseline with strong 

basal textures; ZE20 (Mg–Zn–Ce) represents a lean rare-earth alloy where texture weakening 

is observed at very low RE content; and WE43 (Mg–Y–RE–Zr) exemplifies an RE-rich, 
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precipitation-strengthened alloy where solute and second-phase particles are expected to 

dominate grain-growth kinetics. 

A principal enabling outcome is the development and application of automated tracking 

tools—Track-Rex for EBSD datasets (2D + time) and Track-4DGG for LabDCT datasets (3D 

+ time)—which convert sequential microstructure maps into structured, grain-resolved 

histories. These histories make it possible to quantify nucleation, growth, shrinkage, and 

consumption events at scale, and to build analysis-ready datasets for subsequent statistical 

learning and predictive modelling. 

The integrated message from these chapters is that microstructural evolution in Mg alloys 

should be understood as a population of competing grain histories. In recrystallisation, the key 

question is not only where new grains first form, but which of them survive and become 

significant components of the final microstructure. In grain growth, the key question is not only 

how the average grain size changes, but which individual grains grow abnormally, which grains 

are consumed, and where these events occur within the specimen. This thesis therefore shifts 

the analysis from static microstructural description to dynamic grain-resolved interpretation. 

For clarity, the thesis-level conclusions can be summarised as follows: 

(1) Recrystallisation in wrought Mg alloys proceeds continuously and competitively; 

recrystallised grains can shrink and be consumed, so early nucleation events do not necessarily 

dominate the final microstructure. 
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(2) In ZE20, the off-basal (“rare-earth”) recrystallisation texture is largely independent 

of nucleation site and stage, indicating that oriented nucleation is central to the RE texture 

effect. 

(3) Shear bands promote early nucleation in ZE20, but their contribution to the final 

recrystallised state is limited because many early shear-band nuclei are consumed; grain-

boundary nucleation and subsequent growth competition provide a major contribution to the 

final texture. 

(4) In AZ31, recrystallisation weakens the basal texture but does not fundamentally 

change it; preferential growth effects are weak compared with ZE20. 

(5) Grain growth in WE43 is influenced by solute drag and particle/precipitate pinning, 

producing spatially heterogeneous growth and surface-sensitive abnormal grain growth under 

intermediate pinning conditions. 

(6) Automated grain tracking (Track-Rex and Track-4DGG) provides an enabling 

materials-informatics pipeline that converts large microstructure datasets into reproducible, 

mechanism-relevant descriptors, supporting predictive modelling and, ultimately, data-driven 

optimisation  of composition and processing. 

This thesis has demonstrated that the combination of advanced microstructure 

characterisation with automated, grain-resolved tracking can expose mechanisms of 

recrystallisation and grain growth in Mg alloys that are not accessible through conventional, 

averaged descriptors. By moving from qualitative snapshots to quantitative grain histories, it 
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becomes possible to test long-standing assumptions (e.g., about the dominance of certain 

nucleation sites) and to identify the true drivers of texture evolution and microstructure stability. 

The overarching message is that microstructure evolution is best understood as a 

competition process operating on heterogeneous grain populations, with outcomes determined 

by both crystallography (orientation-dependent nucleation/growth) and local boundary 

environments (pinning, solute drag, and surface effects). The experimental and informatics 

framework developed here offers a scalable route for turning modern microstructure datasets 

into predictive insight, and it provides the groundwork for the future-work directions outlined 

in Chapter 8. 

7.1 Implications for magnesium alloy and process design 

The grain-resolved observations presented in this thesis provide direct implications for 

magnesium alloy design and thermomechanical processing optimisation. The results show that 

final grain size and texture are not determined only by average grain size, nucleation density 

or final-state microstructure. Instead, they are controlled by the histories of individual grains, 

including where grains nucleate, whether they survive, how they grow, and how they interact 

with neighbouring grains during annealing. 

For recrystallisation, Chapters 4 and 5 show that nucleation frequency alone is not 

sufficient to control the final recrystallised microstructure. Recrystallised grains in AZ31 and 

ZE20 can grow, shrink or be consumed during subsequent annealing. In ZE20, shear bands act 

as important early-stage nucleation sites, but many shear-band-nucleated grains are later 

consumed. This indicates that thermomechanical processing routes should be designed not only 
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to promote nucleation, but also to retain grains with favourable orientations. For texture 

weakening in Mg alloys, off-basal grains must both form and survive during growth 

competition. 

For grain growth, Chapter 6 shows that average grain-size metrics can conceal important 

local behaviour. In WE43, shrinking, normally growing and abnormally growing grains coexist 

within the same specimen, and their behaviour depends on spatial position and local 

microstructural environment. Heat-treatment optimisation should therefore consider the 

distribution of grain-growth behaviour, surface-affected regions and local heterogeneity, rather 

than relying only on average grain size evolution. 

Overall, this thesis suggests that magnesium alloy and process design should incorporate 

grain-level descriptors, including grain size, orientation, nucleation site, neighbouring 

environment, boundary character, spatial position and growth history. These descriptors 

provide a more direct link between processing, microstructural evolution and final properties. 

The grain-tracking framework developed here therefore provides a mechanistic basis for future 

thermomechanical processing optimisation and for data-driven prediction of recrystallisation 

and grain growth in magnesium alloys. 

7.2 Positioning of this work within materials informatics 

The work presented in this thesis should be viewed as an enabling step towards materials 

informatics for microstructural evolution, rather than as a complete predictive modelling or 

alloy optimisation framework. In the broader field of materials informatics, predictive models 

require reliable, structured and physically meaningful datasets. For recrystallisation and grain 
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growth, such datasets are difficult to generate because the relevant microstructural features 

evolve continuously in space and time, and because conventional post-mortem characterisation 

does not preserve the history of individual grains. 

The central contribution of this thesis is to bridge this gap between time-resolved 

experimental characterisation and materials-informatics-ready datasets. In-situ and quasi-in-

situ EBSD and LabDCT experiments can generate large datasets containing thousands of grains 

across multiple annealing steps. However, without tracking, the same grain may have different 

labels in different datasets, and its history cannot be directly reconstructed. The tracking 

workflows developed and applied in this thesis assign a unique identity to each grain and 

correlate this identity across successive experimental steps. As a result, each grain can be 

described not only by its state at a single time point, but also by its temporal evolution. 

This grain-level linkage converts experimental image datasets into labelled 

microstructural datasets. For each tracked grain, descriptors such as size, orientation, position, 

neighbouring environment and growth behaviour can be connected with its earlier and later 

states. In the recrystallisation datasets, this allows grains to be labelled according to nucleation 

timing, survival, shrinkage, growth or consumption. In the grain growth dataset, it enables 

grains to be classified into shrinking, normally growing and abnormally growing populations, 

while retaining their spatial position and local microstructural context. The resulting data 

structure therefore provides a direct link between experimental observation and quantitative 

descriptors that can be used in future statistical or machine-learning models. 

In this sense, the thesis contributes to materials informatics by making microstructural 

evolution traceable at the grain level. Rather than treating EBSD or LabDCT maps as 
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independent snapshots, the developed workflows establish continuity between successive 

states. This continuity makes it possible to ask data-driven questions that are otherwise difficult 

to address, such as which grains are likely to survive, which descriptors are associated with 

abnormal growth, and how local neighbourhoods influence subsequent microstructural 

evolution. The work therefore provides the labelled and physically interpretable datasets 

required for future predictive modelling of recrystallisation and grain growth. 

Accordingly, the thesis does not claim to complete the full materials informatics loop 

from experimental data to autonomous alloy design. Instead, it establishes the experimental 

and computational foundation needed for such future work. By transforming large time-

resolved microstructural datasets into structured grain histories, the thesis links advanced 

characterisation with materials informatics and creates a route towards future modelling, 

prediction and optimisation of magnesium alloy processing. 
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Chapter 8 Future work 

The future work proposed in this chapter follows directly from the limitations and 

findings of the grain-resolved framework developed in this thesis. Chapters 4 and 5 showed 

that recrystallisation is controlled not only by nucleation site density, but also by the survival 

and consumption of individual grains during annealing. Chapter 6 showed that grain growth in 

WE43 is spatially heterogeneous and that abnormal grain growth can only be properly 

interpreted when grain histories are tracked in three dimensions. Future work should therefore 

focus on three linked directions: enriching the descriptors used to explain grain behaviour, 

validating the tracking results with complementary three-dimensional characterisation, and 

using the structured grain-history datasets as inputs for predictive modelling. 

8.1 Grain boundary features and abnormal grain growth 

The first future direction is to expand the descriptor space used to interpret grain survival 

and abnormal grain growth. The present thesis has demonstrated that grain histories can be 

extracted from both EBSD and LabDCT datasets, but the mechanistic interpretation of these 

histories still requires more complete information about grain boundary character. In particular, 

boundary area, misorientation, curvature, connectivity and local neighbourhood topology are 

expected to influence whether a grain shrinks, grows normally or undergoes abnormal growth. 

Future work should therefore combine Track-4DGG with a more detailed boundary-resolved 

analysis. 

A major enabling development from this work is that Track-4DGG does not only 

correlate grains across time steps but also provides a route to extract evolving geometric and 
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crystallographic descriptors beyond grain volume/size, including boundary-related quantities 

such as boundary curvature and boundary velocity. This capability is already latent in the 

current tracking framework, where additional geometric quantities (e.g. shape factor, boundary 

curvature, boundary velocity) can be extracted once grain identities are linked across time. 

From a physical perspective, grain growth is classically described as a capillarity-driven 

phenomenon: grain boundaries migrate to reduce total interfacial energy, and the migration 

velocity is often written in the form 

𝑉𝑉 = 𝑀𝑀𝑀𝑀(8.1) 

where V is the boundary normal velocity, M is a mobility, and P is the local driving 

pressure. In the simplest isotropic case, 𝑃𝑃is proportional to the product of boundary energy and 

curvature, so that boundary motion becomes curvature driven. This “curvature flow” picture is 

rooted in Mullins’ foundational treatment of grain-boundary motion. Grain boundary 

“character” is not fully specified by misorientation alone. In general, five macroscopic degrees 

of freedom are required: three to describe the lattice misorientation, and two to describe the 

boundary plane orientation. This is the basis of the five-parameter grain boundary character 

distribution (GBCD) framework. Consequently, a boundary with a given misorientation can 

still behave differently depending on its plane normal, and vice versa. Future work should 

therefore prioritise extracting not only misorientation distributions but also boundary plane and 

boundary area statistics, enabling the construction of boundary-population descriptors 

comparable to GBCD-style analyses. Figure 8.1 & 8.2 gives the preliminary observations of 

grain boundaries evolution during grain growth process. 
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Figure 8.1 Examining grain boundaries evolution for the same grains from 12 minutes to 32 

minutes. 

 

Figure 8.2 Preliminary results for the calculated integral curvature versus growth behaviour 
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8.2 Comparison between LabDCT and 3D-EBSD 

The second future direction is to further validate the LabDCT-based tracking results 

using complementary high-resolution three-dimensional characterisation. LabDCT enables 

non-destructive tracking of large volumes over multiple annealing steps, but its spatial 

resolution and completeness limit the detection of small grains and fine boundary features. 

Three-dimensional EBSD, although destructive and more time-consuming, can provide higher 

spatial resolution and more accurate boundary morphology. A combined LabDCT and 3D-

EBSD workflow would therefore allow the large-volume statistical advantage of LabDCT to 

be linked with the boundary-level accuracy of 3D-EBSD. 

Future work will include a systematic comparison between Lab-based Diffraction 

Contrast Tomography (LabDCT) and a serial sectioning three-dimensional Electron 

Backscatter Diffraction (3D EBSD) for characterising grain structure and evolution. The 

thickness of each EBSD sectioning is 1 μm reduced by laser-FIB and a total number of 500 

EBSD layers has been collected. By applying both techniques to the same material states and, 

where possible, overlapping volumes, their respective capabilities in resolving grain 

morphology, orientation accuracy, boundary characterisation and small-grain detection will be 

quantitatively assessed. Particular attention will be paid to differences arising from spatial 

resolution, sampling volume, and detection limits, as well as their influence on measured grain 

growth kinetics and statistical descriptors. Figure 8.3 shows a comparison of the long axis 

cross-section of the WE43 sample by 3D EBSD and LabDCT. 
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Figure 8.3 A slice of the EBSD IPF map from the sample after 2240 annealing, (b) a 

corresponding slice from the reconstructed LabDCT dataset located in a closely adjacent 

region after extensive data comparison and alignment. 

8.3 Prediction model of recrystallisation and grain growth 

The third future direction is to transform the tracked grain histories generated in this 

thesis into predictive datasets. Each tracked grain contains an initial state, a local 

microstructural environment and a later outcome, such as growth, shrinkage or consumption. 

This structure is well suited to supervised learning, where the input descriptors may include 

grain size, orientation, neighbourhood misorientation, boundary curvature and spatial position, 

while the output labels describe the subsequent grain behaviour. Such models would not 
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replace physical interpretation, but could identify the most important descriptors controlling 

recrystallisation and grain growth, thereby supporting future alloy and process optimisation. 

The key advantage of the present workflow is that it yields supervised labels and 

consistent temporal continuity at grain scale, rather than isolated snapshots. In practical terms, 

Track-Rex and Track-4DGG convert sequential maps into analysis-ready grain histories 

(including survival/consumption and neighbourhood context), enabling the construction of 

learning targets such as the AGG occurance. This thesis has already demonstrated proof-of-

concept prediction capability using deep learning models trained on these tracked datasets. 

Figure 8.4 gives the training record of a neural network model for predicting AGG occurrence, 

however the initial accuracy was around 54%. 

 

Figure 8.4 Training process for the prediction model of AGG occurrence. 
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8.4 Track toolbox family 

The final future direction is to extend the tracking strategy developed here into a broader 

family of microstructure-evolution toolboxes. Track-Rex and Track-4DGG were developed for 

recrystallisation and grain growth, respectively, but the same conceptual framework can be 

adapted to other processes where individual microstructural features evolve through time. 

Potential examples include deformation tracking, twin evolution, phase transformation and 

precipitation-related microstructural change. Expanding the toolbox family would strengthen 

the connection between time-resolved characterisation and materials informatics by providing 

structured, labelled datasets across multiple microstructural phenomena. 

Track-Rex and Track-4DGG demonstrate that the main bottleneck in extracting 

knowledge from modern microstructure datasets is often not the measurement itself, but the 

conversion of sequential maps into consistent identity-linked histories. This is especially 

relevant because 3D/4D characterisation methods are becoming more widely available and are 

now capable of producing large, time-resolved datasets at the grain scale. For example, 

laboratory diffraction contrast tomography (LabDCT) has been developed as a laboratory-

based route to non-destructive 3D grain mapping, and multiple studies have established 

reconstruction workflows and implementation strategies for LabDCT-based grain mapping. 

More broadly, the “four-dimensional materials science” community has highlighted rapid 

growth in time-resolved X-ray microscopy and diffraction-based methods, which increasingly 

generate datasets that are too large and complex for manual analysis. 

Overall, future work should move from tracking grain histories to explaining and 

predicting them. The present thesis establishes the experimental and computational foundation 
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for this progression by demonstrating that individual grain trajectories can be extracted from 

large 2D and 3D time-resolved datasets. The next step is to enrich these trajectories with 

boundary-level descriptors, validate them across complementary characterisation methods and 

use them to train physically informed predictive models. In this way, the grain-resolved 

framework developed in this thesis can evolve into a more complete materials-informatics 

route for magnesium alloy and process design. 
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Appendix A [list of publications and attended 

conferences] 

List of publications: 

[1]. Zeng X, Yi H, Zeng Z, et al. Track-Rex: A universal toolbox for tracking recrystallization 

nucleation and grain growth behaviors in polycrystalline materials[J]. Journal of Materials 

Science & Technology, 2024, 197: 149-159. 

[2]. Yi H, Li H, Zeng X, et al. Investigation of shear bands induced nucleation and recrystallisation 

behaviour in a rare earth containing magnesium alloy[J]. Materials Characterization, 2025, 

222: 114809. 

[3]. Yi H, Zeng X, Guan D. Data Science Approach for EBSD Data Processing and Materials 

Design for Magnesium Alloy[C]//TMS Annual Meeting & Exhibition. Cham: Springer Nature 

Switzerland, 2024: 49-53. 

[4]. Yi H, Douglas G, Oddershede J, Donoghue J, Liu H, Chen B, Guan D. 4D grain growth 

evolution and statistical tracking in a magnesium alloy using lab-based diffraction contrast 

tomography (LabDCT), submitted to Scripta Materialia, now under revision. 

List of attended conferences 

1. The UK Solidification Workshop 2022, Uxbridge, United Kingdom, 2022 

2. The Minerals, Metals & Materials Society 2024 Annual Meeting & Exhibition, Orlando, Florida 

USA, 2024 (Oral presentation) 

3. The 8th International Conference on Magnesium & the 13th International Conference on 

Magnesium Alloys and their Applications, Chongqing, China, 2024 (Oral presentation) 

4. Royal Microscopical Society EBSD 2025, Glasgow, United Kingdom, 2025 (Oral 

presentation) 
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