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Abstract 

The texture modification in magnesium (Mg) alloys brought by the diluted 

neodymium (Nd) addition was characterized, investigated, and explained in the current 

study.  

The formation of non-basal texture was validated through the investigation of Mg-

1Zn-xNd (noted as ZE alloys, x=0.1, 0.2, and 0.5). Different cooling paths were applied to 

the specimens before hot rolling and subsequent annealing. Stronger suppression of 

dynamic and static recrystallization (DRX and SRX) and weaker texture intensities were 

acquired with the decreasing of precipitation volume fraction. Eventually, non-basal 

texture featuring (0002) poles tilting towards the rolling direction (RD-split) and transverse 

direction (TD-split) was obtained in ZE-05 alloy with 0.5 wt.% Nd addition and a faster 

cooling rate. Therefore, the mechanism of texture weakening effect was related to the Nd 

in solid solution. 

To explain the effect of Nd solute, precipitated ZE alloys were subjected to various 

solutionizing treatments to control the Nd content in solid solution. The textural transition 

from the intensified basal type to a dramatically weakened TD-split pattern was acquired 

upon post deformation annealing. This process was tracked by quasi-in-situ electron 

backscatter diffraction (EBSD). A broader distribution of orientations was associated with 

shear-band induced nucleation and the TD-split orientation stood out in the competition 

through preferential grain growth. Consequently, the ZE-02 exhibited the best combination 

of weakened TD-split texture, limited Nd usage (0.2 wt.%), and enhanced ductility (23% 

elongation to fracture). The scanning transmission electron microscope (STEM) 
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observation indicated that more Nd dissolved in the matrix in ZE-02 featuring TD-split 

texture. In addition, prompted activation of prismatic <a> slip was validated by the 

intragranular misorientation axis (IGMA) analysis and slip trace analysis. The first-

principal calculation and molecular dynamic simulation revealed that the enhanced activity 

of prismatic slip is attributed to the lower stacking fault energy (SFE) and critical resolved 

shear stress (CRSS) brought by Nd solute. Considering the dominance of basal <a> slip 

during deformation, a parameter based on the ratio of prismatic to basal geometrically 

necessary dislocation densities (rGNDp/b) was originally proposed. The textural transition 

was explained as the evolution of rGNDp/b distribution upon deformation and annealing.  

To further reduce the usage of Nd, calcium (Ca) was introduced, an Mg-1Zn-0.1Nd-

0.2Ca (ZEX-0102) alloy and an Mg-1Zn-0.2Ca (ZX-02) alloy were designed based on the 

concept of promoting prismatic <a> slip with the increased solute of alloying elements. 

Upon multi-pass rolling and annealing, the basal to TD-split texture transition was 

gradually enhanced in ZEX-0102 which can also be explained as the evolution of rGNDp/b 

distribution. However, the TD-split texture formed in ZX-02 experienced noticeable 

retardation under the same treatment, which could be due to the effect of diluted Nd on 

stabilizing Ca solute. The critical contents of Nd and Ca solute to trigger the formation of 

TD-split texture were also measured by electron probe micro-analysis (EPMA) in ZEX-

0102. Eventually, the texture modification performance of ZEX-0102 was examined at 

lower elevated temperatures. The resulting non-basal ring texture was presumably 

attributed to the activation of prismatic and pyramidal slip along with deformation twins.



III 

 

Résumé 

La modification de la texture des alliages de magnésium (Mg) apportée par 

l'addition de néodyme (Nd) dilué a été caractérisée, évaluée et expliquée dans cette étude.  

La formation d'une texture non basale a été validée par l'étude de Mg-1Zn-xNd 

(noté comme alliages ZE, x=0.1, 0.2, et 0.5). Différentes voies de refroidissement ont été 

appliquées aux échantillons, avant d’être laminés à chaud, puis recuits. Une suppression 

plus forte de la recristallisation dynamique et statique (DRX et SRX) et des intensités de 

texture plus faibles ont été acquises avec la diminution de la fraction volumique de 

précipitation. Finalement, une texture non basale présentant des pôles (0002) inclinés dans 

la direction du laminage (RD-split) et dans la direction transversale (TD-split) a été obtenue 

dans l'alliage ZE-05 avec un ajout de 0,5% en poids de Nd et une vitesse de refroidissement 

plus rapide. Par conséquent, le mécanisme de l'effet d'affaiblissement de la texture était lié 

au Nd en solution solide. 

Pour expliquer l'effet du soluté Nd, les alliages ZE précipités ont été soumis à divers 

traitements de mise en solution pour contrôler la teneur en Nd dans la solution solide. La 

transition texturale du type basal intensifié à un motif de division TD considérablement 

affaiblie a été acquise lors du recuit de post-déformation, via la diffraction des électrons 

rétrodiffusés (EBSD) quasi in situ. Une distribution plus large d'orientations a été associée 

avec une nucléation induite par la bande de cisaillement et que l'orientation TD-split s'est 

distinguée dans la compétition par la croissance préférentielle des grains. Par conséquent, 

le ZE-02 présente la meilleure combinaison de texture TD-split affaiblie, d'utilisation 

limitée de Nd (0,2% en poids) et de ductilité accrue (23% d'allongement à la rupture). 
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L'observation au microscope électronique à transmission à balayage (STEM) a indiqué 

qu'une plus grande quantité de Nd s'est dissoute dans la matrice dans le ZE-02 présentant 

une texture de fissure TD. En outre, l'activation incitée du glissement prismatique <a> a 

été validée par l'analyse de l'axe de désorientation intragranulaire (IGMA) et l'analyse des 

traces de glissement. Le calcul de premier principe et la simulation de dynamique 

moléculaire ont révélé que l'activité accrue du glissement prismatique est attribuée à la 

baisse de l'énergie de défaut d'empilement (SFE) et de la contrainte de cisaillement résolue 

critique (CRSS) apportée par le soluté Nd. En considérant la dominance du glissement 

basal <a> pendant la déformation, un paramètre basé sur le rapport entre les densités de 

dislocation prismatiques et basales géométriquement nécessaires (rGNDp/b) a été proposé 

pour la première fois. La transition texturale a été expliquée comme l'évolution de la 

distribution rGNDp/b lors de la déformation et du recuit.  

Pour réduire davantage l'utilisation du Nd, le calcium (Ca) a été introduit et un 

alliage Mg-1Zn-0.1Nd-0.2Ca (ZEX-0102) et un alliage Mg-1Zn-0.2Ca (ZX-02) ont été 

conçus sur la base du concept de promotion du glissement prismatique <a> avec 

l'augmentation de la soluté des éléments d'alliage. Après laminage et recuit, la transition 

de la texture basale à la texture TD-split a été progressivement améliorée dans le ZEX-

0102, ce qui peut également être expliqué comme l'évolution de la distribution rGNDp/b. 

Cependant, la texture TD-split formée dans ZX-02 a connu un retard notable de formation 

sous le même traitement, qui pourrait être dû à l'effet du Nd dilué sur la stabilisation du 

soluté de Ca. Les teneurs critiques en soluté de Nd et de Ca pour déclencher la formation 

de la texture TD-split ont également été mesurées par micro-analyse à sonde électronique 

(EPMA) dans ZEX-0102. Enfin, la performance de modification de texture du ZEX-0102 
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a été examinée à des températures élevées plus basses. La texture annulaire non basale 

résultante serait à attribuer à l'activation du glissement prismatique et pyramidal avec les 

jumeaux de déformation.
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Chapter 1.Introduction 

The quest for improved fuel efficiency, less environmental impact, and lower cost 

have led to a demand for weight reduction in automotive manufacturing [1]. Magnesium 

(Mg) alloys, which have high specific strength and stiffness, are promising candidates as 

the lightest structural materials [2]. However, Mg alloys remain minimally utilized in 

commercial vehicles (less than 0.5% of the weight of an average vehicle [3]). This is 

attributed to the insufficient formability of Mg alloy sheets at lower elevated temperatures 

and the increased cost due to manufacturing at higher temperatures [1,4]. Part of the limited 

formability is ascribed to the shortage of independent slip systems owing to the hexagonal 

closed packed (HCP) structure of Mg [5]. Moreover, the strain accommodated by twinning 

is not enough [6] and the pyramidal <c+a> slip, which is the only slip system that provides 

accommodation of deformation along c-axis and five independent slip systems, has the 

highest critical decomposition shear stress (CRSS) at ambient temperature [7]. On the other 

hand, the preferred crystallographic orientation featuring the [0001] axis (c-axis) of most 

grains is parallel to the normal direction (ND) of the rolled sheet and further restricts the 

performance of wrought Mg sheets [8]. The strong basal texture is related to the excessive 

activation of basal slip owing to the low CRSS [9]. Therefore, as the consequence of 

orientation randomization [10,11] and activation of multiple deformation mechanisms 

[12,13], better formability is expected in the texture-modified alloy [14,15]. 

Alloying with rare earth (RE) elements is considered to be an effective way to 

activate non-basal slip systems [16,17] as well as to generate non-basal texture [18,19]. 

However, most previous studies have favored a relatively high amount of RE addition 

(usually ≥1 wt.%) in a binary system [20], which is inconsistent with the goal of weight 
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reduction and cost control. This is associated with the controversy over the underlying 

mechanisms for the various beneficial effects of RE addition. Some researchers attribute 

the formation of “RE-texture” to the consequence of static recrystallization (SRX) 

[18,21,22], while a change of deformation mechanism is emphasized in other 

investigations [12,16]. Nonetheless, the effect of different RE element and their contents 

on texture modification has rarely been revealed. Recently, it has been reported that the 

improved effect of RE on texture modification can be achieved by Zn addition [19] or 

enhancement of RE dissolution in the Mg matrix [23]. In addition, the notable “RE texture” 

has been observed in Mg-Zn-Ca alloys, implying that Ca be a potential substitute for the 

expensive RE [24,25].  

Based on the aforementioned issues on texture modification in RE-containing Mg 

alloys, a better alloying strategy that aims to reduce the usage of RE needs to be developed 

based on thorough investigation of deformation mechanism and texture evolution. 

Therefore, the overall objective of the current study is to understand the effect of Nd 

additions on the formation of non-basal texture in micro-alloyed Mg-Zn-Nd(-Ca) upon 

rolling and subsequent annealing by following the evolution of the microstructure from 

reheating to deformation and finally annealing.  This information can then be used to design 

alloys and processes to maximize ductility by texture control. 

A literature review focusing on the deformation mechanism, recrystallization, 

texture modification of wrought Mg alloy is presented in chapter 2. In chapter 3, the texture 

modification of micro-alloyed Mg-Zn-Nd alloy is achieved by controlling the precipitation 

processing after homogenization. The formation mechanism of the TD-split texture in 

micro-alloyed Mg-Zn-Nd alloy is thoroughly investigated in chapter 4.  In chapter 5, it is 
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revealed that a combined addition of Ca and Nd can further reduce the usage of RE while 

maintaining the TD-split texture.  In chapter 6, critical contents of Nd and Ca to trigger 

texture transition are determined and the effect of low temperature rolling on these 

compositions is investigated. The conclusions resulting from this study, the contributions 

to original knowledge as well as future work are stated in chapters 7, 8, and 9, respectively. 
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Chapter 2.Literature review 

Magnesium, which is the seventh most abundant element in the earth’s crust [1], is 

the lightest structural metal [2]. As a promising choice for weight reduction, Mg and its 

alloys attract attention from the automotive manufacturing industry [3,4]. However, the 

formability of Mg alloys is restricted at ambient temperature due to insufficient 

independent slip systems owing to the hexagonal close-packed (HCP) structure [5] as well 

as the strong crystallographic texture related to the manufacturing procedure [6]. 

2.1. Deformation mechanisms in Mg 

The lattice parameter of Mg is a = b = 2r = 0.32092 nm, c = 0.52105 nm, and c/a= 

1.6236, which is close to the ideal c/a ratio of HCP structure (1.633) [7]. The stacking of 

Mg atoms in a unit cell is shown in Figure 2.1. 

 

Figure 2.1 Schematic diagrams of a unit cell of Mg showing (a) basal, prismatic, and pyramidal slip systems, (b) 

extension and contraction deformation twinning systems [8]. 
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2.1.1.Slip 

Slip is the movement of dislocations and is described as the combination of specific 

crystallographic planes (slip plane) and glide direction (slip direction) [5]. Information of 

various slip systems for Mg, including the critical resolved shear stress (CRSS), is listed in 

Table 2.1.1 and shown schematically in Figure 2.1. 

Table 2.1.1 Crystallographic characteristics of slip systems for Mg. 

Slip modes 

Crystallographic 

planes and 

directions 

Number of 

independent 

slip systems 

CRSS/ MPa* 

Basal 

<a>  

{0001} 

<112̅0> 
2 

0.52 [9], 0.76 [10], 

0.81 [11] 

Prisma

tic <a>  

{101̅0} 

<112̅0> 
2 39 [12], 50 [13] 

Pyrami

dal I <a> 

{101̅1} 

<112̅0> 
4 

40 [14], 44 [14], 54 

[15] 

Pyrami

dal II 

<c+a> 

{112̅2} 

<112̅3> 
5 80 [16] 

* The CRSS values are measured at ambient temperature. 

As the result of the symmetry of the HCP structure, the independent slip systems 

for basal, prismatic, and pyramidal I slip are less than 5. Thus, those slip modes fail to meet 

the requirement of the Von Mises law, which requires at least 5 independent slip systems 

to achieve homogenous deformation [17]. Moreover, the Pyramidal II <c+a> is the only 

slip system that provides enough independent slip systems as well as accommodates 

deformation along the <c> direction [7].  
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To activate a specific slip system, the strain applied on this slip plane along its slip 

direction must exceed a threshold value which is known as the CRSS [18]. At room 

temperature, the basal slip is the preferentially activated slip because it has the lowest 

CRSS. On the contrary, the Pyramidal II slip processes the highest CRSS, which restricts 

the activation of slip mode and, therefore, leads to the poor performance of Mg on 

formability. Consequently, one approach to improve the formability for Mg is to active 

more slip modes by lowering the CRSS, especially for the pyramidal II slip. For CRSS 

reduction, the most common methods are increasing processing temperature and adding 

alloying elements.  

It is well acknowledged that the CRSS generally decreases with increasing 

deformation temperature for the various deformation modes in Mg, especially for the non-

basal slip [8], as seen in Figure 2.2.  

 

Figure 2.2 The CRSS evolution of Mg single crystal with temperature [19]. 
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Starting from 225℃, the CRSS of prismatic <a> and pyramidal <c+a> sharply drop 

and thus, leads to the activation of those slip systems [8,19]. The reduced CRSS at elevated 

temperature contributes to the better formability for Mg alloys. Therefore, to compensate 

for the insufficient independent slip system, the wrought Mg alloys are commonly thermo-

processed at an elevated temperature ranging from 300°C to 500°C [8]. 

For the Mg alloys, the choice of the alloying element also affects the CRSS values. 

The CRSS for various slip systems generally rises with the addition of alloying elements 

[21,22], as seen in Figure 2.2, for the addition of 1.8 wt.% Zn. Furthermore, the difference 

between CRSSes of basal and non-basal slips (prismatic <a> and pyramidal <c+a>) have 

been reduced through alloying with calcium (Ca) [22], and rare earth (RE) elements such 

as yttrium (Y) [23], neodymium (Nd) [24], cerium (Ce) [25]. 

2.1.2.Twinning 

In magnesium and its alloys, twinning plays a critical role to effect plastic 

deformation along the c-axis [26]. Deformation twinning is a process in which a portion of 

the crystal taking up an orientation that is a mirror image of the untwinned region [27]. 

Similar to deformation slip, twinning takes place on a certain crystal plane (twin plane) in 

a certain direction (twin shear direction), known as the twinning system [27] (as shown in 

Figure 2.1). The commonly reported twinning system and corresponding crystallographic 

details are listed in Table 2.1.2. Deformation twins are divided into primary and secondary 

twinning based on their twinning mechanism. The former commences with twin nucleation 

at the grain boundary and twin interfaces of the primary twin serve as the nucleation site 

for the latter [26]. In terms of the deformation along the c-axis brought by twinning, the 

twins are categorized as contraction (compression) and extension (tension) twins [28,29].  
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Table 2.1.2 Twinning modes commonly observed in magnesium alloys. 

Twin mode Twin plane 

Twin shear 

direction 

Theoretical 

Misorientation 

Tension – I [27] {101̅2} 〈1̅011〉 86.3°〈112̅0〉 

Compression – I [27] {101̅1} 〈101̅2̅〉 56.2°〈112̅0〉 

Compression – II [27] {101̅3} 〈303̅2̅〉 64°〈112̅0〉 

Tension – II [24] {112̅1} 〈112̅6̅〉 34.2°〈101̅0〉 

Compression-tension 

– I [27] 

{101̅1} − {101̅2} 

37.5°〈112̅0〉; 

30.1°〈112̅0〉; 

66.5°〈112̅0〉; 69.9°〈112̅0〉 [30] 

Compression-tension 

– II [27] 

{101̅3} − {101̅2} 

29.7°〈112̅0〉;

 22.3°〈112̅0〉; 

63.6°〈39̅62〉;

 66.3°〈37̅41〉 [30] 

Tension-tension [31] {101̅2} − {101̅2} 

7.4°〈112̅0〉; 

60.0°〈101̅0〉; 60.4°〈81̅7̅0〉 [32] 

 

The contraction twinning initiates by subjecting a strain of contraction along the c-

axis or a tension perpendicular to the c-axis. The contraction twins reorient the basal plane 

by 56° or 64° about the 〈112̅0〉 axis, which is reported as the {101̅1} and {101̅3} twins, 

respectively [27]. Similarly, the extension twinning initiates under a strain of tension along 

the c-axis or a contraction perpendicular to the c-axis [26]. The extension twins include the 

{101̅2} and {112̅1} twins which rotate the basal plane by 86° about the 〈112̅0〉 axis and 
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34° about the 〈101̅0〉 axis, respectively. The secondary twin, also known as the double 

twin, is the extension twin generated in a pre-existing twin (contraction or extension). 

Three secondary twinning systems have been commonly reported, which are also listed in 

Table 2.1.2. 

The most commonly reported are the {101̅2} extension, {101̅1} contraction, and 

{101̅1} − {101̅2} double twin. This is usually attributed to the smaller shear and simpler 

atomic shuffle [27] as well as a lower CRSS [33] for those twinning modes. Furthermore, 

the {101̅1}  contraction and {101̅1} − {101̅2}  double twins are reported as favorable 

nucleation sites during recrystallization owing to the less mobile twin boundary and higher 

localized strain compared with {101̅2} extension twins [34,35]. 

Because of the symmetry of the HCP structure, each twinning mode has six 

theoretical variants, which represent six possible twinning systems with equivalent 

crystallographic characteristics [34]. To further identify the twin variants, the Schmid 

Factor (SF) of each variant needs to be considered. The most possible twin variant is 

formed by higher resolved shear stress which means the corresponding SF is also higher. 

2.1.3.Shear banding 

Shear bands correspond to narrow regions of intense shear that occur independently 

of the grain structure and normal crystallographic considerations [36]. The shear banding 

is usually characterized as deformation bands about 35 degrees to the rolling direction [36] 

although the interior structure (various deformation twins) is hard to be defined owing to 

the residual stress. The formation of shear bands in Mg alloys is ascribed to the formation 

and build-up of fine contraction and secondary twins owing to the high shear stress brought 
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by localized high activity of basal slip [37,38], as seen in Figure 2.3. However, shear bands 

have been reported as the source of crack initiation during rolling owing to the strong strain 

concentrated in the shear bands [37]. A reduced severity and increased number of shear 

bands can lead to better rollability for the Mg alloy sheet [39]. 

 

Figure 2.3 Proposed model for shear band formation in pure Mg and Mg-Y alloy [37] 

2.1.4.Deformation modes during rolling of polycrystalline Mg alloys 

Upon rolling, various deformation mechanisms have been observed in 

polycrystalline Mg alloys, especially twinning and shear banding owing to their distinct 

morphology. Both optical microscope (OM) and electron backscattered diffraction (EBSD) 

can perform this characterization. To observe the slip activation in deformed Mg alloys, 

Transmission Electron Microscope (TEM) is usually indispensable. Yet the limited survey 

area prevents the TEM characterization from providing statistical results of activated slips. 

There are approaches developed to reveal the activation of the slip system in Mg alloy, 

which will be introduced in the following section. 
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2.1.4.1.Generalized Schmid Factor (GSF) 

The Schmid law (or SF rule) has been widely used to evaluate deformation under 

single-axis stress. A higher SF indicates higher resolved shear stress for certain 

deformation mechanism which is more likely to be activated [40]. To explain the slip 

system activation and twinning variants selection upon rolling, researchers have adopted 

various adjusted SFs by modifying the applied stress. Luo et al. [41] defined an effective 

SF based on the biaxial stress state, which allows a more direct physical interpretation of 

the observed twin variant selection. Barnett et al. [42] also calculated SF by hypothesizing 

the strain state as 𝜎1 = 0, 𝜎3 = 2𝜎2  (or 𝜎𝑅𝐷 = 0, 𝜎𝑁𝑑 = 𝜎, 𝜎𝑇𝐷 = 0.5𝜎 ). Similar stress 

states have also been proposed by Molodov et al. [43], Basu et al. [35], and Wang et al. 

[44] with 𝜎𝑇𝐷  ranging from 0.29𝜎 ~ 0.5𝜎 for SF calculation in rolled Mg. The 

Generalized Schmid Factor (GSF) was proposed and developed by Guo et al. [45] based 

on the assumption of replacing stress state in three-dimensional space by a stress tensor 

matrix: 

𝜎 = (

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

) = (
0 0 0
0 −0.5 0
0 0 −1

)                                                       Equation 2.1.1 

where x, y, and z correspond to rolling direction (RD), transverse direction (TD), 

and normal direction (ND) of the rolled specimen, respectively. 𝜎𝑧𝑧 is determined as -1 

since the material is subjected to compressive stresses along the ND during rolling [45]. 

Given the assumption that rolling has the same stress state with plane strain compression 

(PSC) [46], 𝜎𝑧𝑧 is determined as -0.5 [45]. The rest components in 𝜎 are zero for rolling 

condition [45]. Thus, the GSF can be calculated by: 

 𝐺𝑆𝐹 = 𝑏 ∙ 𝑔 ∙ 𝜎 ∙ 𝑔𝑇 ∙ 𝑛                                                                                       Equation 2.1.2 
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Where 𝑏  and 𝑛  are the slip/twinning direction and slip/twinning plane normal, 

respectively. The 𝑔 and 𝑔𝑇 are the orientation matrix and its transpose, which are defined 

based on the Euler angles measured by EBSD. An example of the application of GSF is 

shown in Figure 2.4 [47]. 

 

Figure 2.4 Calculated GSFs for twins as a function of (0001) pole for this applied rolling deformation: (a) {10−12} 

twin; (b) {10−11} twin [47]. 

With GSF evaluation, the slip traces analysis is possible for rolled Mg alloys. After 

crystallographic features, especially the orientation of grains and slip traces, are acquired 

by EBSD measurement, the theoretical traces of the different slip systems for the given 

orientation can be calculated and visualized. By comparing the observed and calculated 

slip trace, the activation of the slip system is thus determined.  

2.1.4.2.Intragranular misorientation axis (IGMA) distribution 

The IGMA analysis was originally proposed by Chun et al. and exclusively focuses 

on the slip activation in HCP materials [19,48]. Deformation was interpreted as the bending 

of a crystal lattice around the axis called the “Taylor axis” and thus, the net rotation is 

generated by activation of various slip systems. The IGMA is defined as the axis of the 

misorientation between two points inside a grain due to slip-induced lattice rotation. The 
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dominant slip system in a single grain is determined by matching the Taylor axis for a 

given slip mode to the measured IGMA [48]. The details of the Taylor axis and 

corresponding slip modes are listed in Table 2.1.3. The IGMA distribution map was built 

using the Aztec Crystal. For current alloys, the misorientation angle within 1~3° was 

evaluated and a maximum intensity higher than 2 mrd indicates the dominant activation of 

certain slip system [49]. Although the IGMA is theoretically capable of determining the 

slip activation, the application of IGMA is limited to investigate the prismatic <a> slip 

system owing to the Taylor axis of basal and pyramidal is the same [48]. Thus, derived 

from the misorientation profile, the IGMA can only be used to determine whether prismatic 

slip is the dominant deformation mechanism upon deformation. 

Table 2.1.3 The Taylor axes and corresponding slip systems for HCP materials [19] 

Slip modes 
Crystallographic planes 

and directions 
Taylor axes 

Basal <a> {0001} <112̅0> <01̅10> 

Prismatic <a> {101̅0} <112̅0> <0001> 

Pyramidal II <c+a> {112̅2} <112̅3> <11̅00> 

 

2.1.4.3.Geometrically necessary dislocations (GND) distribution 

Geometrically necessary dislocations (GND) distribution provides not only a 

quantitative understanding of slip activation, but also, more importantly, the distribution of 

resolved or total GND of various slip systems, as seen in Figure 2.5. Therefore, the 

connection between microstructural characteristics and dislocation movement can be 

established.  
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Figure 2.5 An example of GND distribution derived from EBSD test of AZ31 Mg alloy: total dislocation density and 

resolved slip systems maps of area 1and 2 for 0% and 0.5% strain [50]. 

The concept of GND has been proposed by Nye et al. [51] since 1953, yet the 

practical use of GND analysis was possible almost 50 years later with the development of 

high-resolution EBSD [52]. However, despite the development of better calculation 

algorithms [53,54], the GND evaluation is not widely performed by EBSD users owing to 

the shortage of commercial software support. Nonetheless, encouraging applications of 

GND distribution have been reported in HCP metals. Littlewood et al. [55] and Britton et 

al. [56] examined the GND distribution of Ti-6Al-4V (Ti64) subjecting to tensile 

deformation and hot rolling, respectively. The quantitative GND results of various 

dislocation systems were related to the corresponding microstructures. Chaoyi et al. [57] 

investigated the role of GND in the dislocation generation of pure nickel and found that 

GNDs are the more important for the strength of polycrystalline metals in the early stages 



 Chapter 2  

18 

 

of work hardening. Khosravani et al. [50] explained the nucleation and propagation of 

tensile twins in Mg-3Al-1Zn (AZ31). It was inferred from the GND distribution that the 

twinning occurs in grains that cannot accommodate necessary contraction via <a>-type slip 

[50]. 

Although the GND density of a specific slip system can be quantified over large 

regions of interest, the GND density distribution map and the GND density data still suffer 

from three crucial limitations that prevent GND analysis from being correlated with the 

evolution of microstructure and texture. The first limitation is the error introduced to the 

average GND density data due to the nature of the EBSD test. The EBSD data consists of 

a series of data points containing misorientation and position information. Even though the 

order of magnitude of total indexed points is usually around 105~107 (depends on the 

surveyed area and the scanning step size), this magnitude is still insignificant compared to 

that of GND density in deformed material, which could reach 1015~1020 m-2 [36]. Thus, the 

deviation of the average GND density will be affected by this large difference of 

magnitudes between the indexed points and the GND density value. The second limitation 

results from the nature of the mapping method of GND density. Normally, the slip systems 

are calculated and described individually. Although this expression method is convenient 

when analyzing a specific slip system (as seen in Figure 2.5), the individually presented 

data diminishes the comprehensive effect brought by multiple slip systems on the structural 

and textural evolution. The last limitation is related to the interference brought by various 

microstructures, especially the recrystallized grains and substructures. In general, the 

dislocation density increases at local stress concentrations during deformation and 

decreases with recrystallization when annealed [50]. Therefore, the substructures, 
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including LABs, low angle twin boundaries, and slip traces would be highlighted on the 

GND map with higher intensity, while the recrystallized grains would be characterized as 

low GND regions. Even though other alternative approaches, such as Kernel Average 

Misorientation (KAM) distribution, are also capable of revealing the substructures and 

recrystallized grains. The intensity difference between deformed and recrystallized 

structures, which could reach ~105 m-2, would lead to attenuation on the impact of the low 

GND region. Finally, the GND distribution can only provide 2D analysis since the data is 

surveyed at the surface of the specimen. 

2.2. Recrystallization of deformed Mg alloys 

Defects, such as dislocations, twins, and shear bands are introduced as the 

consequence of plastic deformation in Mg and its alloys, as discussed in 2.1. Thus, the free 

energy is raised owing to the presence of those defects [36]. This deformation-induced 

energy increase is also known as the stored energy [58]. Upon annealing, driven by the 

stored energy,  recrystallization occurs to lower the total free energy and restore the 

deformed structure [36]. Together with deformation, the recrystallization process controls 

the microstructure, texture, and mechanical properties [6,34,59].   

The recrystallization process can be described as the formation of strain-free nuclei 

within the deformed or recovered structure and the replacement of deformed structure by 

the growth of recrystallized grains [36]. It can also be divided into dynamic 

recrystallization (DRX) and static recrystallization (SRX). The former takes place during 

deformation at elevated temperatures and the latter occurs after deformation [60]. 
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2.2.1.Dynamic recrystallization 

Dynamic recrystallization has been observed to be active during hot, warm, and 

even cold deformation in Mg alloys [60]. Three main mechanisms are proposed to explain 

DRX in Mg and its alloys by various studies and categorized as: (i) continuous, which 

occurs at an intermediate temperature ranging from 200° C to 300° C [61–66], (ii) 

discontinuous [67–70], which takes place at elevated temperature around 300° C to 450° 

C, and (iii) twinning induced, which has been observed at a wide temperature range 

between 150° C to 450° C [35,71,72].  

2.2.1.1.Continuous dynamic recrystallization (CDRX)  

In CDRX, recrystallization occurs through a continuous increase in misorientation 

across deformation-induced boundaries [61,62]. The CDRX process involves the 

formation of three-dimensional arrays of low angle boundaries (LABs), and the 

transformation from LABs to high angle boundaries (HABs) [60]. Therefore, the <c+a> 

slip, which can contribute the additional Burgers vectors other than the commonly observed 

<a> slip, is needed for the formation of LABs [36]. Moreover, the ratio between the 

contributions of basal and non-basal slip may also affect the CDRX process. When basal 

slip is dominant, CDRX features the formation of lamellar microbands that are 

subsequently subdivided by transverse LABs [63,64]. LABs convert to HABs owing to the 

contribution of mobile dislocation trapped within the subgrains [66], as shown in Figure 

2.6 (a) [60]. When non-basal dislocation contributes similarly to the basal ones, subgrains 

formation takes place initially. Except for the misorientation contribution from the 

interaction of LABs and mobile dislocations, the CDRX is also facilitated by the 
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progressive lattice rotation with strain [65,66], the schematic is also shown in Figure 2.6 

(b) [60]. 

 

Figure 2.6 (a) interaction of low-angle boundaries with lattice dislocations resulting in progressive increase in their 

misorientation. (b) Rotation of (sub)grains facilitates the transformation of low-angle boundaries into high-angle 

boundaries. [60] 

 

2.2.1.2.Discontinuous dynamic recrystallization (DDRX) 

DDRX is associated with the strain-induced local migration of initial HABs, which 

is also reported as the bulging mechanism, and the subsequent grain growth through the 

consumption of deformed structure [67,68]. The driving force for the grain boundary 

migration includes the stored energy (dislocation density) difference over the boundary [36] 

and the stress field formed owing to the lattice dislocations interact with a grain boundary 

[60], as shown in Figure 2.7 (a). The nucleation is complete once the bulged region is 

divided by the formation of strain-induced LAB, as observed by Yang et al. [69] and Sun 

et al. [70], the schematic is shown in Figure 2.7 (b). In addition, the DDRX commonly 
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creates a necklace microstructure featuring large parent grains surrounded by fine 

recrystallized grains [60,65]. 

 

Figure 2.7 (a) The formation of dislocation pileups within bulging interiors promotes local migration toward decreased 

dislocation density. Dissociation of leading lattice dislocations trapped by the grain boundary interact with grain 

boundary dislocations. (b) Grain boundary sliding facilitates the formation of a LAB subdivided bulged area from a 

parent grain. [60] 

 

2.2.1.3.Twinning induced dynamic recrystallization (TDRX) 

Since twinning is commonly observed in Mg alloys, the corresponding TDRX has 

also been widely recognized during deformation [35,71,72]. The nucleation mechanism of 

TDRX can be concluded as nucleation at the mutual intersection of primary-secondary 

twins [35] or secondary-secondary twins [71] (as shown in schematics in Figure 2.8 (a)), 

subdivision of twin lamellas by fine secondary twins [60] (as seen in Figure 2.8 (b)) or 

rearrangement of lattice dislocations [72] (LABs, as seen in Figure 2.8 (c)). Then, the 

nuclei transform into recrystallized grains due to the transformation of special twin 

boundaries into random HABs [60]. Finally, the recrystallized grains gain the equiaxed 

shape owing to the energy raised by the increased dislocation density [60,72]. It is worth 

noting that the CDRX is reported as a strong recovery process without size change in sub-
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grains, while the DDRX is classified as a recrystallization process for the migrating HABs, 

and the TDRX exists as a transition between two extreme cases [60]. 

 

Figure 2.8 Schematic representation of TDRX nucleation mechanism: (a) nucleation by mutual intersection by primary 

twins, (b) nucleation by subdivision of coarse lamellae (1) of primary twins by fine secondary twins (2), and (c) 

Nucleation by subdivision of coarse lamellae of primary twins by transverse low-angle boundaries. [60] 

 

2.2.2.Static recrystallization 

The SRX usually occurs in Mg alloys when the deformed material is subsequently 

annealed [36]. Since the driving force is the stored energy resulting from plastic 

deformation, SRX is generally affected by temperature, strain, strain rate, solutes, and the 

second-phase particles [8]. Continuous SRX (CSRX) and discontinuous SRX (DSRX) 

mechanisms have been proposed in the literature [36]. The former is ascribed to the 

transition from subgrains to recrystallized grains, while the latter is related to the nucleation 

and grain growth in the vicinity of grain boundaries, twin boundaries, shear bands, and 

second-phase particles [35,73]. The schematics of continuous and discontinuous SRX are 

shown in Figure 2.9. 
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Figure 2.9 Schematic representation of the CSRX and DSRX taking place during the annealing of strain hardened 

materials [75]. 

In addition to CSRX and DSRX, depending on the nucleation site, various studies 

have proposed other mechanisms of SRX nucleation: 

i. Grain boundary nucleation: The higher stored energy near the grain boundaries is 

due to the activated non-basal slip, which subsequently leads to nucleation of 

recrystallized grains adjacent to the original grain boundaries [75]. 

ii. Subgrain coalescence: The HABs are formed through the subgrain boundary 

motion, which is ascribed to the coalescence of subgrains [76]. This mechanism is 

also described as the rotation of zones in deformed parent grain after the 

development of orientation gradients [75].  
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iii. Shear band-induced nucleation (SBIN): Nucleation is favored in shear bands not 

only because of the high extensive plastic strain but also due to the large spread of 

orientations provided [36]. In particular, SBIN in RE-containing Mg alloys is 

reported to promote the formation of non-basal texture [77]. 

iv. Deformation twinning induced nucleation (DTIN): Similar to shear bands, twins 

are also the potential nucleation sites during the SRX process of Mg alloys. 

Contraction twins serve as a better choice for SRX, as discussed in 2.1.2. It has also 

been reported that nucleation is preferentially initiated at the twin–twin 

intersections, the twin–grain boundary intersections, and within twins [78,79].  

v. Particle-stimulated nucleation (PSN): To facilitate nucleation, evenly distributed 

secondary-phase particles with a size larger than 1 um is the prerequisite [36]. 

Otherwise, recrystallization is retarded owing to the pinning effect of fine 

precipitates on boundaries [80]. The PSN has been reported to provide more 

randomly oriented nuclei even though the PSN competes with other nucleation 

mechanisms [81]. 

2.3. Texture in wrought Mg sheets 

In polycrystal materials, the orientation distribution of the grains can favor certain 

orientations due to processing [82]. This is known as preferred orientation or 

crystallographic texture [82]. For Mg alloy sheets, the texture is closely related to the 

inferior formability due to the sharp texture developed during deformation [83]. The 

concentrated texture, which aligns grains along the same orientation, limits the 

accommodation of deformation along the <c>-axis and amplifies the independent slip 
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system shortage for Mg alloys [84]. Therefore, it is crucial to understand the formation 

mechanism of various textures in Mg alloy sheets. 

2.3.1.Representation and measurement of texture 

2.3.1.1.Representation of texture 

To describe the texture or orientations of grains, it is necessary to define the position 

of the atomic planes in the crystal with respect to a fixed reference. The most well-

established coordinate system of expressing orientation in 3-D space is the three Euler 

angles [82]. According to the definition made by Bunge, the three Euler angles are: 𝜑1 

about the ND, transforming the TD into TD  ́and RD into RD ;́ 𝜙 about the axis RD ;́ 𝜑2 

about the ND´́ [85]. The schematic of Bunge’s Euler angles is shown in Figure 2.10. Thus, 

any orientation can be expressed unequivocally as a point in Euler space, whose axes are 

spanned by the three Euler angles [82]. 

 

Figure 2.10 The (a) Euler angles defined by Bunge and (b) Euler space [82]. 

The probability density function of orientations in the Euler space, which precisely 

and quantitatively describes texture, is defined as the orientation distribution function 

(ODF) [86]. Normally, the ODF is demonstrated by a series of two-dimensional figures 

with different 𝜑2, as shown in Figure 2.11. However, the ODF is hard to measure directly. 
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Figure 2.11 (a) example of ODF of Mg alloy and (b) the position of important orientations of hexagonal materials in 

Euler space [82]. 

A more commonly used orientation descriptor for Mg alloys, which is derived from 

the experimental measurement, is the pole figures. Poles, which represent the normal 

direction of various crystal planes, are projected onto the pole figure from the reference 

sphere to describe the variation of pole density with pole orientation [82,86]. The pole 

figures are stereographic projections, as shown in Figure 2.12(a). It is worth noting that 

pole figures, as the 2-D expression of 3-D information, suffer from limitations. For 

example, the position of (10-10) is needed to define the orientation of the crystal shown in 

Figure 2.12(b). Furthermore, the pole figures obtained from measurement are also 

incomplete owing to the nature of x-ray diffraction geometry [82]. Therefore, the ODF 

calculated from multiple pole figures is more precise although the pole figure is sufficient 

for most cases [86]. 
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Figure 2.12 (a) schematic of stereographic projection and (b) orientation of the basal plane (0001) in a hexagonal 

crystal [82]. 

 

2.3.1.2.Measurement of texture  

Based on the scale of the surveyed area and the consequent primary output data, 

the texture measurement can be divided as macro-texture and micro-texture. The former 

focuses on a large contiguous sample volume and acquires a profile of diffracted intensities 

through X-ray or neutron diffraction [82]. On the other hand, the complete crystallographic 

information is obtained through electron diffraction (usually electron backscattered 

diffraction (EBSD) in SEM) for the latter case [82]. Unlike the x-ray diffraction, which 

generates pole figures (schematics is shown in Figure 2.13(a)), the Kikuchi pattern 

originating from Bragg diffraction of electrons, as shown in Figure 2.13(b), can be 

interpreted as the crystal orientations [82].  
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Figure 2.13 Schematics showing the (a) macro-texture measurement using XRD and (b) generation of Kikuchi pattern 

in SEM observation [82]. 

2.3.2.Basal texture 

The basal texture is the most commonly observed texture in Mg alloy sheets, which 

is characterized as (0002) basal poles parallel to the ND of rolled sheets [8] (as 

demonstrated in Figure 2.14). The formation of basal texture is generally ascribed to the 

basal plane orienting rolling plane during deformation as the consequence of excessive 

basal slip activation [86]. In addition to that, it is also proposed by Jin et al. [87] and Jiang 

et al. [88] that the basal texture initiates through {10-12} twinning which reorients (0002) 

plan parallel to the RD. Then the basal texture is progressively developed during 

deformation through nucleation and growth of TDRX grains [87]. Finally, the basal texture 

is gradually strengthened owing to the better stability of basal grains on resisting 

recrystallization as well as the repetitive DRX process in subsequent deformation. For the 

former, the <c+a> slip is hard to be activated due to the high CRSS, and the <a> slip is 

geometrically suppressed owing to low resolved shear stress [87] thus, the lower 

dislocation density inhibits the recrystallization of basal grains. For the latter, DRX, 

especially CDRX, has been observed inheriting the orientation of parent basal grains and 
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contributing basal texture strengthening despite a minor fraction of DRXed grains with 

diverse orientations in the vicinity of grain boundaries [88]. Thus, during the multi-pass 

rolling, the new grains with non-basal orientations may easily be consumed by repeated 

DRX [87]. 

 

Figure 2.14 Example of a pure magnesium sheet texture obtained after hot rolling (400 °C/75% reduction) and 

annealing at 300 °C for 1 h represented schematically (a), using (b) recalculated (0 0 0 2) and pole figures, (c) inverse 

pole figure relative to ND, (d) ODF sections at φ2 = 0° and φ2 = 30° [89]. 

2.3.3.Non-basal textures 

The two commonly observed non-basal patterns are the (0002) tilting towards the 

TD (TD-split texture) and the ND (ND-split texture) [8,90]. Their schematics and 

corresponding (0002) pole figures are shown in Figure 2.15. 

The RD-split texture is widely reported in AZ31 [91,92], Mg-Li [93], Mg-Y [93,94], 

and Mg-Zn-Ca [95], Mg-Ce(-Zn) [90] and Mg-Gd(-Zn) [75] alloys subjecting to rolling or 

plane strain compression. The emergence of the RD-split component in deformed textures 

is attributed to the higher activity of <c+a> slip [92–94] and the promoted compression and 
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double twinning owing to the alloying element [37]. However, it has been observed that, 

upon annealing, the RD-split texture is transformed to the strong basal fiber [91] or a non-

basal texture [75]. 

 

Figure 2.15 Schematics and (0002) pole figures showing the TD-split texture and RD-split texture. TD-split: rolled and 

subsequently annealed Mg–1.5Zn–0.2Ce. RD-split: rolled Mg–0.2Ce [8,90] 

The TD-split texture, on the other hand, is commonly observed in RE-containing 

Mg alloys. It has been reported that Nd [49], Ce [96], Gd [97], and Ca [98] are capable of 

triggering the TD-split texture in Mg alloys. In addition, Zn is reported as an essential 

alloying element to amplify the effect of RE [75]. Jung et al. [99] have proposed that the 

usage of RE can be reduced in the Mg-Zn-RE system. However, the mechanism for the 

formation of TD-split texture upon annealing is still under debate. It has been proposed 
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that the PSN [75,90], bimodal structure [100], shear bands [77], twinning [101], solute drag 

effect brought by RE segregated along the grain boundaries (GBs) [102], the enhanced 

non-basal slip system activation [49,103], preferential nucleation of recrystallized grains 

[97], etc. are related to the TD-split texture formation. Moreover, since a considerable 

amount of RE (≥0.5 wt. % [84]) is commonly employed to guarantee the texture 

modification effect, the economical and sustainable alloying strategy is less considered. 

2.3.4.Effect of texture on mechanical performance 

In general, better ductility is expected in Mg alloys with weakened texture owing 

to the fact that plastic deformation can be achieved by the easy-activated basal slip, as 

discussed in 2.1.1. With the increased spread of grain orientations, there is good agreement 

of decreasing texture intensity correlating with maximum elongation to fracture [89,104]. 

In addition, the tension-compression yield asymmetry is also expected to be reduced due 

to the formation of non-basal texture, and the resulting enhanced formability has been 

validated by the Erichsen test [90,105], as seen in Figure 2.16. 

 

Figure 2.16 Modified sheet textures of rolled and subsequently annealed ZK10 magnesium alloys and the resulting 

tensile elongations to fracture at room temperature: (a) Mg–0.2Ce, (b) Mg–1.0Zn–0.2Ce, (c) Mg–2.0Zn–0.2Ce [90]. 
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2.4. Texture modification of wrought Mg alloys 

Given the detrimental effects brought by the strong basal texture on the formability 

of wrought Mg sheets, texture weakening (modification) is the prerequisite for the 

manufacture of Mg components. Two main routes have been focused on in studies 

dedicated to texture control: processing-oriented practices and alloying-related approaches 

[8]. Thus, in the following, texture weakening mechanisms and approaches for the wrought 

Mg sheet will be highlighted. 

2.4.1.Texture modification mechanisms 

Considerable efforts have been made by researchers to modify the strong basal 

texture of Mg alloys. However, the mechanism of the observed texture modification 

phenomenon has not been thoroughly explained due to the complexity of texture formation 

in magnesium alloys. This complexity stems from a complex deformation mechanism that 

combines slip and twinning and is further complicated by the texture evolution upon 

deformation and subsequent annealing. Here, the well-recognized mechanisms for various 

texture modifications are summarized.  

Non-basal dislocation activation: Given the formation of basal texture in Mg alloys 

(section 2.3.2), the attenuation of the basal slip dominance needs to be considered. The 

activation of pyramidal <c+a> slip and the prismatic <a> slip has been associated with the 

texture modification in various Mg alloys. The formation of RD-split texture is explained 

as the consequence of promoted pyramidal <c+a> slip by experimental observation [91] 

and theoretical simulation [106]. This enhanced activation can be achieved by performing 

special processing procedures such as the HSR [107] that generates higher temperature, 

ECAR [108] that induces shear deformation. More commonly, the SFE and CRSS change 
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resulting from alloying element addition is accounted for by the motivated pyramidal <c+a> 

slip. The studies from Sandlobes et al. [109] and Yoo et al. [110] suggest that I1 stacking 

faults act as heterogeneous nucleation sources for pyramidal <c+a> dislocations. Yuasa et 

al. [111] reported an increased us(basal) in Mg-Zn-Ca alloy which leads to 

us(basal)/us(prism) close to 1. This ratio explains the basal texture weakening and the 

resulting formability improvement. Kim et al. [23] theoretically predicted that the 

activation of <c+a> slip system in Mg–Y alloys is related to the reduction of difference in 

the CRSSes between basal slip and non-basal <c+a> slip. Zhu et al. [22] found the 

connection between CRSSprism/CRSSbasal and the observed grain orientation rotation. In 

alloys exhibiting TD-split texture, prismatic <a> slip has been reported being the dominant 

deformation mechanism in TD-oriented grains upon deformation [49]. This phenomenon 

indicates that the TD-split texture is related to the promoted  prismatic <a> slip, similar to 

the situation of titanium (Ti) alloys, which possesses a c/a less than Mg [86]. However, the 

mechanisms for the formation of TD-split texture as well as the activation of prismatic slip 

still need to be revealed by further investigation.  

Deformation structure: Various deformation structures have been associated with 

the formation of weakened or non-basal texture, such as the contraction and secondary 

twinning [107,112]. However, their texture modification effect upon annealing needs to be 

investigated in detail. In addition, DRX also weakens the basal texture owing to grain 

refinement [88]. 

Solute segregation: The segregation of alloying elements, especially REs, has been 

related to the texture modification as described in 2.4.3. The beneficial effect on texture 

modification of alloying element is ascribed to the boundary mobility difference and the 
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consequent selective growth of basal and non-basal nuclei due to solute segregation [75], 

DRX suppression resulting from solute drag [113], and texture randomization related to 

reduced grain boundary energy [95]. On the other hand, precipitation contributes to the 

pinning of GBs and thus affects the recrystallization behavior and the related texture 

[84,114]. 

Recrystallization: Unlike DRX, which inherits orientation from the parent grain, 

the SRX affects the basal texture through the nucleation and growth of non-basal grains 

upon annealing. In the former case, PSN [81], DTIN [78], and SBIN [77] have been related 

to texture weakening as the consequence of orientation randomization. It is worth noting 

that those nucleation mechanisms only generate nuclei with broader angular distribution 

rather than forming a specific pattern since nucleation is not favoring a specific orientation. 

The preferential nucleation, although rarely observed, has been reported by Zhao [97] 

which leads to the TD-split texture of an Mg-Zn-Gd alloy. In addition, preferential grain 

growth has also been related to the formation of TD-split texture in Mg-Zn-Nd alloy [77]. 

Further study is crucial to understand the origin of preference of TD-split orientation upon 

recrystallization. 

2.4.2.Texture weakening by processing 

During deformation, the orientation of grains is rotated owing to the activation of 

various deformation mechanisms. Thus, to weaken or even alter the strong basal texture, 

shear deformation can be introduced to fabricate Mg alloys with weakened basal texture. 

Various special processing procedures have been performed by researchers [115]. Equal 

channel angular pressing (ECAP) has been applied to weaken the texture of the AZ31 bar 

[116]. Based on ECAP, equal channel angular rolling (ECAR) has been proposed to 



 Chapter 2  

36 

 

fabricate large volumes of texture-controlled Mg alloy sheets [108]. Following the rolling, 

the shear strain is introduced by a customized ECAP die for sheet production. The texture 

weakening mechanism is similar to the ECAP, in which RD-split texture forms after 

deformation due to the promoted <c+a> slip and DRX [116]. The ECAR process and the 

resulting texture are shown in Figure 2.17(a).  

 

Figure 2.17 The schematic and resulting texture of (a) ECAR process [109] and (b) DSR process [108]. 

Another sheet fabrication procedure is the differential speed rolling (DSR), as 

shown in Figure 2.17(b). The asymmetric deformation due to the different rotational speeds 

between upper and lower rollers introduces shear deformation during rolling. In 

combination with the rotation of the sample between adjacent passes of DSR the basal 
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texture can be randomized and reach values of the ultimate tensile strength and elongation 

to failure 333MPa and 21%, respectively [116]. In addition, considerable efforts have been 

made on developing new processing techniques, such as the pre-twinning method [117], 

high-speed rolling (HSR) [107], wave-shaped die rolling [118], etc. 

2.4.3.Texture weakening by alloying 

Compared to the processing methods, which need complicated instruments or 

customized equipment, the alloying-oriented approaches are favored in Mg sheet 

production [84]. Both RE and non-RE elements have shown texture weakening effect, as 

mentioned in 2.3.3. The typical alloying elements are considered in the following. 

2.4.3.1.RE elements 

RE elements are well-known as the most effective solution to weaken, modify or 

even alter the strong basal texture of Mg alloys, the overall effect of commonly used RE is 

summarized in Figure 2.18. 

Yttrium (Y): Y has a decent solubility limit of 12.4 wt. % in Mg alloys [119]. Thus, 

the texture modification brought by Y is closely related to the interaction of Y atoms with 

dislocations and GBs [120]. The critical content of Y to trigger noticeable texture 

weakening in the Mg-Y system is around 0.6 wt. % [120]. Higher Y addition (2.7 wt. %) 

can promote the activation of prismatic <a> slip [102]. It has been reported that the Y 

addition mainly contributes to the formation of RD-split texture [93,94,102] although a 

similar texture can also be acquired in AZ31 [91]. Compared to other RE elements, Y is 

less effective in terms of texture weakening. This is explained as the consequence of the 

weaker atomic interaction between Mg and Y [119]. 
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Figure 2.18 Critical amount of RE necessary for texture weakening in the Mg–RE system during deformation and post-

annealing conditions at about 400 °C. Gray shaded: the critical overall amount of RE in Mg–RE alloys; blue shaded: 

segregation of RE at GBs estimated from calculations [100]. 

Cerium (Ce): Despite exhibiting the lowest solubility limit in Mg-Ce (0.5 wt. %), 

significant texture modification can be archived by diluted addition of Ce (around 0.2 wt.%) 

[25]. On the other hand, the Ce-containing precipitates could affect texture by PSN when 

particle size is higher than 1 m or pinning effect when precipitates are fine and evenly 

distributed [84]. Non-basal textures develop upon annealing at a wide temperature range 

in Mg-Ce alloys (150 ~ 400 °C) [96,121]. However, the formability of Ce-containing Mg 

alloys is curtailed due to the low solubility of Ce and the resulting brittle precipitates [104]. 

In terms of texture pattern, the Ce generates both RD-split and TD-split texture. The former 

is attributed to the enhanced <c+a> slip yet the mechanism for the latter is still unclear [84]. 
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Gadolinium (Gd): Gd is one of the most well-investigated elements in RE-

containing Mg alloys [75,122]. The Gd is effective in solid solution due to the suppression 

of precipitation resulting from the high solubility of Gd in Mg [84]. The texture weakening 

initiates with 0.38 wt. % addition of Gd [120]. With increasing Gd content, various non-

basal textures are observed [75,104]. For rolled sheets subjected to post-deformation 

annealing,  an encouraging TD-split texture with reduced intensity is commonly identified 

[97,104]. However, no decisive mechanism has been widely acknowledged by researchers. 

Neodymium (Nd): The critical content of Nd to trigger noticeable texture 

weakening is around 0.24 wt. % [112]. The Nd possesses moderate solubility and texture 

weakening effect according to T. Al-Samman et al.’s compression of Gd, Ce, La, Nd, and 

mischmetal [104]. It is noteworthy that a shift in dislocation dynamics has been observed 

in Nd-containing alloys, i.e., from a basal <a> dominance to a prismatic <a> dominance 

[49,80]. This phenomenon is explained as the consequence of inhibition of basal <a> and 

cross-slip promotion of prismatic <a> [80]. 

2.4.3.2.Non-RE elements 

Recently, the texture modification brought by non-RE element addition has 

attracted researchers’ attention for the potential cost reduction. Except for the conventional 

AZ31, a new alloying strategy has been proposed to produce wrought Mg alloy with 

modified texture by adding non-RE elements. 

Zinc (Zn): Although separate Zn additions have been rarely investigated, Zn is 

crucial for the texture modification for the ternary and quaternary Mg alloys. It has been 

validated that the alloying Zn amplifies the effect of diluted RE [75]. The Zn/RE ratio can 

also affect the texture of Mg alloys [113,123]. 
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Calcium (Ca): Ca, which has exhibited significant texture modification in Mg-Zn-

Ca alloys [95], is a potential alternative to the expensive RE because of the similar atomic 

radius of Ca and RE [99]. Moreover, the plastic anisotropy and resultant basal texture 

weakening are ascribed to the stacking fault energy (SFE) modification in the Mg-Zn-Ca 

system. However, the ductility of Ca-containing Mg alloys suffers from the brittle 

precipitates along the GBs owing to the segregation and subsequent precipitation of Ca 

[124]. 

Lithium (Li): The addition of Lithium preserves the lightweight property of Mg 

alloys while achieving non-basal texture resulted from a reduced c/a ratio [125]. It is also 

reported by Al-Samman that the Mg-4Li exhibits remarkable ductility at ambient 

temperature with a total reduction of 86% upon cold rolling [126]. 

2.5. Summary 

Based on the above literature survey, the production of Mg alloy sheets with better 

formability requires texture modification aiming at the formation of non-basal texture [8]. 

Meanwhile, for the practical application of texture-modified Mg sheets in the automobile 

industry, the complexity of fabrication process, as well as the consumption of energy and 

resources, should also be limited [3]. Due to the additional investment in customized 

equipment and the requirement of deformation at higher elevated temperature, the various 

texture weakening processing procedures mentioned in 2.4.2 are less attractive. On the 

other hand, the alloying approach suffers from a potential cost increase owing to the 

excessive addition of alloying elements, especially RE. A wide variety of RE with different 

concentration has been proposed by researchers, yet most studies were reported as “lean 

Mg alloy” with RE added more than 0.5 wt. % [127]. Therefore, better alloying strategies 
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featuring a further reduced level of RE or employment of alternative non-RE elements, 

based on an in-depth understanding of texture modification mechanism in lean Mg alloy, 

are essential for the development of formable Mg alloy sheets manufactured by 

conventional multi-pass rolling. 
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Chapter 3.Effect of cooling rate on precipitation behavior, 

microstructure, and texture evolution of micro-alloyed magnesium 

alloy 

To expand the findings of the literature review regarding developing Mg sheets 

with better formability through texture modification with lean alloying elements addition, 

this chapter aims on initiating texture modification by dilute Nd addition through 

conventional multi-pass rolling. Three micro-alloyed Mg-1Zn-xNd alloys (x= 0.1, 0.2 and 

0.5) were homogenized and cooled differently before subjecting rolling and post-

deformation annealing. The microstructure and texture evolution during this procedure 

were then investigated. 

 

This chapter has been published as:  

Y. Liu, J. Su, R. Gao, H. Geng, A. Javaid, T. Skszek, S. Yue, Effect of Cooling 

Path on Precipitation Behavior, Microstructure, and Texture Evolution of Micro-alloyed 

Magnesium Alloy, J. Mater. Eng. Perform. (2020) 1–8. https://doi.org/10.1007/s11665-

020-04718-9. 
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3.1. Abstract 

Alloying with rare-earth (RE) elements enhance the formability of magnesium (Mg) 

alloys, especially for the lower-elevated temperatures. The beneficial effect brought by RE 

addition is related to texture modification. However, the complexity of the precipitation 

behavior in RE-containing alloy and the often excessive RE additions has impeded the 

understanding of the mechanism for RE texture modification. The current study is based 

on three micro-alloyed Mg-1Zn-xNd (wt.%) alloys with reduced levels of Nd, i.e., x= 0.1, 

0.2, and 0.5 wt.%. Two different cooling paths were employed after solutionizing to 

achieve different precipitation conditions. The alloys were then subjected to hot rolling at 

450°C to a total reduction of 45% in two passes, and post-deformation annealing was also 

conducted. The precipitation behavior of the current alloy was discussed based on 

experimental observations and thermodynamic simulations. It was found that ‘dilute’ Nd 

in solid solution is more effective in suppressing both dynamic and static recrystallization 

compared to Nd in the form of precipitates. Ultimately, a non-basal texture with basal poles 

splitting towards rolling direction and transverse direction was obtained for the Mg-1Zn-

0.5Nd alloy after annealing. The mechanism of texture weakening effect was attributed to 

the presence of Nd in solid solution. 

3.2. Introduction 

As a structural material candidate for weight reduction in the transportation and 

aerospace industry, wrought Mg alloys have been receiving increasing attention [1]. Apart 

from having a high specific strength, Mg alloys have excellent recyclability [2-4]. However, 

the application of the Mg alloy sheets suffers from the limited formability [5] at lower 

elevated temperatures mainly due to the preferred crystallographic texture [6]. This can be 
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attributed to the hexagonal-close-packed (HCP) structure of Mg alloys being unable to 

provide sufficient numbers of independent slip systems to accommodate uniform plastic 

deformation [7,8] and the formation of strong basal texture upon various deformation 

processes [9]. The precipitation behavior is another critical factor that needs to be 

considered. The mechanical properties and deformation mechanisms are affected by the 

particle volume fraction, shape and the orientation relationship of precipitates and matrix 

[10,11].  

Alloying with rear-earth (RE) elements to enhance the formability of Mg alloys [6], 

has been widely reported in the literature aiming to expand the range of applications of 

wrought Mg alloys [12,13]. The beneficial effects of the RE additions on promoting the 

formability of Mg alloys are found to be related to several mechanisms activated during 

thermomechanical processing, i) the activation of the non-basal slip systems [14], ii) 

texture weakening accompanied by particle stimulated nucleation (PSN) upon 

recrystallization [15], iii) grain refinement as a result of the suppression of dynamic and 

static recrystallization during deformation and subsequent annealing [16]. Sanjari et al. [17] 

investigated the effect of Zn/Nd ratio on microstructural evolution, precipitation behavior 

and the consequent grain boundary pinning effect in an Mg-Zn-RE alloy system. The 

results revealed that the combination of Zn and Nd could slow the kinetics of grain growth, 

and the texture was also modified during annealing. Bohlen et al. [18] found that RE and 

Y containing Mg alloys presented a broader angular distribution of the basal poles, which 

leads to the reversed anisotropy of the yield and flow strengths and reduced planar 

anisotropy. Hence, the mechanical performance of RE added alloys was improved by 

decreasing the gauge of Mg alloy sheets. However, in the literature, RE elemental additions 



 Chapter 3  

54 

 

are commonly at least 1 wt. % [6,19,20], leading to secondary phase formation. Thus, the 

role of RE in the form of precipitates or in solid solution has been difficult to separate.  

It has been reported that neodymium (Nd) shows an effective texture weakening 

effect in Mg alloys [21], and it has moderate solubility in Mg-Zn alloys [22]. Thus, in the 

current study, Nd was added at relatively low concentrations to an Mg-1Zn base alloy to 

explore the effectiveness of reducing RE addition and, at the same time, to clarify the roles 

of Nd in the form of precipitates and Nd in solid solution on texture weakening. Therefore, 

the aims of this study are to investigate the precipitation behavior in micro-alloyed Nd-

containing Mg-Zn ternary alloys, and to understand the microstructural evolution and 

texture modification brought by the diluted Nd by performing different post-solutionizing 

cooling methods. 

3.3. Methodology 

Three micro-alloyed Mg alloy sheets were used in the current research. They were 

cast in a water-cooled copper mold at CametMATERIALS (CMAT) and identified, based 

on Nd content, as ZE-01, ZE-02, and ZE-05 (Table 3.3.1). 

Table 3.3.1 The composition of alloys (wt. %) enrolled in current research. 

Alloys Zn Nd Mg 

ZE-01 1 0.1 

balance ZE-02 1 0.2 

ZE-05 1 0.5 

 

In order to homogenize the as-casted alloy, all ingots were solutionized at 500°C 

for 12 hours, while different cooling rates were applied during the subsequent cooling stage. 
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Alloys were divided into WQ (water quenched) and FC (Furnace cooled) regarding the 

cooling method used. Then, both groups were subjected to hot rolling under 450°C for two 

passes with a 20% reduction for each pass. Intermediate annealing under 450°C for 10 

minutes was performed to avoid heat loss between individual passes. To preserve the as-

rolled microstructure, all specimens were water quenched after performing the second 

rolling pass. Specimens were cut from the as-rolled alloy sheet to investigate the 

microstructure and texture. In addition, post-deformation annealing was conducted to ZE-

01 and ZE-05 alloy samples at various temperatures for 10 minutes. The specimens 

prepared for structure and texture analysis were ground and polished conventionally with 

SiC and colloidal silica suspension. 

A Hitachi SU3500 scanning electron microscopy (SEM) equipped with a 

Backscattered electron detector (BSE) and Energy-dispersive detector (EDS) was used to 

identify the morphology, distribution, and composition of the precipitates. The volume 

fraction of precipitates was measured using the mean section area fractions on BSE images. 

The precipitation behavior was also studied by thermodynamic FactSage simulations based 

on the CALPHAD method using FTlite database. 

Optical microscopy (OM) with CLEMEX image processing system was used to 

acquire microstructure images for the as-rolled and annealed samples. An acetic picral 

solution, which consisted of 4.2 g picric acid, 10 ml acetic acid, 10 ml water, and 70 ml 

ethanol, was employed to reveal the microstructure. 

The macro-texture evolution of various specimens during rolling and subsequent 

annealing was quantified with a Brucker D8 Discovery x-ray diffractometer with Co Kα 

radiation operated at 35KV and 45mA. The orientation distribution function (ODF) was 
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calculated with TexTools, a texture analysis software, by combining three incomplete pole 

figures acquired through the X-ray diffraction (XRD) technique. 

3.4. Results and discussion 

3.4.1.Precipitation behavior  

The phase evolution (wt. %) during equilibrium cooling for ZE alloys was 

simulated through FactSage calculation, and the results are shown in Figure 3.1. The 

general sequence of precipitation in ZE alloys is that the Tao3 phase with a composition of 

NdMg(Zn, Mg)2 appears first after cooling starts.  

 

Figure 3.1 The phase distribution diagrams during equilibrium cooling for the ZE series alloys. 

Then Tao3 phase reaches a maximum at 250°C to 300°C with a fraction between 

0.3wt. % to 0.9 wt. %, the peak temperature is inversely proportional to the Nd content. 

Then Nd2Zn9Mg5 phase consumes the alloying element by depriving the Nd of Tao3 



 Chapter 3  

57 

 

phase. With decreasing temperature, Nd2Zn9Mg5 dominates precipitation with 1.7 wt. % 

in ZE05 alloy. On the other hand, for ZE-01 and ZE-02 alloy, precipitates evolve from 

Nd2Zn9Mg5 to a combination of Nd3Zn22 and Mg12Zn13 at a temperature below 100°C. 

In the current research, following the solutionizing treatment at 500°C, different 

cooling paths were used before the hot rolling processes. In contrast to the WQ samples, 

which aim to preserve the solutionized structure, the FC samples are closer to the 

equilibrium condition. The precipitates of three ZE alloys were characterized through the 

SEM-BSE technique. The morphology of precipitates is shown in Figure 3.2, and the mean 

volume fraction for precipitation is shown in Figure 3.3 (a). The measured volume fraction 

of precipitates is less than 0.9 vol. % for all alloys under each condition due to the limited 

addition of alloying elements. Furthermore, even lower (0.3 - 0.6 vol. %) volume fractions 

were attained after the hot rolling process was performed. The cooling rate considerably 

influenced the precipitation behavior of ZE alloys. Fewer precipitates with smaller size 

were found in the WQ samples both before and after hot rolling for all alloys. The 

precipitates were generally refined by hot rolling, while precipitation along the grain 

boundaries was found in FC samples with high Nd additions (Figure 3.2 (g), (k), and (l)). 

After solutionizing, the precipitates with star shape can be observed in ZE-01 and ZE-02 

alloy (Figure 3.2 (a), (c), (e), and (g)), while more spherical precipitates dominated ZE-05. 

EDS analysis revealed that the star shape precipitates contain lower Zn content compared 

with other precipitates (Mg-Nd phase was observed in ZE-01 alloy), which indicates this 

phase could be the “Tao3: NdMg(Zn, Mg)2” phase forms during the initial cooling after 

casting. The appearance of the initial Tao3 phase demonstrates that the kinetics of the 

“dissolved” Tao3 phase plays an important role during solutionizing.  
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Figure 3.2 The morphology of precipitates for ZE alloys under different treatment. 

The evolution of alloying element content solutionized in the matrix of ZE alloys 

can also be followed from the development of precipitation volume fraction combined with 

FactSage simulations. In general, fewer precipitates were observed in WQ ZE alloys, 

revealing a higher content of the alloying elements in the solid solution compared with FC 

ZE alloys. For FC ZE alloys, the volume fraction of precipitates doubled with increased 

Nd addition when FC ZE-01 and FC ZE-02 alloy samples were furnace cooled after 

solutionizing. FactSage simulations also indicate that the composition of secondary phases 

for ZE-01 and ZE-02 alloy under equilibrium cooling shares similarities. It can be inferred 

from the proportional relation between alloying element content and precipitation fraction, 

as well as the slow cooling rate after solutionizing, that almost all Nd added in FC ZE-01 

and FC ZE-02 exists in the form of precipitates rather than in matrix. While the FC ZE-05 

exhibited an inconsistent trend of precipitation volume fraction increment with elevated 

alloying element content. Less precipitation than predicted was observed for FC ZE-05 
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despite it having the highest Nd addition, which is revealed as a gentle slope of the graph 

in Figure 3.3 (a). According to the phase distribution analysis given by FactSage simulation, 

the inconsistency of precipitation behavior of FC ZE-05 is related to the absence of the 

formation of low-temperature precipitates, such as Nd3Zn22 and Mg12Zn13. This trend 

also leads to the increase of the alloying elements, especially Nd, in the matrix of ZE-05 

alloy. As a result of the faster cooling rate, higher Nd addition, and formation of fewer 

precipitates, the WQ+HR ZE-05 sample had the highest Nd content in the matrix with low 

precipitation volume fraction among all specimens. Based on the discussion mentioned 

above, the cooling rate difference in this current research leads to an Nd difference in solid 

solution. Thus, as inferred from the precipitation behavior, the levels of Nd in solid solution 

in the hot-rolled specimens can be listed in descending order as WQ+HR ZE-05, FC+HR 

ZE-05, WQ+HR ZE-02, WQ+HR ZE-01, FC+HR ZE-02, and FC+HR ZE-01. 

 

Figure 3.3 (a) the mean precipitation volume fraction of ZE alloys under different heat treatment procedure, and (b) 

the (0002) basal texture intensity of hot rolled ZE alloys. 
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3.4.2.Microstructure evolution upon hot rolling 

 

Figure 3.4 The microstructure evolution of water quenched and furnace cooled ZE alloy specimens after two passes of 

hot rolling. 

The optical microstructures of the as-rolled ZE alloys are shown in Figure 3.4. For 

the WQ ZE-01 and ZE-02, the microstructures were similar and exhibited a typical hot-

rolled structure, where grains were elongated along the rolling direction (RD) with dynamic 

recrystallization (DRX) occurred in deformation twins and near grain boundaries [23]. A 

higher volume fraction of DRX grains can be found in the WQ+HR ZE-01 compared to 
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FC+HR ZE-01 sample. However, in the WQ+HR ZE-05, a heavily deformed 

microstructure with twins observed in elongated grains and no obvious DRX was evident 

after hot rolling. The suppressed DRX phenomenon with RE additions in Mg alloys has 

been reported in previous studies [16,24]. The mechanism of DRX suppression was 

attributed to the RE solute segregation at GBs [25] or the precipitation along GBs [25], 

both mechanisms are expected to hinder the motion of GBs and hence to suppress the DRX 

process. In addition, the segregated RE may also contribute the DRX suppression by 

pinning the twin boundaries (TBs) [26]. Given the fact that the volume fraction of 

precipitates for WQ+HR ZE-02 and ZE-05 was around 0.4 wt. %. It can be assumed that 

the influence of precipitation on the different microstructures is negligible. Thus, the 

formation of the twinned structure was attributed to the suppression effect on DRX brought 

by solid solution alloying elements in ZE-05 [27].  

In contrast to the WQ ZE alloys, an equiaxed grain structure was found in the 

FC+HR ZE-01 and ZE-02 alloys, which indicates the occurrence of static recrystallization. 

Based on the previous discussion on the precipitation behavior of ZE alloys, the volume 

fraction of precipitates for ZE alloys was insufficient to pin the movement of grain 

boundaries[28]due to the limited addition of micro-alloyed Nd. Also, the kinetics for grain 

growth was promoted by the high rolling temperature at 450°C. Thus, a recrystallized 

structure resulted in the FC+HR ZE-01 and ZE-02. Nevertheless, a deformed structure with 

an apparent “necklace” structure [23] in the vicinity of twins and grain boundaries of 

elongated primary grains was observed for the FC+HR ZE-05 alloy. Similar to the 

WQ+HR ZE-05 specimen, the evidence of fine DRXed grains also resulted from the 

increased Nd addition in the alloy. From the evolution of the microstructure of ZE alloys 
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subjected to different cooling pathes, it appears that the nucleation and growth of DRXed 

grains are positively correlated to the Nd content in matrix. The FC+HR ZE-01 showed a 

fully recrystallized structure, while DRX was totally suppressed in the WQ+HR ZE-05 

specimen. 

3.4.3.Texture evolution upon hot rolling 

The macro-texture evolution of ZE alloys after hot rolling is shown in Figure 3.5. 

The macro-textures were expressed regarding the basal (0002) and prismatic (10-10) pole 

figures recalculated from the original XRD data by using Textools [29]. After rolling, 

despite the difference in cooling rate, both ZE-01 and ZE-02 alloy exhibited a typical basal 

texture pattern where the orientation distribution of basal poles is close to the sheet normal 

direction (ND) [30], as can be seen in Figure 3.6 (a), (b), (d) and (e). The macro-texture for 

ZE-05 alloy is denoted as a modified basal texture with a broader angular distribution of 

basal poles. For the WQ+HR ZE-05 sample, the wide scattered basal poles were found 

expanding along both rolling direction (RD) and transverse direction (TD), while the 

FC+HR ZE-05 basal poles only tilted away from ND along RD of the sheet, as shown in 

Figure 3.5 (c) and (f), respectively. As an indication of the activation of other non-basal 

deformation mechanisms, especially the pyramidal <c+a> slip system, textures with the 

RD-splitting pattern has been reported in other RE-containing Mg alloys as well as AZ31 

after hot rolling [5,31]. The TD-splitting pattern, even though the machnism for this unique 

texture component is still under debate, is also inevetabley related to the promoted 

formability. Shi et al. [32] explained the reorientation of basal pole towarding TD as the 

result of the activation of {10-12} tension twinning. The study made by I. Basu et al. [33] 

concluded the TD-splitting pattern in Gd-containing Mg alloy as a result of segregated RE 
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and the consequenced solute drag effect. In current study, it is clear that the modified 

texture after hot rolling with basal poles splitted along TD was resulted from the Nd 

addition. WQ+HR ZE-05, as the sample holds highest solutionized Nd, exhibited visible 

TD-splitting texture pattern. 

 

Figure 3.5 Macro-texture of as-rolled ZE alloys: (a) WQ ZE-01[34]; (b) WQ ZE-02; (c) WQ ZE-05 [34]; (d) FC ZE-

01; (e) FC ZE-02; (f) FC ZE-05. 

The texture intensities of basal poles for ZE alloys subjected to different cooling 

treatments after solutionizing are shown in Figure 3.3 (b); accordingly, a more randomized 

texture would have a lower texture intensity closer to 1 mrd. The basal texture was 

significantly weakened in WQ+HR ZE specimens by over 16% when more than 0.1 wt. % 

Nd was added. The weakest basal texture of as-rolled ZE alloy, with an intensity of 3.0 

mrd, was achieved by WQ+HR ZE-02, which related to the high fraction of fine DRXed 

grains and an amplified texture modification effect brought by increased Nd addition. In 

addition, the work-hardened structure of the WQ+HR ZE-05 sample shows the possibility 
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of further randomization of basal pole distribution through SRX. However, an opposite 

trend was observed in FC+HR ZE samples, with no pronounced texture weakening effect, 

which was found in FC+HR ZE-01 and FC+HR ZE-02; as well the basal intensity of 

FC+HR ZE-05 was slightly raised even with 0.5 wt. % Nd was added. Therefore, it can be 

inferred that lower Nd content in solid solution is responsible for this trend. For FC+HR 

ZE-05, the increased texture intensity was also attributed to a partially DRXed 

microstructure with large deformed grains being predominant. In contrast to the WQ 

samples, the recrystallized structure of FC+HR ZE-01 and ZE-02 narrows the potential 

possibility to further weaken the texture. 

3.4.4.Role of post-deformation annealing on microstructure and texture 

In order to further investigate the influence of cooling path on texture modification, 

the as-rolled ZE-01 and ZE-05 samples with a partially recrystallized microstructures 

(WQ+HR ZE-01, WQ+HR ZE-05, and FC+HR ZE-05) were annealed under various 

temperatures. The annealing temperatures were chosen to unify the average grain size of 

different samples, hence the texture intensity variation brought by grain size difference 

would be minimized. The annealed microstructures and textures of ZE-01 and ZE-05 alloy 

are shown in Figure 3.6, and the annealed (0002) basal texture intensity is also shown in 

Figure 3.3 (b). For the ZE-01 alloy, the deformed structure in WQ+HR ZE-01 fully 

recrystallized statically after annealing under 350 °C for 10 minutes, and the texture 

intensity dropped from 3.7 to 3.0 after annealing, although the basal poles were still parallel 

to ND of the sheet. The FC+HR ZE-01 appeared to be recrystallized without annealing 

with a strong basal texture at an intensity of 3.6 mrd. With higher Nd addition, the texture 

of the ZE alloy sheet developed a unique feature with weakened intensity during annealing. 
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During annealing of the WQ+HR ZE-0.5 and FC+HR ZE-05 specimens, the basal poles 

were split away from the ND of the sheet, which leads to a non-basal texture pattern. For 

the FC+HR ZE-05, the RD-splitting pattern indicates the activation of pyramidal <c+a> 

slip system resulting from hot rolling under 450°C [34] and the intensity of basal poles 

dropped nearly 30% to 2.7 after annealing. Meanwhile, the texture intensity of annealed 

WQ+HR ZE-05 was reduced to 2.4, which is the lowest basal pole intensity among all 

conditions, and the texture exhibited a pronounced modification with a broader angular 

distribution of the basal poles towards both the TD and RD via static recrystallization. The 

noticeable texture modification effect for WQ+HR ZE-05 alloys was attained through SRX 

during annealing.  

Similar to the microstructure evolution during hot rolling, the SRX process was 

suppressed in higher Nd containing specimens during annealing. In the current study, DRX 

is less efficient on texture weakening compared to SRX. The DRXed microstructure 

generally preserves a strong basal deformation texture. This can be related to two reasons, 

i) the continous DRX nuclei would inherit orientations from parent grains, ii) 

dynmamically recrystallized grains continuously deformed via predominant basal slip 

system upon hot rolling, although the discontinuous DRX grains and twinning induced 

DRX grains possess high misorientation angles with respect to the matrix. On the contrary, 

during SRX process, the strong basal texture could be weakend by introducing non-basal 

texture components, as well as, by avoiding unfavorable grain growth via precipitation 

pinning and/or solute segregation through controlling annealing conditions. Previous work 

has shown that the decrease in SRX kinetics is essential for texture modification in ZE 

alloys [34]. In other studies, the mechanism for texture weakening during SRX has been 
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explained as a consequence of particle stimulated nucleation (PSN) [15]. However, this 

mechanism could not be employed in the current experiment due to the smaller precipitate 

size and very small volume fraction of precipitates as well as the newly formed grains 

mainly located in the vicinity of twins and grain boundaries.  

 

Figure 3.6 Comparison between fully recrystallized ZE alloys on microstructure and macro-texture: (a) ZE-01 

WQ+HR annealed under 350°C for 10 minutes [34]; (b) ZE-01 FC+HR; (c) ZE-05 WQ+HR annealed under 450°C for 

10 minutes [34]; (d) ZE-05 FC+HR annealed under 450°C for 10 minutes. 
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The FC+HR ZE-01 and WQ+HR ZE-05 have similar size and volume fraction 

regarding precipitates, but the macro-texture exhibits distinctive features after annealing. 

Hence, the texture randomization can be explained by the micro-alloyed Nd in solid 

solution based on the correlation between (0002) basal texture intensity and precipitation 

behavior shown in Figure 3.3 (b). Annealed Gd-containing Mg alloys also exhibited a non-

basal texture with the combination of TD and RD splitting, and the mechanism was 

attributed to the effect of RE element on grain boundary migration resulting from 

preferential segregation of solute atoms [21]. It is known that, during the thermomechanical 

processing of Mg alloy sheets, recrystallization inevitably occurs dynamically and/or 

statically. From the current study, SRX would be the better choice in terms of texture 

modification as well as microstructure control. 

3.5. Conclusions 

• The results indicate that the volume fraction of precipitates in current Mg-Zn-Nd 

alloy experiences a proportional increase with Nd addition raised from 0.1 wt. % to 

0.2 wt.%, while fewer precipitates were observed by further increasing Nd to 0.5 

wt. % due to the absence of low-temperature precipitation phases such as Nd3Zn22 

and Mg12Zn13. 

• Different cooling paths after solutionizing affect the microstructure and macro-

texture evolution of ZE alloy by altering Nd content in the solid solution. 

• Both DRX and SRX were suppressed due to the addition of Nd in micro-alloyed 

ZE alloys. The suppression of DRX and SRX was largely related to Nd content in 

solid solution, rather than the precipitates in the current ZE micro-alloys.  
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• The macro-texture of hot rolled ZE alloy revealed a reduced intensity of the basal 

texture with increasing Nd from 0.1 wt.% to 0.2 wt. %. Nonetheless, modified 

texture with broader angular distribution was achieved in the alloy with the Nd 

addition of 0.5 wt. %. 

• The combination of the non-basal slip system activated by hot rolling, which was 

revealed as a basal pole split along RD, and the texture weakening effect brought 

by Nd in solid solution, revealed by TD-splitting on (0002) pole figure, leads to a 

unique weakened, non-basal texture in annealed WQ+HR ZE-05. 
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Chapter 4.The underlying deformation mechanisms and texture 

evolution in micro-alloyed Mg-Zn-Nd alloys  

In the previous chapter, non-basal texture featuring noticeable TD-split component 

has been observed in micro-alloyed Mg-Zn-Nd (ZE) alloy system. Although the faster 

cooling rate after homogenization leads to a higher content of alloying elements in the 

matrix, especially Nd, has been shown to promote the evolution of the texture, the 

mechanism for this phenomenon is not clear. Therefore, this chapter focuses on exploring 

the correlation between Nd solute and texture modification by tracking the TD-split texture 

formation upon annealing in three micro-alloyed ZE alloys subjecting to various 

solutionizing and subsequent thermal processing schedules.   

 

This chapter is ready for submission and will be credited to the following authors:  

Y. Liu, J. Su, H. Chen, Q. Qiu, R. Gao, N. Brodusch, A, Javaid, T. Skszek, J. Song, 

S. Yue, The underlying deformation mechanisms and texture evolution in micro-alloyed 

Mg-Zn-Nd alloys. 
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4.1. Abstract 

In this study, texture transition from concentrated basal to weakened non-basal 

texture featuring (0002) poles tilting toward the transverse direction (TD) is tracked by 

quasi-in-situ EBSD observations in micro-alloyed magnesium-zinc-neodymium (ZE) 

alloys. The mechanism of this transition upon hot rolling and subsequent annealing was 

investigated systematically by comparing three micro-alloyed ZE alloys with dilute Nd 

additions (0.1, 0.2, 0.5 wt.%). Scanning transmission electron microscopy (STEM) reveals 

that the formation of TD-split texture is triggered by Nd in solid solution, which is 

controlled through various solutionizing procedures. By using intragranular misorientation 

axis (IGMA) and Generalized Schmid Factor (GSF) evaluation, the prismatic slip was 

promoted owing to the increase in Nd solute at elevated temperature. First-principle 

calculations and molecular dynamic simulations indicated the Nd solute promotes non-

basal slip activation by lowering the stacking fault energy (SFE) and critical resolved shear 

stress (CRSS). To quantify the contribution of different deformation modes to the 

microstructure and texture evolution, a parameter based on the ratio of prismatic to basal 

geometrically necessary dislocation densities (rGNDp/b) was originally proposed. The 

shear-band induced nucleation introduced nuclei with various orientations and the TD-split 

texture was obtained through preferential grain growth of the TD-split oriented grains, 

which can be explained through the rGNDp/b evolution. Consequently, the alloys 

containing ≥0.2% Nd with the TD-split texture exhibited enhanced ductility (23%) 

compared to that with 0.1% Nd. However, the improvement in ductility was limited to 

increases in Nd from 0.2 to 0.5%.  
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4.2. Introduction 

Despite the encouraging potential for weight reduction in the automobile industry, 

the use of wrought magnesium (Mg) alloy sheets has been curtailed by insufficient lower 

temperature formability [1,2]. This correlates with the strong crystallographic texture of 

basal poles parallel to the normal direction (ND) of the rolled Mg sheets [3]. In order to 

enhance the formability of Mg sheets, numerous efforts have been devoted to weakening 

the strong basal texture, which originates from the predominant activation of basal slip 

[4,5]. Owing to pyramidal <c+a> slip, texture with double peaks splitting along the rolling 

direction (RD-split) has been widely observed in Mg alloy subjecting to plastic 

deformation at higher temperatures [6–8]. However, the RD-split texture is sensitive to 

recrystallization since attenuation [9] or disappearance [10] of the RD-split texture 

components upon annealing have been reported. On the contrary, non-basal texture with 

basal poles tilting towards the transverse direction (TD), which is referred to as the “TD-

split” texture, has been observed in Mg alloyed with rare earth (RE) elements subjected to 

post-deformation annealing [11–15]. Moreover, formability has been enhanced in Mg 

alloys featuring TD-split texture. Basu et al. [13] reported an excellent 38.8% elongation 

to failure in annealed Mg-1Zn-1Gd-0.6Zr alloy with the TD-split texture. Chino et al.[14] 

achieved TD-split texture and enhanced room temperature formability in an annealed Mg–

1.5Zn–0.2Ce alloy with an Erichsen value of 9.0, which is similar to that of commercial 

aluminum (Al) alloys. Wu et al. [16] reached ~50% elongation to failure accompanied with 

high Erichsen values (nearly 8) at room temperature. 

Although zinc (Zn) has been enrolled to reduce the usage of RE [17], researchers 

still commonly use excessive amounts of RE. The TD-split texture has been obtained in 
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various Mg-Zn-RE alloys with RE contents ranging from 0.2 wt.% to 3 wt.% 

[13,14,16,18,19]. This alloying strategy is related to the fact that the mechanism of TD-

split texture formation brought about by RE addition remains a matter of debate. Several 

mechanisms have been proposed to explain the texture evolution. Nuclei with randomized 

orientation could be generated through particle stimulated nucleation (PSN) mechanism 

[13,14]. A solute drag effect brought by RE segregated along the grain boundaries (GBs) 

could suppress dynamic recrystallization (DRX) [20], which rarely introduces new 

orientations. The grain growth rate and GB mobility, which affect the microstructure and 

texture, are retarded due to RE segregation [21]. The enhanced non-basal slip system 

activation resulted from RE addition contributes to the texture weakening [19,22]. Various 

structural features, such as bimodal structure [23], shear bands [24], and twinning [11], 

also influence the texture by providing non-basal orientations. Therefore, the thorough 

investigation of formation mechanism of TD-split texture in the micro-alloyed Mg-Zn-Nd 

alloys (RE content  0.5 wt. %) is of  interest. 

In the current study, three micro-alloyed Mg-Zn-xNd alloys (x = 0.1, 0.2, 0.5 wt. %) 

are examined. Thermomechanical processing is designed to produce Mg alloy sheets while 

manipulating the Nd contents in the solid solution based on thermodynamic simulations 

(FactSage) [25]. A modified texture featuring a TD-split pattern and weakened intensity is 

revealed in the fully annealed ZE alloy with 0.2 and 0.5% Nd, which contributes to 

enhanced ductility compared to that with 0.1% Nd. The goals of this work are i) to 

investigate the influence of Nd solute on the deformation mechanisms and the 

corresponding texture formation during hot rolling and ii) to determine the recrystallization 

mechanisms responsible for the texture evolution during annealing. First-principle 
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calculations and molecular dynamic (MD) simulation are applied to evaluate the effect of 

Nd on stacking fault energy (SFE) and critical resolved shear stress (CRSS).  

4.3. Experimental methods 

4.3.1.Alloy design and thermodynamics calculation 

Three micro-alloyed Mg-1Zn-xNd (x=0.1, 0.2, 0.5 wt.%) alloys, denoted as ZE-01, 

ZE-02, and ZE-05, were cast and rolled at CanmetMATERIALS. The nominal 

compositions are listed in Table 4.3.1.  

Table 4.3.1 Nominal chemical compositions of ZE alloys (wt. %). 

Alloys Zn Nd Mg 

ZE-01 1 0.1 

balance ZE-02 1 0.2 

ZE-05 1 0.5 

4.3.2.Thermomechanical processing design 

The equilibrium phase diagram of three proposed alloys was calculated through 

thermodynamic simulations based on the CALPHAD method using FactSage [25]. The 

temperature versus Nd content of an Mg- 1wt.% Zn system is shown in Figure 4.1(a). 

Based on the phase diagram, all alloying elements would dissolve in the matrix at 

temperatures above 450°𝐶, while various Nd-containing precipitates start forming with the 

decreasing temperature. Besides the equilibrium solid solution temperature, kinetics also 

affects the solutionizing process. To achieve sufficient Nd dissolution, the as-received 5 

mm thick sheets were solutionized at 450°𝐶 and 500°𝐶 for 72 hours, followed by water 

quenching. Subsequently, the solutionized sheets were hot rolled in two passes at 350°𝐶 

for a total reduction of 36%. Intermediate annealing at 350°𝐶 for 10 minutes was applied 

between each pass. Post-deformation annealing was executed at 350°𝐶  and 450 °𝐶  to 

achieve a fully recrystallized structure. Quasi-in-situ microstructure characterization was 
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applied to study the static recrystallization (SRX) evolution of the as-rolled structures 

during interrupted annealing at 450°𝐶, as shown in Figure 4.1(b).  

4.3.3.Microstructure characterization 

Optical microstructures (OM) were recorded by a CLEMEX image system. Macro-

textures were characterized by X-ray diffraction (XRD) using a Bruker D8 x-ray 

diffractometer with Co Kα radiation. TexTools [26], a texture analysis software, was used 

to analyze the XRD data. For the quasi-in-situ specimens, EBSD was performed by a 

Hitachi SU3500 scanning electron microscopy (SEM). The step size was set to 0.4 𝜇𝑚 for 

deformed specimens and increased to 1 𝜇𝑚 for specimens with SRX fraction higher than 

90%. Channel 5, Aztec Crystal, and MTEX Toolbox [27] were employed to process the 

EBSD data. Backscattered-Electron (BSE) images that showed the distribution of various 

precipitates were captured by the BSE detector attached to the SU3500 SEM. A Hitachi 

SU9000 scanning transmission electron microscopy (STEM) microscope was used to 

characterize the distribution of alloying elements.  
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Figure 4.1 (a) Equilibrium phase diagram and (b) thermomechanical processing procedures of micro-alloyed ZE-01, 

ZE-02, and ZE-05 alloys. 

4.3.4.Theoretical simulations 

Density functional theory (DFT) calculations were introduced to investigate the 

influence of alloying elements on SFEs among various slip systems. All the DFT 

calculations were performed using Vienna Ab-initio Simulation Package (VASP) [28,29] 

with projector-augmented plane-wave (PAW) method [30]. For the exchange-correlation 

functional, the generalized gradient approximation (GGA-PBE) [31] is used. Molecular 
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dynamics (MD)Atomistic simulations are performed using LAMMPS package [32] 

considering three common slip systems in Mg, and the evolution of Peierls stress was 

simulated.  

4.3.5.Mechanical property testing 

To examine the effect of texture weakening on ductility, tensile tests were 

conducted on annealed specimens using an MTS testing system equipped with an 

extensometer. Bone shape specimens with a gauge length of 25mm and thickness of 2mm 

were machined along the RD according to ASTM standards [33]. The tensile tests were 

performed at room temperature with an engineering strain rate of 1 × 10−3 𝑠−1. 

4.4. Results 

4.4.1.Nd dissolution upon solutionizing 

The as-received plates of three alloys all presented a large number of Nd-related 

precipitates (Figure 4.20). To achieve significant Nd dissolution, two solutionizing 

temperatures of 450°𝐶 and 550°𝐶, according to the thermodynamic calculation, have been 

examined. The Nd solute can be further divided as the solutionized Nd in the matrix and 

the segregated Nd along grain boundaries. Figure 4.2 shows the STEM images after 

solutionizing at 450°C and 550°C of the ZE-02 specimen as an example. The bright field 

(BF) images reveal Nd-related precipitates and high-angle annular dark-field (HAADF) 

images show grain boundary segregation. The corresponding EDS mapping of Mg, Zn, and 

Nd are also shown in Figure 4.2. At 450°C, Nd and Zn were co-segregated along the grain 

boundaries (Figure 4.2 (a)) and a large number of precipitates containing Nd and Zn were 

observed (Figure 4.2 (b)). By contrast, in the 550°C-solutionized specimen, only a few  
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Figure 4.2 (a, c) STEM-HAADF images and corresponding EDS maps showing grain boundary segregation, (b, d) 

STEM-BF images and corresponding EDS maps showing precipitates of 450°C and 550°C-solutionized ZE-02, and (e) 

the volume fraction of precipitate of ZE-01, -02, -05 alloys at initial, 450°C and 550°C-solutionized conditions. 

fine precipitates (~30 nm) containing Nd were observed (Figure 4.2 (d)) and the 

grain boundary segregation vanished (Figure 4.2 (c)). This suggests that more Nd was 

dissolved in the Mg matrix at 550°C as predicted in the Langmuir and McLean mode [34]. 

The volume fractions of precipitates of the three ZE alloys at the as-received, 450°C-

solutionized, 550°C-solutionized conditions have been measured based on BSE images 
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(Figure 4.2 (e)). Fewer precipitates were observed in the three ZE alloys with increasing 

the solutionizing temperature. Hence, it can be inferred that more Nd dissolution was 

achieved after 550°C solutionizing. 

4.4.2.Microstructure and texture of solutionized ZE alloys 

The solutionized materials at both 450°𝐶 and 550°𝐶 were subjected to hot rolling 

and post-deformation annealing to understand the effect of Nd solute on the microstructure 

and texture evolution. 

4.4.2.1.ZE alloys solutionized at 450°𝐶 

The as-rolled microstructures of three ZE alloys solutionized at 450°𝐶 are shown 

in Figure 4.3.  

 

Figure 4.3 The optical microstructures and the (0002) and (10-10)  pole figures of 450°C-solutionized ZE alloys 

subjecting to rolling and subsequent annealing: (a) rolled ZE-01, (b) annealed ZE-01, (c) macro-texture of annealed 

ZE-01, (d) rolled ZE-02, (e) annealed ZE-02, (f) macro-texture of annealed ZE-02, (g) rolled ZE-05, (h) annealed ZE-

05, and (i) macro-texture of annealed ZE-05. 
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The three alloys reveal heavily twinned microstructures and DRX is suppressed. 

After post-deformation annealing at 350°𝐶 for 10 minutes, refined equiaxed grains were 

obtained in all specimens indicating the completion of SRX. The average SRXed grain 

sizes (GS) of the ZE-01, -02, and -05 alloys were 36 𝜇𝑚, 32 𝜇𝑚, and 24 𝜇𝑚, respectively 

(Figure 4.3 (b), (e) and (h)). After annealing, the macro-textures remained basal for ZE-01 

and ZE-02, while their texture intensities were slightly weakened compared to their 

corresponding as-received counterparts (Figure 4.3 (c) and (f), Figure 4.21 (c) and (f)). 

However, the macro-texture of ZE-05 exhibited a noticeable basal pole split along the TD. 

The texture intensity dropped to a much weaker level at 3.7 (Figure 4.3 (i)).  

4.4.2.2.ZE alloys solutionized at 550°𝐶  

4.4.2.2.1.Microstructure and texture as-hot rolled  

The Inverse pole figure (IPF) maps of the as-rolled specimens are shown in Figure 

4.4. The high angle grain boundaries (HAGBs, >10°) are marked as black and low angle 

grain boundaries (LAGBs, 2°~10°) are marked as grey. A deformed microstructure with 

grains containing deformation twins is observed in ZE-01 after rolling (Figure 4.4 (a)). 

Limited texture randomization is observed with the basal poles mainly being scattered 

along the RD. Meanwhile, a secondary TD-split texture component is also detected. The 

microstructure of as-hot rolled ZE-02 was roughly divided as the basal grains occupied 

area and the heavily deformed area. The former was dominated by very large basal grains 

(red grains in Figure 4.4 (b)), which lead to the concentrated basal texture at an intensity 

of 49.3 mrd. The latter was characterized as a mixture of non-basal grains, shear bands, 

and deformation twins. The ZE-05 specimen revealed a heavily twinned structure along 
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with evident shear bands. The texture of deformed ZE-05 was intensified at 42.95 due to 

the occurrence of non-basal parent grain (Figure 4.4 (c)).  

 

Figure 4.4 The as-rolled microstructures, micro-textures, twin distributions of 550°C-solutionized ZE alloys : (a, d) 

ZE-01, (b, e) ZE-02, (c, f) ZE-05. 

Deformation twins were characterized by EBSD in as-rolled ZE alloys despite the 

non-indexed region due to severe plastic deformation, as shown in Figure 4.4 (d), (e), and 

(f). The commonly reported twinning modes and the corresponding twin boundary 

fractions are listed in Table 4.4.1. The twin boundaries in the as-rolled ZE-01 alloy were 

dominated by the {101̅1} − {101̅2} compression-tension double twin (CTDT), which was 

characterized as a misorientation angle of 38 ± 5° about the 〈112̅0〉axis. For the ZE-02 

alloy, the {101̅2} − {101̅2} tension-tension double twin (TTDT) occupied almost a quarter 

of the total indexed boundaries, which was validated by the predominance of a 7.4 ± 3° 

misorientation rotating about the 〈112̅0〉 axis. Moreover, the TTDTs were found mainly in 
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the giant basal grains rather than in the non-basal grains. Also, it is noted that a considerable 

number of compression twins and CTDT were detected in the ZE-02, as shown in the band 

contrast (BC) map in Figure 4.4 (e). In the as-rolled ZE-05 specimen, the {101̅1} − {101̅2} 

CTDT was characterized as the main twinning mechanism. 

Table 4.4.1 Twin modes, possible CSL boundaries, the corresponding crystallographic information, and the 

twin boundary fraction in EBSD characterized as-rolled 550°C-solutionized ZE-01, ZE-02, and ZE-05. 

 
Twin 

plane 

Twin 

shear 

direction 

Theoretical 

Misorientation 

Twin 

Characterization 

Twin boundary fraction 

(%) 

Z

ZE-01 

Z

ZE-02 

Z

ZE-05 

Tension – I [32] {101̅2} 〈1̅011〉 86.3°〈112̅0〉 86 ± 5°〈112̅0〉 
4

4.25 
3

3.47 
1

11.00 

Compression – I [32] {101̅1} 〈101̅2̅〉 56.2°〈112̅0〉 56 ± 5°〈112̅0〉 
5

5.54 
9

9.87 
7

7.01 

Compression – II [32] {101̅3} 〈303̅2̅〉 64°〈112̅0〉 64 ± 5°〈112̅0〉 
3

3.60 
4

4.98 
1

1.46 

Tension – II [33] {112̅1} 〈112̅6̅〉 34.2°〈101̅0〉 34.2 ± 5°〈101̅0〉 
0

0.15 
0

0.03 
0

0 

Compression-

tension – I [32] 

Variant-I 
{101̅1} − {101̅2} 

37.5°〈112̅0〉 38 ± 5°〈112̅0〉 
2

22.0 
9

9.16 
1

15.90 
Variant-II 30.1°〈112̅0〉 

30 ± 5°〈112̅0〉 
7

7.40 
9

9.36 
1

13.30 
Compression-

tension – II [32] 

Variant-II 

{101̅3} − {101̅2} 

29.7°〈112̅0〉 

Variant-I 22.3°〈112̅0〉 22.3 ± 5°〈112̅0〉 
1

1.72 
1

12.1 
0

0.96 

Tension-tension [34] {101̅2} − {101̅2} 7.4°〈112̅0〉 7.4 ± 3°〈112̅0〉 
7

7.46 
2

24.4 
4

4.59 

Near-CSL boundary [31]   70.5°〈112̅0〉 70.5 ± 5°〈112̅0〉 
2

2.71 
2

2.33 
2

2.67 

 

Besides the various twins reported in other Mg alloys, a new type of twinning, 

which exhibited a characteristic misorientation angle of 70.5 ± 5° about the 〈112̅0〉 axis, 

was also observed. Evidence of this was seen in the rolled 550°𝐶-solutionized ZE alloys 

(the line measurement results in Figure 4.4 (d), (e), and (f)). This special boundary was 

theoretically predicted as one of the possible coincidence site lattice (CSL) boundaries in 

Bonnet’s work [35]. To the authors’ knowledge, this is the first time that this near-CSL 

boundary was experimentally observed as the form of a twin boundary in Mg alloys. Since 

this twinning mechanism barely affect the overall texture evolution, the detailed works 
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focusing on revealing the crystallographic information for this specific twinning mode is 

not executed in the current study. 

4.4.2.2.2.Microstructure and texture evolution during post-deformation annealing 

Post-deformation annealing of the as-rolled ZE alloys subjected to 550 °𝐶 

solutionizing was performed at 450°𝐶 for 9 minutes. Full SRX was accomplished in the 

ZE-01, -02, and -05 alloys with average grain sizes of 39 𝜇𝑚 (Figure 4.5 (a)), 19 𝜇𝑚 

(Figure 4.5 (c)), and 29 𝜇𝑚 (Figure 4.5 (e)), respectively.  

 
Figure 4.5 The EBSD IPF maps and corresponding micro-textures and macro-textures of 9-minutes continuously 

annealed ZE alloys: (a, b) ZE-01, (c, d) ZE-02, (e, f) ZE-05. 

The as-annealed ZE-01 showed a basal texture and its intensity was higher than that 

of the 450°𝐶-solutionized counterpart due to the slight grain coarsening caused by higher 
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annealing temperature (Figure 4.5 (b)). However, pronounced texture difference occurred 

in ZE-02 and ZE-05. The concentrated basal textures were altered to a weakened macro-

texture with basal poles tilted ±40~60° away from the ND toward the TD, as shown in 

Figure 4.5 (d) and (f). This TD-split texture was indexed closing to {011̅2}〈01̅11〉 and 

{112̅3}〈1̅1̅22〉. 

To understand the role of different deformation substructures, such as twins and 

shear bands, on SRX nucleation and grain growth, the SRX process of the 550 °𝐶 -

solutionized ZE alloys was tracked by quasi-in-situ EBSD. After annealing ZE-01 for 3 

minutes at 450°𝐶 , 98.7% of the surveyed area recrystallized with an average GS of 

10.9 𝜇𝑚. Meanwhile, a weaker basal texture with intensity at 8.5 mrd and basal poles 

dispersed along the RD was observed (Figure 4.6 (a)). With increasing annealing time to 

30 minutes, the SRXed grains were gradually coarsened to an average GS of 26.5 𝜇𝑚. The 

texture randomization brought by SRS also lightly retarded due to the grain growth. 

Eventually, the basal texture was strengthened with a final intensity at 9.8 mrd (Figure 4.6 

(a) to (h)). This phenomenon indicated that the grain growth of non-basal grains was less 

favored. 
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Figure 4.6 The IPF maps and the corresponding micro-textures of hot rolled 550°C-solutionized ZE-01 during 450°C 

annealing intervals of (a) 3 minutes, (b) 6 minutes, (c) 9 minutes, (d) 12 minutes, (e) 15 minutes, (f) 18 minutes, (g) 24 

minutes, and (h) 30 minutes. 

The SRX kinetics was significantly retarded for ZE-02 compared to that of ZE-01. 

After annealing at 450°𝐶 for 3 minutes, 5.6% recrystallization was achieved. Over 60% of 

the microstructure was dominated by giant basal grain that originated from the 

solutionizing (Figure 4.7 (a)), which lead to a strong basal texture. Recrystallized grains 

were mainly observed in the vicinity of the shear bands and deformation twins. The SRX 

fraction leaped to 47.6% (Figure 4.7 (b)) after 6-minutes annealing, while the residual of 

basal grain with TTDT twins was reluctant to nucleate. Meanwhile, a weak TD-split texture 

component featuring the basal poles tilting toward TD about 40~60 degrees emerged 

(Figure 4.7 (b)). This TD-split texture component resulted from the new orientation 

introduced by the SRXed grains. The SRX fraction linearly climbed to 99.5% after 30-

minutes annealing in companied with the recrystallization of deformed structures and the 

enhancement of the TD-split texture component (Figure 4.7 (c) to (h)). As demonstrated 

by Su et al. [51], the deformation temperature has a profound effect on the CRSS of 

different slip systems in Mg alloys. 



 Chapter 4  

87 

 

 

Figure 4.7 The IPF maps and the corresponding micro-textures of hot rolled 550°C-solutionized ZE-02 during 450°C 

annealing intervals of (a) 3 minutes, (b) 6 minutes, (c) 9 minutes, (d) 12 minutes, (e) 15 minutes, (f) 18 minutes, (g) 24 

minutes, and (h) 30 minutes. 

The microstructural evolution of the 550°𝐶-solutionized ZE-05 is similar to that of 

ZE-02. SRX kinetics was further reduced due to higher RE addition and solutionizing. The 

recrystallization initiated after 9-minutes annealing with SRX nucleated preferentially in 

the areas more deformed, such as shear bands and twins (Figure 4.8 (a) to (c)). The SRX 

fraction reached 30%, relatively slowly, after 18-minutes annealing. This increment in 

SRX fraction was gained mainly due to the grain growth. The deformed microstructure 

was maintained featuring a mixture of giant grains along with twinning (Figure 4.8 (d) to 

(f)). Eventually, the SRX fraction reached 82.2% and 90.1% after 24-minutes and 30-

minutes, respectively (Figure 4.8 (g) and (h)). It is worth mentioning that there was still 

part of the residual deformed grain that failed to recrystallize, which was indicated by 

arrows in Figure 4.8 (h). Texture weakening was also observed during the annealing of the 

ZE-05 alloy. In general, the texture intensity descanted from 44.5 mrd to 22.8 mrd, while 

the primary non-basal texture resulting from rolling was reformed to a TD-split texture. 
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Figure 4.8 The IPF maps and the corresponding micro-textures of hot rolled 550°C-solutionized ZE-05 during 450°C 

annealing intervals of (a) 3 minutes, (b) 6 minutes, (c) 9 minutes, (d) 12 minutes, (e) 15 minutes, (f) 18 minutes, (g) 24 

minutes, and (h) 30 minutes. 

4.4.3.Room temperature tensile test  

Room temperature tensile tests were executed to assess the influence of texture 

modification on ductility for 550 °𝐶 -solutionized ZE alloys. The stress-strain curves, 

macro-textures, and microstructures are shown in Figure 4.9. The ZE-01 specimen, 

annealed at 350°𝐶 for 10 minutes, exhibited a refined grain structure (average GS 26 𝜇𝑚) 

and maximum texture intensity of 4.6 mrd. Despite this being the lowest texture intensity 

of this series of annealed ZE-01 structures, the elongation to failure of the annealed ZE-01 

specimen was only 12.3%. To achieve the fully SRXed structure, the ZE-02 and ZE-05 

specimens were annealed at 450°𝐶 for 9 minutes. The elongation to failure of annealed ZE-

02 and ZE-05 reached 23.0% and 23.7%, and the corresponding average grain sizes were 

19 𝜇𝑚 and 29 𝜇𝑚, respectively. Obviously, grain refinement was not the reason for the 

doubled elongation in ZE-02 and ZE-05 since annealed ZE-05 held the largest GS. Given 

the distinctive texture weakening performance of ZE-02 and ZE-05 have shown. The 



 Chapter 4  

89 

 

ductility enhancement was mainly brought by the non-basal texture with low intensity and 

TD-split feature.  

 

Figure 4.9 The stress-strain curve, the corresponding microstructures, and (0002) pole figures of annealed ZE alloys 

subjected to room temperature tensile test. 

4.5. Discussion 

4.5.1.Effect of Nd on macro-texture evolution  

The ZE-01, -02, and -05 alloys with three different initial conditions, i.e., as-

received, 450°𝐶-solutionized, and 550°𝐶-solutionized, were subjected to the same hot 

rolling processes followed by full static recrystallization upon post-deformation annealing. 

Figure 4.10 shows the comparison of the maximum macro-texture intensities of the 

annealed ZE alloys with three different initial conditions. In general, texture was weakened 

for ZE alloys with increasing Nd content from 0.1 wt.% to 0.5 wt.%. Meanwhile, lower 

texture intensity and wider basal pole distribution resulting from higher solutionizing 

temperature. The most weakened textures were found in ZE-02 and ZE-05 specimens 

solutionized at 550°𝐶. One of the popular theories to explain the texture weakening in RE-
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containing Mg alloy is the PSN effect brought by RE addition [13]. However, the average 

precipitate fraction for all three micro-alloyed ZE alloys was less than 0.8% (Figure 4.2 

(e)). Moreover, PSN was reported contributing to texture weakening by randomizing the 

SRXed grains rather than forming a specific texture pattern. Finally, in this current work, 

texture weakening/change increased with increasing solutionizing temperature, almost 

certainly reducing the precipitate volume fraction. Thus, PSN is not considered to be the 

reason for the formation of TD-split texture. Given the fact that more Nd was dissolved in 

the matrix at 550°𝐶 owing to the accelerated kinetics (as proven by the STEM observations 

(Figure 4.2)), it can be concluded that Nd in solution is crucial for texture modifications in 

these micro-alloyed Mg-Zn-Nd alloys [22]. The results indicate that there is little change 

in texture in the as-deformed state, with the significant changes occurring during static 

recrystallization. Therefore, the next section discusses the effect of Nd on recrystallization 

behaviour. 

 
Figure 4.10 Macro-texture of ZE alloys subjecting to different solutionizing treatment (the 550°C-solutionized ZE-02 

and ZE-05 were annealed at 450°C for 9 minutes, and the rest of samples were annealed at 350°C for 10 minutes). 
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4.5.2.Role of Nd in solution on the formation of TD-split texture during recrystallization 

In the three ZE alloys, nucleation initiated in the vicinity of deformation twins and 

shear bands, which possess higher stored energy and thus provide a higher driving force 

for recrystallization [36] (Figure 4.6, 4.7, and 4.8). The former is known as deformation 

twin induced nucleation (DTIN) [37] and the latter has been reported as shear band induced 

nucleation (SBIN) [38].  

The deformed ZE-01 showed a twinned structure with the CTDT being the 

dominant twinning mode (Figure 4.4 (d)). The predominant existence of CTDT was 

attributed to the Nd addition; a similar phenomenon was reported in Mg-Nd binary alloys 

subjecting to hot rolling [39]. Guan et al. [40] reported that the TD-split texture component 

in an Mg-Y-Nd-Zr alloy was associated with the nucleation taking place within CTDT. 

The CTDTs were also observed exhibiting an overall non-basal texture with noticeable 

TD-split distribution in the current ZE-01 specimen (Figure 4.11 (a)). The TD-split 

component originated from CTDT was demonstrated by the parent gains and their twins in 

Figure 4.11 (b). However, the fully recrystallized specimen merely showed concentrated 

poles along the TD (Figure 4.11 (c)). This indicates the TD-split orientation failed to be 

preserved during the subsequent grain growth. The absence of TD-split texture was 

explained as the consequence of the inferior grain growth rate of DTIN grains [41]. The 

TD-split orientated grains within the individual CTDT were constrained and consumed by 

the other recrystallized grains [40]. Thus, the contribution of DTIN was limited in ZE-01 

alloy in terms of texture optimization and the macro-texture remained basal pattern after 

annealing (Figure 4.5 (b)). 
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Figure 4.11 Texture modification brought by DTIN: (a) all CTDTs and the corresponding (0002) pole figure, (b) 

CTDTs providing TD-split orientation, (c) the (0002) pole figure of fully SRXed 550°C-solutionized ZE-01, (d) a 

schematic showing various texture components. 

For the ZE-02 alloy, the nuclei and fine recrystallized grains with a Grain 

Orientation Spread (GOS) up to 1°are highlighted in the GOS map (Figure 4.12 (a)). Two 

individual zones associated with shear bands and deformation twins were selected to track 

the recrystallization process, as shown in Figure 4.12 (b) and (c). Recrystallized grains that 

contributed to the TD-split texture were highlighted in the corresponding IPF maps and 

pole figures. It is evident that the shear bands served as preferred nucleation site in both 

non-basal (Figure 4.12 (b)) and basal (Figure 4.12 (c)) oriented parent grains. The 

recrystallized grains with TD-split orientation mainly originated in the shear bands (marked 

with yellow arrows). On the contrary, deformation twin-related nucleation contributed less 

to TD splitting. Yet, the recrystallized grains associated with CTDTs were gradually 

replaced by the shear band recrystallized TD-split grains (Figure 4.12 (b)). Another major 

twinning mechanism is the TTDT that existed in the basal grains. The nucleation was less 
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favorable in TTDTs since the twins were still visible after 18-minutes annealing (Figure 

4.12 (c)). This might be related to the 7.4° misorientation of the TTDT, which failed to 

provide enough stored energy. Therefore, these results further support that the formation 

of TD-split texture is less associated with DTIN. The (0002) pole figures of recrystallized 

grains (GOS≤1°) of ZE-02 were shown in Figure 4.12 (d). When recrystallization initiated 

(3 min), the SRXed grains were observed concentrating along the RD, combined with weak 

scattering along the TD in (0002) pole figures. The orientation was predominantly inherited 

from the deformed matrix (Figure 4.4 (b) and Figure 4.7(a)). Hence, the TD-split 

orientation is not favored during nucleation. As recrystallization proceeds, the TD-split 

component was gradually enhanced after 9-minutes annealing. This trend indicated the 

preferential grain growth during annealing favoring TD-split orientation. Thus, the main 

difference between ZE-01 and ZE-02 is that the TD split grains either do not nucleate or 

do not grow in the shear bands in ZE-01. 
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Figure 4.12 Quasi-in-situ EBSD observations of ZE-02 alloy: (a) GOS map of 3-minutes annealed ZE-02, (b, c) BC 

maps and IPF maps presenting the nucleation and grain growth in selected rectangular areas, (d) micro-textures of 

GOS≤1 grains. 

The quasi-in-situ observation of 550°𝐶-solutionized ZE-05 provides an example of 

the microstructural and textural evolution in non-basal grains. The orientations that resulted 
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from recrystallization were divided into three categories: SB related, parent grain and DT 

related, as demonstrated in Figure 4.13. The SB-related orientation, which tilted the parent 

orientation toward the RD and TD about 50~60°, was the main contributor to the SRXed 

texture (Figure 4.13 (b)). The SBIN played the major role in this transformation. In addition, 

the novel 70.5° 〈112̅0〉 twinning also contributed to the TD-split orientation yet failed to 

recrystallize during the annealing. In the parent grain, the recrystallized grain orientation 

was the same as the as- deformed grain, and there are some unrecrystallized regions 

(arrowed in Figure 4.8(h)). The DT-related orientations were originated from CTDT, which 

exhibited a misorientation angle of 30~38° with respect to the parent grain. However, the 

recrystallized grains formed in CTDT were constrained within the twin lamellae and 

negligibly contributes to the final texture (Figure 4.13 (d)). A similar phenomenon has been 

reported [40], as well as proven in the observation of ZE-01. The (0002) pole figures of 

recrystallized grains (GOS≤1°) of ZE-05 are shown in Figure 4.13 (e). The nucleation in 

ZE-05 exhibits a strong dependency on the deformed structure rather than showing a 

preference for the TD-split orientation. The 3-min. annealed specimen simultaneously 

showed SB-related, parent, and DT-related orientations. After 9-minutes of annealing, the 

intense TD-split texture component (SB-1, black arrows in Figure 4.13 (e)) governed the 

micro-texture, which indicated the occurrence of preferential grain growth. 
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Figure 4.13 Quasi-in-situ EBSD observations of ZE-05 alloy: (a) texture components of 3-minutes annealed ZE-05, (b), 

(c), and (d) microstructure evolution of various texture components during annealing, (e) micro-textures of GOS≤1 

grains. 
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It is known that the SBIN and DTIN serve as the mechanism that facilitates 

nucleation by providing heterogeneous nucleation sites. The SBIN and DTIN mechanisms 

were also triggered in other RE-free Mg alloys, such as AZ31 [6,42] and Mg–1wt%Zn 

alloy [43], but these alloys still exhibited a strong basal texture after recrystallization. This 

indicates that these two mechanisms alone are not an effective approach to alter the texture.  

Thus, the formation of TD-split texture requires preferential grain growth upon 

annealing owing to the Nd-addition [19]. This has been previously observed yet has not 

been adequately explained. One obvious approach is to consider solute drag–like 

mechanisms affecting growth characteristics. However, because of the very low 

concentrations of Nd in solid solution, it is reasonable to expect to see segregation of Nd 

to grain boundaries to affect drag; this is not observed (Figure 4.2 (c)). Therefore, attention 

is turned to the effect of Nd on deformation mechanisms to see if this can furnish an 

explanation. 

4.5.3.Dislocation modes and correlated recrystallization phenomena 

Normally, the crystallographic texture is related to the mechanisms that 

accommodate deformation [8,41]. In this case, there seems to be no effect of Nd on texture 

of the as-deformed sheet (Figure 4.3). However, it has to be noted that texture only gives 

an ‘average’ picture of deformation mechanisms. Therefore, another approach is required 

to characterize the effect of Nd. One of the main concepts used here is to consider the 

formation of TD-split texture is the activation of prismatic slip [19]. Thus, in the following, 

the effect of Nd on the prismatic slip will be highlighted. 
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4.5.3.1.Intragranular misorientation axis (IGMA) evaluation 

To experimentally validate the activation of the prismatic slip system, the 

intragranular misorientation axis (IGMA) of deformed ZE-02 was examined. The IGMA 

distribution was developed to analyze the influence of prismatic slip system in HCP metals 

[20,45,46]. The concentration around “〈0001〉 Taylor axis” was considered as evidence of 

prismatic slip system activation [45,46]. In Mg alloys, the misorientation angle within 

1~3° was evaluated [19] and a maximum intensity higher than 2 mrd indicates slip system 

activation [45]. The three main texture components, i.e., basal, RD-split, and TD-split 

(Figure 4.14 (a) to (c)), were evaluated individually. The prismatic slip system dominated 

the TD-split grains with an IGMA intensity of 2.05 mrd around the 〈0001〉 Taylor axis. 

 
Figure 4.14 Microstructures and corresponding IGMA distribution of the (a) Basal, (b) RD-split, (c) TD-split texture 

components of 550°C-solutionized ZE-02 subjected to hot rolling and 3-minutes annealing. 
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4.5.3.2.Generalized Schmid Factor (GSF) evaluation 

The correlation between TD-split texture and promoted prismatic dislocation can 

further be evaluated by the Generalized Schmid Factor (GSF). The GSF was proposed and 

developed by Luo [47] and Xin [48], who introduced the criteria of Schmid Factor 

evaluation into rolled Mg alloys. The GSF distribution of prismatic and basal slip systems 

of early (3-minutes) annealed ZE-02 are plotted in (b) and (c), respectively. In addition, 

slip system activation is visualized by evaluating the largest GSF among all possible slip 

modes. The trace of the slip plane is represented by the blue line and the slip direction was 

demonstrated as the red arrow. Moreover, slip traces of basal (red arrow) and prismatic 

(yellow arrow) slip activation are observed in deformed basal grains in ZE-02 (Figure 4.15  

(a)). The slip traces indicate the activation of prismatic dislocation, especially in basal 

grains. Thus, combined with the IGMA analysis, the basal and prismatic slip system are 

the main mechanism that accommodate deformation. Apparently, the promoted prismatic 

slip system is crucial for the formation of TD-split texture, as reported in other RE-

containing Mg alloys [19,49]. The TD-split texture failed to be observed in common Mg 

alloys, which have basal slip as the predominant deformation mechanism. However, the 

existence of basal slip should not be neglected, as revealed by the IGMA and GSF 

evaluation. Therefore, the TD-split texture is closely related to the promoted prismatic slip 

as well as the existence of basal slip.  

In addition, the theoretical GSF distribution of basal and prismatic slip systems is 

calculated and interpreted in the (0002) pole figure (Figure 4.15 (d) and (e)). The TD-split 

texture of annealed ZE-02 ({011̅2}〈01̅11〉 and {112̅3}〈1̅1̅22〉, Figure 4.15 (f)) was shown 

with the dashed cycles. This orientation was found to have high prismatic GSF (𝐺𝑆𝐹 ≥
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0.3) as well as moderate basal GSF (𝐺𝑆𝐹 ≥ 0.25). Therefore, the unique ±40~60° TD-

split texture in the current 550°𝐶-solutionized ZE alloys can accommodate both basal and 

prismatic slip during rolling.  

 

Figure 4.15 (a) BC map showing slip traces, GSF distribution maps of (b) prismatic slip system and (c) basal slip 

system of 550°C-solutionized ZE-02 subjected to hot rolling and 3-minutes annealing; Theoretical GSF distribution of 

(h) basal slip system and (i) prismatic slip system interpreted in (0002) pole figure; (j) macro-texture of fully annealed 

550°C-solutionized ZE-02. 

4.5.3.3.Mechanism of solute Nd in promoting prismatic slip 

The IGMA and GSF analyses indicated the crucial role of the prismatic slip system 

in the formation of TD-split texture. Meanwhile, as described earlier, Nd addition was 

found to trigger the texture transition from basal to TD-split. These findings suggest a 

strong correlation between enhanced activity of the prismatic slip and Nd content in the 

current micro-alloyed ZE-alloys. To understand the mechanistic origin of such correlation, 

we examined how the Nd solute affects two key characteristics of dislocations, namely the 

SFE and Peierls stress, as elaborated in detail below. 
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SFE is a critical parameter that not only prescribes the dislocation core structure, 

but also governs activation and thermodynamic preference of different slip systems [50]. 

The generalized stacking fault energy (GSFE) curves were calculated for Mg with and 

without different alloying elements, from which the unstable SFE and stable SFE, 

respectively denoted as 𝛾𝑢𝑠𝑓 and 𝛾𝑠𝑓, can be obtained (see 4.8.2 for details).   

The calculated SFE for pure Mg and its alloys on different slip planes are shown in 

Figure 4.16(a). Pronounced prismatic 𝛾𝑢𝑠𝑓 weakening was only observed with Nd addition. 

Moreover, it is worth noting that stable SFE does not exist for the prismatic slip (Figure 

4.23), indicating the absence of dislocation dissociation into partials. The prismatic 𝛾𝑢𝑠𝑓 

values of different systems at the planar solute concentration of 50 at.% (2.08 at.% overall 

solute concentration for the whole system) were showed in Figure 4.16 (b). A linear 

relationship between the concentration of solutes and the 𝛾𝑢𝑠𝑓 can be observed, which is 

also reported in Yin’s work [51]. Nd has a reducing effect in prismatic 𝛾𝑢𝑠𝑓 according to 

the negative slope. The lowered prismatic 𝛾𝑢𝑠𝑓 is essential for activating the prismatic slip. 

The parameter 𝜒 from from Moitra’s work [52] was also introduced. Higher the 𝜒 means 

more prismatic slip activation. The calculated results for Al, Zn and Nd are 0.80, 0.78 and 

1.76, respectively. Therefore, with 𝛾𝑢𝑠𝑓  being a critical parameter affecting dislocation 

nucleation and activation [53], prismatic slips are more likely to be activated in Nd-

containing Mg alloys than in Al- or Zn-containing Mg alloys. 
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Figure 4.16 The SFE and Peierls stress (σCRSS) values obtained from simulations: (a) the calculated SFE on basal and 

prismatic slip plane with a planar solute concentration of 25 at. % (b) evolution of prismatic γusf with respect to planar 

solute concentration; The evolution of σCRSS as a function of the planar solute concentration in (c) Mg-Al system,  (d) 

Mg-Nd system, (e) Mg-Zn system. 

Besides the SFE, the Peierls stresses for different slip systems in Mg with and 

without different solute elements were studied. Different from the SFE calculations where 

solute elements were only introduced on different stacking fault planes, in simulations of 

Peierls stresses, solute elements were randomly introduced into the different dislocation 

structures (see 4.8.2 for details). The Peierls stress, which is the minimum shear stress 
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required to move a single straight dislocation, is directly related to the macroscopic yield 

stress, and thus can be regarded as an effective metric reflecting the critical resolved stress 

(CRSS) observed experimentally. For ease of representation, hereafter we denote the 

Peierls stress as 𝜎𝐶𝑅𝑆𝑆 . For pure Mg, the 𝜎𝐶𝑅𝑆𝑆  values obtained from simulations were 

1.5Mpa, 11.5Mpa, and 200Mpa for the basal, prismatic, and pyramidal slip systems, 

respectively (Figure 4.25). This significant difference in 𝜎𝐶𝑅𝑆𝑆 values for these slip systems 

is well expected and also part of the root cause of limited activation of different 

deformation modes beyond basal slip and thus low ductility and poor formability of pure 

Mg [1]. With alloying elements present, the flow stress was considerably affected, as 

demonstrated in Figure 4.26. The evolution of 𝜎𝐶𝑅𝑆𝑆 as a function of solute concentration 

for the basal, prismatic, and pyramidal slip systems was shown in Figure 4.16(c), (d) and 

(e) for Al, Nd and Zn addition respectively. As can be seen in , though alloying element 

addition generally results in increase in σCRSS  regardless of the slip system. However, 

quantitatively the effect of alloying on 𝜎𝐶𝑅𝑆𝑆 can be quite different depending on the slip 

system and type of alloying element. For instance, in the case of Al alloying, the solute 

presence has strongest effect on the prismatic slip system, making the prismatic slip system 

the one with the highest 𝜎𝐶𝑅𝑆𝑆 for Al content beyond 2 at% (Figure 4.16 (c)), and thus more 

difficult to be activated than basal and pyramidal slip systems. On the contrary, Nd and Zn 

alloying renders the prismatic slip system the one with the lowest 𝜎𝐶𝑅𝑆𝑆, and thus favors 

its activation over the other two slip systems. Particularly for the case of Nd alloying, the 

pyramidal slip system also exhibits lower 𝜎𝐶𝑅𝑆𝑆 than the basal slip system for Nd content 

beyond 0.15 at%. It is worth noting that in the above discussion, the 𝜎𝐶𝑅𝑆𝑆 values were 

obtained at 0K. In reality, temperature is another important factor affecting the activation 



 Chapter 4  

104 

 

of different slip systems. As summarized by Nie et al. [3], the deformation temperature has 

a profound effect on the CRSS of different slip systems in Mg alloys. In particular, 

activation of prismatic and pyramidal slips at temperatures above 250°𝐶 was found to be 

greatly facilitated, attributing to a substantial reduction in their CRSS values, while in 

contrast, the CRSS of the basal slip is rather insensitive to temperature [52]. As described 

in 4.4.2.2, the as-rolled ZE-02 and ZE-05, with more Nd content, showed obvious TD tilted 

texture components compared to ZE-01. This indicates enhanced activation of prismatic 

slip in ZE-02 and ZE-05 and correlation of such activation with Nd content in the matrix. 

Moreover, interestingly, the unique TD-splitting texture was promoted during static 

recrystallization, suggesting that the prismatic dislocation structure plays an important role 

in preserving and enhancing TD splitting oriented grains upon recrystallization.  

4.5.3.4.Geometrically necessary dislocations (GND) evaluation and preferential grain 

growth 

To quantify the influence of various slip systems on texture evolution during 

recrystallization, the density of geometrically necessary dislocations (GNDs) was 

calculated. The GNDs derived from plastic strain is commonly employed to understand the 

effect of dislocation behavior on strengthening [55] and texture weakening [20]. In the 

current research, the EBSD data was post-processed by using Pantleon’s method [56]. 

Given the above discussion, a relative GND (rGNDp/b) was originally proposed. The 

rGNDp/b is defined as the GND density ratio between the prismatic slip system and basal 

slip system: 

𝑟𝐺𝑁𝐷𝑝/𝑏 = 𝜌𝐺𝑁𝐷−𝑝𝑟𝑖𝑠𝑚𝑎𝑡𝑖𝑐 𝜌𝐺𝑁𝐷−𝑏𝑎𝑠𝑎𝑙⁄                          Equation 4.5.1 
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Where the 𝜌𝐺𝑁𝐷−𝑝𝑟𝑖𝑠𝑚𝑎𝑡𝑖𝑐  and 𝜌𝐺𝑁𝐷−𝑏𝑎𝑠𝑎𝑙  are the corresponding GND densities. 

For rGNDp/b, the prismatic slip system and the basal slip system were simultaneously 

considered. The former is associated with TD-split texture and the latter is the principal 

slip system in Mg alloys. In addition, the rGNDp/b eliminated the GND density difference 

between high GND region (deformed grains, substructures, LABs and slip traces) and low 

GND region (recrystallized grains). Thus, a global criterion was established to evaluate 

various structures in deformed, semi-recrystallized, and fully recrystallized specimens. The 

calculated rGNDp/b data was illustrated in Figure 4.17, along with the evolution of the TD 

texture component and the SRX fraction.  

 

Figure 4.17 The evolution of TD-split texture component, the rGNDp/b, and the SRX fraction in current 550°C-

solutionized ZE alloys during the quasi-in-situ observation. 
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In general, the tendency of TD texture component coincides well with that of 

rGNDp/b for the 550°𝐶-solutionized ZE alloys with diluted Nd addition. The ZE-01 served 

as the reference baseline since its macro-texture is basal type upon annealing (Figure 4.5 

(b)). The TD texture component gradually decreased with the annealing taking place, and 

the rGNDp/b fell to about 0.5 after the SRX was accomplished. Compared to the ZE-01, the 

rGNDp/b increased to over 0.6 when SRX initiated in ZE-02 after 6-minutes annealing. 

Meanwhile, the TD texture component of ZE-02 surpassed that of ZE-01. Eventually, the 

rGNDp/b gradually climbed to a final value of about 0.69 and the TD texture component 

reached its maximum at 53.9%. The positively correlated TD texture component and 

rGNDp/b were also found in the ZE-05 alloy. However, its rGNDp/b was fluctuating above 

0.7, which is the highest among the three alloys. This promoted prismatic activation could 

be attributed to the initial non-basal texture. Overall, the rGNDp/b is validated as an 

excellent tool that reflects the evolution of TD texture while circumventing the major 

constraints of conventional GND analysis. 

Furthermore, the rGNDp/b distributions for ZE alloys during annealing were 

calculated and plotted. In general, higher GND densities over 1016 were expected in the 

unrecrystallized grains as the result of residual deformation. Yet, the GND densities of 

basal and prismatic slip significantly dropped to about 1014 in recrystallized grains owing 

to dislocation annihilation (see Figure 4.27 for details). Thus, the rGNDp/b distributions 

were interpreted differently for deformed and recrystallized grains. In the former case, a 

higher rGNDp/b value (colored green to red) indicates promoted prismatic slip owing to the 

Nd solute, as explained in the previous part. For the latter, it was found that a lower rGNDp/b 

value (colored blue) resulted from a higher basal GND density which is around 1015, 
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whereas recrystallized grains exhibited high rGNDp/b values (around 1) due to similar GND 

densities for basal and prismatic slip (around 1014). 

 
Figure 4.18 (a) to (d) the rGNDp/b distribution and (e) to (h) texture components of ZE-02 during Quasi-in-situ EBSD; 

orientation of selected grains in (i) Zone 1 and (j) Zone 2; (k) orientation of highlighted grains and GSF distribution for 

30-minutes annealed ZE-02; microstructure and GND distribution in (m) Zone 1 and (n) Zone 2. 
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Four rGNDp/b distribution and the corresponding texture component maps are 

shown in Figure 4.18(a) to (d) and (e) to (h), respectively. Initially, the prismatic slip was 

observed significantly promoted within the deformed non-basal grains (Figure 4.18 (a)). 

The microstructure is dominated by the low rGNDp/b basal grains (Figure 4.18(e)). After 

6-minutes of annealing, the majority of SRXed grains feature high rGNDp/b value and TD-

split orientation (Figure 4.18 (b) and (f)). As recrystallization proceeds, those grains 

gradually grow (Figure 4.18 (c) and (g)) and eventually dominate the microstructure 

(Figure 4.18 (d) and (h)). It is worth mentioning that the TD-split grains in a fully annealed 

specimen display a high prismatic GSF (𝐺𝑆𝐹 ≥ 0.3) (Figure 4.18 (k) and (l)). Furthermore, 

two individual zones were selected to trace the recrystallization process. Zone 1 focused 

on the deformed non-basal grains (Figure 4.18 (m)). Seven low rGNDp/b nuclei are labeled 

on the IPF and rGNDp/b distribution maps. The G1-7, which basal slip preserved the most 

(lowest rGNDp/b), failed to survive after 6-minutes of annealing. The other low rGNDp/b 

grains exhibit a basal or RD-split orientation with lower rGNDp/b values (Figure 4.18 (i)). 

Eventually, only G1-1 survives when SRX is completed (Figure 4.18 (d)). Zone 2 targets 

the SRX process within shear bands in the deformed basal grain (Figure 4.18 (n)). The 

recrystallized grains originating from the shear bands with high rGNDp/b value are 

characterized as TD-split grains (Figure 4.18 (j)). Also, the grains formed through the 

recovery of deformed structures exhibit a lower rGNDp/b value. As discussed in 4.5.2, the 

formation of TD-split texture was accomplished through preferential grain growth. Based 

on the evaluation of rGNDp/b values of recrystallized grains, it can be concluded that the 

grains with high rGNDp/b values, mainly TD-split grains, possessing lower GND densities, 

thereby growth of these grains is preferred. The grain growth of low rGNDp/b grains, 
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represented by basal and RD-split grains, was less favored due to a higher basal slip GND 

density. Therefore, the rGNDp/b, which integrates deformation and recrystallization, serves 

as the indicator for TD-split texture formation.  

Thus, the SRX process can be interpreted by the evolution of rGNDp/b distribution: 

the prismatic slip system is promoted during deformation; nuclei with various rGNDp/b 

values form mainly through SBIN; the growth of high rGNDp/b grains is favored upon 

annealing. The resulting microstructure is occupied by high rGNDp/b grains orientating TD 

and the overall rGNDp/b is higher than 0.6. In addition, the rGNDp/b reveals the criteria of 

TD-split texture: both prismatic and basal slip systems contribute to the TD-split texture 

and the former is the crucial factor. 

Based on the above discussion, the mechanism of texture weakening in the current 

micro-alloyed ZE alloys is summarized in Figure 4.19. For the ZE alloy showing a 

conventional basal texture, the texture modification starts with enhanced activation of 

prismatic slip brought about by the solute Nd. During the intermediate annealing after the 

initial rolling pass, nucleation occurs in the shear bands. Meanwhile, the grain growth of 

nuclei with TD-split orientation is accelerated. Consequently, TD-split grains are formed 

in the vicinity of previous shear bands and TD-split texture component is introduced into 

the basal grains. Moreover, the prismatic slip would be further motivated due to the TD-

split grains possessing higher GSF and rGNDp/b. Thus, a positive feedback route is 

established. Basal grains are gradually replaced by TD-split grains, while the TD-grains do 

not degrade into basal grains. Eventually, the basal texture is completely replaced with a 

TD-split texture after annealing. Thus, the complicated processing procedure applied to the 

micro-alloyed ZE alloy sheets is aimed to manipulate the Nd content in solid solution. For 
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the production of dilute Nd-containing Mg alloy sheet with TD-split texture and good 

mechanical properties, the beneficial effect brought by solutionized Nd could be facilitated 

by refined fabrication practice and advanced alloy design.  

 
Figure 4.19 The schematic diagram showing the mechanism of forming TD-split texture due to solutionized Nd. 

4.6. Conclusions 

The present study has thoroughly examined and explained the origin of TD-split 

texture formed in Mg alloys with diluted (≤ 0.5 wt. %) Nd addition. The following 

conclusions can be drawn: 

1) The recrystallized ZE-02 and ZE-05 alloys subjected to solutionizing at 550°𝐶 

exhibited a distinctive TD-split texture (close to {011̅2}〈01̅11〉  and 

{112̅3}〈1̅1̅22〉 ). As a comparison, the basal texture was presented in their 

counterparts with 450°𝐶 solutionizing. It suggested that the Nd in the solid solution 

is the most important factor for the formation of TD-split texture.  



 Chapter 4  

111 

 

2) The texture transformation from concentrated basal to weakened TD-split texture 

upon recrystallization was precisely tracked by using the quasi-in-situ EBSD 

method. Nucleation was accomplished mainly through the SBIN mechanism; the 

formation of TD-split texture was attributed to the preferential grain growth of 

SRXed grains tilting toward the TD. 

3) The enhanced activation of the prismatic slip system upon deformation was 

validated by evaluating the IGMA and GSF distribution.  

4) The enhanced activation of the prismatic slip system resulted from the solute Nd. 

DFT and MD simulation revealed that the dilute Nd solute could easily improve 

the activation of the prismatic slip by modifying the SFE and CRSS of different 

deformation modes, which agrees with our experimental observation. 

5) The evolution of rGNDp/b values was originally proposed to provide a better 

understanding of the formation of TD-split texture upon recrystallization. The 

rGNDp/b distribution revealed that both prismatic and the basal slip contributed to 

the TD-split texture, while the prismatic dislocations are the key factor to promote 

preferential grain growth.  

6) The ZE-02 alloy showed enhanced ductility (23%) compared to the ZE-01. 

However, the beneficial effect was limited when Nd addition exceeded 0.2 wt.%. 

It provides a new pathway to economizing RE usage for the production of Mg alloy 

sheets with improved formability. 

7) However, the 0.2 wt.% Nd gave a pronounced texture modification that is 

comparable to 0.5 wt.% Nd, i.e., the texture weakening effect levels off at 0.2 wt.% 
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Nd addition. This may be a consequence of the kinetics of Nd precipitate 

dissolution. 
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4.8. Appendices 

4.8.1.Microstructure and texture of as-received ZE alloys 

The precipitation distribution of as-received ZE alloys were characterized by using 

a Backscattered Electron (BSE) detector, as seen in Figure 4.20. The existence of 

precipitates indicating the alloying elements were less solutionized in the matrix. 
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Figure 4.20 The precipitation distribution of as-received ZE alloys: (a) ZE-01, (b) ZE-02, (c) ZE-05. 

The microstructures during hot rolling and subsequently annealing of as-received 

alloys were shown in Figure 4.21. The ZE-01 alloy with the lowest amount of Nd showed 

the highest DRX fraction, around 49%. The ZE-02 alloy displayed the mediate DRX 

fraction at 12.4% with 0.2 wt.% Nd addition. In addition, the equiaxed DRXed grains were 

found within deformation twins and in the vicinity of grain boundaries forming a necklace 

structure [1], as shown in Figure 4.21 (a) and (d). However, DRXed grains were barely 

observed in ZE-05 which has the highest Nd content, as seen in Figure 4.21 (g).  

After post-deformation annealing at 350°C  for 10 minutes, equiaxed structures 

were observed in all three alloys. The average grain sizes of the annealed specimens were 

45 μm, 46 μm and 29 μm respectively, as shown in Figure 4.21 (b), (e), and (h). Despite 

the minor difference in grain size, all as-received ZE alloys exhibited a typical strong basal 

texture after annealing. A weakened texture with intensity at 4.7 mrd was observed in 

precipitated ZE-05 which is resulted from the refined grains, as shown in Figure 4.21 (i). 

While the other two alloys showed a similar concentrated basal texture with texture 

intensity around 6.5 mrd (Figure 4.21 (c) and (f)). It is worth mentioning that a minor 

dispersion of (0002) poles was also observed in the precipitated ZE alloys after annealing 

which is shown as the gray contour lines on the (0002) pole figure in Figure 4.21 (c), (f), 

and (i). However, the effect of those texture components was limited since their intensity 

was too low to influence the mechanical performance.  
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Figure 4.21 The microstructures and the (0002) and (10-10) pole figures of as-received ZE alloys subjecting to rolling 

and subsequent annealing: (a) rolled ZE-01, (b) annealed ZE-01, (c) macro-texture of annealed ZE-01, (d) rolled ZE-

02, (e) annealed ZE-02, (f) macro-texture of annealed ZE-02, (h) rolled ZE-05, (h) annealed ZE-05, and (i) macro-

texture of annealed ZE-05. 

4.8.2.Computational procedure 

4.8.2.1.First-principles density functional theory (DFT) calculations 

DFT calculations were performed to obtain the GSFE curves of Mg with or without 

alloying elements. All calculations were performed using Vienna Ab-initio Simulation 

Package (VASP) [2] with projector-augmented plane-wave (PAW) method [2,3]. For the 

exchange-correlation functional, the generalized gradient approximation (GGA-PBE) was 

chosen [4]. Periodic supercells of dimensions 2×2×12and containing 96 atoms were used, 

as illustrated in Figure 4.22. A vacuum gap of 15 Å exists along Z direction (see Figure 

4.22) to eliminate interactions between periodic images along Z direction. Additional 

benchmark calculations were also performed to confirm that the supercell dimensions were 

sufficient and that the results were not size dependent. The effect of alloying was 

considered by substituting Mg atoms with solute atoms in the plane that would become the 
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fault plane after slip (see further details in the procedure of SFE calculation). The cut off 

energy was set to 400 eV and the 7×7×1 Monkhorst-Pack k-point mesh was used. The 

convergence criteria for energy and force during relaxation were 10-5 eV and 10-2 eV/Å 

respectively.  

To obtain the GSFE curve, the supercell was partitioned into two regions along the 

slip plane. The bottom region, i.e., the one below the slip plane was held fixed, while the 

top region, i.e., the one above the slip plane was displaced along the fault vector. The SFE 

was then obtained using the following equation: 

𝛾 =
𝐸𝑓−𝐸0

𝑆
                                                  Equation 4.8.1 

 where Ef and E0 denote the total energies of the faulted supercell and original 

supercell respectively, and S is the area of the fault plane in the supercell. Some sample 

prismatic GSFE curves of pure Mg and Mg alloys were shown in Figure 4.23figure . 

 

Figure 4.22 Illustration of a representative supercell used to calculate the GSFE curve of (a) basal; (b)prismatic; (c) 

pyramidal II; slip plane. 
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Figure 4.23 Sample DFT-calculated prismatic GSFE curves of (a) pure Mg and (b) Mg alloys at a planar solute 

concentration of 25 at. %. 

4.8.2.2.Atomistic simulations 

Molecular dynamics (MD) simulations were performed to examine the Peierls 

stress (i.e., effectively the CRSS for a single straight dislocation). The simulations were 

carried out using the Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) package [5]. The second nearest neighbor modified embedded-atom method 

(2NN MEAM) interatomic potentials were employed to describe interatomic interactions 

for pure Mg [6], Mg-Al [6], Mg-Zn [7], and Mg-Nd [8] systems.  

Current simulations consider three common slip systems in Mg, the basal <a> slip, 

prismatic <a> slip and second-order pyramidal II <c+a> slip. All dislocations were created 

at the center of the simulation cell by displacing all atoms according to the Volterra fields 

[9] with the y-axis being normal to the slip plane, and x-axis being along the dislocation 

line direction. Periodic boundary conditions were imposed along the dislocation line and 

glide directions, while the free boundary condition was imposed along the third orthogonal 

direction. The simulation cells have dimensions (𝑙𝑥 × 𝑙𝑦 × 𝑙𝑧) of 31.6 nm × 52 nm × 1.1 

nm, 3.16 nm × 52 nm × 1.6 nm and 30 nm × 32.9 nm × 2.2 nm for supercells enclosing 

the basal, prismatic and pyramidal II slips respectively. Following the initial dislocation 

creation, the system was relaxed using energy minimization. The core structures after 
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relaxation for pure Mg [3] was illustrated in Figure 4.24 (a). The alloy system was created 

on base of the pure Mg system, and alloying was done by randomly substituting Mg atoms 

by solute atoms throughout the system, followed by relaxation.  

After the relaxation, the simulation box was then deformed to drive dislocation 

motions. Rigid strain-controlled loading method [10] was used to apply a shear 

displacement, as schematically illustrated in Figure 4.24 (b). The simulation boxes were 

partitioned into three regions, as seen in Figure 4.24 (b), where the center region located 

free atoms while atoms in the bottom and top regions were held rigid and not allowed to 

relax. In performing the deformation, the top block was displaced incrementally, each time 

by a small distance ∆𝜇, along x direction, to induce shear deformation and thus drive 

gliding of the dislocation. Here, ∆𝜇 = 𝛿𝜀 × 𝑙𝑦, where 𝛿𝜀 (=6× 10−6) is the corresponding 

strain increment and 𝑙𝑦 is dimension of the simulation box along y direction. Conjugate 

gradient minimization [11] was applied to relax the system after each incremental 

displacement. The corresponding stress at each strain was computed from the internal force 

per unit area [10],  

𝜎𝑥𝑦 =
∑ 𝐹𝑖

𝑥
𝑖∈𝑇𝑜𝑝

𝐴
=

𝑁𝑇𝑜𝑝𝐹𝑇𝑜𝑝

𝐴
                                 Equation 4.8.2 

where 𝑁𝑇𝑜𝑝 and 𝐹𝑇𝑜𝑝 are the number of atoms and the average force for each atom 

in top layer, respectively. A is the cross-section area normal to the y direction. The instant 

shear strain 𝜀𝑥𝑦 was calculated by the displacement of the center-of-mass position of atoms 

in the top layer from its reference configuration, i.e., the relaxed structure prior to loading. 

Thus, we have: 

𝜀𝑥𝑦 =
1

𝑙𝑦
(𝑢𝑖

𝑥 − 𝑢0
𝑥)                                        Equation 4.8.3 
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where 𝑢𝑖
𝑥 is the center-of-mass position of atoms from the top layer after the ith 

strain loading and 𝑢0
𝑥 is the initial position. The Peierls stress 𝜎𝐶𝑅𝑆𝑆 was taken to be the 

average of flow stresses (in Figure 4.26) after the dislocation starts gliding at a critical 

stress of 𝜎𝑗
𝑥𝑦

, i.e., 

𝜎𝐶𝑅𝑆𝑆 =
∑ 𝜎𝑖

𝑥𝑦
𝑖≥𝑗

𝑁𝑦𝑖𝑒𝑙𝑑
                                           Equation 4.8.4 

where 𝜎𝑖
𝑥𝑦

 is the stress after yielding and 𝑁𝑦𝑖𝑒𝑙𝑑  is the number of stresses after 

yielding. 

 

Figure 4.24 (a) Relaxed core structures of edge dislocations in basal, prismatic and pyramidal II slips as predicted by 

the presently used MEAM [6] interatomic potential for pure Mg. Red, green and blue atoms denote atoms within the 

HCP, FCC and other lattice environments respectively, as identified from common-neighbor analysis [12]; (b) 

Schematic illustration of the simulated cell partitioned into three regions, with free atoms in the center-region, while 

rigid atoms in the top and bottom regions. The shear deformation was realized by rigidly displacing the top block along 

x direction. 
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Figure 4.25 Simulated stress–strain curves for pure Mg on the basal, prismatic, and pyramidal II planes, at 0 K. 

 

 

Figure 4.26 Simulated stress-strain curves: (a, b and c) Mg-Al, (d, e, and f) Mg-Zn and (g, h and i) Mg-Nd on basal, 

prismatic and pyramidal II planes, at 0 K. Different symbols correspond to different solute concentrations. 
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4.8.3.Geometrically necessary dislocations (GND) evaluation 

The relative GND (rGNDp/b) was originally proposed in the current study. An 

example was demonstrated in Figure 4.27. The GND distribution maps of basal and 

prismatic slip are shown in Figure 4.27 (a) and (b). The GND density experienced a 

noticeable decrease in recrystallized grains. More importantly, the basal GND is observed 

relative higher (around 1015) in certain recrystallized grains, especially the basal and RD-

split grains. It indicates the more basal dislocation was preserved after recrystallization, 

which lead to a lower rGNDp/b value. On the other hand, a lower rGNDp/b value in deformed 

grains proves more basal dislocations were activated owing to the principal position of 

basal slip in Mg alloys. 

 

Figure 4.27 An example showing the GND and rGNDp/b distribution map: GND distribution of (a) basal and (b) 

prismatic slip, the (c) rGNDp/b distribution map and (d) texture component. 
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Chapter 5.Tailoring texture in micro-alloyed Mg-Zn alloys with 

diluted Nd and Ca 

In the previous chapter, the mechanism for the formation of TD-split textures in 

micro-alloyed ZE alloy was proposed, which provided guidance for the development of 

texture-modified Mg alloys with further reduced RE levels. Based on this mechanism, a 

ternary Mg-1Zn-0.2Ca alloy and a quaternary Mg-1Zn-0.1Nd-0.2Ca alloy were designed 

and compared for texture modification in the following chapter. 

 

This chapter is ready for submission and will be credited to the following authors:  

Y. Liu, J. Su, H. Chen, Q. Qiu, R. Gao, A, Javaid, T. Skszek, J. Song, S. Yue, 

Tailoring texture in micro-alloyed Mg-Zn alloys with diluted Nd and Ca. 
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5.1. Abstract 

We adopted a computational simulation-guided approach to design Mg-Zn-based 

micro-alloys by partially replacing the expensive rare-earth element, Nd, with Ca while 

maintaining the beneficial ‘rare-earth’ texture. The first principle and molecular dynamic 

calculations suggested that Nd and Ca solutes in Mg show similar effects on promoting 

prismatic slip in competition with basal slip. In coupled with thermodynamic simulation, 

Mg-1Zn-0.2Ca and Mg-1Zn-0.1Nd-0.2Ca alloys were designed in terms of maintaining Nd 

and Ca in solid solution at typical hot rolling temperatures. Upon multi-pass rolling and 

subsequent annealing, texture modification with (0002) poles tilting toward the transverse 

direction (TD) was achieved in Mg-1Zn-0.1Nd-0.2Ca, while Mg-1Zn-0.2Ca exhibited a 

basal texture with less prominent TD-splitting. This is attributed to the diluted Nd 

maintaining Ca in solid solution to promote prismatic slip. Quasi-in-situ electron 

backscatter diffraction observation revealed that the TD-split texture was originated from 

shear-bands induced nucleation and enhanced by preferential grain growth during 

annealing. 

As the lightest structural material, magnesium (Mg) alloys attract attentions for its 

weight saving potential [1]. Yet, the application of Mg sheets in automotive manufacturing 

is restricted due to its low formability [1], which is related to the strong basal texture 

formed during thermomechanical processing, especially after the multi-pass rolling [2,3]. 

The basal texture is originated from the dominant basal slip which aligns the (0002) poles 

parallel to the normal direction (ND) of rolled sheets [4]. Owing to the high critical resolved 

shear stress (CRSS) for the pyramidal slip, which is the only slip system accommodate 
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deformation along c axis, the basal texture further amplifies the shortage of independent 

slip system in Mg alloys on accommodating deformation [5,6].  

Non-basal textures with the (0002) poles tilting towards the rolling direction (RD-

split) [7,8], or transverse direction (TD-split) [9,10] have been observed in Mg alloys. The 

formation of non-basal textures was commonly ascribed to the activation of non-basal slip 

systems [10–12] and twins [13] and/or the contribution of static recrystallization (SRX) 

[14–16]. Alloying rare earth (RE) elements in Mg has been realized as an efficient way to 

acquire non-basal textures. However, the limited resources, cost inflation and weight 

increase brought by RE addition eliminate their wide applications. Jung et al. [17] 

suggested that the critical amount of Nd required to trigger texture modification in Mg-Zn-

Nd ternary alloy system is much less compared to the Mg-Nd binary system based on a 

solute drag/pinning effect model. This is related to the reduced solubility limit of Nd in Mg 

by adding Zn [17]. Our previous work [9] showed that the formation of non-basal textures 

in Mg-Zn-Nd alloys is owing to the amount of Nd in solid solution and 0.2 wt.% addition 

is sufficient to form a weakened TD-split texture that is comparable to the texture with 0.5 

wt.% Nd [18]. To further reduce the RE usage, exploring non-RE alternatives that can 

partially or even completely replace RE while preserving advantages ‘rare-earth’ textures 

are of great interest not only to scientific research but also to engineering applications. For 

example, calcium (Ca) has been reported as a potential candidate for texture modification 

in Mg-Zn system [19]. Thus, the combined effect of dilute additions of Nd and Ca on 

texture modification and corresponding mechanisms need to be investigated. 

In the current study, we used density function theory (DFT) calculations and 

molecular dynamic (MD) simulations to examine the effects of Nd and Ca on the activation 
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of non-basal slip systems. In coupled with thermodynamic calculation, two micro-alloys, 

denoted as ZEX-0102 and ZX-02 (nominal compositions listed in Table 5.1.1), were 

designed with the aim to preserve Nd and Ca in solid solution at typical hot deformation 

temperatures (350-500°C [20]). The texture weakening effect was experimentally validated 

by comparing the textural transition of the two alloys subjecting to the same process of 

solutionizing, multi-pass rolling and subsequent annealing. The origin of this TD-split 

texture was tracked by quasi-in-situ electron backscatter diffraction (EBSD) during 

annealing. 

Table 5.1.1 Nominal chemical compositions of ZEX and ZX alloys (wt. %). 

Alloys Zn Nd Ca Mg 

ZEX-0102 1 0.1 0.2 
balance 

ZX-02 1 - 0.2 

 

For atomistic simulations, the first-principles DFT calculations were used to 

investigate the effect of Nd and Ca on stacking fault energy (SFE). MD simulations were 

utilized to examine the evolution of Peierls stress (𝜎𝐶𝑅𝑆𝑆  as the atomistic representative of 

CRSS of the main slip systems in Mg (see Appendix for details of DFT and MD simulation). 

The equilibrium phase diagrams of Mg-Zn-Ca and Mg-Zn-Ca-Nd systems were calculated 

using FactSage [21]. To dissolve the Nd and Ca content in the solid solution, the as-

received sheets were solutionized at 550°C for 72 hours. Both as-received and solutionized 

alloys were subjected to 2-pass rolling at 450°C with 20% reduction per pass and a 10 mins 

intermediate annealing at 450°C. In addition, 6-pass rolling was performed for the 

solutionized ZEX-0102 and ZX-02 with the same per-pass reduction and intermediate 

annealing procedure. The post-deformation annealing was executed for the 2-pass and 6-
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pass rolled specimens at 450°C for 10 minutes. Macro-textures were measured by using an 

X-ray diffractometer with Cu Kα radiation. Optical microstructures (OM) were captured 

by the CLEMEX image software. For the 2-pass schedule, quasi-in-situ EBSD was 

executed during annealing at 450°C after the 2nd pass.  

 

Figure 5.1 The (a) calculated SFE, (b) prismatic γusf evolution with respect to planar solute concentration; The 𝜎𝐶𝑅𝑆𝑆 

evolution in (c) Mg-Zn, (d)Mg-Nd and (e) Mg-Ca system; The equilibrium phase diagram of (g) ZEX and (h) ZX alloys. 
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The results of computational simulation are shown in Figure 5.1 (a) to (e). The SFE 

and Peierls stress under the influence of Nd and Ca were theoretically evaluated. SFE was 

known to be crucial for the governing core structures and mobility of dislocations [22]. The 

calculated stable stacking fault (𝛾𝑠𝑓)and unstable stacking fault (𝛾𝑢𝑠𝑓) of Mg and its alloys 

were shown in Figure 5.1 (a). Note that only 𝛾𝑢𝑠𝑓 exists on prismatic plane according to 

the GSFE curve (Figure 5.7). It is apparent that Nd presented a much stronger 𝛾𝑢𝑠𝑓 

weakening effect, while Ca is also a promising candidate regarding 𝛾𝑢𝑠𝑓 reduction. The 

prismatic 𝛾𝑢𝑠𝑓 values of different systems at the planar solute concentration of 25 at. % 

and 50 at. % was also calculated (Figure 5.1 (b)). The monotonic decreasing relationship 

between the concentration of alloying element solutes and corresponding 𝛾𝑢𝑠𝑓  also 

validated the 𝛾𝑢𝑠𝑓 reduction of Nd and Ca. As it is known that the 𝛾𝑢𝑠𝑓 denotes the energy 

barrier of dislocation nucleation [23]. It can be inferred that the Nd and Ca solutes are 

beneficial for activating more slip systems, especially the prismatic slip system, to 

accommodate deformation. The Peierls stress evolution with increasing solute content at 

0K for Mg-Nd, Mg-Ca and Mg-Zn system were calculated and plotted in Figure 5.1 (c) to 

(e). In general, the alloying elements would increase the 𝜎𝐶𝑅𝑆𝑆 of various slip systems. 

However, the solute strengthening effect by Nd and Ca was limited compared with that in 

the Mg-Zn system. Furthermore, pronounced reduction of the 𝜎𝐶𝑅𝑆𝑆 was achieved when 

Nd and Ca exist in matrix as solutes, which means the activation of prismatic dislocations 

would be promoted. It must be addressed that the current 𝜎𝐶𝑅𝑆𝑆 evaluation was based on 

calculations at 0K. The CRSS of non-basal slip system in Mg alloys were reported 

dramatically reduced at elevated temperatures [24]. Nonetheless, it could be concluded that 

non-basal slips, especially the prismatic slips, would be promoted with increasing Nd and 
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Ca solute in matrix owing to the lowered SFE and CRSS. Also, the Nd was found to have 

a slightly better effect compared with Ca (Figure 5.1 (a) to (e)). 

 

Figure 5.2 The macro-textures and microstructures of specimens subjecting to different treatment: (a to c) ZEX-0102, 

(d to f) ZX-02 (processing details were labeled accordingly). 

The as-received ZEX-0102 and ZX-02 plates exhibit numerous precipitates (as 

shown in Figure 5.9 in appendix). According to the equilibrium phase diagrams (Figure 

5.1 (g) and (h)), a single HCP phase solid solution is expected for both alloy systems at 

550°C. Thus, more alloying elements were expected dissolving in the matrix after 

solutionizing at 550°C compared to the as-received state. The as-received ZEX-0102 and 

ZX-02 plates exhibit strong basal textures (Figure 5.2 (a) and (d)). After 2-pass rolling and 

subsequent annealing, a weaker basal texture is observed, accompanied by the equiaxed 

grain structure (Figure 5.2 (b) and (e)). It indicates that the deformation mechanism is basal 

slip dominated [4], while the lowered intensities are likely resulted from SRX. However, 

in the solutionized specimens subjected to 2-pass rolling, the initial strong basal texture 
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was altered to an “TD-split” texture with much weaker intensities in both alloys (Figure 

5.2 (c) and (f)). Thus, it can be inferred that the formation of TD-split texture is related to 

the dissolution of Nd and Ca which activated non-basal slip mechanisms. Similar TD-split 

texture has been reported in alloys with higher RE content (commonly ≥1%) [10,14,15]. 

Thus, the texture transformation in current alloys, especially in the RE-free ZX-02, 

suggests that Ca behaves similarly to that of RE in terms of texture modification, as 

predicted by the atomistic simulations. It is also noted that the ZEX-0102 shows better 

texture modification than ZX-02 suggesting the beneficial effect of the additional 0.1 wt.% 

Nd on the enhancement of non-basal slip modes. 

To understand the formation of TD-split texture in the current alloys, the SRX 

process of the solutionized alloys was tracked by the quasi-in-situ EBSD technique, as seen 

in Figure 5.2. In general, micro-textures of solutionized ZEX-0102 and ZX-02 evolved 

from concentrated basal texture to a weakened texture dominated by TD-split texture 

components accompanied by SRX. The SRX fraction evolution explicitly shows that the 

recrystallization kinetics was dramatically retarded by the additional 0.1 wt.% Nd. It takes 

ZEX-0102 specimen 4 minutes to initiated nucleation and SRX was not completed upon 

the 36-minutes annealing (Figure 5.3 (i)). Whereas pronounced recrystallization was 

observed in the ZX-02 after 3-minutes annealing and the SRX completed after 21-minutes 

annealing (Figure 5.3 (j)). The probable explanation for the recrystallization suppression 

in ZEX-0102 is the solute drag and dislocation pinning effect brought by the additional 

solute Nd [17,25]. 
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Figure 5.3 Quasi-in-situ EBSD observations of solutionized ZEX-0102 and ZX-02 subjecting to annealing: (a to d) 

ZEX-0102, (e to h) ZX-02, and the corresponding statistics of (i) ZEX-0102 and (j) ZX-02. 

The as-rolled microstructures of the solutionized ZEX-0102 and ZX-02 specimens 

share many similarities, as seen in Figure 5.3 (a) and (e). Besides deformed grains 

elongated along the rolling direction (RD) and the noticeable shear bands, the {101̅1} −

{101̅2} compress-tension double twin (CTDT) dominates both alloys as the main twinning 

mechanism. The CTDT is characterized as misorientations with an angle of 38 ± 5° about 
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the 〈112̅0〉 axis (variant-I, marked with yellow) and 30 ± 5° about the 〈112̅0〉 axis 

(variant-II, marked with green) [26]. The recrystallized grains with grain orientation spread 

(GOS) less than 1°  are highlighted (Figure 5.3 (b) and (f)). Evidently, the nucleation 

primarily initiated in the vicinity of shear bands, which is known as shear bands induced 

nucleation (SBIN) [27]. Although the dominance of CTDT in deformed Nd-containing Mg 

alloys has been previously reported [28] and observed here, the influence of CTDT on 

texture weakening in Nd-containing Mg alloys has been proven to be limited [13]. It is thus 

suggested that the occurrence of TD-split texture in basal grains relies on nucleation and 

subsequent grain growth.  

To validate the effect of nucleation on the appearance of TD-split texture 

component, the pixel per grain pole figure was introduced, which was regenerated with the 

pixels representing the mean orientation of EBSD surveyed grains. By using pixel per grain 

pole figures, the grain area advantage of large grains in the texture measurements is 

neutralized. This means the contribution of individual grains to the micro-texture is 

equalized and the bias towards very large grains in texture evaluation is eliminated. At the 

early stage of SRX, the TD-split texture component has been observed, as seen in the 

comparison between the pole figures of as-rolled and recrystallized grains (GOS≤1°) 

(Figure 5.4 (c1) and (c2), (d1) and (d2)). This might create an illusion that the preferential 

nucleation favoring TD-split orientation leads to the final TD-split texture. However, this 

illusion can be easily overturned by comparison the pixel per grain pole figures (Figure 5.4 

(c3) and (c4), (d3) and (d4)). The GOS≤1° pixel per grain pole figures indicate that the 

orientations of the deformed structure were predominantly inherited.  
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Figure 5.4 IGMA distribution of solutionized (a)ZEX-0102 and (b)ZX-02 upon rolling; (0002) pole figures, IPF maps 

and rGNDp/b distributions presenting nucleation and grain growth of (c, e) ZEX-0102 and (d, f) ZX-02; (g) the 

evolution of TD texture component and the rGNDp/b during annealing. 

Although TD-split orientations were observed, the orientations of recrystallized 

grains were mainly scattered along the RD. Meanwhile, the difference between pole figures 

and pixel per grain pole figures of recrystallized grains (Figure 5.4 (c2) and (c4), (d2) and 

(d4)) proves the existence of area advantage for TD-split grains. Therefore, it can be 
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inferred that the formation of TD-split texture is due to the preferential grain growth of 

TD-split grains.  

It is well known that texture provides a general description of the deformation 

mechanism and recrystallization process. As aforementioned, twinning, represented by 

CTDTs, was found to be irrelevant to the formation of TD-split texture. Meanwhile, the 

prismatic <a> slip has been reported to tilt the basal pole towards the TD in Mg-Zn-Nd 

alloys [10]. For the solutionized alloys upon rolling, the intragranular misorientation axis 

(IGMA) map based on EBSD measurement [29,30] is introduced to evaluate the prismatic 

<a> slip in various texture components for the as-rolled state. A concentrated <0001> 

Taylor axis with an intensity higher than 2 mrd indicates that prismatic <a> slip dominates 

when misorientation angle falls between 1°~ 3° [29,30]. Prismatic slip dominates the TD-

split texture component and is observable in the RD-split texture component for both 

solutionized alloys (Figure 5.4 (a) and (b)). This observation not only validates our 

theoretical predictions, but also reveals the connection between the activation of prismatic 

slip and the formation of TD-split texture component [10]. In addition, the basal slip as the 

principal slip system with the lowest CRSS also plays an important role in the formation 

of final texture [31]. To quantify the effect of various slip systems, the density of 

geometrically necessary dislocations (GNDs) was commonly used [32]. Here, the rGNDp/b 

distribution is originally proposed to establish the connection between prismatic slip, the 

existence of basal slip and the occurrence of TD-split texture. It is defined as the GND 

density ratio between the prismatic slip system and basal slip system: 

𝑟𝐺𝑁𝐷𝑝/𝑏 = 𝜌𝐺𝑁𝐷−𝑝𝑟𝑖𝑠𝑚𝑎𝑡𝑖𝑐 𝜌𝐺𝑁𝐷−𝑏𝑎𝑠𝑎𝑙⁄                        Equation 5.1.1 
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Where the 𝜌𝐺𝑁𝐷−𝑝𝑟𝑖𝑠𝑚𝑎𝑡𝑖𝑐  and 𝜌𝐺𝑁𝐷−𝑏𝑎𝑠𝑎𝑙  are the corresponding GND densities 

calculated by using METX [33]. The evolution of rGNDp/b and TD texture component of 

solutionized ZEX-0102 and ZX-02 is demonstrated in Figure 5.3(g). The tendency of the 

evolution of rGNDp/b and corresponding TD texture component is well aligned. The 

transitions from deformed basal grains (delineated by the dashed rectangle in Figure 5.2) 

to recrystallized TD-split grains in solutionized ZEX-0102 and ZX-02 are shown in Figure 

5.3 (e) and (f), respectively. The TD-split orientated grains with higher rGNDp/b values are 

observed to have been nucleated through SBIN and eventually occupied the microstructure 

through preferential growth. The rGNDp/b distribution revealed that the prismatic and basal 

grains are at the same magnitude in the TD-split grains. Hence, the rGNDp/b can be 

considered as a growth factor; high rGNDp/b grains are favored during growth and 

eventually contribute to the TD-split texture. 

For the 2-pass rolling schedule, Ca performs as a slightly inferior substitute for Nd 

regarding the formation of TD-split texture. However, the macro-texture evolution of 6-

pass rolled specimens exhibit entirely different characteristics for ZEX-0102 and ZX-02, 

as seen in Figure 5.5. During the multi-pass rolling, the TD-split texture component was 

preserved and enhanced for ZEX-0102 (Figure 5.5 (a) to (c)). Eventually, an ultra-weak 

texture with a pronounced TD-split feature was acquired (Figure 5.5 (d)). In comparison, 

the ZX-02 exhibited an exactly opposite trend. Despite the TD-split texture formation being 

triggered upon 2-pass rolling, the basal texture gradually dominates during the following 

deformation process (Figure 5.5 (e) to (g)). An intensified basal texture was acquired after 

annealing, which is similar to the as-received specimens. As discussed above, solute Nd 

and Ca trigger texture alternation from basal to TD-split. Therefore, the retarded texture in 
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solutionized ZX-02 is ascribed to the precipitation of Ca owing to the heat loss upon multi-

pass rolling. On the other hand, the diluted Nd in ZEX-0102 not only promoted the 

prismatic slip as solute but also served as the stabilizer for Ca solute. It has been reported 

that solute–solute binding energy for Nd and Ca is -0.14 eV [34] and Ca has a higher 

diffusivity than Nd [35,36] in Mg alloys. Thus, stable texture modification is expected in 

solutionized ZEX-upon multi-pass rolling.  

 

Figure 5.5 The macro-texture evolution of (a to d) ZEX-0102 and (e to h) ZX-02 upon multi-pass rolling and post-

deformation annealing. 

In summary, based on DFT and MD simulations that Ca performs similarly as Nd 

on promoting non-basal slip. We successfully designed a Mg-Zn-Nd-Ca alloy that achieved 

pronounced and consistent texture modification featuring TD-split texture during multi-

pass hot rolling and annealing. The TD-split texture formation is attributed to the enhanced 
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activation of prismatic slip owing to both Nd and Ca in solid solution. This study thus 

provides a novel approach to design more economical Mg alloys by partially replacing the 

expensive rare-earth element, Nd, with Ca while maintaining the beneficial ‘rare-earth’ 

texture for improving the rollability and formability of Mg sheets. 
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5.3. Appendix 

DFT calculations were performed to obtain the GSFE curves of Mg with or without 

alloying elements. Vienna Ab-initio Simulation Package (VASP) [1] with projector-

augmented plane-wave (PAW) method [2,3] was used. For the exchange-correlation 

functional, the generalized gradient approximation (GGA-PBE) was chosen [4]. The 

supercell is 2×2×12 with vacuum gap of 15 Å exists along Z direction (Figure 5.6 (a)). 

Additional benchmark calculations were also performed to confirm that the supercell 

dimensions were sufficient and that the results were not size dependent. The cut off energy 

was set to 400 eV and the 7×7×1 Monkhorst-Pack k-point mesh was used. The convergence 

criteria for energy and force during relaxation were 10-5 eV and 10-2 eV/Å respectively. 

For the SFE calculations, we employed the slab shearing method [5] to simulate the 

shearing process. Some sample prismatic GSFE curves of pure Mg and Mg alloys were 

shown in Figure 5.6 (b). 

 

Figure 5.6  (a) Illustration of a representative supercell used to calculate the GSFE curve of basal and prismatic slip 

plane; (b)Sample DFT-calculated prismatic GSFE curves of pure Mg and Mg alloys at a planar solute concentration of 

50 at. %. 

 



 Chapter 5  

144 

 

MD simulations consider samples involving an edge dislocation on the three most 

common slip systems in Mg, the basal <a> slip, prismatic <a> slip and second-order 

pyramidal II <c+a> slip. All dislocations were created at the center of the simulation cell 

by displacing all atoms according to the Volterra fields [6] with the y-axis being normal to 

the slip plane, and x-axis being along the dislocation line direction. Periodic boundary 

conditions were imposed along the dislocation line and glide directions, while the free 

boundary condition was imposed along the third orthogonal direction. The simulation cells 

have dimensions (𝑙𝑥 × 𝑙𝑦 × 𝑙𝑧) of 31.6 nm × 52 nm × 1.1 nm, 3.16 nm × 52 nm × 1.6 nm 

and 30 nm × 32.9 nm × 2.2 nm for supercells enclosing the basal, prismatic, and pyramidal 

II slips respectively. The core structures after relaxation for pure Mg was illustrated in 

Figure 5.7(a). Different from the SFE calculations where solute elements were only 

introduced on different stacking fault planes, in simulations of Peierls stresses, solute 

elements were randomly introduced into the different dislocation structures. The 

simulations were carried out using the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) package [4]. The second nearest neighbor modified embedded-atom 

method (MEAM) interatomic potentials were employed to describe interatomic 

interactions for pure Mg [7], Mg-Zn [8], Mg-Ca [9] and Mg-Nd [10] systems. A rigid block 

with immobile atoms is assigned on the top and bottom few planes of the sample. Then 

rigid strain-controlled loading method [11] was used to apply a shear displacement to the 

top rigid block while fixing the bottom rigid block (see Figure 5.7(b).). The corresponding 

stresses were computed from the internal force per unit area [11], 

𝜎𝑥𝑦 =
∑ 𝐹𝑖

𝑥
𝑖∈𝑇𝑜𝑝

𝐴
=

𝑁𝑇𝑜𝑝𝐹𝑇𝑜𝑝

𝐴
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where 𝑁𝑇𝑜𝑝 and 𝐹𝑇𝑜𝑝 are the number of atoms and the average force for each atom 

in top layer, respectively. A is the cross section area normal to the y direction. The instant 

shear strain 𝜀𝑥𝑦 was calculated by the displacement of the center-of-mass position of atoms 

in the top layer from its reference configuration, i.e., the relaxed structure prior to loading. 

Thus, we have: 

𝜀𝑥𝑦 =
1

𝑙𝑦
(𝑢𝑖

𝑥 − 𝑢0
𝑥) 

where 𝑢𝑖
𝑥 is the center-of-mass position of atoms from the top layer after the ith 

strain loading and 𝑢0
𝑥 is the initial position. The Peierls stress 𝜎𝐶𝑅𝑆𝑆 was taken to be the 

average of flow stresses (in Figure 5.8) after the dislocation starts gliding at a critical stress 

of 𝜎𝑗
𝑥𝑦

, i.e., 

𝜎𝐶𝑅𝑆𝑆 =
∑ 𝜎𝑖

𝑥𝑦
𝑖≥𝑗

𝑁𝑦𝑖𝑒𝑙𝑑
 

where 𝜎𝑖
𝑥𝑦

 is the stress after yielding and 𝑁𝑦𝑖𝑒𝑙𝑑  is the number of stresses after 

yielding. 

 

Figure 5.7 (a) Atomic structures of edge dislocations in basal, prismatic and pyramidal II slips after relaxation by the 

presently used MEAM [7] interatomic potential for pure Mg. Purple, green and white atoms denote atoms within the 

HCP, FCC and other lattice environments respectively, as identified from common-neighbor analysis [12]; (b) 
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Schematic illustration of the simulated cell partitioned into three regions, with free atoms in the center-region, while 

rigid atoms in the top and bottom regions. The shear deformation was realized by rigidly displacing the top block along 

x direction. 

 

Figure 5.8 Simulated stress-strain curves: (a, b and c) Mg-Zn, (d, e, and f) Mg-Ca and (g, h and i) Mg-Nd on basal, 

prismatic and pyramidal II planes, at 0 K. Different symbols correspond to different solute concentrations. 

 

Figure 5.9 The precipitation distribution in as-received specimens: (a) ZEX-0102 and (b)ZX-02 
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Chapter 6.The textural transition from basal to TD-split upon 

annealing in rolled micro-alloyed Mg-Zn-Nd-Ca alloy 

From the previous chapter, it was shown that the quaternary Mg-1Zn-0.1Nd-0.2Ca 

(ZEX-0102) alloy is the favorable candidate for sheet production that stably triggers the 

formation of TD-split texture while minimizing the usage of Nd to 0.1 wt.%. To realize the 

manufacturing of texture-modified Mg sheets through the conventional multi-pass rolling 

process. The critical contents of Nd and Ca in solid solution for ZEX-0102 were determined 

and the texture and microstructure evolution subjected to multi-pass rolling at lower 

elevated temperatures (250°C~350°C) and subsequent recrystallization annealing was 

investigated. 

 

This chapter is ready for submission and will be credited to the following authors:  

Y. Liu, J. Su, B. Guo, R. Gao, N. Brodusch, A, Javaid, T. Skszek, S. Yue, The 

textural transition from basal to TD-split upon annealing in rolled micro-alloyed Mg-Zn-

Nd-Ca alloy. 
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6.1. Abstract 

A micro-alloyed Mg alloy sheet containing neodymium (Nd) and calcium (Ca) was 

subjected to different solutionizing treatments followed by multi-pass rolling and post-

deformation annealing to understand the role of Nd and Ca solutes on texture modification. 

The initial strong basal texture was significantly modified with the (0002) basal poles 

tilting towards the transverse direction (TD) with a decreased intensity of more than 66%. 

The distribution and corresponding effects of Nd and Ca were examined via backscattered 

electron (BSE) imaging, scanning transmission electron microscope (STEM) and electron 

backscatter diffraction (EBSD). The critical contents of Nd and Ca solute to trigger TD- 

split texture formation were quantitatively characterized by electron probe micro-analysis 

(EPMA). In addition, a novel non-basal ring texture with both TD and RD splitting of 

(0002) poles was acquired through multi-pass rolling at 250°C, followed by 

recrystallization annealing. It was proposed that prismatic and pyramidal slip along with 

deformation twins contribute to the formation of this non-basal ring texture. 

6.2. Introduction 

The automotive industry's need for weight reduction, aimed at achieving higher fuel 

efficiency, lower CO2 emission and better cost-effectiveness, has heightened the 

application of magnesium (Mg) alloy sheets [1]. However, the insufficient formability, 

owing to the formation of strong basal texture after being subjected to thermomechanical 

treatments, limits the application of Mg alloy sheets [2,3]. Alloying with rare earth (RE) 

elements has been proven to be an effective approach to weaken or even alter the basal 

texture [4–6]. It has been reported that a weakened texture with (0002) basal poles tilting 

toward the transverse direction (TD) was acquired in RE-containing Mg alloys subjected 
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to rolling and subsequent annealing [7,8]. Different mechanisms were proposed to explain 

the formation of TD-split texture, including the occurrence of prismatic <a> slip by a 

reduced c/a ratio [9], oriented nucleation originating from preferential grain boundaries 

rotation [10], TD-split orientation introduced by secondary twins [11], etc. Although there 

is controversy of the TD-split texture formation mechanism, one common feature of these 

findings is that a considerable amount of RE (≥ 0.5wt.%, much higher than the solid 

solubility) is used. This aggressive RE usage strategy is clearly inconsistent with the goal 

of weight reduction and cost control. It has been theoretically predicted [12] and 

experimentally validated [13] that significant texture modification can be achieved with 

‘diluted’ RE levels in Mg-Zn alloys. Those observations indicate that RE is more effective 

in solid solution rather than in precipitates regarding texture modification.  

In this current study, neodymium (Nd) was chosen due to the ‘moderate’ room 

temperature solid solubility limit in the Mg-Zn alloy system and a strong segregation effect 

[14]. In addition, calcium (Ca), was introduced to further reduce Nd usage based on its 

known effect on texture weakening [15,16]. Different solutionizing treatments were 

applied to control the Nd and Ca dissolution. The resulting textural evolution from basal to 

TD-split upon hot rolling and subsequent annealing was characterized. A proportional 

correlation between texture modification and alloying element solute was established 

through the measurement of Nd and Ca content in the matrix. The origin of TD-split texture 

was investigated through electron backscatter diffraction (EBSD) observation and ascribed 

to the enhanced activation of prismatic slip. In addition, the texture modification of 

solutionized alloys deformed at lower elevated temperatures (warm rolling) was validated. 
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6.3. Experimental procedure 

A quaternary Mg-1Zn-0.1Nd-0.2Ca (wt.%) micro-alloy, denoted as ZEX-0102, 

was received from CanmetMATERIALS in the form of plates. The initial material showed 

a large number of precipitates. After some preliminary trials, several solutionizing 

treatments were performed at 550°C for 24, 48, and 72 hours to dissolve precipitates and 

quenched to prevent reprecipitation. The as-received and specimens solutionized for 24, 

48 and 72 hours were denoted as S0, S1, S2, and S3, respectively. Hot rolling was 

performed on the as-received and three solutionized specimens at 450°C to investigate the 

role of solute contents in the microstructure and texture. To investigate the effect of the 

solutionizing treatments, hot rolling was performed in two passes with a per-pass reduction 

of 20% and an interpass anneal at 450°C for 10 minutes, followed by post-deformation 

annealing also at 450°C for 10 minutes. To investigate the effect of rolling temperature in 

the production of sheet, the S3 specimen was subjected to a 4-pass warm rolling schedules 

at 250°C, 300°C and 350°C with a per-pass 20% reduction and 10-minutes interpass 

annealing at the rolling temperature. Post-deformation annealing was then executed at 450°

C for 10 minutes. Optical microscopy (OM) was utilized to reveal the microstructure 

evolution. The macro-texture evolution of rolled and annealed specimens was evaluated by 

X-ray diffraction (XRD). The precipitates and alloying element solute were characterized 

by a SU3500 scanning electron microscope (SEM) equipped with a backscattered electron 

(BSE) and energy-dispersive X-ray spectroscopy (EDX) detector, an SU8000 scanning 

transmission electron microscope (STEM) and a JAX-8600 electron probe X-ray 

microanalyzer (EPMA). Quasi-in-situ electron backscattered diffraction (EBSD) was 
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performed to analyze the texture modification mechanism. A 1m step size was chosen for 

fully recrystallized specimens, while a 0.4m step size was used for deformed specimens. 

Textools, HKL Channel 5, AZtecCrystal and MTEX [17] were used for the post-processing 

of various experimental data. 

6.4. Results and discussion 

 

Figure 6.1 The equilibrium phase distribution and processing temperatures for ZEX-0102 alloy. 

The equilibrium phase distribution of the ZEX-0102 alloy was calculated by 

FactSage [18], as shown in Figure 6.1, with various processing temperatures being labeled. 

It predicts that, at a temperature above 370°C, all the alloying elements would be in solid 

solution at equilibrium. Thus, the solutionizing temperature was chosen to be 550°C, close 

to the solidus line, to promote the kinetics of precipitate dissolution.  
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Figure 6.2 The microstructure and corresponding macro-textures of solutionized ZEX-0102 subjecting to 2-pass 

rolling: (a) to (d), subsequent annealing: (e) to (h) and the undeformed ZEX-0102 (i). 

The hot rolling and post-deformation annealing were executed at 450°C to maintain 

Nd and Ca in solid solution. Therefore, for the S3 specimen, a higher amount of Nd and 



 Chapter 6  

155 

 

Ca solutes is expected in solid solution after thermomechanical processing due to the 

prolonged solutionizing time. The as-received specimen exhibits a strong basal texture 

accompanied by a partially recrystallized microstructure (Figure 6.2 (i)). The DRX is 

observed in the vicinity of the twins and grain boundaries owing to the higher stored energy 

serving as the driving force for recrystallization. 

6.4.1.Effect of solutionizing 

The microstructure and macro-texture evolution of the 2-pass hot rolled and 

annealed specimens at different initial conditions are shown in Figure 6.2. Based on the 

macro-texture characteristics, the specimens are divided into two groups, i.e., basal texture 

and TD-split texture. The former includes the S0 and S1 specimens (Figure 6.2 (a) and (b)). 

Their as-rolled microstructures feature a mixture of elongated grains containing 

deformation twins and refined DRXed grains. Both specimens exhibit basal texture pattern 

upon hot rolling, which is similar to that of the as-received specimen. In contrast with the 

as-rolled S0 specimen, the as-rolled S1 showed a slightly weaker basal texture with 

intensity at 5.5 mrd due to the further DRXed structure. Upon post-deformation annealing, 

a fully statically recrystallized microstructure, as well as basal textures with intensities 

around 6.0, are obtained in S0 and S1 specimens. This suggests that the strong as-rolled 

basal texture can barely be weakened through static recrystallization.  

The TD-slip texture group consists of the S2 and S3 specimens. In contrast to the 

first group, the as-rolled microstructures exhibit a combination of deformed grains and 

deformation twins. The DRX was significantly suppressed in the S2 and S3 after hot rolling 

owing to the higher solute dissolution. Yet, the static recrystallized microstructures of the 

second group are similar to those in the first group. On the other hand, the macro-textures 
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of the S2 and S3 were weakened and modified. The as-rolled texture of the S2 showed an 

intensity of 4.6 mrd, which is much weaker than those of the first group despite exhibiting 

a basal pattern (Figure 6.2 (c)). After annealing, the texture of the S2 was further weakened 

to an intensity of 3.6 mrd (Figure 6.2 (g)). More importantly, a weak, yet observable, TD-

split texture component is observed. This indicates that the macro-texture transition from 

basal to TD-split was triggered upon annealing. For the S3 specimen, the texture 

modification is stronger. The as-rolled S3 specimen already featured a noticeable TD-split 

texture with a weak intensity of 2.7 mrd (Figure 6.2 (d)). Given that DRX is suppressed in 

the S3 specimens of the second pass rolling and deformation twinning occupies a limited 

area, this suggests that the source of TD-split orientation is related to the deformed parent 

grain. Therefore, it can be inferred that the concentrated TD-split texture existed prior to 

the second rolling. This means the SRX introduced the basal to TD-split texture transition 

during intermediate annealing. Eventually, a TD-split texture featuring basal poles tilting 

45 degrees away from Nd, i.e., close to {011̅2}〈01̅11〉  and {112̅3}〈1̅1̅22〉 , with an 

intensity of 2.5 mrd is obtained in S3 upon annealing (Figure 6.2 (h)).  Compared to the 

undeformed as-received specimen, the texture was significantly modified with a 66% 

reduction in intensity and a broader angular distribution of basal poles along with TD. The 

microstructure and texture evolution have proved that the TD-split texture, which formed 

during recrystallization, is closely related to the solutes that dissolved during solutionizing.  
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Figure 6.3 The BSE images (a) to (d), the EDS mapping (e) and (f), the STEM characterization (g) to (i), the EPMA 

measurements (j) and the precipitate fraction (k) showing the status of alloying Nd and Ca in ZEX-0102. 
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The precipitates of the S0 to S3 specimens were characterized by BSE (Figure 6.3 

(a) to (d)) and EDS mapping (Figure 6.3 (e) and (f)). Two broad categories are classified 

based on the morphology of precipitates: the isolated spherical ones and short stick ones 

which consist of several fine precipitates. The former is characterized as Ca-rich 

precipitates (Figure 6.3 (e)), while the latter is dominated by fine Nd-rich particles (Figure 

6.3 (f)). In general, the precipitate fraction, which is represented as the area fraction 

measured from BSE images, gradually drops with increasing annealing time (Figure 6.3 

(k)). The distribution of alloying elements is characterized by STEM. By using the built-in 

BSE detector to avoid precipitates, the alloying element content in the matrix is determined 

through EPMA measurement. The high-angle annular dark-field (HAADF) images focus 

on the grain boundaries and deformation twin boundaries of S0 and S3 specimens subjected 

to hot rolling. The corresponding mappings show no visible segregation of Nd and Ca in 

the as-rolled S0 specimen (Figure 6.3 (g)). However, pronounced segregation of Nd and 

Ca along grain boundaries rather than twin boundaries is observed in as-rolled S3 specimen 

(Figure 6.3 (h) and (i)), which indicates that the segregation of Nd and Ca has resulted from 

solutionizing. Furthermore, it can be inferred that DRX suppression in S2 and S3 is due to 

grain boundary solute drag caused by Nd and Ca segregation. However, the solute drag 

effect serves only to weaken the strong basal texture but does not lead to the formation of 

TD-split texture [19,20]. On the other hand, there is consistency between the measured Nd 

and Ca solutes in the matrix and macro-texture intensities of annealed ZEX-0102 alloys, 

as observed in Figure 6.3 (j). These findings suggest a strong correlation between the Nd 

and Ca solutes and the formation of the TD-split texture. Furthermore, the texture 

modification process can be interpreted as the evolution of Nd and Ca solutes content. For 
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the S0 specimen, the total dissolved alloying elements are around 0.02 wt.%, which is 

insufficient to trigger texture modification. For S1 specimens, the alloying element content 

in the matrix, the precipitate fraction, and the macro-texture intensity fluctuated rather than 

showing a large difference compared to that of S0. This observation indicates that the time 

for precipitate dissolution is longer than 24 hours for the current as-received sheets. The 

48-hours solutionized specimen, which showed traces of TD-split component, reveals the 

critical content to trigger TD-split texture formation is around 0.0276 wt.% (0.0178 wt.% 

Nd and 0.0098 wt.% Ca). Eventually, the overall solute content reaches 0.0542 wt.%, and 

a weak 45° TD-split texture formed upon hot rolling and subsequent annealing for the 

specimen subjecting to 72-hours solutionizing.  

To understand the formation mechanism of TD-split texture, the hot-rolled S3 

specimen was annealed at 350°C for 10 minutes and examined by EBSD. Figure 6.4 (a) 

shows the three main texture components distribution, i.e., basal (red), RD-split (green) 

and TD-split (yellow), as well as the micro-texture of the annealed sample. Distinctive TD-

split texture is acquired accompanied by a partially recrystallized microstructure. The 

majority of the TD-split texture is ascribed to the residual deformed TD-split grains, which 

dominated the microstructure, as seen in the Kernel Average Misorientation (KAM) map 

(Figure 6.4 (e)). The SRXed grains, which exhibited a mean grain orientation spread 

(GOS)  , were colored with corresponding texture components (Figure 6.4 (b)). The (0002) 

pole figure of recrystallized grains also exhibited a TD-split dominated texture. Moreover, 

for each texture component, the corresponding grain number and average grain area were 

measured and listed (Figure 6.4 (b)). From the statistics, the average number of GOS   

grains for a specific texture component (i.e., basal, RD, TD and the overall non-basal) is 
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about 73. Interestingly, the number of TD-split grains is 76, which failed to show a 

noticeable advantage in terms of grain number. Yet, the average area occupied by TD-split 

grains (35.8 m2) is significantly above the average (22.5 m2). In other words, the TD-

split grains originated from preferential grain growth rather than preferential nucleation 

upon annealing.  
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Figure 6.4 The texture component and micro-texture (a), the recrystallized grains and related status (b), the rGNDp/b 

distribution (c), the CTDTs (d), the KAM distribution (e), and the GSF distribution of 350℃ annealed ZEX-0102; the 

rGNDp/b distribution evolution of deformed as-received (g) to (j) and 72-hour solutionized (k) to (n) upon quasi-in-situ 

EBSD observation. 

It is well known that the deformation twinning and dislocation movement 

accommodate plastic deformation in Mg alloys [21]. The commonly reported deformation 

twins and the corresponding twin boundary fractions were also shown in Figure 6.4 (b). 

The {101̅1} − {101̅2} compression-tension double twin (CTDT), characterized as 38 ±

5° about the 〈112̅0〉  for variant I and 30 ± 5° about the 〈112̅0〉  for variant II [22], 

dominated the twin boundaries. However, the CTDTs negligibly contributed to the 

formation of TD-split texture since their (0002) pole figure featured a noticeable RD-split 

pattern (Figure 6.4 (d)). Zeng et al. [23] observed the enhanced activation of prismatic slip 

system in TD-slip orientated grains subjected to rolling in an Mg-Zn-Nd alloy. In this 

current research, the prismatic slip system activation is evaluated based on the criteria of 

the Generalized Schmid Factor (GSF) [24,25]. The most likely activated prismatic slip, 

which processes the highest GSF in each grain, is visualized in Figure 6.4 (f) as the 

combination of slip plane (blue line) and slip direction (red arrow) by MTEX. The 

theoretically predicted slip plane was observed in the band contrast (BC) map as slip traces 

and the KAM map with intensified traces (colored arrows in Figure 6.4 (d) and (e)). These 

observations validate the activation of prismatic slip, especially in basal and RD-split 

grains (as shown in the colored arrowed grains in Figure 6.4 (b)). It also has to be addressed 

that basal slip should always be considered as activated owing to its low critical resolved 

shear stress (CRSS) [26]. A geometrically necessary dislocation (GND) map was 

introduced and developed to describe dislocations that appeared in strain gradient fields 

due to lattice curvature and rotation resulting from deformation [27]. The GND density can 
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be used to evaluate the dislocation distribution on grain-scale [28]. To integrate the effect 

of prismatic and basal dislocation, an originally proposed parameter, namely rGNDp/b, is 

defined as the GND density ratio between prismatic and basal slip. The rGNDp/b 

distribution of 350°C annealed S3 specimen is shown in Figure 6.4 (c). The high rGNDp/b 

region (rGNDp/b ≥ 1, colored green to red) represents an unusually increased prismatic 

GND density, which is comparable to that of basal slip for deformed grains. Interestingly, 

the basal and RD-split orientated grains exhibit an inferior activation of prismatic slip. The 

recrystallized (GOS ≤ 1°) TD-split oriented grains also generally showed a higher rGNDp/b 

value. These observations suggest a strong correlation between the existence of prismatic 

slip and TD-split texture in the current micro-alloyed ZEX-0102 alloy. The favored 

prismatic slip and the resultant TD-split texture were ascribed to the Nd and Ca addition as 

reported by Ha et al. [28] and Xun et al. [23]. Therefore, the rGNDp/b, as a general 

parameter integrating deformation and subsequent annealing, is related to the formation of 

TD-split texture. In the micro-alloyed ZEX-0102 alloy, the TD-split texture originated 

from the preferential growth of TD-split grains, which show high rGNDp/b values. This 

tendency is further validated by the rGNDp/b distribution evolution of deformed S0 and S3 

specimens upon quasi-in-situ EBSD observation. For the S0 specimen, the basal texture is 

intensified upon annealing along with the progressive ascendancy of low rGNDp/b grains 

(Figure 4(g) to (j)). However, for the S3 specimen, the microstructure is gradually occupied 

by high rGNDp/b  grains and the micro-texture is weakened with noticeable TD-split texture 

component (Figure 6.4 (k) to (n)). 
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6.4.2.Effect of rolling temperature 

The microstructures and macro-texture evolution of the S3 specimen subjected to 

warm rolling at 250°C, 300°C and 350°C and subsequent annealing are shown in Figure 

6.5. By decreasing rolling temperature from 350°C to 250°C, the as-rolled microstructure 

evolves from a twinned structure (Figure 6.5 (a)) to a recrystallization dominated structure 

(Figure 6.5 (c)) and eventually to a heavily deformed structure with a mixture of 

deformation twins, shear bands, and very fine recrystallized grains (Figure 6.5 (e)).  

 

Figure 6.5 The deformed microstructures and macro-structures of solutionized ZEX-0102 subjecting to multi-pass 

rolling at different temperatures and the subsequent recrystallization annealing. 

As proven by the annealed S3 specimen, annealing at 350°C for 10 minutes is 

insufficient to acquire a fully recrystallized structure owing to the drag effect brought by 

Nd and Ca solutes. Therefore, the TD-split texture component, which forms during SRX, 

is found gradually retarding with the decreasing rolling temperature from 350°C to 250°C. 

On the contrary, the RD-split texture components concentrate when dropping the rolling 

temperature, which is due to the activation of <c+a> pyramidal slip [29 – 31] and 

deformation twins [21] (Figure 6.5 (a), (c) and (e)). The activation of pyramidal slip is 
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likely caused by the strain localization owing to SRX suppression. Although the 

microstructures are refined due to recrystallization, the macro-textures are less affected 

since DRXed grains tend to inherit orientations from parent grains [19]. Despite the texture 

intensity increase owing to RD-split component enhancement as well as the TD-split 

component retardation with rolling temperature decreasing, a similar weakened texture is 

acquired after recrystallization annealing (Figure 6.5 (b), (d) and (f)). Especially for the 

250 °C and 350 °C rolled specimens, a distinctive non-basal texture featuring a ring 

distribution of (0002) poles was observed. This ring texture consists of a slightly 

concentrated TD-split component and an RD-split component. The former, as previously 

discussed, results from prismatic slip activation owing to Nd and Ca addition. The latter, 

which is more obvious with the temperature decrease, is inherited from the as-rolled texture 

through the grain growth of DRXed grains and recrystallization of twins. The evident TD-

split texture component in twinned, DRXed, and shear-banded structure indicates that the 

solutionized Nd and Ca and the resultant prismatic slip is the major contributor to the 

texture modification. More importantly, the occurrence of non-basal ring texture gives an 

insight into the development and processing of ductile Mg alloys with low RE addition at 

lower temperatures. 

6.5. Conclusions 

The current study proposes an economical approach to weaken the strong basal 

texture in Mg micro-alloys with minimizing Nb contents and substituting it with Ca. 

Pronounced texture modification, in which strong basal texture was altered to a weakened 

TD-split texture with a 66% reduction on texture intensity, was acquired upon multi-pass 

hot rolling and annealing. This texture modification effect was ascribed to the prismatic 
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slip brought by Nd and Ca in solution. The critical content for Nd and Ca solute was 

determined to be 0.0178 wt.% and 0.0098 wt.%, respectively. This implies that the usage 

of alloying elements could be further optimized. In addition, a unique non-basal ring 

texture with both RD and TD splitting was observed upon warm rolling from 250°C to 350°

C and post-deformation annealing. This is related to the activation of multiple deformation 

modes at the lower elevated temperature range and utilizing their corresponding 

recrystallization mechanisms. 
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Chapter 7.Conclusions 

The formation of TD-split texture (close to {011̅2}〈01̅11〉 and {112̅3}〈1̅1̅22〉) in 

Mg-Zn alloys through diluted Nd and Ca addition was thoroughly investigated in current 

research. Texture modification was achieved through the processing procedure of 

solutionizing, rolling, and post deformation annealing. The texture transition that 

transforms the strong basal texture into a weakened non-basal texture dominated by TD-

split components has been tracked by quasi in-situ EBSD observations. To explain the 

texture modification phenomenon, the microstructure evolution was characterized, and the 

contribution of various deformation mechanisms was clarified. The main results are 

summarized as follows: 

1. Enhanced texture modification, observed as lower texture intensity and broader angular 

distribution of (0002) basal poles, is related to the increased Nd and Ca content in the 

solid solution as the consequence of faster cooling rate after homogenization, higher 

solutionizing temperature, and longer solutionizing time.  

2. In terms of texture modification, Ca acts as an inferior substitute of Nd. The combined 

addition of Nd and Ca can trigger the formation of TD-split texture and maintain cost 

reduction. Under the same condition, a similar TD-split texture has been observed in a 

ternary Mg-1Zn-0.2Nd alloy and a quaternary Mg-1Zn-0.1Nd-0.2Ca alloy. 

3. In the Mg-Zn-Nd-Ca system, the critical contents of Nd and Ca solute to stimulate the 

basal to TD-split textural transition were measured as 0.0178 wt.% and 0.0098 wt.%, 

respectively.  
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4. Both DRX and SRX were suppressed in the texture-modified alloy owing to the solute 

drag and grain boundary stabilizing brought by increased Nd and Ca solute in the 

matrix. 

5. For current alloys, the deformed structure was dominated by deformation twins and 

shear bands. The {101̅1} − {101̅2} CTDT was characterized as the main twinning 

mechanism in current alloys exhibiting TD-split texture. 

6. The activation of prismatic <a> slip in texture-modified alloys, which is closely related 

to the Nd and Ca solute, was revealed by the IGMA distribution analysis and slip trace 

analysis. DFT and MD simulation revealed that the dilute Nd and solute could improve 

the activation of the prismatic slip by modifying the SFE and CRSS of different 

deformation modes. Moreover, prismatic slip is geometrically favored in TD-split 

grains with higher GSF. 

7. Nucleation of deformed micro-alloyed ZE and ZEX alloys was executed mainly 

through the SBIN mechanism without showing preference on TD-split orientation.   

8. The rGNDp/b distribution was originally proposed which revealed the relative 

contribution of basal and prismatic slip on the microstructure evolution upon 

recrystallization. It was found that both prismatic and basal slip contributed to the 

formation of TD-split texture, while the former is essential to promote preferential grain 

growth.  

9. The development of TD-split texture is progressively developed during multi-pass 

rolling. 

10. A TD-split texture featuring a TD-split pattern and an intensity of 2 mrd is achieved in 

an Mg-1Zn-0.1Nd-0.2Ca alloy upon multi-pass rolling and annealing at 450°C. 
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Furthermore, a unique non-basal ring texture featuring both RD and TD splitting was 

obtained upon warm rolling from 250°C to 350°C and post-deformation annealing. The 

RD-split component is inherited from the deformation texture while the TD-split 

component emerges with static recrystallization. 

11. Ductility boost owing to the texture weakening has been observed in ZE alloys. The 

ZE-02 alloy showed enhanced ductility (23%) compared to the ZE-01. However, there 

was no significant further improvement in texture modification and ductility when Nd 

addition exceeded 0.2 wt.% for the ternary Mg-Zn-Nd system. 
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Chapter 8.Contributions to original knowledge 

1. The formation of TD-split texture component was related to the Nd and Ca in the solid 

solution. The critical content of Nd and Ca for triggering texture modification was 

measured for the first time.  

2. The texture transition from strong basal to weakened TD-split in Mg alloys with dilute 

addition of Nd and Ca was tracked by quasi-in-situ EBSD upon annealing for the first 

time. In terms of microstructure evolution, preferential grain growth was proposed as 

playing the crucial role in developing the TD-split orientation rather than preferred 

nucleation. 

3. According to experimental observation and theoretical simulation, the activation of 

prismatic <a> is due to the increased Nd and Ca solute. The initiation and development 

of TD-split texture were attributed to the preferential grain growth originating from the 

combined contribution of basal and prismatic slip activation. 

4. The rGNDp/b distribution map, which integrated deformation mechanisms with 

microstructure evolution, was originally proposed. It provides an alternative approach 

to understand the relative contributions of basal and prismatic slip system and the 

resultant texture evolution upon annealing.  
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Chapter 9.Future work 

1. The current study revealed that Nd addition can be further reduced since the non-basal 

texture was resulted from Nd and Ca in solid solution. Therefore, an investigation on 

element selection as well as the optimization on alloying element content are needed to 

economically produce texture modified sheets for automobile applications. 

2. To avoid the time consuming and energy intensive solutionizing treatment of micro-

alloyed Mg-Zn-Nd-Ca alloy (or similar alloy systems), twin roll cast material should 

be used as a better method for manufacturing texture modified sheets. Since rolling can 

be directly performed after casting at higher temperatures without formation of 

precipitates, more alloying elements are expected to be preserved in solid solution. 

3. Given the strong recrystallization suppression brought by the RE solutes, further 

microstructure control approaches, in particular grain refinement, are suggested to 

enhance the mechanical performance of the final product. 

4. A novel non-basal ring texture featuring both RD-split and TD-split texture 

components has been obtained at 250°C. Detailed investigations of deformation at 

lower temperatures (≤250°C) as well as the characterization of mechanical 

performance are suggested. 

5. An investigation to clarify the crystallography of the newly observed twins is suggested. 

 

 


