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Abstract 

In the world of structural metals, magnesium and its alloys are much lighter than other 

traditionally used metals having a density of ~1/5 that of iron and ~2/3 that of aluminum – 

two commonly used metals. Unlike these isotropic cubic metals, magnesium has a 

hexagonal closed-packed (hcp) crystal structure and is not commonly used. The hcp 

structure has less symmetry than the face centered and body centered cubic structures, 

resulting in an anisotropic mechanical response with fewer available slip systems. C-axis 

deformation is particularly difficult to achieve through dislocation slip at room 

temperature. To accommodate deformation, tension twinning is activated, which rotates 

the crystal by almost 90° to better allow the easily activated basal {0001} slip system. As 

the microstructure dynamically changes by twinning during plastic deformation, so too do 

the local deformation processes. The microstructural evolution directly affects the 

mechanical behavior of magnesium under both monotonic and cyclic loading. To better 

design, process, and utilize the magnesium alloys in engineering applications, a 

fundamental understanding of the process of twinning and twin-twin interactions is 

required. The current research aims to capture and explain the microstructural evolution 

due to twinning during tension, compression, torsion, and uniaxial strain path changes. 

The nucleation, growth, and interaction of tension twins were directly observed 

utilizing a hybrid in situ optical microscopy, ex situ electron backscatter diffraction 

procedure. Cross-grain twin pair formation was captured in extruded pure polycrystalline 

magnesium where the twin in one grain assists in the nucleation of a similar twin in the 

adjacent grain. Two assisted formation processes were observed: the commonly observed 
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twin propagation-assisted and the newly recorded twin thickening-assisted mechanisms. A 

twin chain spanning seven grains was rapidly developed through the twin propagation-

assisted mechanism of two smaller chains and eventual conjoining within a middle grain. 

The two smaller chains form across grains with small misorientations from grain to grain, 

allowing for easy-cross grain twin formation by a twin-propagation assisted process. In the 

middle grain where the chains connect, the same twin variant is formed from both chains 

on either side of the grain, where they both grow and coalesce forming the larger twin 

chain. The new twin thickening-assisted formation is observed for the first time where the 

paired twin is formed across a grain boundary by the other twin thickening.  

Applying the hybrid testing procedure to nearly c-axis tension of single-crystalline pure 

magnesium reveals that basal slip is activated prior to the nucleation of tension twins. As 

twinning increases with increasing strain, the initial basal slip bands are deflected within 

the twinned region relative to the activated variant and the twinning shear. By the final 

plastic strain of 3.83%, all six tension twin variants are identified within the observed area 

along with all three types of twin-twin interactions: Type I co-zone, Type II(a) non-co-

zone, and Type II(b) non-co-zone. A needle-like Type I interaction is captured by in situ 

observation for the first time. The initial interaction results in the normally occurring 

impinging and acute angle twin-twin boundary. On the obtuse angle side, twinning 

dislocations are deposited near the impinging twin-twin boundary, leading to incoherent 

curving twin boundaries. The combination of the acute angle twin-twin boundary and 

incoherent boundaries on the obtuse angle side result in the penetrating structure. Partial 
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penetrating structures are observed in the Type II interactions, along with secondary 

twinning. Detwinning is quantitatively measured during unloading. 

 Twinning behavior during strain path change and torsional loading was examined using 

extruded pure polycrystalline magnesium. Compression parallel to the extrusion direction 

of the bar results in severe twinning up to 95% of its volume by exhaustion. Using 

companion specimens, pre-compression was applied to -7.3% and -12.8% strains to induce 

varying twin severity prior to re-loading in tension. The subsequent tension reveals a 

combination of detwinning and secondary tension twinning of the initial twins formed 

during compression. Detwinning is more significant than secondary twinning in the -7.3% 

pre-strain case while the opposite is observed in the -12.8% pre-strain case. After 

detwinning is exhausted, non-Schmid factor twins are observed along with the retained 

secondary twins. Twinning during free-end torsion about the extrusion direction cannot 

reach the same global twin severity as compression as the texture is not entirely favorable 

for twinning. Grains favorably oriented for tension twinning are severely twinned. Less 

favorably oriented grains show high variability in terms of twin severity, while the 

unfavorably oriented grains show very little to some twinning. All six variants are observed 

in multiple grains, and more significantly, some twinned regions are highly favorable for 

further twinning, so secondary twinning is very common. By torsional failure, favorable 

secondary twins can be found fully encompassing their primary variant. 
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1 Introduction 

 Magnesium, a hexagonal closed-packed (hcp) crystal structured metal, and its alloys 

are very tempting structural materials in engineering, especially in automotive and 

aerospace industries [1–4]. These materials are lightweight compared to their commonly 

used cubic metal counterparts like iron-based steels and aluminum alloys [1,5]. Comparing 

densities, magnesium has the lowest density of the structural metals with a value of 1.74 

g/cm3 while iron and aluminum have densities of 7.87 g/cm3 and 2.7 g/cm3, respectively. 

Titanium, a popular hcp metal, has a density of 4.5 g/cm3. However, despite this weight 

benefit, magnesium does not have many significant applications as a structural material in 

industry due to some material difficulties.  

While the primary issues with magnesium are its flammability and low corrosion 

resistance, it has some difficulties related to its mechanics as well. Components are formed 

by two common methods: casting and deformation processes. Casting is a commonly used 

method [6], but it yields defects like voids that hamper the yield strength, micro-hardness, 

and fatigue resistance of the material [7]. Alternatively, deformation processes, or more 

commonly phrased as wrought, magnesium is subjected to processes like extrusion, rolling, 

and forging, which form a strong texture and eliminate issues relating the defects often 

found in their cast counterparts [1,5]. As a result, the wrought materials possess superior 

mechanical strength and fatigue resistance [8,9]. Despite these benefits, wrought 

magnesium comes with difficulties relating to its low ductility and poor formability at room 

temperature [1,5]. These challenges are a direct result of the hcp crystal structure. Cubic 
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metals, like iron and aluminum, are treated as isotropic materials due to the high symmetry 

of the cubic crystal structures. This symmetry allows for multiple deformation systems to 

accommodate strain in just about any direction. Alternatively, the hcp structure has less 

symmetry and fewer available slip systems as a result. Deformation along the c-axis of the 

hcp crystal is particularly challenging, with the only slip system capable of c-axis 

deformation having a large critical resolved shear stress at room temperature. Thus, 

twinning is one of the most important mechanisms in magnesium and its understanding 

vital in its ability to be used in structural components. 

1.1 Significance and Motivation 

To better use magnesium as an engineering material, its deformation mechanisms, 

especially twinning, must be better understood. Extensive studies have been conducted 

over the past three decades on twinning in magnesium ranging in scale from sub-microscale 

nucleation and propagation to macroscale mechanical response. More recently, a 

significant emphasis has been made on modeling twinning and its effects on the material’s 

mechanical behavior. Atomistic and molecular dynamic simulations have predicted the 

nucleation, propagation, thickening, and interactions of twins in a controlled space. These 

findings are then compared to what has been observed in experimental works. However, 

many of these experimental works are done by ex situ, post-mortem methods, thus lacking 

real-time information. At the macroscale, modeling methods like the elastic viscoplastic 

self-consistent model are being used to predict and replicate the mechanical response of 

these materials. At both scales, there is a distinct lack of detailed microstructural analysis 

of twinning during the deformation process. At the micron-scale, in situ works attempting 
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to capture live evidence of the deformation process can follow a single area but operate on 

interrupted loading, thus will miss the details between loading steps. Well-designed 

experiments that can capture live deformation in situ while still allowing characterization 

is required to adequately capture key twinning phenomena. Physical evidence can support 

or further the findings of both simulation and ex situ observation. At the macroscale, 

localized in situ observation cannot be used to explain the global material response. There 

have been many studies that explain the twinning phenomenon at the global material scale 

under both tension and compression. However, there are very limited studies that explore 

the microstructural evolution during more advanced loadings. When it comes to reversed 

loading and free-end torsion, no studies have been conducted that examine the detailed 

microstructural evolution due to twinning. 

1.2 Research Objectives and Outlines 

 The current research aims to investigate the development of the {101̅2} tension twin 

system and its associated mechanisms under different twin-favorable loading conditions. 

A focus is placed on fundamentally understanding and expanding on key twinning 

mechanisms such as nucleation, propagation, thickening, detwinning, and the interaction 

between different variants. The following goals are expected to be achieved: 

1. To clarify the development of both old and new types of twin structures using in 

situ observation in conjunction with ex situ analyses 

2. To quantitatively study the three key single twin processes: nucleation, 

propagation, and thickening 
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3. To record the interactions between twins and the nucleation of paired twins at grain 

boundaries 

4. To analyze the general twinning process during reversed and torsional loading paths 

 To achieve these goals, research efforts will be split into two interrelated parts: 

mechanical testing and microscopic characterization. A hybrid in situ optical microscopy 

(OM), ex situ electron backscatter diffraction (EBSD) method will be applied to both 

extruded pure polycrystalline and single-crystalline magnesium favorable for tension 

twinning by tension. This method allows direct visual observation of twin evolution while 

still allowing orientation characterization by EBSD. The polycrystalline material will 

provide insight into the interaction between twins and grain boundaries. The single-

crystalline material allows for a fundamental study of twinning devoid of grain boundaries 

and their effects on local stresses. Compression-tension reversed loading and free-end 

torsion experiments are conducted on extruded pure polycrystalline magnesium. 

Companion specimens are utilized to characterize microstructures at intermediate strains 

using EBSD. Sequencing EBSD maps allow for general microstructural evolution 

investigation, but lack direct, real-time observation. 

The main content of this dissertation is divided into five parts: 

1. The first part, Chapter two, reviews the fundamental information about magnesium 

including crystallography, primary deformation mechanics, and their effects on the 

material’s mechanical response. More advanced topics related to secondary 

twinning, tertiary twinning, and twin-twin interactions are included in the second 

half of this chapter. 



5 

 

2. In the second part, a hybrid in situ OM, ex situ EBSD testing procedure is developed 

to better capture and clarify twinning processes. Chapter three describes this 

method and applies it in the study of cross-grain twin pair formation in 

polycrystalline magnesium. Two paired twin nucleation methods are detailed using 

in situ observation and ex situ characterization. Favorability of cross-grain twin pair 

formation is explained using Schmid factor and a geometric compatibility factor. 

Most of this chapter is adapted from [10]. Chapter four applies this newly 

developed hybrid testing procedure to monotonic tension testing of single crystal 

magnesium almost parallel to its c-axis. Twin nucleation, growth, thickening, and 

interactions are both quantitatively and qualitatively examined. Twin-twin 

interaction processes, previously studied by ex situ methods, are clarified with in 

situ results. Some of this chapter is adapted from [11]. 

3. The third part, Chapter five, will explore the effect of reversed strain path change 

and monotonic torsion on the microstructural and texture evolution of 

polycrystalline pure magnesium. The effect of twins formed during pre-

compression on the microstructural evolution in tension will be examined. This 

work was adapted from [12]. Torsion and its favorability for twinning will be 

clarified and compared with tension and compression. Grains highlighting the 

variability of twinning based on favorability will be presented and discussed. 

4. The fifth part, Chapter six, summarizes the conclusions of the research. 

Recommendations for future research related to the current findings are outlined. 
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2 Literature Review 

2.1 Crystallography of Magnesium 

 Magnesium and its hcp crystal structure are visualized in Figure 1 [13]. When working 

with hexagonal unit cells, four basis vectors a1, a2, a3, and c and two lattice parameters a 

and c are used. For magnesium, these lattice parameters a and c are 3.2094 Å and 5.2108 

Å, respectively. The c/a ratio, or the close-packing of the spherical atoms, for magnesium 

is 1.624, which is smaller than the ideal hcp ratio of √8/3 = 1.633 [14]. The c/a ratio, 

compared to the hcp metal of study, affects the twinning characteristics such as the possible 

twin systems, twin direction, and magnitude of shear. 

 

Figure 1: Three-dimensional hexagonal closed-packed crystal structure based on the a1, a2, 

a3, and c basis vectors [13]. For magnesium, a is 3.2094 Å and c is 5.2108 Å. 
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Atoms are situated at the center and at each corner of the hexagonal base, as shown as 

the solid dots in Figure 1. There are three close-packed atoms per unit, with the first one 

located at 
2

3
,
1

3
,
1

2
, and the other two at ±120° about the c-axis. These three atoms are shown 

has hollow dots in Figure 1. Assuming each atom, and thus dot, as a solid sphere, the 

stacking sequence of the hcp crystal is -ABA-.  

There are three important zone axes in magnesium [13] that can be based on a three-

axis rhombohedral system. These axes are the a-axis 〈1̅21̅0〉, prismatic b-axis 〈101̅0〉, and 

the basal c-axis 〈0001〉, respectively, and are shown in Figure 2a. The 〈1̅21̅0〉 zone axis is 

parallel to the a-axes in the hexagonal basis, and its zone encompasses the {101̅𝑛} planes 

(Figure 2b). The prismatic 〈101̅0〉 zone axis contains the {12̅1𝑛} planes (Figure 2c). The 

basal 〈0001〉 zone axis is parallel to the c-axis of the unit cell. Its zone encompasses all 

{ℎ𝑘𝑖0} planes that are perpendicular to the basal plane. The family of planes related to 

these key zone axes is significant due to their relationship with the deformation mechanics 

of magnesium. 
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Figure 2: The three important zone axes and their zone planes in magnesium [13]: (a) the 

three important zone axes - basal 〈0001〉, prismatic 〈11̅00〉, and the a-axis 〈1̅1̅20〉 relative 

to the hexagonal unit cell; (b) the a-axis 〈1̅21̅0〉 zone axis and some of its associated 

{101̅𝑛} zone planes; (c) the prismatic 〈101̅0〉 zone axis and some of its associated {12̅1𝑛} 

zone planes 
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2.2 Deformation Mechanisms in Magnesium 

2.2.1 Dislocation Slip 

 It is commonly accepted that five independent slip systems are required for 

polycrystalline materials to undergo homogeneous deformation based on the von Mises 

criterion [15,16].  However, because of magnesium’s hcp structure, it has a reduced number 

of available slip systems. 

 

Figure 3: The five typical slip systems in magnesium [13,16,17]: (a) basal 〈𝑎〉 - {0001} 

〈2̅110〉; (b) prismatic 〈𝑎〉 - {101̅0} 〈2̅110〉; (c) first-order pyramidal 〈𝑎〉 - {011̅1} 〈2̅110〉; 

(d) first-order pyramidal 〈𝑐 + 𝑎〉 - {11̅01} 〈2̅113〉; and (e) second-order pyramidal 〈𝑐 + 𝑎〉 

- {21̅1̅2} 〈21̅1̅3〉 
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Table 1: The four typical slip systems and their critical resolved shear stress in magnesium 

at room temperature [13,16,18] 

Burgers 

vector type 
Slip System Slip plane 

Slip 

direction 
CRSS (MPa) at 300 °K 

 

〈𝑎〉 

Basal {0001} 〈2̅110〉 0.45-1.07 [18–22] 

Prismatic {101̅0} 〈2̅110〉 

~8 [23] 

~18 [24] 

39.2 [25] 

First-order 

pyramidal 
{101̅1} 〈2̅110〉 

0.51 [18] 

3.92 [19] 

〈𝑐 + 𝑎〉 

First-order 

pyramidal 
{101̅1} 〈1̅1̅23〉 54 [17] 

Second-

order 

pyramidal 

{112̅2} 〈1̅1̅23〉 ~40 [26] 

 

Magnesium has a potential five slip systems as shown in Figure 3. These systems are 

associated with a lattice shear in which slip dislocations move on a slip plane in a slip 

direction. Examination of the five systems reveals that three systems can only 

accommodate deformation within the basal plane. Comparing the experimentally acquired 

critical resolved shear stress (CRSS) values for the slip systems in Table 1, basal slip 

(Figure 3a) is the easiest 〈𝑎〉 system to activate at room temperature, requiring only 0.5-1 

MPa resolved shear stress. This system slips on the basal {0001} plane in the three 

principle 〈𝑎〉 directions. Prismatic slip (Figure 3b) also occurs along 〈𝑎〉, but on the 

prismatic {101̅0} planes. However, prismatic slip is more difficult to activate than the basal 

system. Experimental studies on single-crystal magnesium have revealed that the CRSS 

for the prismatic slip is roughly 40-100 times more than the basal system [13,25]. The first-

order pyramidal 〈𝑎〉 slip (Figure 3c), occurring on the {101̅1} plane, is the second non-
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basal 〈𝑎〉 slip system. Crystallographically this system is equivalent to the combined modes 

by cross slip between the basal and prismatic systems [16]. However, as previously stated, 

these three 〈𝑎〉 systems only accommodate strain in the 〈𝑎〉 directions and not along the c-

axis.  

There are two additional slip systems, both of which can accommodate c-axis 

deformation – the first-order pyramidal (Figure 3d) and second-order pyramidal (Figure 

3e) 〈𝑐 + 𝑎〉 systems. At room temperature, both systems have large CRSS values greater 

than 40 MPa. Thus, instead of these non-basal 〈𝑐 + 𝑎〉 systems, tension twinning is often 

activated with a much lower CRSS of ~ 2.5 MPa [27], assisting in satisfying the von Mises 

criterion. 

2.2.2 Twinning 

 With the reduced number of slip systems in the hcp structure, twinning is an important 

deformation system for hcp crystals. Like slip, deformation by twinning is achieved 

through a lattice shear. Though, unlike in slip where the shear deformation occurs locally 

on the discrete slip planes, twinning shear occurs over the uniformly deformed region [28]. 

Additionally, twinning is polar in nature and occurs only in one direction, unlike slip [29]. 

Details of the crystallographic elements associated to twinning has previously been 

reported [13,14,30]. The four twinning elements relative the shear plane, P, are shown 

schematically in Figure 4. 
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Figure 4: The four twinning elements related to the plane of shear, P [14]. 

 The twin plane and its corresponding twin direction are labeled K1 and η1, respectively. 

The conjugate, or reciprocal, twin plane and direction are labeled K2 and η2, respectively. 

The shear plane contains both twin directions and the twin plane normals. With K1 and η1 

as the twinning plane and direction, twinning shear is applied on the plane K1 in the η1 

direction, which results in the twinning/rotation of the reciprocal twin plane and direction. 

This rotation due to shear does not distort either plane or direction. From this simple 

rotation, the magnitude of the twinning shear, s, can be calculated from the acute angle 

between K1 and K2 using the following equation: 

  𝑠 = 2cot ∡(𝐾1, 𝐾2)                (1) 

Table 2 provides the twin planes and directions for the commonly observed {101̅2} 

(first row of Table 2) and {101̅1} (second row of Table 2) twinning, along with their 

corresponding shear magnitudes and CRSS values. Both commonly observed twinning 

systems can accommodate strain along the c-axis of the magnesium crystal. Noting the 

small CRSS for the {101̅2} twin system, c-axis deformation is far easier to occur by {101̅2} 

twinning than by pyramidal 〈𝑐 + 𝑎〉 slip or by {101̅1} twinning. As such, basal 〈𝑎〉 slip and 

Κ1
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Κ2 η2
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“tension” {101̅2} twinning, with their small CRSS values, play the largest roles in 

accommodating plastic deformation of magnesium and its alloys. 

Table 2: The elements that define the commonly observed twinning mechanisms in 

magnesium [14] 

K1 η1 K2 η2 

Twin shear, s 

(γ =1.624 for 

Mg) 

CRSS 

(MPa) at 

300 °K 

{101̅2} 〈1̅011〉 {101̅2̅} 〈101̅1〉 

|𝛾2 − 3|

𝛾√3

= 0.129 

2 [31] 

2.4 [27]  

2.7-2.8 [32] 

5.5 [23] 

{101̅1} 〈101̅2̅〉 {101̅3̅} 〈303̅2〉 

4𝛾2 − 9

4𝛾√3

= 0.138 

75-130 [24] 

114 [33] 

 

 Figure 5 shows the two twin systems relative to the hcp crystal. Both twin systems have 

six crystallographically equivalent variants by symmetry about the crystal’s c-axis. 

Because the c/a ratio for magnesium is less than √8/3, the {101̅2} system favors extension 

along the c-axis, thus is considered a “tension,” or extension, twin [13,14,16]. Crystal 

reorientation by tension twinning results in a rotation of 86.3° about the 〈12̅10〉 zone axis 

from the original, untwinned material. Alternatively, the {101̅1} favors the contraction of 

the c-axis and is thus called a “compression” twin. This system results in a crystal rotation 

of 56.15° about the 〈12̅10〉 zone axis. With both systems, the crystal reorientation allows 

for additional strain accommodation by newly favorable secondary slipping or twinning 

[34]. For example, tension parallel to the c-axis of the magnesium hcp crystal favors 
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tension twinning but not basal slip. After twinning has occurred to a significant amount, 

the twinned crystal will be favorable for further deformation by basal slip. 

 

Figure 5: The two common twinning systems in magnesium: (a) tension (or extension) 

{101̅2}〈1̅011〉 twin and (b) compression (or contraction) {101̅1}〈101̅2̅〉 twin 

 Two less commonly observed twin systems in magnesium include the tension 

{112̅1}〈1̅1̅26〉 [35–38] and compression {101̅3}〈303̅2̅〉 [33,39] systems. Normally, the 

{112̅1} twin system is not observed in magnesium or its alloys [14,38]. However, Mokdad, 

Chen, and Li [35] identified embryonic {112̅1} twins in extruded AZ31 alloy that have 

reoriented by greater than 70° from the matrix. These twins aid in the development of 

{101̅2} twins which, with local basal slip dislocation nucleation, will eventually consume 

the embryonic {112̅1} twins [40]. This explains the general absence of this twin type in 

the commonly studied magnesium materials. However, residual {112̅1} twin bands have 

been reported in single phase binary alloys containing yttrium [36,37]. Misorientation 
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analysis of the twin bands revealed a 35° misorientation about the 〈101̅0〉 axis, matching 

the {112̅1} system in titanium and zirconium [41]. It is suggested that, as the {112̅1} twins 

compete with basal slip and {101̅2} twinning, solute hardening from the yttrium is required 

for easier activation of the {112̅1} system. The {101̅3} system is the K2 compression 

system listed in Table 2, which is an uncommon twin type that can change its habit plane 

from {101̅3} to {303̅4}. This shifting habit plane led to early studies reporting that both 

{101̅3} and {303̅4} were possible twin systems [31], but was later clarified that both were 

the {101̅3} system [39]. Misorientation analysis has this system misoriented 64° about the 

〈12̅10〉 zone axis. 

 The process of twinning involves three steps: nucleation, propagation, and thickening. 

Twinning begins when a twin nucleus is formed with sufficient stress. Experimental studies 

revealed that twins form at grain boundaries, or other areas of high local stresses such as 

slip bands or twin boundaries [42–47]. Atomistic simulations suggest that nucleation is by 

pure-shuffle due to the previously noted high-stress concentrations and pre-existing 

dislocations at the grain boundary [48]. Thus, it is generally understood that twins are 

unlikely to nucleate inside a grain [46]. Grain size also affects twin nucleation, where 

increasing grain size usually results in more twin nucleation [49,50]. Alternatively, 

decreasing grain size causes the stress required to activate twinning to increase [43], more 

so than the stress for slip [51]. However, grain size has no effect on twin thickness or twin 

volume fraction, only on the nucleation [46]. Twin propagation occurs by twin boundary 

migration though the glide of twinning dislocations [14,52]. This process drives the twin 

front through the bulk of the grain until reaching an obstacle, such as a grain boundary 
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[53]. As the twin boundaries are already formed, propagation requires less stress than 

nucleation [28,54]. After reaching an obstacle, any further expansion of the twin is a result 

of thickening in the transverse direction and possible coalescence of parallel twins of the 

same variant. This occurs by similar mechanisms as propagation, as twinning dislocations 

migrate along the twin boundary [42]. It is noted that the twin boundary can deviate from 

its coherent plane. Morrow et al. [55,56] revealed that twin boundaries are a combination 

of the perfect, coherent plane and basal-prismatic facets. This can lead to both the 

commonly observed lenticular twin shape as well as highly irregular twin shapes. 

2.3 Tension Twin Activation and Asymmetric Stress-Strain Response 

It is important to note that the deformation of the hcp structure is highly dependent on 

the loading direction relative to the crystal orientation. Twin favorability is often described 

using Schmid factor (Schmid’s law is elaborated in Appendix A), or the factor of applied 

stress that is resolved on a particular plane along a particular direction [57]. The activation 

of a deformation system is assumed when the resolved shear stress reaches a variant’s 

CRSS. However, when discussing favorability of variants within the same system, direct 

Schmid factor comparisons are often made, where a maximum uniaxial Schmid factor of 

0.5 can be achieved. For tension twinning, activation is by tension nearly parallel to or 

compression nearly perpendicular to the crystal’s c-axis. Twin activation under torsion will 

be discussed in Chapter 5. 
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Figure 6: Tension twin favorable loading relative to the crystal orientation for (a) tension 

parallel to the 〈0001〉, (b) compression parallel to 〈2̅110〉, and (c) compression parallel to 

〈101̅0〉. Values in the second row of hexagonal cells represent Schmid factor values based 

on the loading. 

 Figure 6 visualizes the favorable loading orientation for tension twinning relative to the 

crystal orientation. Theoretically, twin variant selection will vary depending on the loading 

direction with respect to the c-axis [35,58,59]. For example, tension parallel to the c-axis 

is not affected by c-axis rotations (Figure 6a) and favors all six variants, as observed in 

single-crystal magnesium [60]. Alternatively, c-axis rotation has a significant effect on 

compression perpendicular to the c-axis. Compression parallel to a-axis (Figure 6b) results 
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in four equally favorable variants and two unfavorable variants. Compression parallel to 

the b-axis (Figure 6c) results in two highly favorable variants and four less favorable 

variants. In the intermediate orientations for compression (0°<θ<30°), twin favorability 

will be paired with one favorable, one less favorable, and one unfavorable pair. Actual twin 

variant selection in nucleation is further complicated by localized fluctuating stress effects 

related to grain boundaries. Twin propagation, however, is dictated by local stresses across 

the grain [61]. Thus, unfavorable twin variants may still be nucleated, but the favorable 

variants will grow more. With these relationships, wrought magnesium and its alloys are 

often used to study twinning as their bulk texture are highly favorable for the activation 

and development of tension twinning. 

 The process of working by either extrusion or rolling produces strong basal textures 

where the c-axes of most grains are aligned in a specific way relative to the working 

process. Extrusion produces a strong basal texture where the c-axes of the grains are mostly 

perpendicular to the extrusion direction [12,62–67]. Thus, compression parallel to the 

extrusion direction results in tension twinning. Alternatively, rolling produces a strong 

texture in which the c-axes of most grains are roughly aligned with the material’s normal 

direction [68–72]. For these materials, tension parallel to the rolled plate’s normal direction 

or compression parallel to the rolled or transverse directions are favorable for tension 

twinning [73]. In these highly textured materials, the activation of twinning, or the lack 

thereof, greatly affects the mechanical behavior, which can be observed clearly by an 

asymmetric stress-strain curve. Figure 7 shows an example of the asymmetric monotonic 
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tension-compression stress-strain response in extruded pure polycrystalline magnesium 

with loading parallel to the extrusion direction of the bar. 

 

Figure 7: Asymmetrical tension-compression stress-strain response in extruded pure 

magnesium (adapted from [12]) 

 Three immediately noticeable differences between the two loading conditions relate to 

the yield stress, stress-strain curvature, and elongation at failure of the material. All three 

features are directly related to the activation of tension twinning under one load condition 

and the lack of activation under the other. The stress-strain response under tension parallel 

to the extrusion direction, which is unfavorable for tension twinning, follows a typical slip 

dominated plastic deformation response where strain hardening is immediately observed 

following yielding. The strain at failure is also lower than the twin-favorable loading 

condition. Alternatively, yielding under compression begins with basal slip [74] followed 
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by tension twin nucleation, resulting in a lower yield stress than what is observed under 

tension [58].  The first hardening stage, one of low strain hardening, follows yielding as 

twinning dominates plastic deformation [58,75,76]. A second stage of increased hardening 

begins as twins continue to grow, thicken, and interact with other twins and slip systems, 

[12,50,77]. Twinning does not significantly contribute to strain hardening [76], but it has 

recently been reported that the significant hardening in this stage is attributed to the elastic 

deformation of the twinned grains [78]. As twinning nears exhaustion, a third stage of 

decreased hardening is observed, reflecting the typical late-stage, dislocation dominated 

stress-strain response leading to failure [75,77,79]. With these three stages, the stress-strain 

response under tension twin-favorable loading is the commonly observed S-shaped, 

sigmoidal curve [58,59,69,80,81]. The prevalence of twinning results in increased ductility, 

failing at a larger strain than the other loading condition [16]. 

When the loading condition changes, like during cyclic loading, detwinning is often 

observed [27,54,82–86]. As its name suggests, detwinning is the counter process to 

twinning that rotates the twinned crystal back to the original orientation. With the reversal 

of loading direction, a secondary tension twin of the same variant as the primary twin is 

activated, thus reversing the crystal rotation. Observation of detwinning in single crystal 

revealed that detwinning causes a gradual closing or narrowing of twin boundaries rather 

than the abrupt nucleation and growth of additional twinning [27]. It was previously 

suggested that detwinning is easier to activate when there are existing twin boundaries [87], 

although it may require more stress than twin growth [54]. Thus, detwinning is more 

energetically favorable when there are pre-existing twin boundaries from the initial loading 
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as opposed to nucleating new secondary twins. Additionally, back stresses developed 

during twinning may contribute to detwinning behavior when loading is reversed [88]. 

Detwinning can also occur during unloading, resulting in a Bauschinger-like effect [83,86]. 

For the remainder of this dissertation, discussions surrounding twin variants and twin-

twin interactions will follow Sarker’s method [89]. For tension twins, a label of “Ti” will 

be used to indicate a tension (“T”) twin of “i” variant. Each primary twin type has six 

crystallographic equivalent variants due to crystal symmetry of the HCP crystal. T1 

corresponds to the (101̅2) [1̅011] system as portrayed in with increasing subscripts 

corresponding to the other variants by a counter-clockwise rotation about the c-axis. 

Variants that share the same zone axis, such as T1 and T4, are called co-zone variant pairs. 

The same method of identification for compression twins can be used, using “C” to identify 

the twin as a {101̅1}〈101̅2̅〉 compression twin. 

2.4 Secondary and Tertiary Twinning in Magnesium 

 Secondary twinning, or double twinning, occurs when a second twin is formed within 

a primary twin. Reported secondary tension twinning involve a secondary {101̅2} tension 

forming within a primary {101̅2} tension twin [90–99], {101̅1} compression twin 

[80,91,94,96,98,100–107], and {101̅3} compression twin [39,108,109]. Under uniaxial 

monotonic loading favorable for tension twinning, tension-tension double twinning is 

unfavorable based on Schmid’s law [98]. The activation of the unfavorable secondary twin 

is rationalized as a local stress effect, such as from a local stress concentration from a grain 

or twin boundary, that deviates from the macroscopically applied loading. Koike [110] 

reported anomalous, unfavored primary tension twins that formed to accommodate local 



22 

 

strain incompatibilities. The activation of secondary tension twins likely occurs for similar 

reasons. For example, Yu [60] observed secondary tension twins that were nucleated from 

a twin-twin interaction in single-crystal magnesium. However, this secondary twin type is 

much more favorable if the loading stress state changes, although it will be competing with 

detwinning. 

The {101̅1}-{101̅2} and {101̅3}-{101̅2} compression-tension double twinning types 

are more commonly observed. In the cases where the compression twins are activated, the 

reorientation of either 56.2° or 64° is favorable for immediate secondary tension twinning, 

which is then ideally oriented for slip. These secondary twin systems are often diagnosed 

as a source of failure [100]. The {101̅1}-{101̅2} system can result in micro-cracking or 

void formation parallel to the {101̅1} twin boundary [80,103,111]. Reed-Hill [109] 

observed a crack and void following a supposed {303̅4}-{101̅2} double twin, which is 

more likely {101̅3}-{101̅2} as previously discussed. Yu [112] explained the local shear as 

a result of a {101̅1}-{101̅2} double twin. The resulting strain of 0.044 is nearly 

perpendicular to the double twin boundary, thus causing a cleavage within the boundary 

that leads to rapid failure. These secondary twins may also form within a primary tension 

twin, forming a tension-compression-tension tertiary twin [94,96,113]. Observed examples 

of these secondary and tertiary twin structures are presented in Figure 8. Figure 8a 

highlights a beige-colored secondary tension twin, labeled as “ST,” within a green primary 

tension twin “PT.” A set of {101̅1}-{101̅2} secondary twins are highlighted in Figure 8b 

where parallel tension twins can be identified in a compression twin band. Figure 8c shows 

a bright tension twins found within a {101̅3} compression twin. Figure 8d highlights a 
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{101̅1}-{101̅2} double twin within a heavily tension twinned grain, thus forming a 

{101̅2}-{101̅1}-{101̅2} tertiary twin. 

 

Figure 8: Observed secondary and tertiary twin types: (a) {101̅2}-{101̅2} double twin [93]; 

(b) {101̅1}-{101̅2} double twin [106]; (c) {101̅3}-{101̅2} double twin [39]; and (d) 

{101̅2}-{101̅1}-{101̅2} tertiary twin where “A” is a {101̅1}-{101̅2} double twin formed 

in a primary {101̅2} twin [113] 

 Expanding on the twinning nomenclature, secondary and tertiary twins will follow a 

similar descriptor as individual twins. For tension-tension double twins, “Tij” will be used 

(a) 101̅2 − 101̅2 (b) 101̅1 − 101̅2

(c) 101̅3 − 101̅2 (d) 101̅2 − 101̅1 − 101̅2
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where “i” describes the primary tension twin variant and “j” identifies the secondary 

tension twin variant. Compression-tension double twins, particularly the {101̅1}-{101̅2} 

system, is described as “Ci-Tj,” where “Ci” is the primary compression twin variant and 

“Tj” is the secondary tension twin variant. 

2.5 Twin-twin interactions 

 When two or more twin variants are activated within a grain, they eventually contact 

each other and form a twin-twin interaction. Requiring two of six tension twin variants, 

three types of tension twin-twin interactions can be defined. Type I (Figure 9b) corresponds 

to the interaction of co-zone pairs, or variants that share the same zone axis. The 

misorientation between co-zone pairs is 7.4° about 〈12̅10〉 [60,114–116]. Type II 

interactions correspond to non-co-zone variant interaction and is split into two sub-types: 

Type II(a) and Type II(b). Type II(a) (Figure 9c) is the interaction of adjacent twin variants 

(Ti ↔ Ti±1) that has a misorientation of 60° about 〈101̅0〉 [114]. Type II(b) (Figure 9d) is 

the interaction of non-co-zone, non-adjacent variants (Ti ↔ Ti±2), having a misorientation 

of 60.4° about 〈81̅7̅0〉 [114]. When discussing TTIs between tension twins, the 

classification proposed by Yu et al. [60] is used. Ti ↔ Tj is used to describe the interaction: 

“Ti” identifies the encroaching twin that initiates the interaction and “Tj” denotes the barrier 

twin that is catching or receiving the interaction. 
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Figure 9: Twin-twin interactions in Mg [60]: (a) Tension twin variants. (b) Type I co-zone 

twin-twin interaction with T1 ↔ T4. (c) Type II(a) non-co-zone twin-twin interaction with 

T4 ↔ T5. (d) Type II(b) non-co-zone twin-twin interaction with T4 ↔ T6 

 Microstructurally, when two twins meet, three possible twin-twin boundaries (TTBs) 

can be formed [60]. The first boundary is the impinging twin-twin boundary, TTBI, that is 

the result of Ti being blocked at the Tj boundary. Then there is the acute angle boundary, 

TTBA, and the obtuse angle boundary, TTBO. These two boundaries may form either by 

the zipping of the two twin dislocation types or by dissociation of twin dislocations from 

one twin into the other. The favorability for each boundary type varies in each interaction 
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type. Yu et al. [60,115] identified two tilt boundaries resulting from a Type I interaction – 

one having a habit plane of (0001), which matches TTBO, and the other (101̅0), which 

matches TTBA. TTBA was found to be energetically favorable but TTBO was not, although 

it may still occur if the net elastic energy is reduced [60]. Alternatively, TTBO is favorable 

in the Type II interactions while TTBA is unfavorable [60]. Gong et al. [117] performed 

molecular dynamic simulations for the Type II interactions, yielding similar boundary 

formations for the type II(a) interaction where TTBI and TTBO are formed. For the type 

II(b) interaction, TTBI was formed, a small TTBA was formed, and the barrier twin was 

found to very slightly detwin on the obtuse side. While these structures are limited to 

individual interactions, larger structures containing additional twins are also observed. 

At a larger scale, twin-twin interactions can result in three unique possible structures 

(Figure 10): a quilted-stitch pattern [27,30,60,75,85,116,118–120], apparent crossing 

[60,101], and double twin structure [60,93,121]. The quilted-stitch pattern was first 

reported by Cahn [30] in α-uranium, and later in magnesium by Roberts and Partridge 

[116]. The quilted-stitch pattern is defined by interlacing twins of two types, often co-zone 

pairs, forming multiple interactions. The apparent crossing pattern has the appearance of 

one twin variant crossing through a second variant, forming an X-like pattern. In this case, 

the larger, complete twin was formed first, and the second twin variant eventually forms 

an interaction on a side. As a result of the interaction, it was favorable for a second twin of 

the second variant to nucleate on the other side of the larger twin. The area of the larger 

twin that separates the two twins of the second variant undergoes a small crystal rotation. 

The double twin structure [60,91,93,99,121] is the development of a secondary twin at or 
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in the vicinity of a twin-twin interaction. Given how unfavorable the secondary twinning 

is during monotonic loading, the twin-twin interaction must affect the local stresses to yield 

the secondary twinning. 

 

Figure 10: Twin-twin structures: (a) quilted-stitch pattern [30]; (b) apparent crossing [101]; 

and (c) double twin [60] 

Mechanically, twin-twin interactions affect other possible twinning phenomena at a 

granular level. El Kadiri et al. [119] compared the twin nucleation and growth of two grains 

with different number of activated twins. In a grain with only one twin, the twin 

propagation and thickening rate was higher. Alternatively, in a grain with interacting twins, 

twin thickening was lessened, but twin nucleation rate increased resulting in more twins. 

The overall volume of twins in both grains were found to be similar despite the difference 

in twin behavior. Theoretically, the grain with the twin-twin interactions should have a 

higher hardening rate [14]. This expands to the larger scale as well, where microstructures 

containing twin-twin interactions were found to undergo more hardening 

[75,118,122,123]. 

(a) Quilted-stitch (b) Apparent crossing (c) Double twin
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2.6 Summary 

 Plastic deformation in magnesium and its alloys is dominated by basal 〈𝑎〉 slip and 

tension {101̅2} twinning. Macroscopically, twinning plays a significant role in the 

anisotropic and asymmetric mechanical response of these materials. Microscopically, key 

twin developments can be reduced to three major processes: individual twin development, 

secondary twin formation, and twin-twin interaction. While there are many experimental 

works that explore these topics, there are gaps in the current understanding. Due to the 

difficulty of capturing a single twin, there is only limited work available focusing on the 

development of a single tension twin. This work can be very difficult, requiring in situ 

observation to adequately capture the twinning process. Similarly there are also limited in 

situ studies of twin-twin interactions outside of the fundamental work by Yu et al. [60]. 

This is especially important as there is some diversity in the twin-twin boundary 

formations, especially of the type I interaction type. Ideally, these studies should be 

performed on single-crystal magnesium, which allow for larger and simpler interactions 

devoid of significant local stress effects. As for ex situ analyses of polycrystalline 

magnesium, limited studies on the effect of pre-twinning has been studied in uniaxial 

experiments. Additionally, the microstructural evolution during free-end torsion has been 

inadequately reported. 
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3 Cross-Grain Twin Pair Nucleation and Growth in 

Polycrystalline Pure Magnesium 

 To better capture microscopic twin development, an experimental procedure utilizing 

sequential in situ loading under optical microscopy (OM) and ex situ electron backscatter 

diffraction (EBSD) analysis was developed. In situ OM captures the microstructural 

evolution during deformation, while ex situ EBSD characterizes the microstructural 

evolution and assists in twin identification. This new experimental procedure was applied 

to extruded polycrystalline magnesium. Monotonic tension was applied in a direction 

perpendicular to the extrusion direction (ED) and parallel to the radial direction (RD) of 

the extruded bar. In situ observation captured twin nucleation and propagation within 

grains. In some cases, two twins appear to meet at a shared grain boundary. These cross-

grain twin pairs, or adjoining twin pairs (ATPs) as called by Beyerlein et al. [61], are 

observed forming rapidly and span multiple grains.  

ATPs are commonly observed in deformed hcp metals [12,35,43–

46,58,59,62,72,79,83,124,125]. However, long chains of ATPs are rarely highlighted 

[126]. Only recently have studies focused on the formation process and variant selection 

of the associated twins [61,127–131]. There have been two ATP formation processes 

suggested: “sequential twinning” [42] (also called “associated nucleation” [44,132]) and 

“isolated nucleation” [44,132]. Sequential twinning involves a twin in one grain 

propagating to a grain boundary, assisting in the nucleation of a twin in the adjacent grain 

from the shared boundary. This process requires a small grain boundary misorientation to 
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occur, as it is a twin-to-twin accommodation mode. Isolated nucleation occurs when the 

twins in adjacent grains form independently but converge at the shared grain boundary. 

This process is a twin-to-slip accommodation mode and is associated to non-favorable 

grain misorientations. 

There is a distinct lack of true in situ study of these twin structures. A few of the 

reported studies utilize in situ EBSD [127,128,132], allowing for the observation of the 

same area. However, in situ EBSD lacks sufficient capture rate to capture the small details 

associated with the formation of these twin structures. In situ OM offers significantly 

improved capture rate, while ex situ EBSD provides the same characterization ability as in 

situ EBSD. Utilizing a sequential in situ OM, ex situ EBSD testing procedure, a connected 

chain of ATPs spanning seven grains was captured and characterized. Additionally, a new 

ATP formation process assisted by twin thickening is also captured through ex situ EBSD.  

3.1 Development of a Combined In Situ OM, Ex Situ EBSD Procedure 

A combined method of in situ observation and ex situ analysis was developed to capture 

the deformation of magnesium. The procedure, as shown in Figure 11, can be separated 

into the in situ loading experiment and ex situ analysis. The in situ testing procedure can 

also be reduced to two elements: the mechanical testing system and the light optical 

microscope. An MTI Instruments/Fullam SEMTester in situ loading device with a load cell 

capacity of ±1000 lb (±4.5 kN) was used for uniaxial loading experiments. The system 

comes with a proprietary computer control and material testing software package. Special 

grips were designed and machined to fit small dog-bone shaped plate testing specimens. 
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The grips were designed for tensile loading, so additional modifications to the specimen 

design or the use of extra parts are required for compressive or cyclic loading. 

 

Figure 11: Schematic of the combined in situ optical microscopy experiment, ex situ 

electron backscatter diffraction procedure 

In situ observation was conducted using a Keyence VHX-5000 model digital light 

optical microscope offering magnification from 100x to 1000x. The VHX system comes 

with its own computer system, separate from the loading device. Its proprietary system 

comes with the ability to record video at 15 frames per second (0.066 second/frame) and 

resolution that varies with magnification. Manual time syncing of the loading experiment 

and video recording had to be used so that real time frames could be correctly correlated 

to its load-displacement data. Deformation was recorded at the center of the testing 

specimen, which has general dimensions provided in Figure 12. 
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Figure 12: Specimen design for the combined in situ - ex situ testing procedure 

Testing specimens were axially loaded horizontally under the microscope using 

displacement control to a pre-defined displacement or load to induce the desired amount 

of deformation and then unloaded. Ex situ EBSD analysis was then conducted on a JEOL 

7100F field emission scanning electron microscope (SEM) with an Oxford HKL Channel 

5 EBSD package. An accelerating voltage of 25 kV, probe current of 12, and working 

distance of about 25 mm were used. Inverse pole figure (IPF) maps were scanned to 

replicate the observation area recorded by in situ OM. Additional scans away from the 

observation area may also be recorded for ex situ analysis to maximize results. The 

specimen is then loaded further by in situ OM and the process is repeated until the specimen 

fails or satisfactory results are achieved. Unable to apply an extensometer to measure strain, 

changes in displacement measurements between clearly identifiable points in the 

observation area are used to measure the strain of individual frames. 

With the clarity and resolution of the digital microscope, this combined method most 

closely replicates the capability of in situ EBSD without the drawbacks. As previously 

mentioned, in situ EBSD is severely limited by the data capture rate, or its framerate, and 

loading procedure. High resolution (large area, small step size) EBSD maps can take hours 
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to scan, so the testing procedure is also affected. To take a scan at any strain, either the load 

must be held for an extended time allowing creep to occur, or the specimen must be 

unloaded prior to scanning. Both options lose data. Other in situ and ex situ procedures also 

have their own limitations. Alone, in situ OM has the benefit of good frame rate and 

resolution but cannot characterize twins or crystallography of polycrystalline materials. In 

situ neutron diffraction allows for bulk material twin study but cannot capture individual 

details. Alone, ex situ EBSD can only partially replicate in situ results. Thus, the combined 

method provided here allow for the best compromise of resolution, frame rate, and 

characterization. In situ OM captures the deformation behavior in real time, allowing the 

full development of twinning to be seen under loading and unloading. Ex situ EBSD then 

characterizes the twinning observed by in situ OM. Additional ex-situ OM and ex situ 

EBSD maps outside of the observation area can also allow for traditional ex situ analyses 

to be performed. 

3.2 Material and Specimen Preparation 

 To apply the in situ OM, ex situ EBSD procedure to extruded pure polycrystalline 

magnesium, small dog-bone shaped plate specimens were fabricated to the dimensions 

shown in Figure 12 by electrical discharge machining (EDM). Next to single-crystal 

magnesium, polycrystalline pure magnesium is ideal for study due to having a larger grain 

size than wrought alloys. As shown in Figure 13, the specimens were fabricated with an 

observation area perpendicular to the extrusion direction and loading direction parallel to 

the radial direction of the extruded bar. Thus, the c-axes of some grains will align with the 

loading axis allowing for tension twinning under tension. Prior to experimental testing, one 
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side of the plate specimens was prepared to EBSD quality using traditional metallographic 

procedures. Grinding was done sequentially using silicon carbide grit paper from 320/P400 

grit to 1200/P4000 grit, followed 6 μm and 1 μm polishing using oil-based diamond 

suspensions. Final polish was achieved using 50 nm alumina-based suspension. Specimens 

were then etched for EBSD characterization with 3% nital (30 mL ethanol, 1 mL nitric 

acid). EBSD was then performed using a JEOL 7100F field emission scanning electron 

microscope (SEM) with an Oxford HKL Channel 5 EBSD package. 

 

Figure 13: Polycrystalline magnesium dog-bone shaped specimen as machined from an 

extruded bar and the inverse pole figure EBSD map of the observation area with its 

corresponding basal texture pole figure 
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3.3 In situ Tension and Tension Twin Observation 

 In situ tensile loading was applied to the polycrystalline magnesium specimen at a 

displacement rate of 1 mm/min to an arbitrary displacement and then unloaded 0.5 

mm/min. The observation area of 1026 x 770 µm2 containing 240 grains was selected in 

the middle of the specimen. Ex situ EBSD inverse pole figure maps covering an area of 

1000 x 750 µm2 best replicating the OM observation area were captured. This process was 

repeated several times, with the sample being removed for EBSD characterization at certain 

deformation steps. The process and results are summarized in Figure 14, where each row 

corresponds to major segments of twinning development. Note that the stress is 

proportional to the values used here. 
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Figure 14: Summary of results from applying the combined in situ OM, ex situ EBSD 

method to extruded polycrystalline pure magnesium. 

 The first row, Figure 14a - 14d, corresponds to the first two loading sets. Pre-existing 

polishing twins are observed prior to loading. The first loading set (Figure 14a) did not 

yield significant deformation, although some very small twins can be observed. The 
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specimen was loaded again (Figure 14b – 14c) yielding some visual deformation. A 

possible singular tension twin band is optically observed and highlighted in Figure 14b. 

This twin is clearly thickened by Figure 14c and a second nearby twin can also be seen 

diagonally up and right from the first. A third twin can also be clearly seen to the right of 

the first two. EBSD characterization after unloading (Figure 14d) reveals that the first two 

“twins” are part of a twin chain spanning seven-grains and the third “twin” is an abnormal 

ATP. It is also clear from comparing the OM frames with the EBSD scans that some twins 

are not easily observed by OM, such as the middle twin forming the seven-grain twin chain. 

Further strain (Figure 14e – 14g) reveals more twinning and ATP formation in favorably 

oriented grains. Checking the grain boundary misorientations between ATPs, the findings 

here are consistent with statistical reports in literature [44,61,132–135]. Additionally, the 

surface morphology becomes rougher with increasing strain, but EBSD quality is not 

severely hampered, even at strains near 8% (Figure 14l). From the observations made in 

Figure 14, three significant ATP formations are highlighted. The first is the twin chain of 

ATPs that form across seven grains observed optically from Figure 14b – 14c and 

supported by EBSD characterized in Figure 14d. The second highlighted ATP formation 

is observed optically in Figure 14c, but the exact mechanism cannot be directly captured 

without visible grain boundaries. However, the process is deducted using a series of EBSD 

maps taken of the observation area. The third ATP formation occurs around Figure 14f but 

is not seen optically as the twin variants activated rotate in-plane. However, a similar 

process to the second highlighted ATP formation is deduced by EBSD analysis. 
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3.4 Propagation-Assisted Formation of Adjoining Twin Pairs 

The first highlighted ATP formation process involves a twin chain of ATPs spanning 

seven grains forming over 0.87 seconds and 0.09% strain. Direct in situ OM observation 

(Figure 15b - 15f) captures the development during tension from 0.82% total strain to 

0.91% total strain.  

 

Figure 15: Development of a twin chain spanning seven grains: (a) crystal orientation map 

scanned from the undeformed sample; (b-f) in situ optical frames with imposed grain 

boundary maps [10] 

The unstrained EBSD inverse pole map (Figure 15a) was used to overlay the grain 

boundaries onto the OM images using the pre-existing polishing twins as references. 

Optical identification of twin boundaries was made by detecting contrast differences 

between the matrix and twin domains in the OM images. Initial Schmid factor (SF), m, 

analysis of the seven grains reveal values greater than 0.45 in all but one grain, G5. While 

these values are high and very favorable, the rank of the activated twin may not be the 
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highest, where the rank 1 variant has the largest SF and the rank 6 variant has the smallest 

SF. Figure 15b, at 0.82% total strain, corresponds to the frame immediately preceding 

twinning. One frame later at Figure 15c, an initial twin chain spanning three grains was 

observed. Because this chain forms after one frame, the sequence cannot be confirmed. 

However, the location of the chain and very small misorientation between the grains, the 

chain most likely formed through a twin propagation assisted mechanism. This mechanism 

matches the previously reported sequential twinning and associated twinning mechanisms 

[42,44,132]. The process follows such that a twin propagates to the grain boundary, where 

the paired twin nucleates in the adjacent grain. EBSD observations revealed that the formed 

pairs grow synergistically, where both twin’s boundaries are aligned across the grain 

boundary. Early work studying the formation of ATPs focus on grain boundary 

misorientation [44,61,132–135], suggesting that grain boundary misorientations of 5° - 35° 

are favorable for ATP formation. More recent studies have applied a geometric 

compatibility factor, m’, which was originally used for slip transfer study in Ti-Al alloys 

[136], to ATP formation in titanium [125]. Instead of basing favorability on grain boundary 

misorientation, this factor instead checks the compatibility or the ability for the twin pair 

to accommodate the local stress based on the alignment of the two twins. For twinning, this 

geometric compatibility factor is defined as: 

𝑚′ = cos𝛹 ∙ cos 𝜅                    (3.1) 

where 𝛹 (or 𝜅) is the angle between the twin plane normal (or twin shear direction) of the 

adjoining twin systems. This value cannot be greater than one, which would equivalent to 

two grains of the same orientation having the same twin variant. From their study of 
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titanium, Wang et. al. [125] suggest that the alignment of twinning systems should satisfy 

m’ greater than 0.8 and that at least one of the activated twins should have a Schmid factor 

greater than 0.4. 

Confirming both the grain boundary misorientations and m’ for the ATPs formed in 

Figure 15c revealed a highly favorable alignment. Each activated twin is independently 

favored to twin with SF values of 0.456 (rank 2), 0.475 (rank 1), and 0.470 (rank 1) for 

grains 1, 2, and 3, respectively. Additionally, the grain boundary misorientations were 

found to be less than 11° and m’ was greater than 0.978 between each grain. This further 

supports the propagation-assisted mechanism, allowing the chain to rapidly form across 

three grains with strong favorability. However, further expansion of this chain is 

improbable at this point due to unfavorable grain orientations to the left of grain G1 and 

right of G3. Further strain to 0.84% (Figure 15d) reveals a new twin nucleation in G5 from 

the grain boundary to G4. This grain had the lowest of the seven SF values within the chain 

with 0.372 (rank 4) but is still considered favorable for twinning. This twin rapidly forms 

a chain spanning G6 and G7 (Figure 15e). Performing a similar analysis as the previous 

chain reveals grain boundary misorientations less than 14° and m’ values greater than 0.95. 

Although each grain in this second chain is of lower rank than the twins activated in the 

first, they are still deemed favorable to form with SF values of 0.454 (rank 3) and 0.461, 

respectively. While the upper chain was forming through assisted nucleation by twin 

propagation, the bottom twin chain thickened closer to the grain boundary to G4. OM twin 

identification in G4 is difficult due to the crystal rotation from twinning being in plane, 

resulting in minimal dimensional change in the observation direction. Eventually the two 
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chains nucleate separate ATPs in G4, which meet in the middle to conjoin and coalesce 

(Figure 15f) as observed by EBSD. While difficult to see in Figure 15f, there is a visible 

enough contrast between the G4 and the twins within that the twin chain could confidently 

be outlined. Both nucleated ATPs in G4 are favorable. The lower ATP formed between G3 

and G4 has a misorientation of 21° and m’ of 0.927 while the ATP formed between G4 and 

G5 had similar values of 23° and m’ of 0.911, respectively. A summary of these results and 

the EBSD inverse pole figure map following unloading from 1.24% total strain are given 

in Figure 16. Although G5 has as Schmid factor less than 0.4, the high favorability of m’ 

greater than 0.9 through the entire chain yields consistent results with other reports on 

magnesium alloys subjected to compression [130,131]. 

 

Figure 16: (a) EBSD observation of the area containing the seven-grain spanning twin 

chain at εp = 0.58%. (b) Schmid factor and its rank for the activated twins. (c) Geometric 

compatibility factor (m’) for the ATP and the misorientation angle between the neighboring 

grains [10] 

3.5 New Thickening-Assisted Formation of Adjoining Twin Pairs  

 While ATP formation by twin transmission across grain boundaries is common, the 

second and third highlighted ATP formations at the end of Chapter 3.3 reveal a new ATP 

formation assisted by twin thickening. The process involves a twin thickening within one 
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grain until reaching the boundary to an adjacent grain and, as with the propagation-assisted 

mechanism, “transmits” into the adjacent grain. Figure 17 highlights the two cases 

identified by ex situ EBSD. 

 

Figure 17: (a1-a3) and (b1-b3) Ex situ EBSD observations of cross-grain twin pair formation 

across grain boundaries by twin thickening. (c) Schmid factor and its rank for the activated 

twins. (d) Geometric compatibility factor (m’) for the ATP and the misorientation angle 

between the neighboring grains [10] 

 In the first case (Figure 17a), an initial twin, as highlighted by an arrow in Figure 17a1, 

with a SF of 0.457 (rank 3) can be found by EBSD at 0.58% plastic strain within G4. For 

the second case (Figure 17b), an initial twin with a SF of 0.483 (rank 5) is observed within 

G10 at 0.25% plastic strain. Some geometric similarities between the two cases are 



43 

 

immediately evident. In both cases, the initial twin is roughly parallel to an adjacent grain 

boundary. Additionally, the grain boundaries are slightly embedded within the initial 

grains, which will allow the twin to thicken slightly past the tip of the grain boundary. At 

1.57% plastic strain (Figure 17a2), the twin in G4 has already thickened to the G8 and G9 

grain boundaries, forming ATPs across both boundaries. The SF values for these paired 

twins are large but with lower ranks, having values of 0.478 (rank 4) and 0.428 (rank 4), 

respectively. Their m’ values from G4 are also very favorable, having values of 0.941 and 

0.978, respectively. Further straining to 2.56% plastic strain (Figure 17a3) shows further 

thickening of the ATPs into G8 and G9, maintaining their connected twin boundaries at the 

shared grain boundaries. Increasing the plastic strain in the second case to 0.58% (Figure 

17b2), a small twin having a SF of 0.458 (rank 3) can be observed in G11 at the shared grain 

boundary. This induced twin also has a large m’ value of 0.946, suggesting favorability for 

ATP formation. 

In the three ATP cases presented, initial twinning is dominated by large SF values 

greater than 0.38, a value slightly lower than the 0.4 value reported in [125], although the 

activated twins do not always have a high rank. As described in Chapter 2.3, tension 

loading favorable for twinning will often have large Schmid factor for all six variants, and 

thus rank is less significant in variant selection. In polycrystalline magnesium, additional 

effects of grain size and varying levels of c-axis misalignment with respect to the loading 

direction further complicate variant selection of the initial twin. For the paired variant, 

selection is dominated by grain misorientation accounting for both c-axis and a-axis 

misorientation. The geometric compatibility factor, m’, accounts for both of these 
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alignments such that large m’ values correspond to better alignment of the paired twins. 

Additionally, it is observed that the twin boundaries of both twins forming an ATP meet at 

the shared grain boundary giving the appearance of one singular twin entity. With further 

strain, the twins in each ATP continue thickening while maintaining the twin boundary 

alignment at the grain boundary. 

 

Figure 18: Schematic illustration of proposed formation of cross-grain twin pair: (a) “twin 

propagation-assisted” formation, and (b) “twin thickening-assisted” formation. [10] 

Through in situ observation and ex situ analysis, two cross-grain twin pair formation 

processes were identified for magnesium subjected to twin favorable tensile loading. A 

schematic showing the two formation processes are presented in Figure 18. The “twin 

Twin 

propagation

Twin

reaches

boundary Accommodated

twin

Twin 

thickening

Twin

thickens 

along

boundary

Accommodated

twin

(a)  “Twin propagation-assisted” formation of cross-grain twin pair

(b)  “Twin thickening-assisted” formation of cross-grain twin pair



45 

 

propagation-assisted” formation (Figure 18a) is synonymous with the previously reported 

“sequential twinning” [42] and “associated nucleation” [44,132] mechanisms. In this 

process, a twin propagates until it is impinged at a grain boundary, forming a large 

inclination angle between the twin plane and the grain boundary. Mobile twinning 

dislocations at the twin front become pinned, causing a local back stress. The paired twin 

is nucleated near the pinned twinning dislocations, relaxing the local stress concentration 

at the grain boundary. The ease of the paired twin formation increases with a smaller 

misorientation between the neighboring the grains, as it is more favorably aligned for the 

shear to transmit across the grain boundary. With increasing strain, the paired twin will 

continue to propagate toward a distant grain boundary.  If the same conditions are met at 

that boundary, another ATP may form. 

In the newly identified “twin thickening-assisted” process (Figure 18b), the initial twin 

is already shown impinged at a grain boundary. In the simplest case, ATP formation by 

twin propagation-assistance is ignored despite the possibility. Careful examination of the 

ATPs generated in Figure 17a, the twin from G4 can be seen with a twin propagation-

assisted ATP in a neighboring grain. Being impinged along the twin shear direction, twin 

growth will be sustained through twin thickening by twin boundary migration. Eventually, 

the continuity of the twin boundary will be interrupted when part of the twin boundary 

reaches the grain boundary along the thickness, splitting the twin boundary into segments. 

These segments will continue to thicken “around” the grain boundary, increasing the 

amount of contact between the now partially impinged twin boundary and the grain 

boundary. While the mobile segments away from the contact area continue to thicken, 
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twinning dislocations become impinged at the grain boundary. Then, as with the 

propagation-assisted formation, the local stress concentration due to the buildup of 

twinning dislocations can be accommodated by the formation of an ATP assuming it is 

energetically favorable to do so.  

3.6 Summary 

 A robust, combined in situ OM, ex situ EBSD experimental procedure was developed 

for the study of twinning in magnesium. This specialized procedure provides the benefits 

of both in situ observation, allowing for real time imaging of deformation with higher 

resolution and framerate compared to in situ EBSD, and the characterization of EBSD. 

This procedure was used on extruded polycrystalline magnesium subjected to tension 

loading favorable for tension twinning. The following conclusions have been drawn from 

this work: 

1) Twin propagation-assisted, otherwise known as “sequential twinning” or “associated 

nucleation,” formation of cross-grain twin pairs, or ATPs, was captured by in situ 

observation. From ex situ EBSD analysis, a new “twin thickening-assisted” formation 

was identified by which a paired twin is nucleated in a neighboring grain through the 

thickening of the initial twin. Mechanically, both formation methods are similar where 

the energetically favorable paired twin relaxes the local stress concentrations at the 

shared grain boundary.  

2) A twin chain comprised of multiple ATPs spanning seven grains of similar orientations 

was formed rapidly by twin propagation-assisted formation. In situ OM revealed that 

the chain was formed from two smaller chains coalescing in a middle grain. Variant 
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selection of the cross-grain twin pair is strongly affected by the geometric compatibility 

between the paired twins, more so than by Schmid factor or Schmid factor rank. All 

twins activated had a Schmid factor greater than 0.37 and geometric compatibility 

across each grain was highly favorable with m’ values greater than 0.9. 

3) Two cases of adjoining twin pair formation was captured from the twin thickening-

assisted formation process by ex situ EBSD. Favorability was similar as the twin 

propagation-assisted process where individual twins were individually favorable and 

favorable for ATP formation. Schmid factor values for each twin were greater than 0.4 

and the geometric compatibility between the formed pairs were greater than 0.9. 
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4 [0 0 0 1] Tension of Single-Crystal Magnesium 

 Single-crystal material is ideal for the study of fundamental deformation mechanisms 

due to the lack of grain boundaries and its singular orientation. With these features, 

specimens can be manipulated to favor specific deformation systems while suppressing 

others. Thus, many early studies utilized single-crystalline magnesium to isolate 

fundamental deformation systems [18–20,31,33,109,116,137–140]. The majority of these 

early studies were primarily focused on non-basal slip and non-tension twinning modes - a 

topic much less researched now [22,141–146]. More recent studies have focused on tension 

twinning in monotonic loading [23,93,147–150] and twinning-detwinning in cyclic loading 

[27,60,85,90,151,152]. However, only few studies have utilized in situ methods to capture 

physical process of twinning [27,60,150,153]. 

4.1 Materials and Specimen Design, Manufacturing, and Preparation 

 Single-crystal magnesium was acquired in the form of a cylindrical rod with the c-axis 

of the crystal aligned along the length of the rod. The other two key axes with respect to 

the rod were identified by cutting a small piece and characterizing it by EBSD. Knowing 

the specific orientation of the bulk material, specimens of desired orientation can be 

manufactured. 

4.1.1 Specimen Design 

 To utilize the testing procedure described in Chapter 3.1, small dog-bone shaped plate 

specimens that fit in the custom grips must be manufactured from the single-crystal rod. 

To activate twinning, specimens were designed such that the c-axis of the specimen is 
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nearly aligned with the loading direction. The (1̅21̅0) observation plane was used for the 

tension specimens. Similar specimen dimensions to what was used in the study of ATP 

formation in polycrystalline pure magnesium is used here. Figure 19 clarifies the 

relationship between the tensile testing specimen geometry and the hcp crystal. 

 

Figure 19: Single-crystal magnesium specimen design for in situ study 

4.1.2 Material Cutting by Acid Saw 

 With the CRSS for twinning, especially in single-crystal magnesium, traditional 

manufacturing methods by material removal can induce twinning. At the scale of this 

specimen size, electromagnetic discharge machining, also called EDM, is a commonly 
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used technique to cut single crystal [60,150,154]. However, even with careful application, 

special heat treatments may still be required to anneal any deformation twins in the 

manufacturing procedure. To avoid any deformation in the material removal process, an 

acid saw utilizing a corrosive material removal process may be used. Acid saw machines 

“cut” material by reciprocating a very thin stainless-steel wire between two pairs of 

capillary plates containing acid, or in this case 35% nitric acid in water. The wire transfers 

droplets of acid from the plates to the material being cut, where material is removed by 

corrosion as opposed to mechanical action. This is done by fixing the wire on one end, 

passing it through a pulley system, and hanging a 22.3 g weight on the other end to maintain 

tension in the wire. The capillary plates and material are located in the center of the system 

while a motorized arm near the fixed end produces the reciprocating motion for the wire. 

Figure 20a visualizes the general construction and application of the acid saw. 

 

Figure 20: Acid saw configurations for cutting (a) blocks from mounted material, and (b) 

testing specimens.  
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 The cutting is driven by the tension in the wire over the surface of the material. As the 

wire makes its way through the material approaching its neutral alignment, the tension in 

the wire is reduced. As the wire nears its neutral alignment, which is related to the height 

of the acid basins, the stage containing the two basins can be manually lowered to increase 

the tension in the wire. To make a testing specimen, several cutting steps by acid saw must 

be performed. 

4.1.3 Specimen Manufacturing and Preparation 

 Specimens are manufactured in two steps. The first step is to section out rectangular 

plates from the cylindrical bar of material. The bar is reduced into smaller sections of 25 

mm – 30 mm length. The larger bar is mounted using mounting putty such that the wire 

should cut along the basal plane of the crystal. Mounting reduces the chance of the material 

moving during the cut, as the wire can become stuck or break within thicker materials. In 

cases where the wire breaks, mounting also allows for easy realignment of the wire to cut 

nearly along the same path. These smaller cylindrical blocks are then remounted to cut 

parallel to the desired observation plane. A mounting rail modification allows for easy 

parallel cutting. These cuts yield rectangular plates of ~5 mm thickness. While specimen 

thickness is designed around 2.2 mm – 3 mm, extra material is necessary from this step. 

The cut quality in these larger blocks is very inconsistent, so additional manual removal of 

material is necessary to get the plates flat prior to cutting specimens. In particular, the 

rectangular block cuts can be wavy. To flatten the surfaces, manual grinding is performed 

using 400/P800 silicon carbide paper lubricated with ethylene glycol. Specimens will be 

cut from the flat rectangular plates. 
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 Modifications were made to the acid saw to cut the specimens to the desired 

dimensions. First, a hole was cut from a hollow section of the acid saw between the two 

acid basins to provide additional space for the cutting process. Additionally, only one acid 

basin is used as using both bins provide too much acid to the thin plate, severely corroding 

the final specimen. Second, two one-dimensional stages of 50 mm range and 0.05 μm 

resolution were set up in series to allow for x- and y- directional control. An aluminum 

mounting attachment used to hold the rectangular plate was connected to the x-y stages. 

To prevent twinning by compression perpendicular to the crystal c-axis, double sided tape 

was used to carefully mount the plate. This acid saw configuration is visualized in Figure 

20b. Each stage is controlled independently using a proprietary computer program. The 

programs run a series of “move and hold” steps that can be imported from a .csv file. For 

a plate thickness of ~ 3 mm, each step provided movement of 0.1 mm and holding of 3 

minutes averaged over the vector of the combined movement. To best replicate the desired 

specimen dimensions, individual steps moved no further than 0.05 mm, and an additional 

0.1 mm was added to the length and width of the specimen. These small steps add tension 

to the wire to drive the cut. 

 As-cut specimens require additional manual grinding to remove corrosion effects and 

flatten the specimen’s side dimensions for proper fit and alignment in the testing apparatus. 

Both flat surfaces are also then lightly ground to remove any corrosion before one side is 

prepared for both in situ observation and ex situ EBSD analysis. Standard metallographic 

procedures are followed starting with manual P1000 to 1200/P4000 silicon carbide grit 

papers with ethylene glycol lubrication. Polishing was done using 6 μm and 1 μm oil-based 
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diamond suspensions. Final polish was achieved using 50 nm alumina-based suspension 

followed by etching with 3% nital (30 mL ethanol, 1 mL nitric acid). Nital was found to 

reveal most surface defects, such as polishing twins, so several cycles of final polish and 

etching was required for a clean surface. 

4.2 In situ Observation of Twinning in the Observation Area  

After the testing specimen was machined and prepared for study, initial EBSD revealed 

a matrix Euler angles (90,86,59). Figure 21a summarizes the crystal orientation of the 

specimen, where the c-axis of the crystal is roughly aligned with the x-axis. This orientation 

is highly favorable for twinning, having a 4° misorientation between the c-axis and a 

loading axis. All six twin variants have a Schmid factor greater than 0.49 (Figure 21b), 

suggesting that all six variants may be observed over the course of multiple loading and 

unloading cycles. For reference, the largest Schmid factor for the basal slip system is 

0.0696. 

 

Figure 21: Single-crystal magnesium specimen’s (a) actual orientation and (b) Schmid 

factor values for the six possible tension twin variants 
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4.2.1 Microstructural Development during [0 0 0 1] Tension  

To maximize the optical data for loading cycle, an OM area of 3120 x 2340 μm2 with 

a resolution of 2 μm was chosen for the in situ observation. To also track the areas outside 

of the observation area, stitched images of the gage section are taken between cycles, while 

higher magnification micrographs are taken in areas of interest. Ex situ EBSD scans 

replicating the observation area of 3.1 mm x 2.3 mm with a step size of 4 μm and other 

areas of interest are also taken between loading cycles. A slower loading and unloading 

rate of 0.1 mm/min was used for single-crystal study to lengthen deformation processes. 

Ex situ EBSD was performed at interrupted plastic strains of 0.57%, 1.21%, 1.89%, 2.23%, 

3.28%, and 3.83%. It is also noted that the load cell is properly calibrated for this 

experiment. 
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Figure 22: Combined in situ OM, ex situ EBSD observation of deformation in single-

crystal magnesium subjected to nearly [0001] tension. Each test is a single loading-

unloading cycle. Tests are combined into loading sets between which EBSD is performed. 
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 Yielding and some plastic deformation shortly thereafter are captured by the first three 

loading steps (Figure 22a – 22d). First signs of plastic deformation are vertical basal slip 

bands at around 4 MPa of applied stress (Figure 22b). This corresponds to a resolved shear 

stress of 0.28 MPa, which is roughly half of the smallest reported CRSS 0.5 MPa from 

Table 1. Two twin variants are observed shortly after at around 5 MPa of applied stress 

(Figure 22c), where both twins propagate from the left edge of the frame. Additionally, the 

basal slip bands can be seen propagating from left to right within the observation area. 

After unloading and observing the full gage section, both observed twins appear to have 

nucleated from the edge of the specimen. Ex situ EBSD identified these twins as T3 and T4 

(Figure 22d). Because some variants can result in similar colors in the IPF map, a custom 

color scheme is applied to the EBSD maps where the matrix is made gray, T3 green, and 

T4 blue. The measured CRSS here of ~2.4 – 2.5 MPa is consistent with the CRSS reported 

in literature (2 – 5.5 MPa from Table 2).  

 The first major twinning event in the observation area is observed during the second 

loading set (Figure 22e - 22h), where a large twin spanning the height of the occurs at 6.2 

MPa of applied stress (Figure 22f). Two additional twins are then seen propagating to the 

initial long twin from out of frame, forming two possible twin-twin interactions (Figure 

22g). The T4 boundaries deviate from their coherent twin plane, likely resulting from the 

interactions formed. EBSD identifies the large initial twin as T4, while the two smaller 

twins are identified as T1 and T5, thus a type I and type II(a) interactions are occurring. T3 

twin bands can also be seen in the upper right corner of the frame, while two sets of small 

T2 clusters can also be seen nucleating from the T5 twin band. After unloading, the larger 
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T1, T4, and T5 twins can be seen originating from the edge of the specimen just slightly 

outside of the observation area. Additionally, persistent basal slip bands are evident, even 

within the twinned regions. 

 A third loading set (Figure 22i - 22l) captures another two twin-twin interactions 

between T5 and T2, and T5 and T3. The type II(b) interaction between T3 and T5 occurs first 

(Figure 22j). T5, nucleating from the edge of the specimen, propagates rapidly to T3, which 

acts as a barrier to the propagation of T5. It is noted that T3 also nucleated from the top 

edge of the specimen. As T5 thickens, its tip does not grow or extend, causing a large 

deviation of its coherent plane near the interaction site. The type I interaction occurs 

slightly after the type II(b) interaction. T2 propagates from the bottom edge of the specimen 

towards T5, where they initiate contact and form the type I interaction. After additional 

strain, T5 appears to encompass the tip of T2, giving the appearance of a partial penetration 

of T2 in T5 (Figure 22k). The T5 boundaries appear to deviate from their coherent plane 

near the type I interaction as well, where T5 appears to thicken more near the interaction 

on the same side. 

 By the end of the final loading set (Figure 22m - 22p), all six tension twin variants are 

observed in the observation area. The twin shear can be seen by the deflection of the basal 

slip bands within the twinned regions, where the deflection angle varies by twin variant. 

Despite the similar Schmid factors, some twins are more prevalent than others are. T1 has 

a twin volume fraction (TVF) of 4.5%, while its co-zone pair T4 accounts for 12.6%. T2 

and T5 account for 2.5% and 7.9%, respectively. T3 and T6 account for 2.3% and 0.7%, 

respectively. In total, all six variants cover 29.1% of the scan area. 
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Additionally, several trends associated to the nucleation, propagation, and growth of 

new twins can be deduced. One such trend is the commonality of parallel twins of the same 

variant, though not to the degree observed from twin-favorable compression. Some cases 

are very clear where there is significant spacing between the parallel twins, such as the T5 

variants in the bottom quadrant of the frame. Other cases are more subtle as the space 

between the twins gets smaller or where a large portion of the boundaries have coalesced. 

Evidence of these cases can be reduced to the fork-like twin-tips at the barrier twins. 

Additionally, many of the newer parallel twins are developed from twin boundaries as 

opposed to the edge of the specimen, and do not reach a barrier twin or surface. While the 

prevalence of twin-twin interactions and increased stress state can explain the increased 

nucleation of new twins, it is also noticed that many of the new parallel twins contribute to 

the development of twin-twin structures. An example of this is the interaction between T4 

and T5 that was initially observed in Figure 22g, where the formation process is consistent 

with literature [60,116,117]. However, by the final loading frame (Figure 22o), T5 appears 

to penetrate into T4, in part due to the nucleation, propagation, and growth of parallel twins 

near the interaction site. Using the in situ recordings and ex situ analyses, detailed analysis 

of key deformation processes, such the nucleation, propagation, thickening, and interaction 

of twins, can expand on the current understanding of the field. 

4.2.2 Detailed Analysis of Deformation 

 In situ observation confirmed that yielding occurs by basal slip followed by the 

activation of tension twinning. Figure 23 details the inhomogeneous deformation as a result 

of the basal slip propagation during yielding. In situ observation revealed basal slip bands 
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at around 4 MPa applied stress towards the left side of the observation area. This 

corresponds to a CRSS of 0.25 MPa, which is roughly half of the reported value in literature 

(0.5 – 1 MPa in Table 1). Before significant propagation of the basal slip bands, the first 

two tension twins are seen growing into frame from the left edge of the observation area. 

Before any other twinning phenomena are observed in the observation area, the basal slip 

bands are seen spanning the entire frame. It is noticed that the initial basal slip bands remain 

persistent within the twinned regions, although they are deflected by some small angle. 

 

Figure 23: In situ observation of slip band propagation from left to right during yielding 

 Figure 24a shows the basal slip bands deflected within a T3 band. In general, the 

deflection due to tension twin shear is determined by the activated variant, where in-plane 

rotations result in the largest measured angle up to 3.7° in a perfectly aligned crystal (Figure 

24b). Thus, since T3 results in almost a perfect in-plane rotation, it results in the largest 

deflection angle of ~3.7°. Using Molodov et al.’s [155] method and the measured 

deflection in T3, θm, the shear due to twinning is estimated to be 0.1295. This matches very 

well with the theoretical value 0.1294 using the equation from Table 1.  
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Figure 24: (a) Deflection of basal slip bands within T3 due to twinning shear. (b) A 

schematic showing the deflection angle resulting from twin shear. 

 The next significant twinning effect occurs when T1, T4, and T5 develop in the second 

set of loading cycles. Figure 25 details the how these three twins accommodate strain. Prior 

to in situ observation, T4 is nucleated from outside the observed area, likely from the edge 

of the specimen. After one frame, it is found with an initial length of 270 µm (Figure 25a) 

before propagating by 200 µm and thickening by 6µm after an additional frame (0.067 

second). At a slight increase in strain, T4 propagates past the observation area with 

significant growth and thickening, while a new twin, T5, enters frame (Figure 25b). This 

rapid growth of T4 corresponds to a twin tip velocity of greater than 30 mm/second. Limited 

studies have examined the twin growth rate. Twin boundary growth rate in magnesium has 

been reported at 35 x 10-9 m/second [156], while twin tip velocity has been reported at a 

much higher rate of 1 km/second [150,157]. However, there is little consistency between 

testing procedures to make an adequate comparison to the results made here. Both twin tip 
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velocity studies apply high strain rate loading in the order of 103 – 105 s-1, and twin tip 

profiles are measured by post mortem methods [157] or by in situ, high speed camera with 

a frame rate of 5 million frames/second [150]. Alternatively, the strain rate applied here is 

much lower in the range of 10-6 – 10-5 s-1 and limited to a much lower frame rate of 15 

frames/second. 

 

Figure 25: Twin growth and thickening development of T1, T4, and T5 twin variants. 

Over an additional 4.0 seconds (Figure 25c), or 0.08% strain increase, T4 steadily 

thickens to 100 µm while T5 experiences a minimal growth (136 µm). The twin length and 

thickness graphs show that the thickening of T4 accommodates most of the strain during 

this process. With further straining, the development of T5 accelerates, which results in the 

increased length and thickness of T5 while the thickening rate of T4 is reduced. 

Subsequently, a T1 twin rapidly propagates to the T4 boundary (Figure 25d). After the two 
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possible twin-twin interactions are formed, strain is accommodated by the gradual 

thickening of all three variants. However, because of the interactions formed, most of the 

thickening occurs away from the interaction sites resulting in incoherent twin boundaries. 

After a certain point, the nucleation, propagation, and thickening of new twins is required 

to accommodate additional strain as seen in the microstructural development in Figure 22. 

Evidence of cyclic loading effects were present with the later tests where the stress 

unloading increased. Evidence of partial detwinning during unloading was found, 

especially when unloading from larger peak stresses. This detwinning is related to the 

Bauschinger effect. In highly textured magnesium alloys, the Bauschinger effect is 

described as the reduced flow stress during a reversed loading than the forward loading 

[158]. The result is a reduced yield stress in the reversed loading compared to the forward 

loading. Studies of Bauschinger effect in cubic materials have explained the phenomenon 

using dislocation structures, dislocation interactions, and back stresses [159–163]. In steels, 

it was found that when twinning was the primary deformation mechanism, a large 

Bauschinger effect was observed when the loading was reversed. Extending the 

observations to magnesium, Bauschinger effect was attributed to the twinning-detwinning 

process [88], and has been observed during unloading [164]. Additionally, it has been 

reported that the accumulation of dislocations from slip can reduce the Bauschinger effect, 

especially with large pre-strain [83]. This can be exasperated by the twin favorable loading 

where the reorientation by twinning favors the easy activation of basal slip within the 

twinned region. Dislocations will then converge and accumulate at or near the twin 
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boundary, which may further reduce the Bauschinger effect. Figure 26 highlights three 

measurable partial detwinning cases.  

   

Figure 26: Three cases of partial detwinning resulting from unloading. (a-b) Unloading 

from 11.3 MPa results in the shortening of one T4 twin. (c-d) Unloading from 12.8 MPa 

resulting in the shortening of two twin bands – T4 and T5. 

Further focusing on the detwinning of a T4 twin in Test 9 (Figure 26a – 26b), some 

additional details can be revealed (Figure 28). To measure the dimensional changes, a 

horizontal line through a clearly identifiable point in the observation area was used for 

reference. The micrographs in Figure 27 were cropped at this line. Length measurements 

were taken from the twin tip to the center point of the twin base along the reference line. 

Twin thickness was measured between the coherent parts of the twin bands. Unloading 
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from 11.3 MPa, initial detwinning from the narrow twin tip begins after the elastic portion 

of unloading when stress drops to 5.22 MPa. The remaining unloading corresponds to the 

plastic deformation by Bauschinger effect, and thus activates detwinning. With increasing 

strain, the amount of stress unloaded is increased. Thus, the lack of detwinning in previous 

loading sets can be attributed to not reaching the plastic deformation range in unloading. 

Additionally, that explains the increased detwinning observed from the larger stress in 

Figure 26c – 26d. 

 

Figure 27: Detailed observation of T4 twin detwinning during unloading from 11.3 MPa. 
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4.3 Twin-Twin Interactions 

 To re-summarize from Chapter 2, three types of twin-twin interactions can occur. There 

is the Type I co-zone interaction and the Type II(a) and Type II(b) non-co-zone 

interactions. There are also three types of twin-twin boundaries (TTB) resulting from a 

twin-twin interaction. The first is the acute angle boundary, TTBA, the second is the 

impinging twin-twin boundary, TTBI, and the third is the obtuse angle boundary, TTBO. 

The favorability and formation processes of these TTBs vary by the type of twin-twin 

interaction. 

4.3.1 Type I Co-Zone Twin-Twin Interaction 

 A Type I interaction occurs when co-zone variants interact in the form of Ti↔Ti±3. In 

the Type I interaction, TTBA is energetically favorable to form by the zipping of the two 

twins’ twinning dislocations [60,115]. The result is a boundary that bisects the two coherent 

twin traces. TTBI is rarely reported, although it can form by the deposition of twinning 

dislocations from the impinging twin on the barrier twin boundary. This boundary’s 

difficulty lies in its visibility, as it may be seen optically but is difficult to observe clearly 

by EBSD due to the low misorientation angle of 7.4° between the co-zone pair. TTBO was 

suggested to occur by the dissociation of twinning dislocations from one twin onto the 

other, but is considered energetically unfavorable [60]. This leads to a diversity of Type I 

interaction structures, as one or more twin-twin boundaries may occur. When both TTBO 

and TTBA are formed (Figure 28a, highlighted with by a red arrow), the resulting structure 

is a wedge-shaped partial penetrating structure [60,115,165]. In one unique case where 

only one TTB is formed (Figure 28b), a needle, or knife-like, deep penetrating structure 
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was observed by transmission electron microscopy [166]. It is noted that this structure was 

observed at the nanoscale, and the proposed formation process was unclear. Roberts and 

Partridge [116] have optically captured a possible penetration structure, but due to the 

accommodation kinking and lattice re-orientation, they could not separate the two twin 

variants. Almost all the experimentally observed penetrating structures were identified by 

post-mortem analyses. 

 

Figure 28: Intrusion-like structures resulting from Type I co-zone interactions; (a) wedge-

shaped partial penetrating structure resulting from formation of TTBA and TTBO [60,115]; 

(b) nanoscale deep needle, or knife-shaped penetration where only TTBA is developed 

[166]; (c) Possible penetration structure [116]; (d, e) two deep blade-like penetration 

structures captured by in situ observation 

 Two intrusion-like structures were observed in situ during the nearly c-axis tension in 

single-crystal magnesium (Figure 28d and 28e). The first observed case occurred during 
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the second loading set (Figure 22e – 22h) during the interaction between T1 and T4. The 

second intrusion-like structure occurred during the third loading set (Figure 22i – 22l) from 

the interaction between T2 and T5. The interaction between T2 and T5 has no other twinning 

nearby and was thus more closely to explain the formation process. The in situ development 

is presented in Figure 29, where the impinging T2 propagates towards the barrier T5 (T2 → 

T5). Additionally, a schematic delineating the formation process is provided in Figure 30. 

Time stamps taken from the Test 7 recording are used to reference when these events occur. 

Development of the interaction occurs 23 seconds after the test starts, where T2 is seen 

propagating toward T5 (Figure 29a and Figure 30a). 

 

Figure 29: In situ formation of an intrusion-like twin-twin structure resulting from a T2 ↔ 

T5 Type I interaction [11] 
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Figure 30: Schematic delineating the formation process for the intrusion-like co-zone twin-

twin structure [11] 

 Initial contact is observed around 23.5 seconds (Figure 29b and Figure 30b), where the 

needle-like tip of T2 meets the T5 boundary. It is noted that the T5 boundary deviates from 

the coherent twin boundary (CTB) as it reaches out to contact T2. This “reach out” effect, 

which was first reported by Morrow et al [56], can be succinctly summarized using Arul 

Kumar’s twin resolved shear stress (TRSS) obtained by molecular dynamic simulations 

[167]. At a critical distance between the two twins, the TRSS in T2 is negative, and will 

thus stop propagating. Alternatively, the TRSS in T5 will be positive and sufficiently large 

near the tip of T2, thus driving the local thickening of T5 by boundary migration. Therefore, 

instead of T2 growing toward T5, it is more accurate to say that T5 locally thickens towards 
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T2, as emphasized in Figure 30b. Additionally, because of the local deviation from the 

coherent twin boundary (CTB), TTBI is affected as seen in Figure 29c where TTBI does 

not align with CTB5. TTBI itself is formed by T2 thickening along the T5 incoherent twin 

boundary (I-CTB) on the obtuse angle side. With further growth of T2 and T5, TTBA is 

formed by the energetically favorable zipping reaction of the twinning dislocations from 

T2 and T5 (Figure 29d). The trace of TTBA approximately bisects the coherent twin traces 

of T2 and T5, which is consistent with previous works [60,115], where the TTBA plane 

bonds the two twins’ prismatic planes (termed as PP boundary). Thus, the formation of 

TTBI and TTBA are consistent with reported literature. 

 On the obtuse angle side of the interaction, TTBO does not form by dissociation. Yu et 

al. [60] identified that TTBO is energetically unfavorable in Type I interactions, despite 

observing the boundary by ex situ EBSD. They rationalized that TTBO is unfavorable when 

only considering the elastic energy associated with the reaction on the obtuse angle side. 

However, reducing the net elastic energy, for example by the formation of dislocation 

walls, can increase the favorability for TTBO formation. Lacking this reduced net elastic 

energy; T2 instead thickens locally and transitions into I-CTB2 adjacent to the TTBI on the 

obtuse angle side. This is supported by large-scale molecular dynamics simulation (Figure 

31 [167]), where the local distribution of TRSS for T2 on the obtuse angle side is positive 

near the interaction point (highlighted by the white arrow). This means local nucleation 

and glide of T2 twin dislocations is favorable, leading to the deviation of the T2 twin 

boundary on the obtuse side as evidenced in Figure 29d.  
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Figure 31: T2 twinning resolved shear stress profile during a T2↔T5 Type I interaction 

obtained by molecular dynamic simulations (modified for the present interaction from 

[167]) 

Shortly after, as indicated in Figure 29e and Figure 30e, the T5 boundary locally 

migrates on the obtuse angle side along I-CTB2, shaping the intrusion-like twin-twin 

structure. With further loading, TTBA continues to grow while on the obtuse side, I-CTB5 

continues its migration along I-CTB2 enlarging the intrusion structure. EBSD after 

unloading confirms the penetrating T2 variant being surrounded by the barrier T5 variant 

(Figure 29f). The color gradient seen in the IPF map indicates local variation of crystal 

orientation due to the high local stress concentration. As shown in Figure 29f, TTBA has 

grown significantly, while I-CTB2 and I-CTB5 are more clearly observed on the obtuse 

angle side, forming a deep intrusion-like twin-twin structure. The summarized formation 

process, schematically presented in Figure 30, explains the boundary formation process 

that results in a penetrating co-zone twin-twin structure. Additionally, it may also explain 

the penetrating structures observed in literature by ex situ methods, such as those shown in 

Figure 28b and Figure 28c. 
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4.3.2 Type II Non-Co-zone Twin-Twin Interactions 

 As with the Type I co-zone interactions, the development of non-co-zone interactions 

has primarily been studied by ex situ study. There are two types of Type II interactions: 

Type II(a), forming from a Ti↔Ti±1 interaction, and Type II(b), forming from a Ti↔Ti±2 

interaction. For both Type II interactions, previous studies noted that TTBA formation is 

energetically unfavorable while TTBO formation is favorable [60,117]. Beginning with the 

Type II(a) interaction, experimental observations of this formation  are presented in Figure 

32a [116] and 32b, while an atomistic simulation suggesting the formation process [117] 

is provided in Figure 32c.  

 

Figure 32: Type II(a) twin-twin structure; (a) previously reported between a T4 and T5 

variant [116]; (b) experimentally observed in situ T4↔T5 Type II(a) interaction; (c) 

atomistic simulation of the formation process [117] 
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 The similarities between the experimentally observed cases and the simulations are 

apparent. TTBO is observed in both cases, while TTBI is less noticeable and TTBA is 

unobserved. In the in situ observed case (Figure 32b) was reported previously in the 

discussion of strain accommodation, though additional development is observed following 

the initial formation of the twin-twin interaction. As with the Type I interaction presented 

in Figure 29, the final result of this interaction appears as a penetration-like structure. To 

explain how the structure is formed, the in situ breakdown of this development is presented 

in Figure 33. 

 

Figure 33: In situ development of the T4↔T5 Type II(a) interaction. 

 The initial formation closely follows the atomistic simulations, where a slight TTBI is 

formed upon contact. It is noted that “T1” and “T2” in the simulation are equivalent to T4 
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and T5 in the experiment. Shortly after, TTBO is formed parallel to a prismatic plane of the 

matrix, which is consistent with the crystallographic analysis by Yu et al. [60]. As TTBO 

bisects the coherent twin planes of the intersecting twins, TTBO is formed by the zipping 

of the two twins’ twinning dislocations. With increasing strain, TTBO reaches a critical 

point and stops expanding. The T4 boundary curves sharply some distance away from the 

interaction site. New T4 twins are nucleated from the curved twin boundary, which then 

propagate and thicken, coalescing with the initial T4 boundary allowing it to migrate along 

the T5 boundary. On the acute angle side, T4 thickens away from the intersection point, 

causing severe incoherency and curling nearly along T5 such that the space between the 

two twin bands is invisible optically. With I-CTB4 being almost parallel to and along the 

T5 boundary, the appearance of a TTBA-like boundary could be misconstrued. In the EBSD 

IPF map, this immeasurable spacing between T4 and T5 appear as a thick “boundary.” This 

reaction is inverted from the simulation, where the equivalent T5 is suggested to curve 

along the T4 boundary. This minor difference is likely attributed to slight alterations in the 

real local stress compared to the simulation. But despite this, the experimentally observed 

formation of the Type II(a) interaction confirms the modeled formation by atomistic 

simulations. 
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Figure 34: Experimentally observed Type II(b) interactions; (a) an impinging Type II(b) 

interaction within a grain [117]; (b) series of branching Type II(b) interactions within a 

grain [168]; (c) an apparent-crossing structure Type II(b) interaction with secondary 

tension twins [60]; (d) an impinging Type II(b) interaction observed by in situ OM; and (e) 

a partial apparent-crossing structure Type II(b) interaction with a secondary twin as 

observed by ex situ EBSD 

There is diversity in the twin-twin structures resulting from a Type II(b) interaction. 

Figure 34a – 34c provides three cases reported in literature, while Figure 34d and 34e 

provide cases captured in this study. From the five presented cases, two have the 

approaching twin being impinged at the barrier twin boundary, while the other three show 

a partial or complete apparent-crossing structures. The difference between the two 

structures is the formation of the obtuse angle boundary. No TTBs are formed in the 

impinging structure (Figure 34a and 34d) and the approaching twin is impinged where its 
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tip meets the barrier twin boundary. This impinging twin can still grow away from its tip, 

causing most of its boundary to be incoherent. These impinging interactions are consistent 

with the molecular dynamic simulations at the nano-scale [117,169]. In the apparent-

crossing Type II(b) structure, TTBO is formed parallel to a matrix prismatic {21̅1̅0} plane 

corresponding to its associated reaction. This causes the “crossing” twin to “step” or cross 

along TTBO before it continues growing. In a complete apparent-crossing structure, a 

second twin of the non-crossing variant is either nucleated or impinged on the other side 

on the interaction, forming an X-like crossing pattern (Figure 34b and 34c). How this 

second twin is introduced has not been reported. 

 In a partial apparent-crossing (Figure 34e) structure with T4 and T6, the second non-

crossing twin that forms the “X” pattern is not formed. The initial formation involves T6 

contacting T4 and forming TTBO by zipping, which causes both twin boundaries to grow 

locally on the obtuse side. At some critical distance, the T6 boundary begins to curl away 

from the tip of TTBO. This curvature becomes the site for new T4 twin nucleation. These 

T4 twins assist in the further thickening of T6 on the obtuse side of the initial interaction. 

On the acute angle side, no development occurs at the point of contact. Instead, T4 is 

slightly detwinned away from the contact while T6 thickens. This is evidenced by the 

concavity of T6 and the convexity of T4 with increasing strain. On the other side of the 

interaction, the T4 boundary curves in the vicinity of the interaction, contributing to the 

appearance of the large step caused by TTBO. Within T4, a secondary twin, T42, is formed 

near the interaction site and is ascribed to the high local stresses that are the reason behind 

the color gradients in the IPF maps of Figure 35. 
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Figure 35: Ex situ observation of a partial apparent-crossing Type II(b) interaction. (a) 

Proposed initial interaction where a T6 reaches the barrier T4 twin boundary. (b) The obtuse 

twin-twin boundary is formed by the zipping of the two twin dislocation types. (c) Further 

expansion of the obtuse angle boundary is achieved through the nucleation of parallel T4 

bands from the twin-twin boundary, while a secondary twin is observed within T4 in the 

high local stress area. 

4.3.3 Tension-Tension Secondary Twinning 

 In single-crystal experiments subjected to monotonic loading, secondary tension 

twinning does not follow Schmid’s law, as assuming the local stress follows the global 

stress will result in a negative resolved shear stress. As such, there are two possible 

explanations for secondary tension twin formation. The first possible explanation is that 

local stress effects due to twin-twin interactions or a build-up of dislocations assist in 

forming these secondary twins. The second possible explanation is that the Bauschinger 

effect during unloading provides a sufficient relative compressive stress to activate the 

secondary twins. As with detwinning, unloading from larger stresses may provide 

sufficient compressive stress to nucleate secondary twins, especially as the detwinning of 

interacting twins is difficult. 
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In addition to the secondary twin formed from the Type II(b) interaction shown in 

Figure 35, there is another interesting case resulting from a Type II(a) interaction. To the 

right of the observation area, a T4 ↔ T5 interaction results in parallel T52 secondary tension 

twins with no other twins in the vicinity (Figure 36a). In Figure 36b, T4 approaches T5 

before multiple developments are observed in Figure 36c. First, two interactions of T4 → 

T5 are observed on the right side of T5. The top interaction is between the initial two twins, 

while the bottom is between a second formed T4. Within T5, T52 secondary twins connect 

to T4 twins on the either side of T5. 

 

Figure 36: The formation of secondary tension twins from a Type II(a) interaction; (a) 

optical micrograph highlighting the area of secondary twinning and (b-d) the EBSD inverse 

pole figure maps showing the development at three plastic strain levels ranging from 1.89% 

to 3.83%. Note that the strain levels increase in counter-clockwise rotation. 
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4.4 Summary 

 Nearly c-axis tension to ~3.83% plastic strain was applied to single-crystal magnesium 

to study deformation twinning. A slow loading rate of 0.1 mm/min, or strain rate in the 

range of 10-6 – 10-5 s-1, was used in an attempt to clearly capture twinning phenomena at 

15 frames/second. Twin development, such as the nucleation, growth, and interactions of 

multiple twins, was tracked by in situ OM and intermittently characterized by EBSD. The 

summary of the significant observations and mechanisms are as follows: 

1) All six tension twin variants were captured within the observation area by 3.83% plastic 

strain. While all six variants are highly favorable to form, the order of activation did 

not follow Schmid’s law nor do their respective volumes with respect to their 

appearance in the observation area. 

2) Prior to the activation of tension twins, inhomogeneous deformation by basal slip was 

observed, confirming previous reports in literature. Basal slip bands were captured 

propagating directionally within the observation area prior to the first evidence of 

twinning. The CRSS for basal slip was calculated to be 0.25 MPa based on the applied 

stress and Schmid factor, while the CRSS of tension twinning was estimated to be 2.5 

MPa. 

3) The initial basal slip bands remain persistent within twinned regions, but are deflected 

due to the twin shear. T3 and T6 rotate in plane, providing an almost perfect 3.7° 

deflection, which was used to confirm the twin shear, s, to be 0.1295.  

4) Twinning during loading and detwinning during unloading were quantitatively 

analyzed. Twin propagation velocity was inconsistent as multiple twins unequally 
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accommodated local strain, but a maximum velocity of 30 mm/s was recorded. 

Detwinning resulted in a visible Bauschinger-like effect when unloading from more 

than 11 MPa. A twin was found to have shortened by 18.0% and thinned by 21.6% 

when unloading from 11.3 MPa. Most of the detwinning occurred after 6 MPa of 

unloading. In addition to the lack of visible detwinning in earlier loading steps, this 

suggests that more detwinning will occur when unloading from larger stresses. This 

may also contribute to the formation of secondary tension twins. 

5) Intrusion-like structures resulting from Type I co-zone twin-twin interactions was 

expanded on. The formation process of a deep, penetrating structure was enlightened 

by in situ observation. Commonly observed TTBI and TTBA are formed, while TTBO 

does not form. Instead, a series of energetically favorable deposition of twinning 

dislocations occurs, resulting in the appearance of the barrier twin growing along the 

impinging twin boundary. When combined with TTBA’s growth by zipping, the 

appearance of a deep penetration twin-twin structure is observed. 

6) A penetration-like structure resulting from a Type II(a) interaction is also observed. 

This structure is a result of secondary development as opposed to the formation process, 

unlike the Type I structure. The initial formation of the Type II(a) interaction was 

consistent with reports in literature, where TTBI and TTBO are formed. Further 

development on the acute angle side revealed the barrier twin growing just away from 

the interaction point, resulting in the barrier twin curling along the impinging twin 

boundary. Not to be misconstrued, TTBA does not form, but instead there is an 

immeasurably small space between the two twin boundaries. On the obtuse angle side, 
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the curvature of the barrier twin boundary some distance from TTBO nucleates 

additional twins of the same variant, which coalesce and thicken further along the I-

CTB5. 

7) The Type II(b) interaction can have two forms. The impinging form locks the tip of the 

impinging twin at the barrier twin boundary. No TTBs are formed, and the impinging 

twin is forced to grow away from the interaction. This causes the impinging twin to 

have highly incoherent boundaries near the interaction. The second form is the 

apparent-crossing structure, which can be partial or complete. When the approaching 

twin initiates contact with the impacted twin, TTBO is formed. TTBO can continue to 

expand by the nucleation of new twin bands of the impacted twin variant. 
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5 Compression-Tension Loading Sequence and Free-End 

Torsion of Polycrystalline Pure Magnesium 

  Under axial loading, twinning can significantly change the texture of wrought 

magnesium alloys and will consequently affect the deformation and fracture of the 

material. Twinning from monotonic loading [58,97,122,170–177], cyclic loading 

[27,68,73,88,164,178–181], and loading path changes [59,81,87,182,183] allows for the 

activation secondary deformation systems, such as basal 〈𝑎〉 slip or secondary twinning. 

Therefore, altering the initial texture through pre-deformation could optimize the 

mechanical properties of magnesium alloys. For example, tension-compression asymmetry 

of as-wrought magnesium alloys may be reduced through the mitigation of initial basal 

texture by pre-twinning [89,184]. 

 Pre-deformation experiments can be classified into two categories, the first being two-

step monotonic compression experiments along different directions [89,184–190]. Twins 

are introduced through an initial pre-compression loading along the extrusion direction or 

rolled direction. A second compression loading is applied, either along the same direction 

for tension-compression asymmetry study or in an orthotropic direction [89,186,188]. Both 

result in an increase in the compressive yield strength, where same direction re-

compression strengthens due to the texture change and decreased twinning capacity [89] 

while orthotropic re-compression strengthens due to the increased resistance to detwinning 

[186]. Microstructurally, orthotropic re-compression results in detwinning and tension-

tension double twins [89,185,186,190], which were attributed to the observed enhancement 



82 

 

of ultimate strength during re-compression. The second type of pre-deformation 

experiments involve alternation of the loading direction [62,87,191–193]. Initial loading 

by tension or compression will induce a desired pre-deformation state. The loading is then 

switched, such that the opposite loading state is applied. The loading axis is not always the 

same. This method of pre-deformation provides a practical means of manipulating the twin 

structure to improve material strengthening and toughening. Song et al. [191] reported that 

pre-tension parallel to the rolling direction of a rolled magnesium alloy can modify the 

initial basal texture such that 〈101̅0〉 poles are concentrated towards to the rolling direction. 

Follow-up compression along the transverse direction is then aligned along most grains 

〈1̅21̅0〉 axes, allowing the nucleation of more tension twin variants. This increase in 

activated variants promotes nucleation, rather than growth, and twin-twin interactions, 

enhancing the grain-refinement hardening. Despite the numerous studies on strain path 

change, only few apply reversed loading along the same loading axis [87,192,193]. No 

studies have been carried out from large pre-compressive strains (> 8%) nor have there 

been any studies to comprehensively examine the microstructural evolution in these types 

of experiments. 

 Deformation from shear loading in magnesium has been less extensively studied than 

tension and compression. Monotonic experimental work has been limited to simple shear 

tests [81,194–197] and free-end torsion [71,198–211] with a heavy emphasis on visco-

plastic self consistent (VPSC) modeling [194,197,198,202,204,209,210,212]. As such, the 

majority of shear-based experimental studies focus almost exclusively on the mechanical 

shear stress-strain response and texture evolution. From these studies, though, the 
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significant deformation systems are suggested. In extruded magnesium materials, basal 

slip, prismatic slip, and tension twinning play significant roles in deformation [204,210], 

while only basal slip and tension twinning are significant in rolled materials [210]. Second 

order deformation along the axial direction, known as Swift effect [213], has also been 

replicated by VPSC. In extruded materials, Swift effect is reflected by axial contraction 

[198,204,205], while axial extension is observed in rolled materials [71,210]. In 

magnesium materials, tension twinning has been credited for the Swift effect [71,210]. 

While the mechanical response and texture evolution have been extensively reported, 

minimal experimental work has examined the microstructural evolution from pure shear 

loading [194,195,197,205,211]. Only recently as there been a detailed microstructural 

analysis done on a rolled magnesium alloy subjected to free-end torsion [71]. 

5.1 Materials, Mechanical Experiments, and Specimen Preparation 

For pre-compression experiments, solid cylindrical dog-bone shaped specimens were 

machined from an extruded pure polycrystalline magnesium rod. The specimen’s gage 

section had a length of 12.7 mm and a diameter of 10.0 mm. Thick-walled tubular 

specimens with a 30 mm gage length, 16 mm inner diameter, and 24 mm outer gage 

diameter (thickness is 4 mm) were machined from the extruded pure polycrystalline 

magnesium rod for torsion. Both specimen types are visualized in Figure 37a. Initial 

microstructure revealed by EBSD inverse pole figure (IPF) map (Figure 37b) revealed 

untwinned and equiaxed grains with an average size of 100 μm. The basal (0001) pole 

figure (Figure 37c) reveals that most of the scanned grains’ c-axes aligned perpendicular 

to the extruded direction (ED). Prior to mechanical testing, the specimen gage sections 



84 

 

were sequentially polished with silicon carbide grit papers from 320/P400 to 600/P1200. 

For the thick-walled specimens for torsion, axial and tangential lines were engraved in the 

gage section for measuring strain. 

 

Figure 37: (a) Cylindrical dog-bone shaped pure magnesium specimens as cut from the 

extruded rod, as well as the (b) initial microstructure and (c) texture of the cross-section 

[12]. 

Mechanical experiments were conducted using a servo-hydraulic axial-torsion Instron 

8500 load frame in ambient air. The machine has an axial load capacity of ±222 kN and a 

torsional load capacity of ±2800 Nm. For the axial tension and compression, strain was 

measured by a clip-on extensometer with a gage length of ½ in. (12.7 mm) and a strain 

range of ± 40%, and a strain rate of 4.5 x 10-3 s-1 was used for both tension and compression 
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loading. Companion specimens were used capture intermittent strain levels to examine the 

effect of pre-compression on microstructure evolution. Under pure compression, five 

companion specimens are taken at true strains of -0.7%, -3.0%, -7.3%, -10.5%, and -12.8% 

for the study of twin nucleation and growth during monotonic compression. Three 

companion specimens were used for -7.3% pre-compression, and were taken from true 

strains of -4.1%, 2.0%, and tensile failure (4.8%) following the reversed tension loading. 

The three companion specimens for -12.8% pre-compression were unloaded at -9.4%, -

2.0%, and tensile failure (4.3%). For the remainder of this chapter, true stress and true 

strain will be used for the discussion of the pre-compression experiments, results, and 

analyses. 

For free-end torsion, a modified biaxial MTS extensometer with a gage length of 25.4 

mm and a shear range of ±3% was used. To avoid damaging the extensometer, it was 

removed after reaching a strain of ~5%. Following the experiment, residual plastic strains 

were measured by the dimensional changes in the engraved lines. Residual plastic surface 

shear strain, γp, was measured by the angular change between the axial and tangential 

engraved lines with respect to the undeformed measurements. The total shear strain, γ, is 

calculated by equation 1, where the surface shear stress, τs, is calculated using equation 2. 

𝛾 = 𝛾𝑝 +
𝜏𝑠

𝐺
                   (1) 

𝜏𝑠 =
3𝑇

2𝜋(𝑟𝑜
3−𝑟𝑖

3)
                   (2) 

where G is the shear modulus, T is the measured torque, ro is the initial outer diameter of 

the specimen, and ri is the initial inner diameter of the specimen. Shear strain after the 

removal of the extensometer is assumed to be a linear relationship between shear strain and 
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the rotation angle reported by the testing system. Loading was applied by rotation angle 

control such that the surface shear rate was ~ 3 x 10-3 s-1. Companion specimens were taken 

5.8%, 11.5%, and 22.1% (failure) plastic surface shear strain. 

Following the mechanical experiments, cross-sectional EBSD samples are sectioned 

from roughly the middle of the gage sections. For fractured specimens, samples were taken 

some distance from the fracture surface but still within the gage section. For EBSD 

analysis, the surfaces of the samples were sequentially ground, polished, and then etched 

using standard metallographic procedures. Grinding and polishing were done using the 

same procedure reported in Chapter 3.2. Pre-compression samples were etched in a picral-

acetic solution for EBSD acquisition (10 mL glacial acetic acid, 4.2 g picric acid, 10 mL 

water, and 70 mL 200 proof ethanol) by a TSL OIM SEM-EBSD system. Two EBSD scans 

were conducted on the prepared sectioned samples with areas of 1.2 mm x 1.0 mm using 

step sizes ranging from 0.35 to 0.6 μm. Torsion samples were etched with ~ 3% (1 mL 

nitric acid, 30 mL 200 proof ethanol) for EBSD analysis using a JEOL 7100F field 

emission SEM with an Oxford HKL Channel 5 EBSD package. Scan areas of 1.2 mm x 

1.2 mm using a step size of 1.5 μm were used. EBSD scans for the torsion specimens were 

taken at the midsection of the cross-sectional ring. 

5.2 Microstructure and Texture Evolution during Compression-Tension 

Loading Sequence 

 To capture the effect of pre-compression, and thus twinning, on the reversed tension 

response, two pre-strain levels are used. The lower pre-strain level, -7.3%, was chosen to 

introduce a significant number of twins prior to exhaustion. The larger pre-strain, -12.8%, 
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was chosen for twin exhaustion before reversing the load direction. The true stress-strain 

responses for the examined loading paths are shown in Figure 38, where points “A,” “B,” 

“C,” and “D” correspond to the companion specimen strain levels taken from the tension 

reversals. 

 

Figure 38: True stress-strain response for the loading cases and corresponding companion 

specimens, as indicated by markers along the loading curves [12] 

5.2.1 Compression Parallel to Extrusion Direction 

Compression parallel to the ED of the rod is known to induce twinning. Figure 39 

summarizes the microstructural evolution due to twinning up to -12.8% compressive strain 

where twinning is exhausted at 94.1% twin volume fraction.  
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Figure 39: EBSD results for three compression companion specimens taken at (a) -3.0%, 

(b) -7.3%, and (c) -12.8% true strain. 

 At -3% compressive strain (Figure 39a), a statistical analysis of 209 grains reveals a 

twin volume fraction of 12.4%, with 76.6% of grains containing at least one twin variant 

and 40.7% containing two or more twin variants. Additionally, the twins present are 

consistent both in shape and activation. As described in Chapter 2.3, the number of variants 

nucleated depends on the crystal orientation of the grains. Twinning under compression 

ideally rotates the crystal so that the c-axis can be aligned closely with the loading axis. 

Assuming ideal crystal orientations, compression along the 〈101̅0〉 direction (“blue” grains 

in IPF maps) results in one co-zone variant pair with a shared SF value of 0.499 and two 

pairs with a much lower value of 0.1247. Alternatively, compression along the 〈12̅10〉 

direction (“green” grains in IPF maps) results in two pairs with shared SF values of 0.374 

and the remaining pair with a shared SF value of 0. Any orientation between will have 

three pairs of SF values where one pair will have the largest SF, another pair will have the 

smallest SF, and the final pair will have a SF value between the two extremes. Two grains, 

one of {12̅10} and another of {101̅0} orientations, are presented in Figure 40. 
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Figure 40: Representative grains at -3% compressive strain where (a) four twin variants are 

favorable and activated and (b) where two variants are favorable but only one variant is 

activated. 

 An example “green” {12̅10} grain is highlighted in Figure 40a, where the four almost 

equally favorable twin variants are identified. At this stage, only a few interactions can be 

seen, but more are expected as the twins continue to grow with increasing strain. These 

interactions will limit further growth of some twins and increase the nucleation of 

additional twins. Alternatively, in the second grain, an example “blue” {101̅0} grain in 

Figure 40b, two variants are favorably oriented but only one is identified. In similarly 

oriented grains, only one co-zone pair is expected to form so only Type I interactions may 

be observed. With increasing strain, these grains are expected to twin more rapidly given 

the fewer expected interactions. 
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 With increasing strain, the nucleation and growth of new twins result in an increased 

TVF. Twin boundaries of the same variant meet and coalesce, forming a larger, joined 

twinned area. The interactions of co-zone pairs also give the appearance of coalescence 

due to the small misorientation (< 7°) as the EBSD boundary identification algorithms are 

unable to separate the two variants. As such, at -7.3% strain (Figure 39b), the twin volume 

fraction increases to 70.1% and the texture is clearly evolving such that the (0001) poles 

are aligning with the extruded direction. When examining the microstructural evolution 

closer, the expectations derived from the -3% compressive strain are realized by -7.3% 

strain. Two grains of almost the two ideal orientations are highlighted in Figure 41 that 

shows the development of twinning. In the “green” grain of Figure 41a, the four favored 

variants are identified. Parallel twins of the same variant coalesce and appear as a thicker 

individual twin. It is also noted that some twins grow from the boundary of others, as 

observed in the upper right corner of the highlighted grain, where T1 grows from the end 

of a T5 band. Additionally, twin-twin interactions hinder twin development in the grains 

containing multiple variants. In other “green” grains, fewer variants may activated, 

allowing for an increased degree of twinning. As a result, the “green” grains show a 

variable amount of twinning, especially when compared to “blue” grains that are more 

severely twinned. “Blue” grains are primarily twinned by one variant or by one co-zone 

pair. The specific grain highlighted in Figure 41b is twinned by only one variant allowing 

for easy nucleation, growth, and coalescence of multiple twin bands. This allows for the 

grain to be more rapidly twinned than the “green” grains containing multiple variants. 



91 

 

 

Figure 41: Representative grains at -7.3% compressive strain where (a) four twin variants 

are favorable and activated and (b) where two variants are favorable but only one variant 

is activated. 

By -12.8% strain (Figure 39c), twinning is exhausted and the TVF increases to 94.1%. 

Based on the texture evolution, twins favoring a rotation of the c-axes towards the ED are 

favorable. Twins from originally prismatic “blue” grains are going to have their c-axes 

closely align with the ED. Twins originating from the a-axis “green” grains will be 

misaligned with the ED by ~ 30°. This is represented by the strong basal texture in the 

{0001} pole figure of Figure 39c, where the c-axes of most grains are now nearly aligned 

with the extrusion direction. More importantly, grains of both ideal orientations can be 

completely, or near completely, twinned. In a “green” grain, like that shown in Figure 42a, 

is still primarily twinned by four favorable twin variants. This grain also contains isolated 

“island” twins that operate as sub-grains resulting from co-zone variant pairs surrounding 
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a different twin variant. These sub-grain twins originate as the twins that nucleate and grow 

from other twin boundaries, as previously noted from the “green” grain in Figure 41a, and 

are halted at other barrier twins. As the strain increased, the nucleation, growth, and 

coalescence of the surrounding co-zone variant pair will encompass the isolated twin. It is 

also noted that the sub-grains formed in this manner tend to deviate from the often-found 

lenticular shape of tension twinning, instead appearing curved or wavy. More severe 

examples can be observed in Figure 39c, like the yellow twin variants being surrounded by 

red twin variants in the middle of the scan. These strong deviations are attributed to twin-

twin interactions and the twin-twin boundaries that deviate from the coherent twin planes. 

Despite the multiple interactions that occur, the grain is still nearly completely twinned, as 

are the “blue” grains such the as the one highlighted in Figure 42b. As with lower strains, 

twinning in the nearly prismatic “blue” grains are dominated by the two highly favorable 

variants. In both grains, very small non-SF twins can be observed in the grains that are 

almost completely twinned. At the higher strain, the significant build-up of dislocations at 

the grain boundary increases the local stresses, thus allowing for the nucleation of non-

favorable twin variants [61,214,215]. 
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Figure 42: Representative grains at -12.8% compressive strain where (a) twinning is 

dominated by four favorable variants and (b) where twinning is dominated by two variants. 

5.2.2 Tension to Failure Following Pre-Compression 

Tension after -7.3% pre-compression strain results in both detwinning and secondary 

twinning. Two strain states are analyzed in Figure 43 corresponding to 3.2% and 12.1% 

tension strain applied following the pre-compression. At -4.1% strain, evidence of both 

detwinning and tension secondary twinning are observed. In the highlighted/circled grain 

(Figure 43c), three orientations are observed and designated as parent, primary tension 

twin, and secondary tension twin. The larger blue area is identified as the parent and easily 

twins to T1 (the red variant) under the pre-compression load with a large SF of 0.498. The 

second, smaller blue area within the primary red twin is identified as the T16 secondary 

tension twin and is likely formed under tension based on its 0.492 SF value.  
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Figure 43: Inverse pole figure maps and (0001) pole figures for the results of tension from 

-7.3% strain after (a) 3.2% tension and (b) tension failure and (c,d) their corresponding 

representative grains [12] 

Further applying tension until failure reveals that most grains are fully detwinned but 

contain twin-like sub-grains. Crystallographic analysis reveals that the bulk of the sub-

grains are secondary tension twins based on a ~60° misorientation about the 〈101̅0〉 axis 

relative to the assumed parent orientation. This misorientation relationship is identical to 

that for non-co-zone twins, so treating the detwinned parent as its secondary twin 

equivalent and comparing it to T16 may assist in visualizing the relationship. In addition to 

these embedded secondary twins in the parent, low SF primary twins are also observed. 

Like with the non-SF twins observed in compression, these unfavorable twins are also 
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attributed to local stress effects caused by the build-up of dislocations at the grain 

boundary. Texturally, both the secondary twinning and low SF twinning can be misleading 

by suggesting that the material has strictly undergone detwinning. Microstructurally, both 

types of twinning result in an effect similar to grain refinement through the formation of 

sub-grain structures. 

Tension following -12.8% pre-compression results in similar behavior but with minor 

differences compared to -7.3% pre-compression. Detailed microstructural analysis of the -

12.8% to -9.4% companion specimen reveals less detwinning and significantly more 

secondary twinning compared to the -7.3% counterpart. One example is the grain shown 

in Figure 44c, where multiple secondary twins are observed within a heavily twinned grain. 

Compression of the speculated parent orientation results in three primary twins, T1, T2, and 

T4 with T2 being the dominant variant based on TVF. This is supported with T2 having a 

large SF of 0.463 while T1 and T4 have lower SF values of 0.201 and 0.187, respectively. 

Because of the highly favorable orientation of T2 for twinning under tension, three 

secondary twins are formed: T21, T25, and T26. Additionally, T25 is the co-zone pair to the 

parent, which is the result of detwinning and can correspondingly be labeled as T22. Based 

on crystallography, either T22 or T25 could be the parent orientation but for the analysis, 

both areas would yield the same microstructural analysis. Treating the detwinned area as a 

T22 secondary twin, the four SF values for these secondary twins are 0.446, 0.424, 0.399, 

and 0.431, respectively. At tensile failure, the effect of secondary twinning results in 

substantially more sub-grains within the detwinned grains. In terms of texture, the 
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additional secondary twin variants result in a more randomized a-axis texture compared to 

the lower pre-compression. 

 

Figure 44: Inverse pole figure maps and (0001) pole figures for the results of tension from 

-12.8% strain after (a) 3.4% tension and (b) tension failure with (c,d) their corresponding 

representative grains [12] 

 The increased secondary twinning during the tension reversal has an additional effect 

in a small number of grains. Small non-SF twins are identified in some secondary twins 

forming tension-tension-tension tertiary twins. Two such cases are crystallographically 

identified and presented in Figure 45. During compression, the presumed matrix is highly 

favorable to twin by one co-zone pair, T1 and/or T4, yielding a unit cell crystallographically 
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similar to the highlighted red twin from a neighboring grain. The grain is fully twinned by 

-12.8% strain, so when the loading is reversed, secondary twinning will occur where all six 

variants, including the detwinning variant, are favorable. Four secondary variants, not 

including the assumed detwinning variant, can be identified, including the two “blue” 

secondary twins in which the tertiary twins are found. However, as with primary twinning 

under uniaxial monotonic loading, these twinned regions are unfavorably oriented for 

additional twinning. Yet, as with non-SF twinning in those cases, the build-up of 

dislocations at the boundaries can alter the local stresses for the unfavorable tertiary tension 

twins to nucleate.  

 

Figure 45: Tension-tension-tension tertiary twins identified after tensile failure after -

12.8% pre-compressive strain. 
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5.2.3 Further Discussions and Analysis 

A thorough crystallographic analysis reveals that detwinning is significantly affected 

by two factors: the extent of twinning and the number of primary twins activated resulting 

from pre-compression. First accounting for the extent of twinning, most grains are not 

completely twinned by -7.3% pre-strain whereas twinning is exhausted with -12.8% pre-

strain. In the same way twin nucleation requires more stress than twin propagation and 

thickening, detwinning is easier to activate when the grain is not fully twinned [81]. An 

exhausted primary twin will behave as a new or reoriented grain, so detwinning of an 

exhausted twin is analogous to the nucleation and propagation of a secondary twin having 

the parent orientation. Thus, detwinning is easier to activate in grains subjected to -7.3% 

pre-strain while being more difficult to activate in grains subjected to -12.8% pre-strain. 

In grains containing more than one twin variant, detwinning can become further 

complicated due to twin-twin interactions [214]. To detwin interacting twins, the process 

of interaction must be reversed. The twin-twin boundary dislocations must dissociate into 

twinning dislocations for the twin thickness to decrease. Based on the dislocation theory, 

though, dissociation is energetically unfavorable [214]. Contrary to the argument against 

detwinning, both pre-strain paths appear fully or nearly fully detwinned by tensile failure 

based on their respective inverse pole figure maps. The two possible explanations are that 

the local stress state allowed for detwinning to continue or that additional secondary 

twinning results in a similar microstructure to that by detwinning. 

These factors also contribute to the tension-tension secondary twinning behavior. 

Fewer secondary twins are observed along the -7.3% pre-strain path where twinning is 
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incomplete. In the grain observed after 3.2% tension strain, only one secondary twin is 

observed within the primary twin despite its favorability for all six variants. Alternatively, 

three secondary twin variants, or four if the detwinning area is considered, are identified 

within the grain from the -12.8% pre-strain path after a similar tension re-load is applied. 

Furthermore, multiple twin-twin boundaries are formed as a result of these secondary 

twins, further afflicting the detwinning process. At tension failure, the difference is even 

more significant. From -7.3%, most grains contain only a few residual primary and/or 

secondary twins as sub-grains. Alternatively, every grain within the observed area taken 

from the -12.8% pre-strain path contain these sub-grains. 

Based on the observations to this point, the process of twinning under compression 

followed by detwinning and secondary twinning under tension is proposed in Figure 46. 

Under compression (Figure 46a), primary twins (designated “T”) with large SFs nucleate, 

grow, and coalesce in a parent grain (designated “M”). If these twins are not of the same 

variant or co-zone pair, low angle twin-twin boundaries may form upon interaction. The 

loading direction is reversed to tension (Figure 46b), resulting in both detwinning of the 

primary twins and secondary tension twinning within the primary twins (designated “T-

T”). However, due to both mechanisms occurring simultaneously, the growth of the 

secondary twins is limited as the primary twin shrinks from detwinning. The conflict 

between these mechanisms results in the irregular shaped secondary twins and sub-grains. 

By tensile failure (Figure 46c), the primary twins are significantly detwinned, leaving the 

tension-tension secondary twins as sub-grains either isolated within the parent grain or at 
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a grain boundary. The sub-grains affect the local stress state, which can result in low SF 

twins at large tensile strain. 

 

Figure 46: Schematic demonstrating the formation of sub-grains due to simultaneous 

detwinning and secondary twinning during the tensile loading after pre-compression [12] 

 Microstructurally and texturally, the effect of twinning, detwinning, and secondary 

twinning resulting from pre-strain have been examined thus far. Mechanically, the 

formation of the sub-grains may play a critical role in strengthening magnesium-based 

materials. In most traditional materials, grain refinement results in an overall strengthening 

of the material, and thus it may be hypothesized that the formation of sub-grains may also 

contribute to strengthening [97]. To confirm this, Figure 47 shows the microstructure as a 

result of tensile failure from 0% (no pre-strain), -7.3%, and -12.8% pre-strain, respectively. 

Monotonic tension reveals only non-SF twinning which occurs to a much larger degree 
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than the pre-strained microstructures but lacks the sub-grains formed from secondary 

twinning. 

 

Figure 47: Inverse pole figure maps with highlighted grains for (a) pure monotonic tension 

failure, (b) tension failure from -7.3% strain, and (c) tension failure from -12.8% strain [12] 

 In the pre-strained specimens, the observations previously made conclude that the 

quantity of sub-grains is proportional to the amount of compressive pre-strain. The 

significant increase in fracture strength from 0% to -7.3% and -12.8% pre-strains indicate 

strengthening, supporting the claim that sub-grain formation by twinning can be analogous 

to grain refinement. 
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5.3 Monotonic Free-End Torsion about the Extrusion Direction 

 Torsion of a similar extruded pure polycrystalline magnesium yields a different 

mechanical and material response to that by compression or tension. The surface shear 

stress vs shear strain is given in Figure 48, along with the twin volume fraction (TVF) 

measured in the companion specimens. It is noted that, even at failure, the twin volume 

fraction is less than 60% as opposed to 94% from compression (Figure 39c). This is related 

to the texture and the difference in twin favorable orientations between the loading cases. 

 

Figure 48: Free-end torsion surface shear stress-strain response 

5.3.1 Tension Twin Favorability under Torsion 

Under compression parallel to the extrusion direction, or even tension parallel to the 

normal direction of a rolled material, nearly all of the grains are favorably oriented for 

twinning. For torsion, it is currently impossible to have nearly all grains be uniformly 

distributed and be favorable for tension twinning. Figure 49 imposes the theoretical 
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maximum Schmid factor on a {0001} pole figure for a cross-sectional area. Because the 

loading is pure shear, it is possible to reach a Schmid factor of 1, where all of the applied 

shear can be achieved on a given twin system. Superimposing the untested cross-sectional 

{0001} pole figure from Figure 37b suggests that just more than half of the scanned grains 

would be considered favorable for twinning. 

 

Figure 49: Tension twin maximum Schmid factor pole figure imposed on a {0001} pole 

figure for torsion. Two unit cells are included showing a twin favorable orientation with a 

maximum Schmid factor of ~ 0.8 and a unit cell very unfavorable orientation with a 

maximum Schmid factor of ~ -0.4. 

 As torsion is a multiaxial loading, traditional Schmid’s law cannot be directly applied. 

There have been several reported methods of calculating an effective Schmid factor in 

literature [216–218], but a simple mechanics of materials approach is taken here. Two 

approaches were considered: superposition of two principal stresses and rotating the 

material stress state. To best visualize twin favorability, two “ideal” crystal orientations for 

torsion are shown in Figure 50. For discussion, it can be assumed that one principal stress 
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is tension parallel to the c-axis and the second principal stress is compression perpendicular 

to the c-axis. These ideal orientations are the superposition of c-axis tension (Figure 6a) 

with the two ideal crystals with compression perpendicular to the c-axis (Figure 6b and 

6c). This results in all six tension twin variants being favorable (Schmid factor ≥ 0.499), 

but two or four variants will be more favorable depending on how the a-axis is oriented. 

Alternatively, the pure shear can be made into a stress tensor and can be rotated to a 

deformation system using a grain’s Euler angles obtained by EBSD. This second method 

was chosen to calculate the SF of any twin variant discussed in this section. The detailed 

process of this method can be found in Appendix A.  

 

Figure 50: Ideal orientations for torsion where four variants are very favorable with two 

less favorable variants and four variants are very favorable with two less favorable variants. 

5.3.2 Twinning after 5.8% Surface Plastic Shear  Strain 

 Figure 51 shows the microstructure of the companion specimen after 5.8% plastic shear 

strain on the specimen surface. Numerical analysis of the scan revealed a twin volume 
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fraction of 14.1%, while more focused examination revealed three degrees of primary 

twinning based on favorability. These levels vary from severe, highly favorable twinning, 

to untwinned, with a highly variable middle level. 

 

Figure 51: Inverse pole figure map of companion specimen taken at 5.8% plastic shear 

strain. 

 As with compression parallel to the extrusion direction, favorably oriented grains 

undergo significant twinning during torsion. Figure 52 highlights two grains favorably 

oriented for twinning. In the first grain, Figure 52a, all six variants are activated and are 

considered favorable to highly favorable. Similarly, the second grain, Figure 52b, is also 

highly favorable but only four or five variants are identified. T2 and T5 are 

crystallographically similar, but their traces are also very similar, so there is uncertainty in 
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claiming which twin is activated or if both are present. In both grains, individual variant 

twin volumes deviate strongly from the expectation. In the first grain, T3 was the lowest 

ranked variant yet has the largest twin volume in the grain. Similarly, T3 and T6 are the 

lowest ranked variants in the second grain and encompass the most twin volume in the 

grain. Alternatively, the highest ranked co-zone pair, especially in the second grain, cover 

the least amount of twinned area. However, low- or non-SF primary twinning, such as T3 

in both grains, result in a more favorable orientation for additional twinning. The activated 

secondary twins in both grains are considered highly favorable with SF values over 0.4, 

suggesting that Schmid factor may adequately predict possible secondary twinning for 

torsion. 

 

Figure 52: Two twin-favorable grains identified at 5.8% plastic shear strain where (a) a 

grain is twinned by all six tension twin variants and one secondary twin variant and (b) a 
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grain is twinned by five primary twin variants and a secondary twin variant. Schmid factor 

tables are color coded for activated variants by inverse pole figure map color. White 

background in the table indicates that the variant was not activated. 

 The second level of twinning shows more variability in twin severity. At 5.8% plastic 

shear strain, grains of this twin level are only moderately twinned compared to the highly 

favorable grains of Figure 52. As captured by the grains in Figure 53, most of the possible 

primary twin variants are still activated, despite the Schmid factors ranging from favorable 

(SF ~ 0.3) to unfavorable (SF ~ -0.2). This suggests that primary twin prediction by Schmid 

factor is less accurate in torsion loading, especially in this intermediate favorability range. 

This can be attributed to the complex stress effects induced at grain boundaries along with 

the oversimplified assumptions made in calculating the Schmid factor. However, 

secondary twinning is still adequately predicted by Schmid factor. Two secondary twin 

variants are identified in the first grain, Figure 53a, with one being unfavorable and the 

other being highly favorable. In the second grain, only an unfavorable secondary twin 

variant is identified. The unfavorable variants, T22 in (a) and T31 in (b), only encompass 

small areas of their respective primary twins. It is expected that with increasing strain, these 

secondary twin variants will not grow significantly. Alternatively, the favorable secondary 

twin, T33 or T36, in the first grain almost entirely consumes the small area of its primary 

twin. As with the challenge in twin identification in Figure 52b, there is not enough 

evidence to claim which secondary twin is activated. With increasing strain, these types of 

secondary twins are expected to consume much of their primary twins. However, their low-

Schmid factor primary twin volume will limit the overall area consumed by these 

secondary twins. 
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Figure 53: Two less twin-favorable grains identified at 5.8% plastic  shear strain where (a) 

a grain is twinned by five primary twin variants and two secondary twin variants and (b) a 

grain twinned by four primary twin variants and one secondary twin variant. Schmid factor 

tables are color coded for activated variants by inverse pole figure map color. White 

background in the table indicates that the variant was not activated. 

 The third twin level corresponds to the highly unfavorable twins with all negative 

Schmid factors. The twin severity of this level ranges from completely untwinned to 

partially twinned grains. Figure 54a highlights an almost untwinned grain. Only small T6 

twin bands are observed, where the larger band is initiated from a cross-grain pair 

formation at the grain boundary. Applying a similar analysis as what was performed in 

Chapter 3, m’ for this cross-grain pair is only 0.3, suggesting that both twins, which are 

individually unfavorable, form by isolated nucleation [132]. Thus, it is unlikely that one 

twin has a significant influence on the nucleation and growth of the other. In the second 
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grain, Figure 54b, four unfavorable primary twin variants are identified. This is 

significantly different from the non-SF twinning highlighted in the tension along the 

extrusion direction (Figure 47a), where only one or two non-SF twin variants are seen in a 

grain at failure. However, compared to the twins of the first two twin levels and to the non-

SF twins from extrusion direction tension, the twins in this grain are much thinner. As a 

result, small twin sections often appear to be isolated within the grain by EBSD, as the 

narrow sections cannot be resolved by EBSD at this scale. In this grain, T3 and T6 bands 

are such examples, showing gaps within its own twin bands.  

 

Figure 54: Two twin-unfavorable grains identified at 5.8% plastic shear strain where (a) a 

grain is twinned by one twin variant activated by twin propagation-assisted adjoining twin 

pair formation and (b) a grain twinned by four unfavorable primary twin variants. Schmid 

factor tables are color coded for activated variants by inverse pole figure map color. White 

background in the table indicates that the variant was not activated. 
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 In addition to the few isolated cross-grain twin pairs, several twin chains and adjoining 

twin pairs can also be observed from the larger scan. In Chapter 3, ATP formation from 

tension suggested that both large Schmid factor (>0.37) and high geometric compatibility 

(m’ > 0.8) were desirable, while the rank of individual twins is less significant. Figure 55 

highlights a propagation-assisted twin chain spanning four grains formed by torsion. The 

c-axis misorientation from grain to grain is very small, however, the Schmid factors of each 

activated twin varies greatly. In M1, the SF for T5 is quite large at 0.46 and has a high 

compatibility with T4 in M2 (m’ = 0.90). T4 is the highest rank in M2, but only has a SF of 

0.05. Favorability continues to decrease in M3, where the activated T5 is ranked third and 

has a -0.26 SF. However, geometric compatibility between T4 in M2 and T5 in M3 is high 

with a value of 0.92. In the fourth grain, M4, the activated twin, T5, is even more 

unfavorable with a SF of -0.39 (rank 5). As with from M2 to M3, though, the geometric 

compatibility between the final two grains is the most favorable, with an m’ of 0.94. 

Because of its unfavorability, the twin in the final grain does not grow very far, stopping 

well before reaching a barrier twin or grain boundary. Because SF is not ideal for discussing 

twin nucleation, confidence in using it for discussion here is low, but large geometric 

compatibility, m’, is consistent in the ATP formations by twin assisted mechanisms.  
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Figure 55: Twin chain formation from a favorable grain/twin to progressively less 

favorable grains/twins 

 From these observations, several early distinctions can be made between the 

microstructural response from compression and from torsion. Under compression, twin 

variants with large SF are usually formed and grow significantly, whereas SF is a poor 

indicator of primary twin nucleation under torsion. Additionally, it is difficult to observe 

more than four activated variants under compression, whereas up to all six variants can be 

activated under torsion. Additionally, secondary twinning is prevalent in torsion, where 

low-SF primary twins are often favorable oriented for further twinning. With increasing 

strain, these distinctions become more prevalent. 

5.3.3 Twinning after 11.5% Plastic Shear Strain 

 By 11.5% plastic shear strain, twin volume fraction has increased to 26.4% while 

maintaining similar trends observed at 5.8% plastic surface strain. The microstructure at 
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this second strain level is displayed in Figure 56, where the three levels of granular 

twinning can still be visually identified. 

 

Figure 56: Inverse pole figure map of companion specimen taken at 11.5% plastic shear 

strain. 

 After the increase in strain, more variability in twin severity can be noticed in favorably 

oriented grains. Twinning in the first highlighted grain, Figure 57a, is dominated by a co-

zone pair. The most favorable variant pair, T2 and T5, although not much more favorable 

than T1 and T4, consume most of the grain. As with compression parallel to the extrusion 

direction, twinning in this manner exhausts rapidly as the co-zone pair appear continue to 

nucleate and coalesce new twins. This case differs from compression because all six 

variants are activated by torsion. However, the four non-dominant variants consume 
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minimal area. T6 cannot be visibly identified as its secondary twin T63 or T66 completely 

fills its twinned area, but the trace analysis of the secondary twinned area matches the trace 

of T6. As with the secondary twins highlighted at the lower strain level, this secondary twin 

strongly follows Schmid’s law where the two possible variants have the highest two ranks 

with Schmid factor values of 0.598 and 0.546, respectively. 

 

Figure 57: Two favorable grains identified at 11.5% plastic surface shear strain where (a) 

a co-zone variant pair dominate twinning and (b) where Type II(b) interactions dominate 

twinning. Schmid factor tables are color coded for activated variants by inverse pole figure 

map color. White background in the table indicates that the variant was not activated. 

 Alternatively, grains containing multiple Type II twin-twin interactions are not 

consumed as rapidly. Figure 57b exhibits a grain containing branching Type II(b) 

interactions of both partial and complete apparent crossing structures. The structure is more 

dense in interactions than that reported in ref. [168] (Figure 34b) where a rolled AZ31B 

alloy was subjected to compression parallel to the rolling direction. However, the 
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incomplete structures provide additional insight into the formation process of the apparent 

crossing structure. From the previous single crystal work (Figure 35), the partial crossing 

structure was proposed where the formation of TTBO dramatically shifts the twin 

boundaries of both interacting variants. Completion of the apparent crossing structure is 

achieved by the nucleation of the non-crossing twin on the other side of the interaction. 

 In the less favorably oriented grains, various levels of twinning can be observed, even 

in grains of similar favorability. Figure 58 highlights two grains of similar favorability but 

different levels of twinning. Figure 58a highlights a slightly twinned grain predominantly 

twinned by T5 and T6 while Figure 58b highlights a heavily twinned grain twinned 

primarily by T2, T3, and T6. The first grain shows a granular twin volume close to the upper 

limit of the unfavorable twin range, but because of the higher resolved shear stress, twins 

are thicker. The second grain shows a twin volume close to the lower limit of the favorable 

twin range. The twinning in grains like this is irregular, often having heavy localized 

twinning in some area and much less in others. Of particular note, the twin-twin 

interactions between T2 and the co-zone pair, T3 and T6, result in various partial penetrating 

structures. Towards the top of the grain, a red T2 band bisects T3 and T6. In the middle of 

the grain, parallel Type II(b) interactions result in a saw blade shaped structure between T2 

and T6 twins. 
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Figure 58: Two similarly less favorable grains identified at 11.5% plastic shear strain where 

(a) the grain is only slightly twinned and where (b) the grain is significantly twinned with 

a saw-blade like twin-twin structure. Schmid factor tables are color coded for activated 

variants by inverse pole figure map color. White background in the table indicates that the 

variant was not activated. 

 A schematic explaining the formation of a saw blade-like structure is presented in 

Figure 59. A pair of cyan T6 twins grow in parallel towards a red T2 twin. When the first 

T6 twin impacts the T2 twin, a TTBO that bisects the two twin traces is formed, causing the 

shared boundary to shift diagonally down and to the right. TB2 to the right of the interaction 

becomes strongly incoherent, rotating about 45° from its coherent trace. Locally, this area 

of T2 appears as a saw- or shark-tooth. When the second T6 twin impacts T2, the same 

reaction occurs. These two reactions provide the base for the saw-tooth pattern. Additional 

thickening of the involved twins complete the transition from the schematic given in Figure 

59 to the structure highlighted in Figure 58b. 
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Figure 59: Possible formation process for the saw blade-like twin-twin structure 

 

Figure 60: Two grains unfavorable for twinning at 11.5% plastic shear strain containing 

(a) no twins and (b) several very thin twins. Schmid factor tables are color coded for 

activated variants by inverse pole figure map color. White background in the table indicates 

that the variant was not activated. 

 As with the lower strain level, the highly unfavorable grains contain little to no 

twinning. Figure 60a shows a grain containing no twins where the SF values for all variants 

is less than zero. The second grain, highlighted in Figure 60b, is unfavorable for twinning 

yet four variants can be identified. As in the cases of non-Schmid factor twinning in the 

uniaxial loading, the unfavorable twins here remain thin and small. This supports the claims 
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by Beyerlein et al. [61] where unfavorable twins may be nucleated due to local stress 

concentrations but fail to grow much after they are formed.  

 

Figure 61: Two unique twin structures resulting from encapsulated primary twins; (a) 

example of an encapsulated primary twin and (b) an example of encapsulated secondary 

twins. Schmid factor tables are color coded for activated variants by inverse pole figure 

map color. White background in the table indicates that the variant was not activated. 

 It is also noted that twin analysis becomes slightly more difficult at this strain level. 

With the inconsistent twin nucleation and growth, examples of small, encapsulated twins 

can be observed. Figure 61a shows a case where a primary T2 twin is surrounded mostly 

by a T1 and T4 variant roughly in the middle of the grain. As twinning nears exhaustion, 

these structures can be difficult to identify especially when the encapsulated primary twin 

is favorable for additional twinning as seen in Figure 61b. In this second case, the 

unfavorable T3 and T6 variants only cover a small space relative to the other four variants. 

More significantly, these small twins are completely encapsulated in larger primary twins. 

As with the secondary twins highlighted in Figure 53a and Figure 57a, non-Schmid factor 
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primary twins are oriented favorably for secondary twinning, so these encapsulated twins 

become completely twinned. The two examples of the encapsulated secondary twins in this 

grain are the T33 or T36 variant contained by T5 and the T62 or T65 variant contained by T2 

and/or T5. Neither secondary twin variant can be completely identified as they completely 

fill the initial primary twinned areas. As these grains continue twin, primary and secondary 

twin identification will become more difficult. 

5.3.4 Twinning after 22.1% Plastic Shear Strain 

 Failure of the extruded polycrystalline pure magnesium occurs at 22.1% plastic surface 

strain with a twin volume fraction of 59.0%. Figure 62 shows the microstructure at failure 

and reveals the full spectrum of granular twin volume. As with the previous strains, 

twinning severity can still be described by three levels: highly favorable with severe 

twinning, less favorable with a large range of twin severity, and unfavorable with little to 

no twinning. 
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Figure 62: Inverse pole figure map of companion specimen taken at 22.1% plastic shear 

strain. 

 Twinning is nearly exhausted in the extremely favorable grains. Figure 63a shows a 

grain of similar twin structure that was captured at -12.8% compression strain (Figure 42). 

The grain is primarily twinned by T1 and T4, which give the appearance of coalescence due 

to the low misorientation angle between the co-zone pair. T2 or T5, as the trace of the red 

twin roughly bisects the two possible variants, is the other significant twin activated. 

However, unlike the structure observed in compression, multiple secondary twins are 

identified, including some that are the co-zone pair to the matrix material. The second 

grain, Figure 63b, is similar to the more heavily twinned grains from compression. The 
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highest ranked variant, T5, consumes much of the matrix material with some other area 

consumed by the slightly less favorable T3 or T6 variant. 

 

Figure 63: Two favorable grains identified at 22.1% plastic shear strain where (a) a grain 

is nearly completely twinned with multiple primary twin variants and secondary twins and 

where (b) a grain is almost completely twinned by one variant. Schmid factor tables are 

color coded for activated variants by inverse pole figure map color. White background in 

the table indicates that the variant was not activated. 

 In the less favorable grains, significant twinning can be observed and twin 

identification can become very difficult. Two such cases are highlighted in Figure 64. In 

the first grain, Figure 64a, all six primary variants are directly identified across three 

distinct twinned regions: the upper, the right, and the bottom left. The bottom left area is 

the least twinned area by volume to the left of the large T5 twinned area and below the 

heavily secondary twinned T6. Despite its limited area, it contains five primary twin 
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variants and two secondary twin variants. The small local twin volume is attributed to the 

unfavorability of T1, T2, T3, and T6, which are four of the five variants activated in the 

region. Only T4 can be considered favorable, but the single band is pinned by the multiple 

T2 and T5 variants on either side. The upper area, defined as the region above the heavily 

secondary twinned T6 and left of the T5 dominated area, is more severely twinned but by 

fewer variants. T4 is dominant in this area, with additional secondary twinning present. The 

right area is severely twinned by T5, with an enclosed heavily secondary twinned T3. 

Accounting for the entire grain, T4 and T5 are the most favorable and dominant variants. 

The less favorable variants, T3 and T6, are less active but undergo more significant 

secondary twinning. Multiple grains of this intermediate favorability show similar trends 

of unique twin regions. A second such case is presented in Figure 64b where all six variants 

are activated but a low-SF T1 band bisects the grain. The bottom section is dominated by 

T2 and T5 twinning while the upper section is dominated by T1 and T4 twinning. Favorable 

secondary twinning is found in the low-SF T1 band. 
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Figure 64: Two less favorable grains identified at 22.1% plastic shear strain where (a) a 

grain is inhomogeneously twinned in roughly three separate sections and where (b) a grain 

is almost completely twinned. Schmid factor tables are color coded for activated variants 

by inverse pole figure map color. White background in the table indicates that the variant 

was not activated. 

 By failure, the range of twinning in the unfavorably oriented grains can be observed. 

Figure 65a shows an almost untwinned grain where a small band of highly unfavorable T5 

is completely further twinned to T53 or T56. A second, small secondary twin is also 

identified near the grain boundary having a similar oriented as the identifiable secondary 

twin, suggesting that it may be T23 or T26. The second grain, Figure 65b, highlights the 

upper limit of twinning in an extremely unfavorable grain where all six variants are 
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identified. In addition to activating all six primary variants, multiple secondary variants are 

also identified. With this diversity of twinning in unfavorable grains, twinning occurs 

across the entire spectrum under torsion. 

 

Figure 65: Two twinning unfavorable grains identified at 22.1% plastic shear strain where 

(a) a grain is almost completely untwinned and where (b) a grain is moderately twinned. 

Schmid factor tables are color coded for activated variants by inverse pole figure map color. 

White background in the table indicates that the variant was not activated. 

5.3.5 Further Discussion 

 Twinning due to monotonic torsion has two key distinctions from twinning under 

monotonic tension or compression: primary twinning due to highly distributed twin 

favorability of grains and favorability of further secondary twinning after reorientation. 
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The texture of rolled or extruded materials can allow for twin favorable orientations for 

most, if not all, grains for monotonic tension or compression. However, for monotonic 

torsion, these materials cannot be manipulated to allow all grains to be extremely favorable 

for twinning across the specimen. Instead, there will be significantly more variability in 

how favorable grains may be for twinning with a more distributed favorability texture. 

Three degrees of primary twin favorability have been highlighted for grains in the extruded 

material: highly favorable, less favorable, and unfavorable. The highly favorable grains are 

severely twinned by failure, but very few are fully twinned. Generally, the two most 

favored variants are the dominant active systems but all six variants may be identified even 

if a few have nearly no resolved shear stress. In few cases, such as the grain highlighted in 

Figure 63a, even non-SF variants can be prominent. The less favorable grains show more 

variability. At the upper limit, these less favorable grains can show twinning levels similar 

to that of the highly favorable grains, such as the grains in Figure 64. At the lower end of 

the spectrum, only moderate levels of twinning can be observed, even at failure. The most 

diverse twinning results can be observed in the unfavorable grains. In very few of these 

grains, compression twins or compression tension double twins may be observed, which 

differs even from torsion of rolled AZ31B where such twinning is observed more [71]. 

Alternatively, little to no tension twinning may be observed, such as the case shown in 

Figure 65a. At the most extreme, though, significant tension twinning has been observed 

such as in the grain highlighted in Figure 65b. When compared to uniaxial tension or 

compression, favorable twinning due to torsion most closely resembles favorable twinning 

due to compression. The grains highlighted in Figure 42a (compression) and Figure 63a 
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(torsion) share many similar features. Twinning is dominated by two co-zone pairs, with 

several, isolated “island” like twin structures. However, unlike the grain from compression, 

all six variants are activated by torsion, which is most similar to c-axis tension. At the other 

extreme, the unfavorable grains in torsion can be compared to the uniaxial tension results 

shown in Figure 47a. Tension parallel to the extrusion direction resulted in grains either 

remaining untwinned or containing non-SF twins. Under torsion, similar observations are 

made in Figure 65. However, as with the highly favorable grain comparison, torsion differs 

in two ways: up to all six variants can be identified as opposed to two to four, and the 

prevalence of secondary twins. 

 Secondary twinning is the second significant difference for twinning during torsion, 

especially of the tension-tension variety. No tension-tension double twinning was observed 

during compression parallel to the extrusion direction, and even minimal secondary 

twinning was observed during nearly c-axis tension of single-crystal magnesium. However, 

torsion is unique in that both the primary twin and secondary twin could be deemed 

favorable. Most of the highlighted cases presented for torsion show at least one case of 

tension-tension double twinning. Figure 66 highlights a grain with significant tension-

tension double twinning. The parent material is highly favorable for primary twinning, 

activating five variants all of which have SF values greater than 0.3. The two “least” 

favorable variants, T3 and T6, are the most favorable for additional twinning. This is 

common in many of the secondary twins highlighted in the grains during torsion – the 

reorientation of lower ranked primary twins is often favorably oriented for the highly 

activated secondary twins. In some cases, such as those shown in Figure 66, the highly 
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favorable secondary twin variant can completely encompass the primary twin. This degree 

of tension-tension double twinning has not been reported in monotonic tension or 

compression.  

 

Figure 66: A grain at 22.1% plastic shear strain that is heavily twinned. Two of the primary 

twin variants are significantly twinned further, with some areas being completely 

consumed by secondary tension twinning. 

5.4 Summary 

 A detailed microstructural analysis was performed of extruded pure polycrystalline 

magnesium subjected to compression, reversed compression-tension, and free-end torsion 

loading. Uniaxial compression-tension experiments were conducted parallel to the 

extrusion direction while torsion was conducted about the extrusion direction. The 

following conclusions can be made from the analysis: 
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1) Under compression parallel to the extrusion direction, the number of twins activated in 

a grain is dependent on the matrix orientation. Grains of nearly {101̅0} orientation 

(blue colored grains in IPF maps) primarily nucleate one co-zone variant pair of large, 

similar Schmid factor. Alternatively, grains of nearly {21̅1̅0} orientation (green colored 

grains in IPF maps) may activate up to two co-zone variant pairs of similar Schmid 

factor. With fewer activated variants, the {101̅0} grains twin quicker than the {21̅1̅0} 

grains as there are fewer twin-twin interactions inhibiting twin growth. Despite this, all 

favorably oriented grains are twinned to exhaustion by failure. 

2) Reversed tension after compression result in a combined deformation process by low-

Schmid factor twinning, secondary twinning, and detwinning. From large pre-

compression strains, the nucleation and growth of favorable secondary tension twins 

are observed concurrent to the detwinning of primary twins. Low- or non-Schmid factor 

twins are observed at failure resulting from large local stress effects. 

3) The number of secondary tension twin variants activated during the tension reversal is 

dependent on the amount of twinning produced during pre-compression. Fewer 

secondary tension twins are observed during tension from -7.3% compression strain, 

as grains are not completely twinned yet. Alternatively, tension twinning is exhausted 

by -12.8% compression strain and more secondary tension twin variants are observed 

from the tension reversal. These secondary twins form residual sub-grains within the 

detwinned grains, resulting in increased tensile strength. 

4) The microstructural evolution of extruded magnesium subjected to torsion is a 

combination of what has been seen in twinning-favorable loading by compression and 
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tension. In favorably oriented grains, two to three variants dominate the twin volume 

per grain similar to the microstructural evolution under compression. However, all six 

variants can be activated, with the unfavorable variants only covering a very small area 

within the grain. 

5) Twin severity per grain can be separated into three levels by twin favorability and twin 

volume: highly favorable grains undergo severe twinning, less favorable grains 

undergo minor to severe twinning, and unfavorable grains undergo either no or only 

very minor twinning. Microstructurally this is evidenced by the large diversity of 

visible twins, as compared to the twin exhaustion observed from compression parallel 

to the extrusion direction. 

6) Primary twin nucleation during torsion is less than adequately predicted by Schmid 

factor for twin variants with Schmid factors ranging from ~ -0.2 to ~ 0.3. Highly 

favorable variants with Schmid factors greater than 0.4 are often observed. Extremely 

unfavorable variants with Schmid factors less than -0.3 can also be observed at small 

to moderate strains, but at a much less degree than the favorable grains. However, twin 

growth after nucleation is strongly correlated to Schmid factor where more favorable 

variants tend to encompass more of their parent grain. 

7) Secondary tension twins are commonly observed in the torsion microstructures. Less 

favorable primary twins are often reoriented for favorable secondary twinning. These 

secondary twin variants often grow rapidly and can completely cover their primary 

twinned areas.
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6 Conclusions 

 In this dissertation, the microstructural evolution of pure magnesium due to tension 

twinning activated by tension, compression, strain path change, and torsional loading was 

examined. The nucleation, growth, and interaction of different twin variants under 

favorable tension loading was observed by in situ methods and characterized by ex situ 

analysis in both single- and poly-crystalline magnesium. Additional analysis was done by 

ex situ methods on poly-crystalline magnesium subjected to compression, subsequent 

tension after pre-compression, and free-end torsion. From this work, the following 

conclusions can be made: 

1) A hybrid in situ OM, ex situ EBSD testing procedure was designed to capture 

deformation of magnesium at high resolution and framerate while still allowing for 

orientation mapping by EBSD. Applying this method to single-crystal magnesium 

subjected to nearly c-axis tension revealed that basal slip occurs prior to any visible 

twinning within the observed area. As twinning occurs, the basal slip bands remained 

visible, although deflected within the twinned region. The measured deflection angle 

was used to confirm the twin shear value of 0.1295. 

2) Schmid factor, while not perfect, provides a strong estimate of the dominant primary 

twin variants activated during monotonic tension and compression. C-axis tension of 

single crystal magnesium resulted in the activation of all six variants by 3.83% plastic 

strain. In extruded polycrystalline magnesium subjected to tension, only a few variants 

are activated in favorably oriented grains despite most variants being favorable due to 

limited grain size. Under compression, the number of activated variants was dependent 
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on the orientation of individual grains. {101̅0} Grains predominantly twinned by one 

variant (or one co-zone variant pair) while {12̅10} grains often contained multiple 

variants and interactions. However, while secondary tension twins are rare in these 

monotonic experiments, Schmid factor was a poor indicator of activated secondary 

twins. The opposite was true for torsion, where the assumptions for Schmid’s law are 

less accurate than those in the uniaxial loading cases. In the torsion cases, Schmid factor 

is an adequate predictor of activated variants in extremely favorable grains. However, 

variants with a Schmid factor of less than or roughly equal to 0 can also be observed in 

less favorably oriented grains. Generally, the very unfavorable variants with negative 

Schmid factors that are activated do not grow very large while the other variants can 

consume much more of the matrix. Thus, all six variants can be identified in both highly 

favorable and slightly unfavorable oriented grains. Schmid factor is a strong indicator 

for secondary twins from torsion, and due to the more unique favorable orientations 

compared to the uniaxial cases, secondary twins can accommodate much larger 

volumes. 

3) Cross-grain twin pair, or adjoining twin pair, formation is predominantly driven by 

high geometric compatibility, m’, of the twins across the grain boundary. In extruded 

polycrystalline pure magnesium subjected to tension, initial twin formation follows 

Schmid’s law where variants of significantly large Schmid factor greater than 0.4 are 

activated. Cross grain pairs were also found to be highly favorable on their own, but 

also were geometrically favorable having m’ values larger than 0.9. Under torsion 

where low and negative Schmid factor twins can be observed, geometric compatibility 
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factor is shown to be a much stronger indicator of cross-grain twin pair formation. It is 

proposed that a favorable twin is first nucleated and grown in a favorably oriented 

grain. This twin assists in the nucleation of a similarly oriented, although unfavorable 

twin in an adjacent grain from the grain boundary. 

4) Intrusion-like twin-twin structures can result from both Type I co-zone and Type II 

non-co-zone twin-twin interactions. A sharp intrusion Type I interaction was observed 

by in situ methods in single-crystal magnesium. The penetrating appearance is due to 

the acute angle boundary formation and energetically favorable, non-twin-twin 

boundary development on the obtuse angle side. Intrusion-like structures from Type II 

interactions involve parallel interactions of the same type. In single-crystal, intrusion-

like structures result from the nucleation, growth, and coalescence of one of the 

interacting twins, migrating the twin boundary further down the barrier twin. In torsion, 

saw-blade like twin-twin structures result from parallel Type II(b) interactions. 

5) The effect of pre-twinning by compression on subsequent reversed loading was detailed 

for the first time. At significant levels of pre-twinning (TVF > 70%), the reversed 

loading results in a combination of both detwinning and secondary twinning depending 

on the severity. When twinning was exhausted during pre-compression, more 

secondary twinning was observed during tension than the less severe twinned state. 

Regardless of twinned state, the initial primary twins are almost completely detwinned 

or secondary twinned by tensile fracture. Additional non-Schmid factor twins are 

observed in the detwinned regions, along with forming tension-tension-tension tertiary 

twins in the secondary twinned regions. 
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6) Free-end torsion of the extruded pure polycrystalline magnesium revealed a full 

spectrum of twinning based on twin favorable orientations: extremely favorable, less 

favorable, and unfavorable. All six tension twin variants could be observed in the 

extremely favorable and less favorable grains, although the unfavorable variants may 

not be twinned to significant degree. The extremely favorable grains are rapidly 

twinned. The less favorable grains show a more varied response, with some grains 

being twinned quickly and some being twinned slowly. The unfavorable grains show 

no to moderate twinning by failure. As such, the twin volume cannot reach similar 

values of monotonic tension or compression. Additionally, because of the multiaxial 

loading, some primary twins are oriented favorably for additional twinning, so 

secondary tension twinning occurs to a more significant degree than other monotonic 

loading cases. Favorable secondary twins can completely encompass their primary 

twins. 

6.1 Future Work 

 The work in this dissertation has examined the process of twinning involving 

nucleation, propagation, thickening, and interaction in both polycrystalline and single-

crystalline magnesium. To perform this work, a method of manufacturing single-crystal 

specimens was developed along with a hybrid in situ observation – ex situ analysis testing 

procedure to capture live deformation processes. The work provided in this study have 

created a groundwork that can be further expanded upon, including: 

1. Develop a digital image correlation method of measuring strain in the small dog-bone 

shaped specimens to improve the in situ OM, ex situ EBSD testing procedure. With a 
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more accurate strain measurement, the experimental results can be better correlated 

with the key microstructural development that was recorded in situ. 

2. The grip device used in the hybrid testing procedure can be further modified to easily 

allow compression loading. This will allow for better study of compression and 

reversed loading that could not be adequately studied for this dissertation. Additional 

single-crystal orientations can be tested to better study other twin and slip systems. 

3. With an improved grip system, strain path change experiments utilizing the in situ OM, 

ex situ EBSD testing procedure can be performed to better capture the process of 

detwinning and secondary twinning. This may be performed on both single-crystalline 

and polycrystalline materials to best capture the process of detwinning and secondary 

twinning when the loading is reversed. 

4. Revisit the cross-grain twin pair formation experiments using a different etchant to 

reveal grain boundaries and a different loading rate to slow down the nucleation 

process. Both will allow a clearer observation of the adjoining twin pair nucleation 

process during the in situ loading.
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Appendix A 

A. Schmid’s Law and Calculating Schmid Factor 

 The activation of any slip or twin system is assumed when the resolved shear stress on 

a given deformation system exceeds its associated critical resolved shear stress – this is 

known as Schmid’s law [219]. Schmid’s law is expressed as: 

  𝜏 = 𝑚𝜎                       (A1) 

where τ is the resolved shear stress, m is Schmid factor, and σ is the applied axial load. 

Schmid factor is dependent on the slip (or twin) plane normal and slip (or twin) direction 

relative to the loading axis. The simplified term for m is given as: 

  𝑚 = cos (𝜙)𝑐𝑜𝑠(𝜆)                        (A2) 

where ϕ is the angle between the loading direction and the shear plane normal and λ is the 

angle between the loading direction and the shear direction of a given deformation system. 

Physically, these relationships can be visualized in Figure A1. 
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Figure A1: Visualization of the key angles used in calculating Schmid factor 

 For a uniaxial load, the maximum Schmid factor can be 0.5 for when the angle between 

the loading axis and both the shear plane normal and shear direction is 45°. However, 

torsional loading is a multiaxial loading case. To use this method, the torsion load must be 

transformed to two principal stresses. The Schmid factor is then the superposition of the 

Schmid factors of the two principal stresses. Alternatively, Schmid factor can be calculated 

by the rotation of a unit sample stress tensor to the shear plane. This allows for Schmid 

factor or resolved shear stress calculations of both simple and complex loading cases. This 

was the method used for calculating Schmid factors in this dissertation. 

The method for rotating the stress tensor requires transforming the stress tensor from 

the sample coordinate system to the deformation system coordinate system. To do this, a 

careful rotation of coordinate systems is required. This transformation process will be 
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Loading Direction
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explained here specifically for hcp magnesium materials assuming that the sample stress 

state is known. 

 With the sample stress tensor, σsam, known, the first rotation converts the sample stress 

to the crystal unit cell stress, σcry, using the three Euler angles, (φ1, ϕ, φ2) of the crystal as 

provided by EBSD, where the angles represent a Z-X-Z series of rotations. It is important 

to note that different EBSD systems will have a different base coordinate system from 

which the Euler angles are derived. Additionally, further manipulations may be required to 

correctly represent the actual crystal orientation of a given point [220].  

  σcry = [

σx τxy τxz
τyx σy τyz
τzx τzy σz

]              (A3) 

 

Figure A2: Euler angle rotations for the hcp crystal structure 
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 Figure A2 shows the Euler angle rotations, assuming no additional manipulations are 

required. The three individual rotations from Euler angles can be defined as 𝑅𝑧, 𝑅𝑥′, and 

𝑅𝑧" and are performed in that order to yield the combined singular rotation matrix, R. The 

crystal unit cell stress, σcry, can then be calculated using R and σsam. 

  Rz = [
cos (φ1) sin(φ1) 0

−sin(φ1) cos(φ1) 0
0 0 1

]           (A4a) 

Rx′ = [

1 0 0
0 cos(ϕ) sin(ϕ)

0 −sin(ϕ) cos(ϕ)
]            (A4b) 

Rz" = [
cos(φ2) sin(φ2) 0

−sin(φ2) cos(φ2) 0
0 0 1

]           (A4c) 

  R = Rz" ∗ Rx′ ∗ Rz              (A4d) 

  σij
cry
= 𝐑 ∗ σij ∗ 𝐑

−𝟏              (A4e) 

 The slip/twin plane and slip/twin direction must then be transformed from magnesium’s 

hexagonal indices to an orthonormal coordinate system based on x, y, and z. Both the plane 

and direction must first be transformed from the hexagonal base to a rhombohedral base 

before finally be transformed to an orthonormal base. In the hexagonal basis, an arbitrary 

direction can be defined as D using Miller-Bravais indices [u v t w] with respect to four 

basis vectors a1, a2, a3, and c. In the rhombohedral system, D can be defined using Miller 

indices [U V W] with respect to the three basis vectors a1, a2, and c. 

  𝐃 = 𝑢𝒂𝟏 + 𝑣𝒂𝟐 + 𝑡𝒂𝟑 + 𝑤𝐜               (A5a) 

  𝐃 = 𝑈𝒂𝟏 + 𝑉𝒂𝟐 +𝑊𝐜                (A5b) 
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The transformation of the Miller-Bravais indices in the hexagonal system to the Miller 

indices in the rhombohedral system is: 

  𝑈 = 𝑢 − 𝑡,  𝑉 = 𝑣 − 𝑡,  𝑊 = 𝑤            (A6a) 

  𝑢 =
1

3
(2𝑈 − 𝑉), 𝑣 =

1

3
(2𝑉 − 𝑈), 𝑡 = −(𝑈 + 𝑉), 𝑤 = 𝑊     (A6b) 

 For a plane, P, Miller-Bravais indices (h k i l) are used in the hexagonal basis while 

Miller indices (H K L) are used in the rhombohedral system. The plane is expressed in 

terms of reciprocal vectors 𝐚𝟏
∗ , 𝐚𝟐

∗ , 𝐚𝟑
∗ , 𝐜∗, for the hexagonal system and 𝐀𝟏

∗ , 𝐀𝟐
∗ , 𝐂∗ for the 

rhombohedral system: 

  𝐏 = ℎ𝐚𝟏
∗ + 𝑘𝐚𝟐

∗ + 𝑖𝐚𝟑
∗ + 𝑙𝐜∗               (A7a) 

  𝐏 = 𝐻𝐀𝟏
∗ + 𝐾𝐀𝟐

∗ + 𝐿𝐂∗                (A7b) 

The relationship between the Miller-Bravais hexagonal indices and the Miller 

rhombohedral indices are as follows: 

  𝐻 = ℎ,  𝐾 = 𝑘,  𝐿 = 𝑙               (A8a) 

  ℎ = 𝐻,  𝑘 = 𝐾,  𝑖 = −(ℎ + 𝑘),  𝑙 = 𝐿          (A8b) 

 Thus, the slip/twin planes and the slip/twin shear directions can be transformed from 

the four basis hexagonal system to a three basis rhombohedral system. If the direction D 

lies on plane P, orthogonality must be satisfied such that 𝐏 ∙ 𝐃 = 𝟎. To transform the plane 

and direction from the rhombohedral (a1, a2, c) system to an orthogonal (e1, e2, e3) system, 

a transformation matrix, L, must be used [221]: 

  𝐿 =

(

 
 
1 −

1

2
0

0
√3

2
0

0 0
𝑐

𝑎)

 
 

                   (A9) 
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where a and c are the lattice parameters for magnesium previously defined in Chapter 2.1. 

Transforming the rhombohedral system using L, the slip/twin direction and plane in the 

orthogonal system can be determined by: 

  𝐃[𝒆𝟏𝒆𝟐𝒆𝟑] = 𝐋𝐃[𝑼𝑽𝑾]               (A10a) 

  𝐏[𝒆𝟏𝒆𝟐𝒆𝟑] = 𝐏[𝑯𝑲𝑳]𝐋
−𝟏               (A10b) 

where both D vectors are column vectors and both P vectors are row vectors.  

 The orthogonal plane P and direction D are aligned with the local coordinates z and x 

on the slip/twin plane, respectively. Converting these to unit vectors will transform the 

coordinate system from orthogonal to orthonormal by: 

  𝐧 =
𝐏

√𝐏∙𝐏
                  (A11a) 

  𝐛 =
𝐃

√𝐃∙𝐃
                  (A11a) 

where n and b are the unit vectors for the shear plane normal and shear direction. To 

complete the coordinate system, the third basis vector can be obtained by cross product of 

the n and b, where both are column vectors. 

  𝐭 = 𝐧 × 𝐛                    (A12) 

 A second rotation matrix, A, is the compilation of the orthonormal basis vectors and 

corresponds to the rotation from crystal coordinates to the slip/twin system coordinates: 

  𝐀 = (

𝐛𝟏 𝐭𝟏 𝐧𝟏
𝐛𝟐 𝐭𝟐 𝐧𝟐
𝐛𝟑 𝐭𝟑 𝐧𝟑

)                 (A13) 

where the subscript numbers are indices from the basis vectors b, t, and n. The crystal 

stress tensor can be rotated to the slip/twin system by: 
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  σij
sys
= 𝐀 ∗ σij

cry
∗ 𝐀−𝟏                 (A14) 

 The new coordinate system can be visualized in Figure A3. The final stress tensor 

achieved from Equation A14 is aligned such that the diagonal terms correspond to axial 

stresses along the shear direction, transverse shear direction, and shear plane normal, 

respectively. The upper and lower triangular terms correspond to the shear stress terms. 

Thus, the resolved shear stress term corresponding to the shear direction on the shear plane 

is σ13
sys

. 

 

Figure A3: The coordinate system for the final stress tensor relative to the shear plane and 

shear direction. Axis “1” is aligned along the shear direction while axis “3” is aligned with 

the shear plane normal.  
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