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Abstract 

Magnesium alloys have received considerable research interest due to their lightweight, high specific strength and excellent castability. 
However, their plastic deformation is more complicated compared to cubic materials, primarily because their low-symmetry hexagonal close- 
packed (hcp) crystal structure. Deformation twinning is a crucial plastic deformation mechanism in magnesium, and twins can affect the 
evolution of microstructure by interacting with other lattice defects, thereby affecting the mechanical properties. This paper provides a review 

of the interactions between deformation twins and lattice defects, such as solute atoms, dislocations and twins, in magnesium and its alloys. 
This review starts with interactions between twin boundaries and substitutional solutes like yttrium, zinc, silver, as well as interstitial solutes 
like hydrogen and oxygen. This is followed by twin-dislocation interactions, which mainly involve those between { 10 ̄1 2 } tension or { 10 ̄1 1 } 
compression twins and 〈 a 〉 , 〈 c 〉 or 〈 c + a 〉 type dislocations. The following section examines twin-twin interactions, which occur 
either among the six variants of the same { 10 ̄1 2 } or { 10 ̄1 1 } twin, or between different types of twins. The resulting structures, including 
twin-twin junctions or boundaries, tension-tension double twin, and compression-tension double twin, are discussed in detail. Lastly, this 
review highlights the remaining research issues concerning the interactions between twins and lattice defects in magnesium, and provides 
suggestions for future work in this area. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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1. Introduction 

Magnesium (Mg) has outstanding properties such as low 

density, high specific strength, great castability and excellent 
damping capacity. These make Mg alloys attractive for ap- 
plication in the automotive, aerospace and portable electronic 
devices industries [1–4] . However, due to the limited number 
of independent slip systems arising from its hexagonal-close- 
packed (hcp) structure, Mg has little ductility and poor forma- 
bility at room temperature. As a consequence, twinning plays 
a crucial role in the plastic deformation of Mg and its alloys. 
The common twinning modes in Mg are { 10 ̄1 2 }〈 ̄1 011 〉 , acti- 
vated by tension along the c -axis of Mg crystal, { 10 ̄1 1 }〈 ̄1 012 〉 
or { 10 ̄1 3 }〈 ̄3 032 〉 , activated by compression along the c -axis 

∗ Corresponding author. 
E-mail address: jianfeng.nie@monash.edu (J.-F. Nie) . 

of the Mg crystal, termed tension and compression twinning 

respectively. A twinning mode in an hcp structure is usually 

described by the following twinning elements: the invariant 
(twinning) plane K 1 , the shear direction η1 , the undistorted 

(conjugate twinning) plane K 2 , and the conjugate shear direc- 
tion η2 [5] . Table 1 provides the twinning elements for some 
specific twinning modes, with the twinning shear magnitude s 
expressed by the c/a ( �) ratio. For the range of the c/a ratio 

observed in hcp metals (1.5 < � < 1.9), { 10 ̄1 1 } and { 11 ̄2 2 } 
twins are compression twins that can be activated by uni- 
axial compression along the c -axis of the hcp crystal, while 
{ 11 ̄2 1 } twin is a tension twin that can be activated by uniaxial 
tension along the c -axis of the crystal. { 10 ̄1 2 } twin is a ten- 
sion twin for Mg, Ti (titanium) and Zr (zirconium) that have 
� < 

√ 

3 , and a compression twin for Cd (cadmium) and Zn 

(zinc) having � > 

√ 

3 [5–9] . Twins reported in Mg mainly 

include those with twin planes on { 10 ̄1 2 } , { 10 ̄1 1 } , { 10 ̄1 3 } , 

https://doi.org/10.1016/j.jma.2023.07.015 
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Table 1 
Twinning elements for some twinning modes in hcp structures [5] . 

K 1 K 2 η1 η2 s Detected in metals 

{ 10 ̄1 2 } { ̄1 012 } 〈 10 ̄1 ̄1 〉 〈 ̄1 01 ̄1 〉 (3 − �2 ) / 
√ 

3 � Mg, Ti, Co, Zr, Zn, Bi 
{ 10 ̄1 1 } { 10 ̄1 ̄3 } 〈 10 ̄1 ̄2 〉 〈 30 ̄3 2 〉 (4�2 − 9) / 4 

√ 

3 � Mg, Ti 
{ 10 ̄1 ̄3 } { 10 ̄1 1 } 〈 30 ̄3 2 〉 〈 10 ̄1 2 〉 (4�2 − 9) / 4 

√ 

3 � Mg 
{ 11 ̄2 1 } {0002} 〈 ̄1 ̄1 26 〉 〈 11 ̄2 0 〉 1/ � Ti, Zr, Co, Re 
{ 11 ̄2 2 } { 11 ̄2 ̄4 } 〈 11 ̄2 ̄3 〉 〈 22 ̄4 3 〉 2( �2 − 2)/3 � Ti, Zr 
{ 11 ̄2 ̄4 } { 11 ̄2 2 } 〈 22 ̄4 3 〉 〈 11 ̄2 ̄3 〉 2( �2 − 2)/3 � Ti, Zr 

{ 10 ̄1 4 } , { 10 ̄1 5 } and { 30 ̄3 4 } , while other types of twins, such 

as { 11 ̄2 1 } , { 11 ̄2 2 } and { 11 ̄2 4 } , generally occur in Ti and 

Zr [ 5 , 7-9 ]. The commonly detected twins in plastically de- 
formed Mg are { 10 ̄1 2 } tension twins, { 10 ̄1 1 } or { 10 ̄1 3 } com- 
pression twins, with the { 10 ̄1 2 } tension twin being the most 
frequently observed. In addition, “double-twins” have been 

observed in plastically deformed Mg, which include { 10 ̄1 1 } - 
{ 10 ̄1 2 } , { 10 ̄1 3 } - { 10 ̄1 2 } and { 10 ̄1 2 } - { 10 ̄1 2 } modes in which 

secondary { 10 ̄1 2 } twins form inside the primary twin [10–
13] . During plastic deformation, twins frequently interact with 

each other, and they also interact with slip dislocations and 

solute atoms. These twin-solute, twin-dislocation and twin- 
twin interactions impact the microstructure evolution during 

plastic deformation, and thus affect the mechanical properties. 
Twin-solute interactions cause solute segregation in coher- 

ent twin boundaries (CTBs), and this behavior has been ex- 
perimentally observed in Mg alloyed with rare-earth, Zn, Ag 

or Bi single or multiple elements [14–18] . The periodic seg- 
regation of solute atoms reduces the local strain at CTB and 

pin the twin boundary (TB) motion, causing the need for an 

increased stress level for twin boundary migration [14] . Pre- 
vious studies made by DFT calculations [19] reported that so- 
lutes at CTBs resist the glide of twinning dislocations (TDs), 
and a larger stress is required for the further motion of the 
TDs, thus contributing to strengthening. Furthermore, some 
solutes such as Y, Zn, Ag, Mn are reported to enhance the 
cohesion of twin boundaries, resulting in improved fracture 
toughness [20–22] . 

Twin-dislocation interactions occur between different types 
of twins and different types of dislocations, including 〈 a 〉 , 
〈 c 〉 and 〈 c + a 〉 that can move on various slip planes 
such as basal, prismatic and pyramidal planes. This type of 
interactions affects the strain hardening behavior [23–26] , in 

which TBs can act as obstacles to dislocation slip and pre- 
existing dislocations can impede the growth of twins [ 27 , 28 ]. 
In addition, dislocation transmutation [29–34] can occur across 
the twin boundary, in which glissile 〈 a 〉 dislocations trans- 
form to an immobile 〈 c + a 〉 that is in the form of two 

Frank partials bounding a basal I 1 stacking fault (SF) in be- 
tween [ 31 , 32 ], and a sessile 〈 c 〉 or 〈 c + a 〉 dislocation 

can transform to two mobile 〈 a 〉 dislocations [35–37] . The 
transformation between immobile and mobile dislocations re- 
freshes the plastic deformation capability, thus affecting the 
strength and ductility. 

Twin-twin interactions can occur between any two of the 
six variants of the same type of twin or between different 

twin types. Twin-twin interactions result in structures such 

as twin-twin junctions (TTJs) [38–40] , tension-tension dou- 
ble twin and compression-tension double twin. TTJs can re- 
tard the subsequent twinning by hindering the movement of 
TDs or retard the detwinning by impeding the dissociation 

of twin-twin boundary (TTB) dislocations [39] , giving rise 
to strain hardening. In addition, TTJs can also facilitate the 
basal slip band transfer between two interacting twins when 

the two twins share the same zone axis [ 39 , 41 ]. Tension- 
tension double twin structures are effective in refining mi- 
crostructure, which is beneficial to strength enhancement [42] . 
Compression-tension double twin structures produce localized 

shear, which is closely related to the crack initiation and prop- 
agation that causes fracture and failure [ 10 , 12 , 43-50 ]. 

The purpose of this article is to provide a comprehensive 
review of twin-solute, twin-dislocation and twin-twin inter- 
actions. The content includes the interaction behaviours and 

mechanisms, the corresponding products, and the influence of 
interactions on the mechanical properties of Mg and its al- 
loys. Following the introduction, Section 2 provides a review 

of twin-solute interactions with solutes being either substi- 
tutional or interstitial. Section 3 reviews the interactions be- 
tween twin and 〈 a 〉 , 〈 c 〉 or 〈 c + a 〉 dislocation, with 

a focus on the { 10 ̄1 2 } tension twins and { 10 ̄1 1 } compression 

twins. Section 4 provides a review of twin-twin interactions 
that occur between { 10 ̄1 2 } and { 10 ̄1 2 } , or { 10 ̄1 1 } and { 10 ̄1 1 } 
twin variants, which results in TTJs and TTBs. Double twin 

structures, with { 10 ̄1 2 } secondary twin formed inside { 10 ̄1 2 } 
or { 10 ̄1 1 } primary twin, are discussed in detail. Other twin- 
ning modes such as sequential twinning are also briefly dis- 
cussed. Section 5 provides a discussion on remaining critical 
issues that need to be solved for the interactions between twin 

and lattice defects in Mg, which is followed by a summary 

in Section 6 . 

2. Twin-solute interactions 

2.1. Interactions between twin boundary and substitutional 
solutes 

2.1.1. Solute segregation in coherent twin boundaries 
Interactions between twin and substitutional solutes can 

result in segregation of solutes along CTBs. Solute atoms 
with atomic sizes different from that of Mg can replace Mg 

atoms on CTBs that have elastic strains that are distributed 

alternatingly on CTB extension and compression sites [14] . It 
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is now widely accepted that solute atoms with larger atomic 
radii than Mg tend to segregate to extension sites, while those 
with smaller atomic radii prefer to segregate to compression 

sites [ 14 , 19 , 51 , 52 ]. This segregation process occurs due to 

the minimization of elastic strain, whereby the relocation of 
a larger or smaller solute atom to the CTB can reduce strain 

in the lattice and simultaneously minimize strain in the CTB 

extension or compression sites. 
The segregation of solute atoms on CTBs was first ob- 

served by Nie et al. [14] in Mg alloys that had undergone a 
given duration of annealing heat treatment. Gd-rich columns 
were found on the extension sites of { 10 ̄1 1 } , { 10 ̄1 2 } or { 10 ̄1 3 } 
CTBs in Mg-Gd binary alloys, while Zn atoms occupied the 
compression sites of the { 10 ̄1 2 } CTBs in Mg-Zn binary alloys. 
For Mg-Gd-Zn ternary alloys, both Zn and Gd atoms were 
observed to occupy the extension site of the { 10 ̄1 2 } CTBs. 
Similar segregation pattern on CTBs was subsequently re- 
ported in Mg alloys with either single or multiple alloying 

elements. Chen et al. [18] observed the segregation of Ag 

atoms on compression sites of { 10 ̄1 1 } , { 10 ̄1 2 } and { 10 ̄1 3 } 
CTBs in a Mg-Ag alloy, while Zhou et al. [15] showed sig- 
nificant segregation of Gd and Ag atoms on both { 10 ̄1 1 } and 

{ 10 ̄1 2 } CTBs in Mg-Gd-Y-Ag alloy; Zhao et al. [17] observed 

the co-segregation of Nd and Ag atoms on both { 10 ̄1 1 } and 

{ 10 ̄1 2 } CTBs in a Mg-Nd-Ag alloy, with Nd segregating to 

the extension sites and Ag to the compression sites, and He 
et al. [53] showed the segregation of Bi atoms on compres- 
sion sites of { 10 ̄1 1 } CTB in a Mg-Bi alloy. Apart from the 
above segregation patterns, some unique segregation patterns 
were also reported. For example, a spinal-shaped segregation 

structure on the { 10 ̄1 2 } CTB was observed by Zhou et al. 
[15] in a Mg-Gd-Y-Ag alloy, in which Ag atoms are dis- 
tributed uniformly between three Gd-rich columns. A mixture 
segregation pattern with Ag atoms segregated on two substitu- 
tional columns and one interstitial column at the { 10 ̄1 3 } CTB 

was observed by Chen et al. [18] in Mg-Ag binary alloy. 
A double-segregation-layer with two mutually parallel { 10 ̄1 1 } 
layers decorated by Gd-rich columns was observed by Zhu 

et al. [16] in Mg-Gd alloy. 
The ability of solutes to segregate to CTBs is largely deter- 

mined by their segregation energy ( E seg ), which is the energy 

difference before and after the segregation in an alloy system. 
A more negative value of E seg indicates a higher tendency 

for segregation [51] . According to previous DFT calculations 
[ 51 , 52 , 54 , 55 ], solutes such as Ag, Al, Ge, Ga, Li, Mn, Sn and 

Zn can be substituted into the compression site on CTBs due 
to their smaller size than Mg; while solutes such as Ca, Ce, 
Dy, Er, Gd, Ho, La, Lu, Nd, Pb, Pr, Sc, Sm, Y, Yb, Zr can seg- 
regate into the extension sites on CTBs since they are larger 
than Mg. In addition to the segregation energy, the solute- 
diffusion activation enthalpies ( E Act ) need to be considered 

because solute atoms have to migrate to the twin boundaries 
before segregation can occur, as suggested by Zhang et al. 
[51] . A higher value of E Ac means more energy is required 

in order to activate a diffusion process, making it more dif- 
ficult for the solute to migrate to the CTBs. Therefore, only 

alloying elements with E Ac equal to or lower than that of 

pure Mg, such as Ce, Dy, Gd, Li, Nd, Pb, Sm, Yb and Zn, 
are expected to migrate easily to the CTBs for the subsequent 
segregation process. Furthermore, Kumar et al. [52] suggested 

that a good solute for doping Mg should be soluble in both 

bulk and CTBs, with higher solubility in CTBs. For example, 
Ge, Zn, Ce and La are good candidates as they have high 

solubility in bulk and are more soluble in CTBs. 
The criterion that attributes the negative segregation energy 

to elastic strain minimization has successfully explained most 
of the twin boundary segregation behaviours. However, it fails 
to explain the segregation phenomenon observed by He et al. 
[53] . In their work, Bi atoms, which have larger atomic size 
than Mg, segregate to the compression site of { 10 ̄1 1 } and not 
to any type of site in { 10 ̄1 2 } , disobeying the conventional 
rule that larger solutes should occupy the extension site of 
CTBs. According to He et al. [53] , although the segregation 

of Bi to the compression sites of { 10 ̄1 1 } intensifies the local 
compression strain, a strong chemical bond between Bi and 

Mg atoms could effectively stabilize the CTBs and overcome 
the destabilizing effect from the increased strain field. In con- 
trast, although the segregation of Bi to the extension sites of 
{ 10 ̄1 2 } can relieve strains, there is much less incentive to form 

a chemical bond between Mg and Bi on the twin boundary 

than that in the matrix. Neither local strain relief nor the for- 
mation of stronger chemical bonds can be achieved for the 
segregation of Bi to the compression sites of { 10 ̄1 2 } . These 
explanations rationalize the segregation behavior of Bi only 

to the compression sites of { 10 ̄1 1 } , and He et al. [53] further 
illustrated that elements with the same valence electron or- 
bital type and similar electronegativity to Bi (such as Pb, Tl 
and In) also exhibit the same segregation manner. Therefore, 
the chemical bonding effect should be combined with elastic 
strain minimization to account for the negative values in the 
segregation energy, and this combination could give a more 
comprehensive understanding for solute segregation behavior 
on CTBs. It should be further noted that chemical bonding 

effect has a close relationship with the coordination geometry 

of the sites on CTBs, which is different for different types of 
sites (extension and compression) and for different types of 
CTBs [53] . For example, the geometry of the compression site 
in { 10 ̄1 1 } CTBs suits solutes whose valence electrons occupy 

p -type orbitals (like Bi), while the geometry of the extension 

site in the { 10 ̄1 1 } CTBs, or the geometry of the compression 

or extension site on other types of CTBs is not. However, re- 
garding strain energy minimization, the segregation of solutes 
only relates to the types of the sites but is independent of the 
types of CTBs [22] . 

2.1.2. Effect of twin boundary segregation on mechanical 
properties of Mg 

Periodic segregation of solutes on CTBs can significantly 

strengthen materials by pinning the migration of twin bound- 
ary. This phenomenon was first observed by Nie et al. 
[14] , who found that samples with solute segregation on 

{ 10 ̄1 2 } CTBs exhibited limited twin growth and increased 

yield strength compared to identical samples without so- 
lute segregations. A subsequent study by Ghazisaeidi et al. 
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Fig. 1. (a) Possible interstitial sites for H atoms in a Mg unit cell. (b) Schematic illustration of the supercell of a { 10 ̄1 2 } twin boundary in Mg, with L1-L5 
labelled the atomic planes from the plane closest to the TB to the plane in the bulk-like Mg region along the Z direction, and d1-d5 denoted the inter-planar 
spacings. (c and d) Enlarged views indicating the positions of the interstitial sites for H. Letters C and E denote the compression and extension sites in the 
TB plane. Letter t (gray), o (red), h (green), c (blue) denote the tetrahedral, octahedral, hexahedral, and crowdion interstitial sites for H, respectively, and 
numbers behind these letters increase with increasing the distance of the interstitial site away from the TB plane [55] . 

[19] used DFT calculations to examine the interactions be- 
tween solutes and { 10 ̄1 2 } TDs and suggested that alloy- 
ing elements could resist the glide of TDs, providing a 
significant contribution to strengthening (around 10 MPa) 
larger than the apparent “Peierls barrier” in pure Mg (around 

3 MPa). Cui et al. [56] investigated the effect of anneal- 
ing on the { 10 ̄1 2 } twin boundary mobility in different Mg 

alloys and found that longer annealing times or higher so- 
lute concentrations resulted in enhanced solute segregation 

on CTBs, leading to lower mobility of the twin boundary 

and stronger strengthening effect. Additionally, Wang et al. 
[57] also studied the relationship between solute concentra- 
tion and strengthening effect and found that higher solute con- 
centrations resulted in larger increase in the critical resolved 

shear stress for both the nucleation and growth of a { 10 ̄1 2 } 
twin. 

The segregation of solutes on twin boundaries has been 

found to have a significant impact on the fracture toughness 
of Mg alloys. Somekawa et al. [58] reported that the frequent 
occurrence of dislocation pile-up on the { 10 ̄1 2 } twin bound- 
aries could lead to strain accumulation, which could in turn 

cause the easy propagation of cracks along the twin bound- 
aries. However, solute atoms such as Mn, Zn, Al, Ag can 

form strong adhesion with Mg atoms at the twin boundaries 
through either closed-shell (Mn and Zn) or covalent-like (Al 
and Ag) bonding. This impedes the crack propagation along 

the matrix-twin interface and results in high fracture tough- 
ness [20] . This enhancement of fracture toughness by solutes 
segregation on { 10 ̄1 2 } CTBs was also reported by Huang and 

Nie [55] , who showed that the twin boundary cohesion is 

enhanced through the electronic interactions between solutes 
and Mg atoms. The most significant enhancement is observed 

when the solute atom is Zr, Mn or rate-earth element such 

as Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, and the enhancement 
is less significant for Al. On the other hand, Huang and Nie 
[55] also suggested that segregation of Li, Ca, Sn and Bi can 

reduce fracture toughness, as the weak Mg-solute interaction 

weakens the twin boundary cohesion. 
Solute segregation on CTBs can also decrease the damping 

capacity of Mg alloys. It has been reported that an alternate 
shrinkage and growth of a deformation twin can effectively 

absorb the vibration energy and thus enhance damping capac- 
ity [59–62] . However, solute atoms that segregate to the twin 

boundaries, for example, Y on { 10 ̄1 2 } CTBs, could effectively 

stabilize the twin boundary and thus inhibit the shrinkage and 

growth of deformation twin, causing the loss of the damping 

capacity [21] . 

2.2. Interactions between twin boundary and interstitial 
solutes 

Interstitial solutes such as hydrogen (H) and oxygen (O) 
can also interact with twin boundary. In a DFT study made 
by Huang et al. [55] , segregation energy of H in tetrahedral, 
octahedral, hexahedral and crowdion sites were calculated. 
It was found that the segregation energy corresponding to a 
H atom located at one of the ten tetrahedral sites, which is 
on the { 10 ̄1 2 } twin boundary and labeled as t2 in Fig.1c , is 
much lower than that at any other site, indicating the prefer- 
able occupancy of H at a specific tetrahedral site of the twin 
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boundary rather than in the Mg matrix. Huang et al. [55] also 

investigated the interactions between H and solute atoms on 

the { 10 ̄1 2 } twin boundary and found that Li, Ca, Mn, Zr, Y 

or Nd can promote H atoms to form solute-hydrogen clusters. 
The gathering of H atoms around a solute atom causes hy- 
drogen embrittlement, which weakens the twin boundary and 

makes it susceptible to fracture. The weakening effect caused 

by Mn, Zr, Y or Nd is much more significant than that caused 

by Li or Ca. 
Although interactions between interstitial O and the twin 

boundary in Mg have not been extensively studied, research 

conducted in Ti may provide some guidance. Ghazisaeidi and 

Trinkle [63] compared the energetics of four octahedral in- 
terstitial sites for O in the { 10 ̄1 2 } twin geometry with that 
in the bulk and found that two of these sites, which were lo- 
cated at the twin boundary, were more attractive to O than the 
bulk and therefore likely to be occupied. Subsequent study 

conducted by Joost et al. [64] also showed the preferable 
occupancy of O atoms on two octahedral vacancies at the 
{ 10 ̄1 2 } twin boundary. They further demonstrated that the 
formation energies of the octahedral, hexahedral and crow- 
dion O interstitials could be all modified by a nearby twin. 
Additionally, their work suggested that diffusion of O across 
the twin boundary was much easier than that in the bulk, 
which is consistent with that reported by Hooshmand et al. 
[65] Hooshmand and Ghazisaeidi [66] proposed that interac- 
tion between O and the { 10 ̄1 2 } twin boundary could give rise 
to the dynamic strain aging effect based on serrated stress- 
strain curves obtained from tensile tests on single crystal Ti 
with O as the main interstitial content [67] . In this case, twin 

boundaries grow individually at a low plastic shear strain and 

are later pinned due to the fast diffusion of O atoms from the 
repulsive sites to the attractive sites within the twin boundary 

region. With the application of larger stress, the twin bound- 
ary grows faster until it is further pinned, and this process 
can manifest macroscopically as dynamic strain aging or ser- 
rated flow. The mechanism of dynamic strain aging caused 

by solute-twin interaction is also applicable to substitutional 
solutes, and the underlying features are the same as those for 
interstitial solutes. 

3. Twin-dislocation interactions 

The most commonly twinning mode in Mg is { 10 ̄1 2 }〈 ̄1 011 〉 
extension and { 10 ̄1 1 }〈 ̄1 012 〉 contraction twinning, which 

cause misorientations of ∼ 86.3 ° and ∼ 56 ° between the basal 
planes of the parent and the twin around 〈 1 ̄2 10 〉 , respectively. 
According to the classical twinning theory, the growth of a 
twin involves lattice reorientation, which is equivalent to a 
simple shear, with the shear character carried by twinning 

dislocations or twinning disconnection (TDs) that glide along 

the twinning plane [ 5 , 68-70 ]. This process leads to a fully 

coherent twin boundary, i.e., K 1 plane, between the resultant 
twin and the parent crystal. An alternative growth mecha- 
nism for { 10 ̄1 2 } twin was proposed by Li and Ma [71] . They 

suggested, based on their MD simulations, that { 10 ̄1 2 } twin 

grew through pure atomic shuffling without the glide of TDs 

on the { 10 ̄1 2 } twinning plane. This proposal stemmed from 

experimental observations of a deviation of the { 10 ̄1 2 } twin 

boundary from the crystallographic twinning plane K 1 [72–
75] . The actual misorientation angle between the basal planes 
of the parent and twin were found to range from 84 ° to 97 °, 
differing from the theoretical value of 86.3 °. However, this 
small inclination of the { 10 ̄1 2 } twin boundary from the in- 
variant K 1 plane can be ascribed to the coexistence of CTBs 
and basal-prismatic (BP, with the basal plane of the parent 
lying parallel or nearly parallel to the prismatic plane of the 
twin) or prismatic-basal (PB, with the prismatic plane of the 
parent lying parallel or nearly parallel to the basal plane of 
the twin) interfaces [76–78] , where the BP/PB interfaces may 

arise from a pile-up of multiple TDs [78] or interactions be- 
tween the CTBs and lattice dislocations [76] . While the sim- 
ulation results of Li and Ma [71] contradict those of Wang 

et al. [76] and Ostapovets et al. [79] , where the migration of 
the { 10 ̄1 2 } twin boundary involves the glide of TDs on the 
{ 10 ̄1 2 } twin boundary, the difference between these results 
can be attributed to the different boundary conditions set in 

the simulations. Li and Ma applied free surface boundary, 
whereas Wang and Ostapovets et al. used periodic bound- 
ary condition along the twinning shear direction 〈 ̄1 011 〉 . In 

other words, the model of Li and Ma represents a nanoscale 
sample, while the models adopted by Wang and Ostapovets 
et al. represent a bulk sample. The in-situ TEM observation 

of twinning-like lattice reorientation in the work of Liu et al. 
[80] is consistent with nanoscale sample having free surfaces. 
A more detailed discussion can be found in [81–83] . The au- 
thors of this review paper adopted the same simulation setting 

as Ostapovets et al. [79] and observed that the twin growth 

occurred through nucleation and glide of TDs. Hence, it is 
concluded that the { 10 ̄1 2 } twinning growth mechanism can 

be still accounted for by the classical TD theory, and that the 
existence of specific BP/PB segments within { 10 ̄1 2 } CTBs 
accounts for the deviation of { 10 ̄1 2 } TB from the theoretical 
twinning plane. 

Macroscopically long BP/PB interface, composed of a 
large number of BP and PB segments with varying lengths, 
was experimentally observed in submicron-sized Mg single 
crystals compressed under a strain rate of 10 

−3 s −1 [80] . These 
macroscopic BP/PB interfaces cause a misorientation angle 
close to 90 ° between the parent and the “twin” region. There 
is no orientational mirror symmetry across such interfaces. 
The migration of the macroscopic BP/PB interface occurs 
through the nucleation and lateral gliding of interfacial defects 
on the coherent part of the interface that is defined by two ad- 
jacent misfit dislocations on the otherwise coherent BP/PB in- 
terface [ 80 , 84 ]. The motion of such interfacial defect changes 
the parent basal/prismatic to “twin” prismatic/basal and con- 
comitantly gives rise to uniaxial deformation along the two 

orthogonal directions lying perpendicular and parallel to the 
c -axis of the parent. This process, named basal-prismatic “unit 
cell reconstruction”, involves pure shuffling for the atomic re- 
arrangement [80] . It is thus concluded that the migration of 
the macroscopic long BP/PB interface and the { 10 ̄1 2 } CTB 

may occur through different mechanisms, leading to different 
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Fig. 2. Schematic illustration for (a) ( 10 ̄1 2 )[ ̄1 011 ] extension twinning, (b) ( 10 ̄1 1 )[ ̄1 012 ] contraction twinning, (c) (0001) basal 〈 a 〉 screw and mixed 
dislocations, (d) ( 10 ̄1 0) prismatic 〈 c 〉 edge and 〈 c + a 〉 mixed dislocations, and (e) ( 10 ̄1 1 ) pyramidal 〈 c + a 〉 mixed dislocation in Mg. The twin planes 
and dislocation slip planes are marked in gray color. 

product orientations. This review paper only considers twin 

and dislocation interactions between CTBs and various lattice 
dislocations, and the growth mechanism of the { 10 ̄1 2 } twin 

is fully consistent with the classical theory of twinning. The 
{ 10 ̄1 2 } extension and { 10 ̄1 1 } contraction twins are indexed as 
( 10 ̄1 2 ) and ( 10 ̄1 1 ) . They are viewed along the common axis 
[ 1 ̄2 10 ] of the matrix and twin, and shown in Figs. 2a and b , 
respectively. 

〈 a 〉 type dislocations gliding on (0001) basal plane is 
called basal 〈 a 〉 dislocations. Basal 〈 a 〉 dislocation with 

Burgers vector of 1 
3 [ 1 ̄2 10 ] that is parallel to the ( 10 ̄1 2 ) or 

( 10 ̄1 1 ) twin plane, is called basal 〈 a 〉 screw dislocation. 
Basal 〈 a 〉 dislocation with Burgers vector of 1 

3 [ 11 ̄2 0 ] or 
1 
3 [ ̄2 110 ] that is at 60 ° to the intersection line between the 
basal plane and twin plane, is called basal 〈 a 〉 mixed dislo- 
cation. 〈 c 〉 and 〈 c + a 〉 dislocations focused on this work 

glide respectively on ( 10 ̄1 0) prismatic and ( 10 ̄1 1 ) pyramidal 
plane, these two planes share the common axis [ 1 ̄2 10 ] of the 
matrix and twin crystal. 〈 c 〉 dislocation with Burgers vector 
of [0001], is called prismatic 〈 c 〉 edge dislocation. 〈 c + a 

〉 dislocation with Burgers vector being the sum of basal 〈 
a 〉 screw and prismatic 〈 c 〉 edge, or basal 〈 a 〉 mixed 

and prismatic 〈 c 〉 edge dislocations, is called prismatic or 
pyramidal 〈 c + a 〉 mixed dislocation, respectively. Differ- 
ent types of dislocations and their glide planes are shown in 

Figs. 2c - e . 

In the matrix crystal, basal 〈 a 〉 mixed dislocation 

1 
3 [ 2 ̄1 ̄1 0 ] m 

or 1 
3 [ ̄2 110 ] m 

(subscript m represent matrix), pris- 
matic 〈 c 〉 edge dislocation [0001] m 

or [ 000 ̄1 ] m 

, prismatic 〈 
c + a 〉 mixed dislocation 

1 
3 [ ̄1 2 ̄1 3 ] m 

or 1 
3 [ 1 ̄2 1 ̄3 ] m 

, and pyra- 
midal 〈 c + a 〉 dislocation 

1 
3 [ 2 ̄1 ̄1 3 ] m 

or 1 
3 [ ̄2 11 ̄3 ] m 

, is defined 

positive or negative, respectively. In the twin crystal, basal 〈 
a 〉 mixed dislocation with an edge component of 1 

2 [ 10 ̄1 0 ] t or 
1 
2 [ ̄1 010 ] t , is defined positive or negative. A basal 〈 a 〉 mixed 

dislocation tends to dissociate into a 90 ° and a 30 ° Shock- 
ley partials bounding an I 2 basal SF in between, where 90 °
and 30 ° Shockley in the matrix or twin are designated b 

90 
m 

and b 

30 
m 

or b 

90 
t and b 

30 
t , respectively. The 〈 c 〉 or 〈 c + a 〉 

type dislocation is inclined to dissociate into two 

1 
2 〈 c 〉 or 

two Frank partials, with an extrinsitc or I 1 basal SF bound- 
ing in between [85–87] . Dissociation of a positive or negative 
prismatic 〈 c + a 〉 produces Frank partials of 1 

6 [ ̄2 203 ] m 

and 

1 
6 [ 02 ̄2 3 ] m 

, or 1 
6 [ 2 ̄2 0 ̄3 ] m 

and 

1 
6 [ 0 ̄2 2 ̄3 ] m 

. Dissociation of a pos- 
itive or negative pyramidal 〈 c + a 〉 produces Frank partials 
of 1 

6 [ 20 ̄2 3 ] m 

and 

1 
6 [ 02 ̄2 3 ] m 

, or 1 
6 [ ̄2 02 ̄3 ] m 

and 

1 
6 [ 0 ̄2 2 ̄3 ] m 

. 
Disconnections on the ( 10 ̄1 2 ) or ( 10 ̄1 1 ) twin boundary are 

represented by b ±p / ±q [88–94] , where the superscript “+ ” or 
“-” indicates the step ‘up’ or ‘down’ with respect to the ma- 
trix, with “p” or “q” indicating the number of inter-planar 
spacing of the twinning planes corresponding to the step 

height in the matrix or twin. For a b 1/1 or b -1/ - 1 single-atomic- 
layer-height (SALH) disconnection, it always connects with 
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Fig. 3. (a) Schematic diagram showing Mg lattice comprising alternating basal planes A and B. Basal 〈 a 〉 mixed dislocation is defined as positive or negative 
when its Burgers vector is 1 

3 [ 2 ̄1 ̄1 0 ] ( αβ) or 1 
3 [ ̄2 110 ] ( βα). (b) Dissociation of a basal 〈 a 〉 mixed dislocation in plane A (orange straight line) and in plane 

B (green straight line) leads to the 90 ° and 30 ° leading partial, respectively. Atoms in the matrix and twin lattices are indicated by red and blue circles, and 
their positions in two adjacent ( 1 ̄2 10 ) planes are indicated by solid and hollow circles, respectively. 

an I 1 SF to produce a step-SF intersection, giving rise to a 
disconnection that can be designated b 

SF 
1 / 1 or b 

SF 
−1 / −1 . Notation 

of b ±p / ±q can also represent the lattice dislocation [ 92 , 93 ], 
with q or p equal to zero for a dislocation in the matrix or 
twin. It should be noted that screw component along [ 1 ̄2 10 ] 
is not represented in this notation, and has q or p always 
equal to zero. As a result, basal 〈 a 〉 screw dislocation is 
represented as b 0/0 . Positive or negative basal 〈 a 〉 mixed 

dislocation is designated b 1/0 or b -1/0 in the matrix, and b 0/1 
and b 0/ - 1 in the twin. Matrix prismatic 〈 c 〉 or 〈 c + a 〉 
dislocation is desigated b 2/0 or b -2/0 , and matrix pyramidal 
〈 c + a 〉 mixed dislocation is desigated b 3/0 or b -3/0 . 

3.1. Interaction between { 10 ̄1 2 } extension twin and different 
types of dislocations 

3.1.1. { 10 ̄1 2 } extension twin and 〈 a 〉 type dislocations 
3.1.1.1. Interaction with basal 〈 a 〉 screw dislocation 

. 
Previous studies in Mg [95–100] suggests that a basal 〈 

a 〉 screw dislocation that has a Burgers vector parallel to 

the ( 10 ̄1 2 ) twin plane can directly transmit across the twin 

boundary. This process involves the cross slip of the dislo- 
cation from the basal plane in the matrix onto the basal or 
prismatic plane in the twin, and no residual dislocations are 
left in the boundary. Similar interaction behavior has been 

reported in titanium (Ti) [97] , zirconium (Zr) [101] and zinc 
(Zn) [ 102 , 103 ]. 

3.1.1.2. Interaction with basal 〈 a 〉 mixed dislocation 

. 
Computational simulations conducted on Mg suggested 

that a basal 〈 a 〉 mixed dislocation gliding onto the ( 10 ̄1 2 ) 

twin boundary will be absorbed by the twin boundary, mod- 
ifying the initially flat coherent twin boundary by forming a 
basal-prismatic (BP, with the basal plane of the matrix paral- 
lel to the prismatic plane of the twin) or prismatic-basal (PB, 
with the prismatic plane of the matrix parallel to the basal 
plane of the twin) disconnection of a relatively large height, 
with simultaneous emission of two-atomic-layer-height TDs 

[ 100 , 104-107 ]. Such absorption was also observed in simula- 
tions in Ti [ 69 , 92 ] and Zr [93] . Apart from being absorbed 

by the twin boundary, a matrix basal 〈 a 〉 mixed dislocation 

can transmute across the ( 10 ̄1 2 ) twin boundary. The concept 
of the transmutation refers to the change of slip plane and 

the Burgers vector of a dislocation when incorporate into the 
twin. Based on the crystallographic analysis, a Burgers vector 
of a basal 〈 a 〉 mixed dislocation in the matrix corresponds 
to the Burgers vector of a 1 

2 〈 c + a 〉 dislocation in the twin, 
thus a unit 〈 c + a 〉 dislocation is possibly produced by incor- 
porting two 〈 a 〉 dislocations [ 108 , 109 ]. Such transmutation 

reaction was confirmed in the molecular dynamics (MD) sim- 
ulation conducted by Wang et al. [31] , in which an 〈 a 〉 dis- 
location transmuted into a Frank partial dislocation inside the 
twin and a SALH disconnection on the twin boundary, with 

an I 1 SF linking them. Wang et al. [32] further proposed that 
two basal 〈 a 〉 mixed dislocations can transmute into a pair 
of Frank partial dislocations, and these two partials have a 
total Burgers vector equal to that of a prismatic 〈 c + a 〉 
dislocation. Transmutation of matrix basal 〈 a 〉 dislocations 
was also observed in the MD simulation conducted by Barrett 
et al. [29] , in which a prismatic 〈 c + a 〉 dislocation was 
produced after two 〈 a 〉 dislocations crossed a ( 10 ̄1 2 ) twin 

boundary. 
The different interaction products are thought to be 

related to the loading condition and the geometric rela- 
tionship between the ( 10 ̄1 2 ) twin and basal 〈 a 〉 mixed 

dislocations. Here the geometric relationship refers to the 
sign of the dislocation (the Burges vector direction of the 
dislocation with respect to the twinning shear direction), 
the positions of the two Shockley partials (resulting from 

dissociation of the 〈 a 〉 dislocation) relative to the twin 

boundary, and the type of the intersection point (extension 

or compression site) between the twin boundary and the slip 

plane of the 〈 a 〉 dislocation. Based on crystallographic 
analysis, an 〈 a 〉 dissociating in the plane A or B that 
intersects at the extension or compression site of the ( 10 ̄1 2 ) 

twin boundary, must have 90 ° or 30 ° Shockley leading 

partial, irrespective of its sign, as illustrated in Fig. 3 . The 
interaction between ( 10 ̄1 2 ) twin and basal 〈 a 〉 mixed 
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Fig. 4. Interaction between a positive basal 〈 a 〉 mixed dislocation b 1/0 and a ( 10 ̄1 2 ) twin under 200 MPa shear stress along [ ̄1 011 ] at 300 K, showing full 
absorption of b 1/0 , irrespective of the types of leading partials, which results in the formation of a BP b -7/ - 8 disconnection and four b 2/2 s. (a-b) b 1/0 with b 90 

m 

leading partial. (c-d) b 1/0 with b 30 
m 

leading partial. Atoms located at tension and compression sites of the twin boundary at (a, c) are coloured in red and blue, 
respectively. In (a, c), the slip plane of 〈 a 〉 is indicated by white dashed line, and the migration direction of the twin boundary is indicated by white arrow. 

dislocations under different conditions are shown in detail as 
following. 

• Positive 〈 a 〉 mixed dislocation 

The interaction process between a positive basal 〈 a 〉 
mixed dislocation b 1/0 and a ( 10 ̄1 2 ) twin boundary is shown 

in Fig. 4 , with b 1/0 having b 

90 
m 

( Figs. 4a and b ) or b 

30 
m 

( Figs. 4c and d ) as the leading partial. In both cases, the ap- 
plied shear stress is 200 MPa along [ ̄1 011 ] , and b 1/0 is fully 

absorbed by the twin boundary. The absorption of b 1/0 results 
in a b -7/ - 8 disconnection and four b 2/2 TDs. The riser plane of 
the b -7/ - 8 is parallel to the BP interface. The decomposition 

of a positive basal 〈 a 〉 mixed dislocation can be described 

by the equation developed by Serra et al. [69] , which is 

b 1 / 0 = b −( 2n −1 ) / −2n + nb 2/ 2 (1) 

When the shear stress is increased to 700–800 MPa, trans- 
mutation of b 1/0 occurs. The transmutation of b 1/0 , either with 

b 

90 
m 

or b 

30 
m 

leading partial, produces a Frank partial disloca- 
tion inside the twin and a SALH disconnection on the twin 

boundary, with an I 1 fault in between, Figs. 5c and d . This 
reaction can be described by 

b 1 / 0 = b 

SF 
1 / 1 + 

1 

6 

[
2 2 0 3 

]
t (2) 

or 

b 1 / 0 = b −2/ −2 + 

1 

6 

[
0 2 2 3 

]
t + b 

SF 
−1 / −1 (3) 

as illustrated in Figs. 5e or f , respectively. 

• Negative 〈 a 〉 mixed dislocation 

The interaction between a negative basal 〈 a 〉 mixed dislo- 
cation b -1/0 with - b 

90 
m 

leading partial and a ( 10 ̄1 2 ) twin bound- 

ary under a shear stress of 200 MPa along [ ̄1 011 ] , causes 
b -1/0 to connect with a b 2/2 disconnection on the ( 10 ̄1 2 ) twin 

boundary through - b 

90 
m 

, with - b 

30 
m 

separated from the twin 

boundary by an I 2 fault , and this process is accompanied with 

the emission of a b -2/ - 2 TD, Figs. 6a - b . The riser plane of the 
b 2/2 that connects with the - b 

90 
m 

, is parallel to the PB inter- 
face. This reaction can be described by the equation following 

Serra et al. [69] , which is 

b −1 / 0 = −b 

30 
m 

+ 

(−b 

90 
m 

+ b 2n/ 2n 
) + nb −2/ −2 (4) 

Under the same shear stress of 200 MPa, a b -1/0 with - b 

30 
m 

leading partial cannot interact with a ( 10 ̄1 2 ) twin boundary. 
This dislocation, when gliding towards and tending to contact 
with the twin boundary, is always repelled back by the twin 

boundary, Figs. 6c - d . 
Transmutation of b -1/0 with - b 

90 
m 

leading partial occurs 
when the shear stress is increased to around 800 MPa. And 

transmutation of b -1/0 with - b 

30 
m 

leading partial is observed 

when the shear stress is larger than 470 MPa. The transmuta- 
tion of b -1/0 , either with - b 

90 
m 

or - b 

30 
m 

leading partial, generates 
a Frank partial dislocation inside the twin and a SALH dis- 
connection on the twin boundary, with an I 1 fault in between, 
Figs. 7c and d . This reaction can be described by 

b −1 / 0 = b 

SF 
1 / 1 + 

1 

6 

[
02 2 3 

]
t + b 2/ 2 (5) 

or 

b −1 / 0 = b 

SF 
−1 / −1 + 

1 

6 

[
2 203 

]
t (6) 

as illustrated in Figs. 7e or f , respectively. 
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Fig. 5. Interaction between b 1/0 and a ( 10 ̄1 2 ) twin under a shear stress of 700 MPa along [ ̄1 011 ] at 300 K in (a) or (b) gives rise to (c) a b SF 
1 / 1 disconnection 

and 1 
6 [ 2 ̄2 0 ̄3 ] t Frank partial dislocation with an I + 1 fault in between or (d) a b SF 

−1 / −1 disconnection and 1 
6 [ 0 ̄2 2 ̄3 ] t Frank partial dislocation with an I −1 fault 

in between, together with a b -2/ - 2 TD. Burgers vectors of the b 1/1 and b -1/ - 1 are determined by reproducing the circuits in the insert of (c) and (d) in the 
trichromatic complex in (e) and (f). respectively. Relationship among Burgers vectors of lattice dislocations and disconnections on the twin boundary for 
the reaction of (a or b-c) and (a or b-d) are illustrated in (e) and (f) respectively. In the trichromatic complex, the red, blue, and green lattices represent 
respectively matrix, twin and the crystal having same orientation as the twin crystal, but with the stacking sequence changed by the I 1 fault. In symbol I +(−) 

1 , 
the superscript “+ ” or “-” indicates the shear direction [ 10 ̄1 0 ] t or [ ̄1 010 ] t that generates the I 1 fault in the twin lattice. 

• Interaction with two 〈 a 〉 mixed dislocations 

When Eqs. (2) and (3) are added together, there is 

2b 1 / 0 = 

1 

6 

[
2 2 0 3 

]
t + 

1 

6 

[
0 2 2 3 

]
t + b −2/ −2 

= 

1 

3 

[
1 2 1 3 

]
t + b −2/ −2 (7) 

and combination of Eqs. (5) and (6) leads to 

2b −1 / 0 = 

1 

6 

[
02 2 3 

]
t + 

1 

6 

[
2 203 

]
t + b 2/ 2 = 

1 

3 

[
1 2 1 3 

]
t + b 2/ 2 (8) 

This means that transmutation of two same-signed basal 
〈 a 〉 mixed dislocations can produce conjugate Frank partials 
that have a sum of Burgers vector equal to a prismatic 〈 c + a 

〉 dislocation. Such a process is verified in the present MD 

simulation. As shown in Fig. 8 , transmutation of the first b -1/0 
has produced an I 1 fault connected with a b 

SF 
1 / 1 and bounded 

by a 1 
6 [ 02 ̄2 3 ] t . When the second b -1/0 glides towards and 

transmutes at the intersection point between the twin bound- 
ary and the I 1 fault, the I 1 detaches from the twin boundary 

and bounded by 

1 
6 [ 02 ̄2 3 ] t and 

1 
6 [ ̄2 203 ] t Frank partials at its 

two ends, leaving behind a b 2/2 TD on the twin boundary. 

3.1.1.3. Twin boundary migration after twin and 〈 a 〉 dislo- 
cation interactions. 

Interaction between a twin and a basal 〈 a 〉 screw disloca- 
tion does not change the configuration of the twin boundary. 
Such interaction would not affect the migration of the twin 

boundary as no TDs are involved and the 〈 a 〉 simply cross- 
slips [ 98 , 99 , 102 ]. 

Absorption of a positive basal 〈 a 〉 mixed dislocation pro- 
duces a BP b -(2n-1)/ - 2n disconnection on the otherwise planer 
twin boundary and n b 2/2 TDs. Migration of a BP b -(2n-1)/ - 2n 
disconnection was first investigated by Serra and Bacon [69] . 
As shown in their simulations, a pair of TDs with opposite 
sign will be nucleated at each end of the BP riser under 
applied shear stress, these TDs move in opposite directions 
and cause the BP disconnection to migrate along the BP riser 
plane. The essence of this process was subsequently suggested 

by Pond et al. [89] to be equivalent to the interactive motion 

of a TD from one side to the other side of the BP riser, 
which was called compensated climb. This process was re- 
cently confirmed as disconnection transformation by El Kadiri 
and co-workers [106] . The description is: a TD nucleated at 
or gliding onto one end of the BP riser becomes a part of the 
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Fig. 6. (a-b) Interaction between a negative basal 〈 a 〉 mixed dislocation b -1/0 with - b 90 
m 

leading partial and a ( 10 ̄1 2 ) twin under a shear stress of 200 MPa 
along [ ̄1 011 ] at 300 K, causes the b -1/0 to connect to a PB b 2/2 disconnection on the twin boundary through the - b 90 

m 

, with the - b 30 
m 

trailing partial separated 
from the twin boundary by the I 2 fault, accompanied with the emission of a b -2/ - 2 TD. (c-d) A b -1/0 with - b 30 

m 

leading partial is repelled by the ( 10 ̄1 2 ) twin 
boundary under a shear stress of 200 MPa at 300 K. 

riser, then another specific part of the BP riser transforms to 

a same-signed TD that glides away from the other end of the 
riser. The disappearance-reappearance of TDs permits the BP 

disconnection to move along the riser plane in a cooperative 
manner. 

A negative basal 〈 a 〉 mixed dislocation can connect to 

a PB b 2n/2n disconnection on the twin boundary, accompa- 
nied with the formation of n b -2/ - 2 TDs. Such a PB b 2n/2n 
disconnection migrates when a TD glides across the PB riser, 
together with the migration of the connected 〈 a 〉 dislocation. 
The migration direction of the PB disconnection is parallel to 

the basal glide plane of the 〈 a 〉 dislocation, and is normal 
to the PB riser plane [69] . 

Transmutation of either a positive or negative basal 
〈 a 〉 mixed dislocation occurs under a stress state larger than 

that for absorption or connection of a same dislocation. The 
transmutation reaction generates either a BP b 

SF 
−1 / −1 or PB 

b 

SF 
1 / 1 disconnection that connects with an I 1 fault. Such dis- 

connection is reported to be sessile [ 110 , 111 ]. It was shown in 

a recent MD work [111] that a BP b 

SF 
−1 / −1 disconnection has 

its position changed only along the normal direction of the 
BP riser plane, while a PB b 

SF 
1 / 1 disconnection has its position 

changed only along the PB riser plane. 

3.1.2. Interaction with 〈 c 〉 or 〈 c + a 〉 type dislocations 
3.1.2.1. Interaction with prismatic 〈 c 〉 edge dislocation. 

Theoretical analysis [ 35 , 36 ] based on the crystallographic 
relationship between the matrix and a ( 10 ̄1 2 ) twin, suggests 
that the interaction between the twin and a matrix prismatic 
〈 c 〉 edge dislocation can produce two basal 〈 a 〉 mixed dis- 
locations in the twin crystal. This was confirmed by a recent 
MD simulation [37] , Fig. 9 , which showed that interaction 

between the twin and each of the 1 
2 〈 c 〉 partial of a 〈 c 〉 

dislocation produced a basal 〈 a 〉 mixed dislocation under 
sole shear stress along [ ̄1 011 ] . The transmutation of a matrix 

〈 c 〉 to two 〈 a 〉 dislocations in the twin could be described 

by 

b −2/ 0 = 2b 0/ 1 + b −2/ −2 (9) 

or 

b 2/ 0 = 2b 0/ −1 + b 2/ 2 (10) 

The resultant 〈 a 〉 dislocation tends to connect with the 
twin boundary when its 90 ° Shockley located at the end close 
to the twin boundary, giving a configuration comprising an 

interfacial defect connecting an I 2 fault that is bounded by a 
30 ° Shockley inside the twin, under a low shear stress along 
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Fig. 7. Interaction between b -1/0 and a ( 10 ̄1 2 ) twin in (a) or (b) produces a b SF 
1 / 1 disconnection and 1 

6 [ 02 ̄2 3 ] t Frank partial dislocation with an I + 1 fault in 

between, together with a b 2/2 TD or (c) a b SF 
−1 / −1 disconnection and 1 

6 [ ̄2 203 ] t Frank partial dislocation with an I −1 fault in between. The configurations in 

(c) and (d) are obtained under a shear stress of 800 MPa and 470 MPa along [ ̄1 011 ] ,respectively, at 300 K. Relationship among Burgers vectors of lattice 
dislocations and disconnections on the twin boundary for reaction of (a or b-c) and (a or b-d) are illustrated in (e) and (f). 

[ ̄1 011 ] . This interfacical defect can be BP b -2n/ - 2n or PB b 2n/2n 
when the connected “〈 a 〉 ” has a positve or negative sign [37] . 
For example, as shown in Fig. 10 , two I 2 fault both connected 

with the twin boundary can be produced from the twin and a 
〈 c 〉 dislocation interaction under a shear stress of 200 MPa, 
with such reaction described by 

b −2/ 0 = 2b 

30 
t + 2 

(
b 

90 
t + b −2n/ −2n 

) + ( 2n − 1 ) b 2/ 2 (11) 

or 

b 2/ 0 = 2 

(−b 

30 
t 

) + 2 

(−b 

90 
t + b 2n/ 2n 

) + ( 2n − 1 ) b −2/ −2 . 

(12) 

The I 2 fault that connects with the interfacial defect tends 
to detach from the twin boundary under a high shear stress 
( ∼1.5 GPa) [37] or under simultaneous application of shear 
and tensile stresses [112] , giving rise to a glissle 〈 a 〉 dislo- 
cation in the twin crystal. 

Apart from producing a positive basal 〈 a 〉 mixed dislo- 
cation, a negative 1 

2 〈 c 〉 dislocation can also give rise to an 

unusual structure after its interaction with the ( 10 ̄1 2 ) twin 

under sole shear stress. The unusual structure comprises two 

I 1 faults that are separated by two basal layers, which has 
been briefly introduced in a previous DFT work [113] and 

designated F 3 fault. The two I 1 of a F 3 fault have their upper 
ends connected to two separate BP b 

SF 
−1 / −1 disconnections and 

their lower ends bounded by a complex defect inside twin, 
and this complex defect has a Burgers vector identical to that 
of a b 

30 Shockley partial dislocation, Fig. 11b . Reaction for 
formation of a F 3 and a positive 〈 a 〉 or two F 3 faults from 

twin and a negative 〈 c 〉 interaction under a shear stress of 
200 MPa is shown in Fig. 11a - b or c - d , respectively, which 

can be described by 

b −2/ 0 = b 0/ 1 + 2b 

SF 
−1 / −1 + b 

30 
t (13) 

or 

b −2/ 0 = 4b 

SF 
−1 / −1 + 4b 

30 
t + b 2/ 2 (14) 
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Fig. 8. (a) After the transmutation of the first b -1/0 , a second b -1/0 is gliding toward the twin boundary. (b-c) When the transmutation of this second b -1/0 

takes place at the intersection point between the I 1 fault and the twin boundary, (d) the I 1 fault that initially connects with the twin boundary detaches away, 
becomes isolated inside the twin and bounded by the conjugate Frank partials of 1 

6 [ 02 ̄2 3 ] t and 1 
6 [ ̄2 203 ] t . 

In addition to generating a negative basal 〈 a 〉 mixed 

dislocation, a positive 1 
2 〈 c 〉 dislocation can also produce a 

PB b 8/7 disconnection after interacting with a ( 10 ̄1 2 ) twin 

under sole shear stress. Reaction for formation of two PB 

b 8/7 from twin and a positive 〈 c 〉 interaction under a shear 
stress of 200 MPa is shown in Fig.12 , and can be described 

by 

b 2/ 0 = 2b 2n/ ( 2n −1 ) + ( 2n − 1 ) b −2/ −2 (15) 

It was further observed by Zhou et al. [112] that twin 

and a positive 〈 c 〉 interaction could produce multiple prod- 
ucts in both the twin and matrix crystal, under simultaneous 
application of shear and compressive stresses. The interaction 

products included two basal 〈 a 〉 mixed dislocation gliding 

respectively on the matrix and twin crystal, and an I 1 fault in 

the twin that has one end connected with a b 

SF 
−1 / −1 disconnec- 

tion and the other end bounded by a Frank partial dislocation. 

3.1.2.2. Interaction with prismatic 〈 c + a 〉 mixed disloca- 
tion. 

Interaction between a ( 10 ̄1 2 ) twin and two partials of a 
positive or nagative prismatic 〈 c + a 〉 mixed dislocation 

under sole shear stress along [ ̄1 011 ] , is similar to the interac- 
tion between the twin and two partials of a positive or nega- 
tive 〈 c 〉 dislocation, and these reactions can be described by 

equations (9–15). It should be noted that the products gener- 
ated from the twin and a prismatic 〈 c + a 〉 interaction have 
sum of their screw components equal to the Burgers vector 
of an 〈 a 〉 screw dislocation, while the products generated 

from the twin and a 〈 c 〉 interaction have sum of their screw 

components equal to zero. 
Apart from F 3 fault comprising two I 1 faults separated by 

two basal layers, twin and a Frank partial of a negative pris- 
matic 〈 c + a 〉 interaction could also generate a pair of I 1 
faults separated by other even number (e.g., four, six or even 
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Fig. 9. Interaction between a migrating ( 10 ̄1 2 ) twin boundary and a (a-c) negative and (d-f) positive prismatic 〈 c 〉 edge dislocations in the matrix lattice. 
The 〈 c 〉 dislocation comprises two 1 

2 〈 c 〉 partials with an extrinsitc fault in between. Under a shear stress of 200 MPa along [ ̄1 011 ] at 300 K, (b) the 
two negative 1 

2 〈 c 〉 partials give rise to an I −2 _ A fault that is connected to a BP b -4/ - 4 disconnection on the twin boundary and a positive basal 〈 a 〉 mixed 

dislocation in the twin lattice, (e) the two positive 1 
2 〈 c 〉 partials cause the formation of an I + 2 _ A fault connected to a PB b 8/8 disconnection and a negative 

basal 〈 a 〉 mixed dislocation in the twin lattice. The I −2 _ A and I + 2 _ A faults detach from the twin boundary when the shear stress reaches 1.5 GPa and 1.7 GPa 

respectively, giving rise to another (c) positive and (f) negative 〈 a 〉 dislocations. Symbol I +(−) 
2 _ A(B) 

is used to describe the configuration of an I 2 fault in the 

twin lattice, where the superscript “+ ” or “-” indicates the shear direction [ 10 ̄1 0 ] t or [ ̄1 010 ] t that generates the I 2 fault, and the subscript A or B indicates that 
the change of the stacking sequence starts from the basal plane A or B in the twin lattice, in which the plane A or B intersects the extension or compression 
site of the twin boundary, respectively. 

twelve) of basal layers, under sole shear stress. Such a pair 
of I 1 faults connect with two separate b 

SF 
−1 / −1 and are bounded 

by a defect with a Burgers vector equal to b 

30 . In this case, 
the Frank partial dislocation decomposes before crossing the 
twin boundary, and the interaction between the twin and the 
decomposed dislocations produces a pair of I 1 faults. Since 
decomposition requires sufficient driving force, a pair of I 1 
faults can only form under a high shear stress larger than 

∼500 MPa, in comparison to F 3 that can be produced under 
a low shear stress even at 50 MPa. The process to form paired 

I 1 faults with a large even number of separation distances is 
illustrated in Fig. 13a - c or d - F , which can be described by 

Eq. (13) or (14) , respectively. 
Zhou et al. [112] also observed a paired of I 1 faults sep- 

arated by one or three basal layers, which were produced 

when a Frank partial of a positive prismatic 〈 c + a 〉 in- 
teracted with the twin under simultneous application of shear 
and compressive stresses. Paired of I 1 faults separated by odd 

number of basal layers connects with a BP b 

SF 
−1 / −1 and a PB 

b 

SF 
1 / 1 disconnection on the twin boundary at one end, and an 

I 2 fault in the twin at the other end. This I 2 fault is bounded 

by a 30 ° and a 90 ° Shockley that are located at the close and 

the far end towards the twin boundary, these two Shockley 

partials have a total Burgers vector equal to that of a negative 
basal 〈 a 〉 mixed dislocation in the twin crystal. 

3.1.2.3. Interaction with pyramidal 〈 c + a 〉 mixed disloca- 
tion. 

A previous simulation for Ti under zero applied stress [92] , 
showed that a pyramidal 〈 c + a 〉 mixed dislocation will de- 
compose into a large height disconnection on a still ( 10 ̄1 2 ) 

twin boundary, with emission of multiple TDs. The decom- 
position reaction of a pyramidal 〈 c + a 〉 dislocation can 

be described by superposing equations for the decomposition 

reaction of a basal 〈 a 〉 mixed dislocation and the decom- 
position reaction of a prismatic 〈 c 〉 edge dislocation. On 
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Fig. 10. Interaction between a migrating ( 10 ̄1 2 ) twin boundary and (a-b) negative and (c-d) positive prismatic 〈 c 〉 edge dislocations in the matrix lattice. 
Under a shear stress of 200 MPa along [ ̄1 011 ] at 300 K, (b) the two negative 1 

2 〈 c 〉 partials give rise to two I −2 _ A faults connected respectively to a BP b -6/ - 6 

and a BP b -2/ - 2 disconnection, (d) the two positive 1 
2 〈 c 〉 partials cause the formation of two I + 2 _ A faults connected respectively to a PB b 8/8 and a PB b 6/6 

disconnection on the twin boundary. 

this basis, the interaction between a pyramidal 〈 c + a 〉 
mixed dislocation and a migrating ( 10 ̄1 2 ) twin boundary in 

Mg under external applied stress, can be possibly predicted 

by incorporating the reaction between the twin and a basal 
〈 a 〉 mixed dislocation and the reaction between the twin and 

a prismatic 〈 c 〉 edge dislocation. 
For a negative pyramidal 〈 c + a 〉 dislocation, Figs. 14a - 

b , it can give rise to two I 2 faults in the twin and one I 2 
fault in the matrix, after interacting with the ( 10 ̄1 2 ) twin 

under sole shear stress of 200 MPa along [ ̄1 011 ] . Each of 
the I 2 fault connects with a BP b -2n/ - 2n disconnection on the 
twin boundary through a 90 ° Shockley, and bounded by a 30 °
Shockley inside twin. Such a reaction can be described by 

b −3 / 0 = −b 

30 
m 

+ 

(−b 

90 
m 

+ b 2n/ 2n 
) + 2b 

30 
t 

+ 2 

(
b 

90 
t + b −2n/ −2n 

) + ( n − 1 ) b 2/ 2 , (16) 

and Eq. (16) can be regarded as the superposition of 
Eq. (4) and (11) . Under a shear stress of 500 MPa, a same 
twin and pyramidal 〈 c + a 〉 interaction is found to produce 
two I 2 faults and one I 1 fault in the twin crystal, Fig. 14c . 

The resultant I 2 fault connect with b -2n/ - 2n disconnection, and 

the resultant I 1 fault connect with a b 

SF 
1 / 1 disconnection and is 

bounded by a 1 
6 [ 02 ̄2 3 ] t Frank partial dislocation in the twin 

crystal. This reaction is described by 

b −3 / 0 = b 

SF 
1 / 1 + 

1 

6 

[
02 2 3 

]
t 

+2b 

30 
t + 2 

(
b 

90 
t + b −2n/ −2n 

) + 2nb 2/ 2 (17) 

and Eq. (17) can be regarded as the superposition of 
Eq. (5) and (11) . 

It was observed that under simultaneous application of 
shear and tensile stresses [112] , the I 2 faults generated from 

the interaction between the ( 10 ̄1 2 ) twin and a negative pyra- 
midal 〈 c + a 〉 dislocation, as those shown in Figs. 14a - b , 
can detach away. This results in two basal 〈 a 〉 mixed dislo- 
cations in the twin and one basal 〈 a 〉 mixed dislocation in 

the matrix, and such reaction can be expressed by 

b −3 / 0 = b −1 / 0 + 2b 0/ 1 + b −2/ −2 . (18) 
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Fig. 11. Interaction between a migrating ( 10 ̄1 2 ) twin boundary and two 1 
2 〈 c 〉 partials of a negative prismatic 〈 c 〉 edge dislocation gives rise to (a-b) a F 3 

fault and a positive basal 〈 a 〉 mixed dislocation in the twin or (c-d) two F 3 faults, under a shear stress of 200 MPa along [ ̄1 011 ] at 300 K. 

Fig. 12. Interaction between a migrating ( 10 ̄1 2 ) twin boundary and two 1 
2 〈 c 〉 partials of a positive prismatic 〈 c 〉 edge dislocation produce two PB b 8/7 

disconnections under a shear stress of 200 MPa along [ ̄1 011 ] at 300 K. 
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Fig. 13. Interaction between a migrating ( 10 ̄1 2 ) twin boundary and a negative prismatic 〈 c + a 〉 mixed dislocation in the matrix lattice under a shear stress 
of (a-c) 500 MPa and (d-f) 520 MPa along [ ̄1 011 ] at 300 K. The 〈 c + a 〉 dislocation comprises 1 

6 [ 2 ̄2 0 ̄3 ] m and 1 
6 [ 0 ̄2 2 ̄3 ] m Frank partials with an I 1 fault in 

between. The 1 
6 [ 2 ̄2 0 ̄3 ] m parital gives rise to either (b) a positive basal 〈 a 〉 mixed dislocation or (e) a F 3 fault in the twin lattice after interacting with the 

twin; while the 1 
6 [ 0 ̄2 2 ̄3 ] m partial has decomposed before meeting the twin boundary, and the interaction between the decomposed dislocations and the twin 

produces a pair of I 1 faults that are separated by (c) four or (f) six basal layers. 

For a positive pyramidal 〈 c + a 〉 dislocation, Figs. 15a - 
b , it can give rise to two PB b 8/7 disconnection and one BP 

b -7/ - 8 disconnection on the twin boundary, after its interaction 

with the twin boundary under a shear stress of 200 MPa along 

[ ̄1 011 ] . This reaction can be described by 

b 3 / 0 = b −( 2n −1 ) / −2n + 2b 2n/ ( 2n −1 ) + ( n − 1 ) b −2/ −2 (19) 

and Eq. (19) can be regarded as the superposition of 
Eq. (1) and (15) . Under a shear stress of 700 MPa, a same 
twin and pyramidal 〈 c + a 〉 interaction generates two I 2 
faults and one I 1 fault in the twin crystal, Fig. 15c . Each 

of the I 2 fault connects with a b 2n/2n disconnection, and the 
resultant I 1 fault connects with a b 

SF 
1 / 1 disconnection and is 

bounded by a 1 
6 [ 2 ̄2 0 ̄3 ] t Frank partial dislocation in the twin 

crystal. This reaction can be described by 

b 3 / 0 = b 

SF 
1 / 1 + 

1 

6 

[
2 2 0 3 

]
t 
+ 2 

(−b 

30 
t 

)

+ 2 

(−b 

90 
t + b 2n/ 2n 

) + ( 2n − 1 ) b −2/ −2 (20) 

and Eq. (20) can be regarded as the superposition of 
Eq. (2) and (12) . 

It was observed that under simultaneous application of 
shear and compressive stresses [112] , the disconnections gen- 
erated from the interaction between the ( 10 ̄1 2 ) twin and a 
positive pyramidal 〈 c + a 〉 dislocation, as those shown in 

Figs. 15a - b , were able to emit basal 〈 a 〉 mixed dislocations 
by further reacting with TDs. As a result, two 〈 a 〉 mixed 

dislocations in the twin and one 〈 a 〉 mixed dislocation in 

the matrix can be produced through the twin and a positive 
pyramidal 〈 c + a 〉 interaction, with this reaction expressed 

as 

b 3 / 0 = b 1 / 0 + 2b 0/ −1 + b 2/ 2 (21) 

It should be further noted that a pyramidal 〈 c + a 〉 dis- 
location has one of its partial dislocations, i.e., 1 

6 [ 02 ̄2 3 ] m 

or 
1 
6 [ 0 ̄2 2 ̄3 ] m 

, same to that of a prismatic 〈 c + a 〉 dislocation. 
Therefore, product such as the F 3 fault or a pair of I 1 faults, 
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Fig. 14. Interaction between a migrating ( 10 ̄1 2 ) twin boundary and a negative pyramidal 〈 c + a 〉 mixed dislocation in the matrix lattice under a shear stress 
of (a-b) 200 MPa and (a-c) 500 MPa along [ ̄1 011 ] at 300 K. The 〈 c + a 〉 dislocation comprises 1 

6 [ ̄2 02 ̄3 ] m and 1 
6 [ 0 ̄2 2 ̄3 ] m Frank partials with an I 1 fault in 

between. Products for (a-b) include two I −2 _ A faults in the twin that are connected respectively to two BP b -4/ - 4 disconnections, and one I 2 fault in the matrix 

that is connected with a PB b 4/4 disconnection. Products for (a-c) are two I −2 _ A faults in the twin that are connected with a BP b -10/ - 10 disconnection, and one 

I + 1 fault in the twin that is connected with a b SF 
1 / 1 disconnection and bounded by a 1 

6 [ 02 ̄2 3 ] t Frank partial dislocation. 

generated from the twin- 1 6 [ 02 ̄2 3 ] m 

or twin- 1 6 [ 0 ̄2 2 ̄3 ] m 

interac- 
tion, is expected to be observed when a pyramidal 〈 c + a 〉 
dislocation interacts with a ( 10 ̄1 2 ) twin. 

The products generated from the ( 10 ̄1 2 ) twin and a pyra- 
midal 〈 c + a 〉 interaction and shown in MD simula- 
tions above, are found to be always multiple. This is dif- 
ferent from that was predicted by Niewczas [108] based 

on the lattice correspondence relationship, in which a slip 

system ( 10 ̄1 1 ) [ 2 ̄1 ̄1 3 ] m 

was suggested to transform to a 
slip system of ( ̄1 01 ̄4 ) [ 52 ̄7 3 ] t after crossing a ( 10 ̄1 2 ) twin 

boundary. 

3.1.3. Effect of { 10 ̄1 2 } twin and dislocation interactions on 

plastic deformation 

Interaction between the ( 10 ̄1 2 ) twin and basal 〈 a 〉 mixed 

dislocations can produce BP/PB disconnection in which TDs 
are able to spontaneously cross over. This enables the twin 

boundary to progress through a forest of basal dislocations 
with no apparent loss of mobility, and thus is believed to 

be responsible for the high growth rates associated with the 
{ 10 ̄1 2 } twinning mode in Mg [106] . Besides, it was reported 

by Serra and Bacon [69] that the BP b -(2n-1)/ - 2n type dis- 
connection can be the source of a pair of TDs with op- 

posites sign, which assists the twinning process and ex- 
plains the low stress required for the growth of a ( 10 ̄1 2 ) 

twin. 
The transmutation of basal 〈 a 〉 mixed dislocations across 

the ( 10 ̄1 2 ) twin boundary explains the experimental obser- 
vation of abundant 〈 c + a 〉 dislocations and basal SFs in 

the vicinity of the twin boundary in Mg [ 31 , 34 , 114-118 ]. The 
transmutation products are mostly sessile and thus can con- 
tribute to forest hardening mechnism against other slip within 

the twin [34] . In addition, transmutation of 〈 a 〉 dislocations 
provides a source mechanism for 〈 c + a 〉 dislocation. This 
gives a suitable route to introduce 〈 c + a 〉 dislocations at 
a low external applied stress since 〈 a 〉 dislocations can be 
easily activated. However, in the work of Chen et al. [119] , it 
was suggested that the hardening caused by the transmutation 

of basal 〈 a 〉 dislocation across the ( 10 ̄1 2 ) twin boundary is 
ineffective in Mg, where the twin boundary was considered to 

migrate through a “pure shuffling” mechanism. In their simu- 
lations, a free surface boundary condition was adopted for the 
three principal axes of their simulation box, with the boundary 

between the parent and the twin being either a ( 10 ̄1 2 ) CTB 

or a macroscopic long BP interface. They observed that trans- 
mutation only occurred for dislocations with a Burgers vector 
parallel to the � 1 ̄2 10� zone axis of the twin, while basal 〈 a 〉 
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Fig. 15. Interaction between a migrating ( 10 ̄1 2 ) twin boundary and a positive pyramidal 〈 c + a 〉 mixed dislocation in the matrix lattice under a shear stress 
of (a-b) 200 MPa and (a-c) 700 MPa along [ ̄1 011 ] at 300 K. The 〈 c + a 〉 dislocation comprises 1 

6 [ 02 ̄2 3 ] m and 1 
6 [ 20 ̄2 3 ] m Frank partials with an I 1 fault 

in between. Products for (a-b) include two PB b 8/7 disconnections and one BP b -7/ - 8 disconnection on the twin boundary. Products for (a-c) are two I + 2 _ A 

faults in the twin that are connected respectively with a PB b 8/8 and a PB b 6/6 disconnection, and one I + 1 fault in the twin that is connected with a b SF 
1 / 1 

disconnection and bounded by a 1 
6 [ 2 ̄2 0 ̄3 ] t Frank partial dislocation. 

mixed dislocation with a Burgers vector not parallel to � 1 ̄2 10� 
could only be absorbed by the twin boundary. In contrast, the 
interactions between basal 〈 a 〉 mixed dislocations and a co- 
herent ( 10 ̄1 2 ) twin boundary that migrates through glide of 
TDs, which is the focus of this review paper, lead to both 

absorption and transmutation of a basal 〈 a 〉 mixed disloca- 
tion, but under different stress states, consistent with previ- 
ous simulations made by Barrett et al. [29] and Wang et al. 
[31] . This suggests that the different migration mechanisms 
of ( 10 ̄1 2 ) CTB and a long BP/PB interface (comprising only 

BP/PB segments) may affect the twin-dislocation interaction. 
In addition, variations in the boundary conditions and exter- 
nal stresses applied in the simulations can also impact the 
simulation results. 

A 〈 c 〉 or 〈 c + a 〉 type dislocation is easily to dissociate 
into two Frank partial dislocations that has a basal stacking 

fault connecting between them. The basal-dissociated 〈 c 〉 

or 〈 c + a 〉 type dislocations are immobile, and unable to 

accommodate the plastic strain, thus impairing the ductility of 
Mg [85] . After interacting with a ( 10 ̄1 2 ) twin, the immobile 
basal-dissociated 〈 c 〉 or 〈 c + a 〉 dislocations are eliminated. 
This means that interactions between the twin and 〈 c 〉 or 〈 
c + a 〉 enable to refresh the plastic deformation capability 

of Mg [112] . 
The ( 10 ̄1 2 ) twin and 〈 c 〉 or 〈 c + a 〉 interaction can 

produce disconnections on the twin boundary or I 2 faults (ei- 
ther in the matrix or twin crystal) that connect with the twin 

boundary. The resultant disconnections are able to emit basal 
〈 a 〉 mixed dislocations by further reacting with TDs, and the 
resultant I 2 faults can detach away from the twin boundary 

to produce 〈 a 〉 mixed dislocations when sufficient stresses 
are applied externally. This suggests that transformation of 
sessile 〈 c 〉 or 〈 c + a 〉 type dislocation to glissle 〈 a 〉 
dislocations by ( 10 ̄1 2 )[ ̄1 011 ] twinning can be accomplished, 
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and this gives a possible way to further improve the ductility 

of Mg. 
Apart from I 2 faults that connect with the twin boundary, 

I 1 or a pair of I 1 faults that connect with the twin boundary 

are also observed from ( 10 ̄1 2 ) twin and 〈 c 〉 or 〈 c + a 〉 
interactions. These SFs connect with sessile b 

SF 
±1 / ±1 interfa- 

cial defects in which TDs can move through conservatively 

[ 110 , 111 ]. As a result, the migration of the twin boundary 

will not be impeded by b 

SF 
±1 / ±1 , and SFs can be extended con- 

comitantly with the twin growth. The elongation of the length 

of SFs can increase the total fault energy, and the basal SFs 
can be barriers for dislocations gliding on non-basal planes, 
resulting in strain hardening. 

3.2. Interaction between { 10 ̄1 1 } contraction twin and 

different types of dislocations 

3.2.1. Interaction with 〈 a 〉 type dislocations 
MD simulation for Mg shows that a basal 〈 a 〉 screw dis- 

location can be absorbed by a ( 10 ̄1 1 ) twin boundary, leading 

to its decomposition into two TDs with a step height of two 

atomic layers [120] . The two TDs have the same screw com- 
ponents and opposite edge components, and they can glide 
along the ( 10 ̄1 1 ) twin boundary. The interaction behavior is 
also observed in MD simulations for Ti [ 97 , 121 ]. 

Under sole application of shear stress along the twin plane, 
a basal 〈 a 〉 mixed dislocation can dissociate into a glissile 
TD with a height of two atomic layers and an immobile b 1/2 
disconnection at the ( 10 ̄1 1 ) twin boundary, as observed in 

MD simulations for Mg in the work of Wang et al. [122] . Su 

et al. [123] have proposed a similar interaction behavior, in 

which a b 3/2 or b -3/ - 2 interfacial defect on the ( 10 ̄1 1 ) twin 

boundary was suggested to produced from the interaction be- 
tween a twin and a basal 〈 a 〉 mixed dislocation, based on 

the analysis of atomic-resolution images obtained. This type 
reaction can be expressed as : 

b 1 / 0 = b 2n + 1 / 2n + nb −2/ −2 (22) 

or 

b −1 / 0 = b −( 2n + 1 ) / −2n + nb 2/ 2 (23) 

for twin and a positive or negative 〈 a 〉 interaction, respec- 
tively. 

In additional to decomposing into an interfacial defect and 

TDs, a basal 〈 a 〉 mixed dislocation was also suggested by 

Su et al. [123] to produce a SALH disconnection on the twin 

boundary after its interaction with a ( 10 ̄1 1 ) twin. The resul- 
tant SALH disconnection does not connect any stacking fault, 
and this process is accompanied by the emission or absoprtion 

of another basal 〈 a 〉 mixed dislocation into the twin crystal. 
This reaction is predicted based on the theory of interfacial 
defect [ 88 , 124-128 ] and crystallographic analysis and can be 
described as : 

b 1 / 0 = b 1 / 1 + b 0/ −1 (24) 

or 

b 1 / 0 + b 0/ 1 = b 1 / 1 (25) 

for the twin and positive 〈 a 〉 interaction, and 

b −1 / 0 = b −1 / −1 + b 0/ 1 (26) 

or 

b −1 / 0 + b 0/ −1 = b −1 / −1 (27) 

for the twin and negative 〈 a 〉 interaction. Su et al. [123] sug- 
gested that the resultant b 1/1 or b -1/ - 1 can relax to a step-SF 

intersection with a b 

SF 
1 / 1 or b 

SF 
−1 / −1 disconnection that connects 

to an I 1 fault by absorbing or emitting a Frank partial dislo- 
cation in the form of 1 

6 〈 20 ̄2 3 〉 . 
In contrast to the formation of a SALH disconnection that 

does not connect to any stacking faut, MD simulations in Mg 

condcuted by Li et al. [129] showed that a basal 〈 a 〉 mixed 

dislocation generated a stacking fault on the ( ̄1 011 ) pyramidal 
plane and connected to a one-layer step on the twin bound- 
ary after interacting with a ( 10 ̄1 1 ) twin, under simultanous 
application of shear and normal strains. Li et al. [129] sub- 
sequently observed that the fault region was erased when a 
second basal 〈 a 〉 mixed dislocation entered the same twin 

boundary, with the formation of two Frank partial disloca- 
tions in the twin and a two-atomic-layer-height TD on the 
twin boundary. The resultant Frank partials have a sum of 
their Burgers vectors equal to a pyramidal 〈 c + a 〉 disloca- 
tion. The overall reaction can be expressed as: 

2b 1 / 0 = 

1 

6 

[
2 02 3 

]
t + 

1 

6 

[
0 2 2 3 

]
t + b 2/ 2 (28) 

or 

2b −1 / 0 = 

1 

6 

[
20 2 3 

]
t + 

1 

6 

[
02 2 3 

]
t + b −2/ −2 (29) 

for twin and a positive or negative 〈 a 〉 interaction, re- 
spectively. It is noteworthy that the transmutation of basal 
〈 a 〉 mixed dislocations to a pyramidal 〈 c + a 〉 dislocation, 
as shown in the above simulation, is different from what was 
predicted by Niewczas [108] . Niewczas suggested that the slip 

system of a basal 〈 a 〉 mixed dislocation in the matrix, i.e., 
( 0001 ) [ 2 ̄1 ̄1 0 ] m 

, transformed to ( 10 ̄1 ̄1 ) [ 14 ̄5 6 ] t in the ( 10 ̄1 1 ) 

twin crsytal. 
In addition to gliding on the basal plane, 〈 a 〉 type dislo- 

cations can also gilde on { 10 ̄1 0 } prismatic plane, referred to 

as prismatic 〈 a 〉 dislocations. The slip system of a prismatic 
〈 a 〉 in the matrix can be ( 10 ̄1 0 ) [ ̄1 2 ̄1 0 ] m 

, ( 0 ̄1 10 ) [ 2 ̄1 ̄1 0 ] m 

and 

( 1 ̄1 00 ) [ ̄1 ̄1 20 ] m 

. Chen et al. [107] conducted MD simula- 
tions and found that the ( 10 ̄1 0 ) [ ̄1 2 ̄1 0 ] m 

slip system in Mg 

transformed to the ( 10 ̄1 3 ) [ ̄1 2 ̄1 0 ] t slip system in the ( 10 ̄1 1 ) 

twin, in agreement with the calculations based on lattice cor- 
respondence transformation made by Niewczas [108] . The 
( 0 ̄1 10 ) [ 2 ̄1 ̄1 0 ] m 

transforms to ( 1 ̄1 01 ) [ 01 ̄1 1 ] t , which is close 
to the result of ( 3 ̄4 13 ) [ 14 ̄5 6 ] t in the mathematical calculation 

[108] . However, the ( 1 ̄1 00 ) [ ̄1 ̄1 20 ] m 

slip system transforms to 

( 2 ̄1 ̄1 1 ) [ ̄1 2 ̄1 3 ] t , which largely deviates from the calculation 

result of ( ̄3 4 ̄1 ̄3 ) [ 14 ̄5 6 ] t [108] . The transformation process of 
( 1 ̄1 00 ) [ ̄1 ̄1 20 ] m 

to ( 2 ̄1 ̄1 1 ) [ ̄1 2 ̄1 3 ] t in the work of Chen et al. 
[107] is shown in Fig. 16 . In this process, a prismatic 〈 a 〉 
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Fig. 16. (a) Interaction between the 1st prismatic dislocation and the upper ( 10 ̄1 1 ) twin boundary, produces (b) a one-layer step on the twin boundary 
and ( 2 ̄1 ̄1 1 ) twin inside the ( 10 ̄1 1 ) twin. (c) A double layered detwinning dislocation glides toward the one-layer step. (d) The 2nd prismatic dislocation is 
approaching the upper twin boundary and (e) its interaction with the twin boundary erases the steps on the upper twin boundary. (f) The ( 2 ̄1 ̄1 1 ) twin is 
approaching the lower ( 10 ̄1 1 ) twin boundary, and a one-layer step is generated at the lower twin boundary as the ( 2 ̄1 ̄1 1 ) twin is transmuted into a prismatic 
dislocation that exists from the ( 10 ̄1 1 ) twin. (g-i) When the ( 2 ̄1 ̄1 1 ) twin is transmuted into a 2nd prismatic dislocation, the step height on the lower twin 
boundary increases to two layers. Meanwhile, a double-layered twinning dislocation nucleates at the intersection, and removes the two-layer step on the lower 
twin boundary. The simulation is conducted under a tensile strain along the [ 2 ̄1 ̄1 0 ] direction at 100 K [107] . 

dislocation transmutes into a ( 2 ̄1 ̄1 1 ) twin inside a ( 10 ̄1 1 ) 

twin. The resultant ( 2 ̄1 ̄1 1 ) twin grows towards the opposite 
( 10 ̄1 1 ) twin boundary when a second same type 〈 a 〉 is im- 
pinged on the same location at the twin boundary as the first 
〈 a 〉 . The ( 2 ̄1 ̄1 1 ) twin eventually reaches the opposite twin 

boundary and transmutes back into prismatic dislocations in 

the matrix after exitting the ( 10 ̄1 1 ) twin. The net effect is 
that the matrix prismatic dislocations are transmitted across a 
( 10 ̄1 1 ) twin, and the transformation between prismatic 〈 a 〉 
dislocations and ( 2 ̄1 ̄1 1 ) twin across the ( 10 ̄1 1 ) twin boundary 

is proved to be feasible based on the lattice correspondence 
analysis. 

3.2.2. Interaction with 〈 c 〉 or 〈 c + a 〉 type dislocations 
Previous MD simulations on a matrix prismatic 〈 c 〉 

edge dislocation in Ti [121] have shown that its interaction 

with a ( 10 ̄1 1 ) twin results in the formation of two glissile 
TDs each with two-atomic-layer height, a sessile residual de- 
fect at the twin boundary and a basal 〈 a 〉 mixed disloca- 
tion in the twin crystal, under simultaneous application of 
shear and normal strains. The resultant two TDs have op- 
posite signs, and the basal 〈 a 〉 mixed dislocation has its 
30 ° Shockley connected to the twin boundary and its 90 °
Shockley seperated by the twin boundary by an I 2 fault. How- 
ever, Yoo [36] proposed a different interaction mechanism, in 

which a matrix prismatic 〈 c 〉 edge dislocation can trans- 
form to a dislocation with a Burgers vector of [ ̄3 032 ] t in 

the twin crystal, together with the formation of glissile two- 
atomic-layer-height TDs on the twin boundary. The resultant 
[ ̄3 032 ] t dislocation can further decompose into a combina- 
tion of 〈 a 〉 and 〈 c 〉 type dislocations, through the reaction 

[ ̄3 032 ] t → 3 · 1 
3 [ ̄2 110 ] t + 3 · 1 

3 [ ̄1 ̄1 20 ] t + 2 · [ 0001 ] t , generat- 
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Fig. 17. (a) Six crystallographically equivalent { 10 ̄1 2 }〈 ̄1 011 〉 twin variants T i ( i = 1–6) in a hcp crystal produce three different types of twin-twin interactions, 
including (b) Type I co-zone twin-twin interaction between T 1 and T 4 , (c) Type II(a) non-co-zone twin-twin interaction between T 1 and T 2 , and (d) Type 
II(b) non-co-zone twin-twin interaction between T 1 and T 3 [39] . 

ing six basal 〈 a 〉 mixed and two prismatic 〈 c 〉 edge dislo- 
cations inside the twin. 

Su et al. [123] have suggested that when a prismatic 
〈 c + a 〉 mixed dislocation in the matrix crystal interacts 
with a ( 10 ̄1 1 ) twin, the resulting configuration can be similar 
to that between a matrix basal 〈 a 〉 mixed dislocation and the 
same twin. This interaction produces a b 1/1 or b -1/ - 1 SALH 

disconnection on the twin boundary, and is accompanied by 

the emission or absoprtion of a basal 〈 a 〉 mixed disloca- 
tion into the twin crystal. The resultant b 1/1 or b -1/ - 1 can then 

evolve into a step-SF intersection with a b 

SF 
1 / 1 or b 

SF 
−1 / −1 dis- 

connection that connects with an I 1 fault, after absorbing or 
emitting a Frank partial dislocation of the type 1 

6 〈 20 ̄2 3 〉 . 
When a pyramidal 〈 c + a 〉 mixed dislocation interacts 

with a ( 10 ̄1 1 ) twin, it produces products similar to that for a 
prismatic 〈 c 〉 edge dislocation, as shown in MD simulations 
in Ti conducted by Hooshmand et al. [121] . This interac- 
tion gives rise to a glissile TD, a sessile residual interfacial 
defect, and a basal 〈 a 〉 mixed dislocation, under sole shear 
strain. However, accroding to crystallographic relationship be- 
tween the matrix and a ( 10 ̄1 1 ) twin, Yoo [36] and Niewczas 
[108] suggested that a pyramidal 〈 c + a 〉 dislocation in the 

matrix, with its slip plane of ( 10 ̄1 1 ) that is same to the twin- 
ning plane, can cross-slip to the ( 10 ̄1 1 ) pyramidal plane in 

the twin crystal without producing any defect on the lattice 
or twin boundary. 

3.2.3. Effect of { 10 ̄1 1 } twin and dislocation interactions on 

plastic deformation 

In Mg, c -axis compression can be partially relieved by the 
activation of ( 10 ̄1 1 ) twins. Under this loading condition, sec- 
ondary ( 10 ̄1 2 ) extension twins can immediately nucleate in- 
side a resultant ( 10 ̄1 1 ) twin, forming a ( 10 ̄1 1 ) - ( 10 ̄1 2 ) double 
twin structure [ 10-12 , 43 ]. The double-twinned region is favor- 
ably orientated for basal slip, leading to intensive basal slip 

activity within the contraction twins and the double twins. 
This localized shear can make the twin-matrix interface be 
a potential crack initiation site, eventually leading to frac- 
ture failure [ 46 , 47 , 49 , 50 , 130 ]. Different types of dislocations 
interacting with a ( 10 ̄1 1 ) twin always produce glissile two- 
atomic-layer-height TDs, which facilitate the twin boundary 

migration and effectively release local stress concentrations 
on the twin boundary, thus retard twin boundary cracking. In 

addition, the interactions can produce different types of dis- 
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connections, which can release local lattice strain by further 
reacting with other lattice dislocations [123] , thus contribut- 
ing to the plastic deformation. Similar to the ( 10 ̄1 2 ) twin- 
dislocation interactions, the ( 10 ̄1 1 ) twin-dislocation interac- 
tions can also generate different types of stacking faults in- 
side the twin, these stacking faults can act as obstacles against 
dislocations gliding other slip systems and therefore provide 
strain hardening in Mg. 

4. Twin-twin interactions 

4.1. { 10 ̄1 2 } twin-twin interaction 

There are six equivalent variants of { 10 ̄1 2 } twin, denoted as 
T i with subscript i changing from 1 to 6 following a counter- 
clockwise rotation about the c -axis, as shown in Fig. 17a . The 
interaction between an incoming T i and an encountering T j is 
denoted as T i → T j . Three crystallographically different twin- 
twin interactions can occur, including T 1 → T 2 , T 1 → T 3 

and T 1 → T 4 as illustrated in Figs. 17b - d . The T 1 → T 4 

interaction is termed Type I co-zone twin-twin interaction, as 
T 1 and T 4 share the same a -axis of [ 1 ̄2 10 ] . In contrast, T 1 and 

T 2 or T 1 and T 3 interactions are referred to as Type II non- 
co-zone twin-twin interaction, with Type II(a) for T 1 → T 2 , 
and Type II(b) for T 1 → T 3 [39] . 

TTBs form when one twin encounters another twin. 
Fig. 18 shows three possible mechanisms: impinging, zipping, 
and dissociating corresponding to the motion, and reactions 
of TDs. In the impinging mechanism, the front tip of T i is 
blocked at the boundary of T j . In the zipping mechanism, TDs 
associated with T i and T j react to form TTJs. In the dissoci- 
ating mechanism, a TD of one twin dissociates into a TD of 
the other twin and leaves a junction. TTBs are classified into 

three types: TTB A 

, TTB O 

, and TTB I according to the angle 
between two twin planes. As shown in Fig. 18 , TTB A 

refers 
to a TTB with an acute angle between the twinning planes 
of T i and T j . TTB O 

refers to a TTB with an obtuse angle 
between the twinning planes of T i and T j . TTB I is parallel to 

the twinning plane of the encountering twin [39] . 
For Type I twin-twin interaction, TTBs generally share 

low-index close packed planes. Corresponding to the near 90 °
rotation associated with { 10 ̄1 2 } twinning, two co-zone twin 

variants share a near 180 ° rotation, forming two tilt bound- 
aries, a basal||basal (BB) boundary bonding the basal planes 
in the incoming and encountering twins (referred to as TTB O 

in Mg), and a prismatic||prismatic (PP) boundary bonding the 
prismatic planes in the two twins (referred to as TTB A 

in Mg) 
[39] . Misfit dislocations form along the BB or PP boundaries 
to compensate the misorientation of two twin variants, for 
example 7.4 ° in Mg. The Burgers vector content of misfit 
dislocations along the formed PP or BB boundary is equal 
to the sum of the Burgers vectors of the two twinning dis- 
locations ( b t ) of the interacting two twins. The BB or PP 

boundaries have frequently been observed in experiments, as 
shown in Fig. 19 , [ 131 , 132 ] and their formation mechanisms 
are examined in detail using MD simulation in Mg [133] . 

Fig. 18. Approach of T i to the pre-existing T j twin in (a) gives rise to the 
formation of TTBs through three mechanisms, including (b) the impinging 
mechanism, (c) the zipping mechanism and (d) the dissociating mechanism. 
The TDs are drawn in red and blue for T i and T j twins, and the TTB 

dislocations are drawn in orange and pink colors. TTB I in (a) refers to a 
TTB parallel to the twinning plane of the T j . TTB A or TTB O in (c) refers 
to a TTB with an acute or obtuse angle between the twinning planes of T i 

and T j [39] . 

TTBs resulting from Type II twin-twin interactions often 

adopt a high-index crystallographic plane. In a Type II(a) 
interaction, the TTB O 

plane bonds ( ̄9 19 10 18 ) T1 plane in 

T 1 and ( 19 9 10 18 ) T2 plane in T 2 , parallel to ( 1 ̄1 00 ) M 

plane in matrix; the TTB A 

plane bonds ( 31 20 51 62 ) T1 

and ( 20 30 51 62 ) T2 , parallel to ( ̄1 ̄1 24 ) M 

in matrix; and 

the TTB I plane bonds ( ̄1 012 ) T1 and ( 15 8 23 16 ) T2 , paral- 
lel to ( ̄1 012 ) M 

in matrix. In a Type II(b) interaction, the 
TTB O 

plane bonds ( ̄2 5 3̄ 14 ) T1 and ( ̄2 3̄ 5 14 ) T3 , parallel 
to ( 2 ̄1 ̄1 0 ) M 

in matrix; the TTB A 

plane bonds ( 8 8 13 6̄ ) T1 

and ( ̄8 13 5̄ 6̄ ) T3 , parallel to ( 0 ̄1 14 ) M 

in matrix; and the 
TTB I plane bonds ( ̄1 012 ) T1 and ( ̄3 8 ̄5 4 ) T3 plane, parallel to 

( ̄1 012 ) M 

plane in matrix [40] . The boundary dislocations for 
TTB O 

, TTB A 

and TTB I are donated b O 

, b A 

, and b I . b O 

or 
b A 

is equal to the sum of the Burgers vectors of the two 

TDs ( b t ) of the two interacting twins, and b I is equal to the 
Burgers vector of the TD of the incoming twin. For Type 
II(a) or Type II(b) interaction, | b O 

| 2 < 2| b t | 
2 , | b A 

| 2 > 2| b t | 
2 , 

and | b I | 
2 = 2| b t | 

2 , indicating that the formation of TTB O 

is 
energetically favored while TTB A 

is unfavored in Type II(a) 
or Type II(b) interaction. However, the experimental observa- 
tions made by Gong et al. [40] showed that neither TTB O 

nor 
TTB A 

can form for Type II(b) interaction. MD simulations 
were used to explain this observation, showing that the local 
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Fig. 19. High-magnification crystal orientation maps showing low-angle PP and BB twin-twin boundaries formed between T 1 and T 4 twins. The gray, blue 
and green regions indicate the parent, T 1 and T 4 domains, respectively. The wire-frame unit cell depicted in (a-c) indicates the crystal orientation [41] . 

Fig. 20. (a-b) Quilted-looking twin structures in samples loading along (a) [ ̄1 011 ] and (b) [0001] directions. (c-d) “Apparent crossing” twin structures in 
samples loading along [0001] direction [39] . 

stress field does not favor the formation of TTB O 

or TTB A 

for 
Type II(b) interaction. In this case, the growth of incoming 

and encountering twins is impeded on both obtuse and acute 
sides [40] . The observation of the twin growth behavior for a 
Type II(b) interaction in Gong et al. [40] is inconsistent with 

that in the work of Chen et al. [134] , in which both twins 
are found to continue to migrate on the acute side but cease 
to migrate on the obtuse side. This disagreement is attributed 

to the difference in the 2D cross-section applied in the two 

studies, which was subsequently explained in the 3D atomic 
simulations work of Dang et al. [135] . 

Due to cyclic loading or strain path change during material 
forming, multiple { 10 ̄1 2 } twin variants are activated and in- 
teract with each other, consequently forming twin-twin struc- 
tures. These twin-twin structures can be classified into three 
types based on microstructural features: quilted-looking twin 

structure, “apparent crossing” twin structure, and double ex- 
tension twin structure [39] . The quilted-looking twin structure, 
as shown in Figs. 20a and b , forms due to the propagation 

and blocking of multiple twin variants. The “apparent cross- 
ing” twin structure, as shown in Figs. 20c and d , is different 
from the crossing twin structure that has an impinging twin 
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Fig. 21. Double extension twin structures in the sample loading along [0001] direction, with secondary twin in (c) not connected to an incoming twin and in 
(d) connected to TTBs [39] . 

crossing the encountering twin through a secondary twinning 

path. Experimental observations and theoretical analyses have 
shown that { 10 ̄1 2 } twins cannot transmit into one another. In 

the “apparent crossing” twin structure, the crystal in the in- 
tersection region actually belongs to one of the variants of 
the interacting twins but experiences a small tilt due to the 
formation of dislocations at the TTBs. The double extension 

twin structure, Fig. 21 , has a secondary twin forming inside 
a primary twin, and this secondary twin may or may not con- 
nect to another twin that has interacted with the primary twin. 
In this case, the secondary twin forms due to either a change 
in the loading condition, or the local stresses induced by the 
twin that interacts with the primary twin. 

Once a twin is blocked by the other twin, TDs associ- 
ated with the incoming twin are blocked at the pre-existing 

twin boundary, and boundary dislocations form and pile up at 
TTBs. The back-stress associated with the dislocations pile- 
up at TTBs hinders the motion of TDs towards the TTB, 
requiring a high stress for further growth and propagation 

of twins and thus giving rise to strain hardening [39] . Upon 

detwinning, TTB dislocations are expected to dissociate into 

TDs. However, the dissociation is energetically unfavorable, 
hindering detwinning. Additionally, the reverse loading pro- 
motes the formation of secondary twins from TTBs, which 

suppresses detwinning of the primary twin. Therefore, higher 

stress and strain hardening rate are observed during detwin- 
ning than those during twinning. With the increasing loading 

cycles, more TTBs form, and both twinning and detwinning 

become harder. This causes an increase in flow stresses for 
tension and compression, resulting in cyclic hardening [39] . 

The TTBs that form in Type I twin-twin interactions have 
a low misorientation angle, which facilitates easy slip trans- 
mission between the nearly parallel glide planes of the two 

twins [39] . This is especially true for the easily activated basal 
slip, which can cross the PP boundary between the two twin 

variants, forming basal slip bands with emission of basal dis- 
location from the PP boundary [41] . In contrast, TTBs that 
form in Type II twin-twin interactions have a large misorienta- 
tion angle. The glide planes of the two twins are not parallel, 
making slip transmission between them difficult. 

4.2. { 10 ̄1 1 } twin-twin interactions 

{ 10 ̄1 1 } twin has six equivalent variants, designated C 1–6 , 
with subscript i changing from 1 to 6 following a counter- 
clockwise rotation about the c -axis, as shows in Fig. 22a . 
Correspondingly, three types of twin-twin interaction can oc- 
cur between an incoming C i and an encountering C j , denoted 

as C 1 → C 2 , C 1 → C 3 and C 1 → C 4 . The C 1 → C 4 inter- 
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Fig. 22. (a) Six crystallographically equivalent { 10 ̄1 1 }〈 ̄1 012 〉 twin variants C i ( i = 1–6) in a hcp crystal. Schematic illustration of (b) tip-twin boundaries and 
(c) tip-tip interactions. TTB A (marked by red) and TTB O (marked by blue) in (b) forms on acute and obtuse sides on twin-twin junctions [136] . 

action is a co-zone twin-twin interaction, while C 1 → C 2 or 
C 1 → C 3 is a non-co-zone twin-twin interaction [136] . 

Three types of TTBs can form associated with { 10 ̄1 1 } 
twins interactions, including TTB A , TTB O 

and TTB I . TTB 

dislocations on TTB O 

, TTB A 

and TTB I are designated b O 

, 
b A 

, and b I , respectively, where b O 

or b A 

is equal to the sum 

of the Burgers vector of the two TDs ( b t ) of the two inter- 
sected twins, b I is equal to the Burgers vector of the TD of 
the incoming twin. For all three types of { 10 ̄1 1 } twins inter- 
actions, | b O 

| 2 > 2| b t | 2 and | b A 

| 2 < 2| b t | 2 in Mg implies the 
preferable formation of TTB A 

than that of TTB O 

[136] . 
Peng et al. [136] investigated two interaction modes for 

C 1 → C 4 co-zone twin-twin interactions in Mg. The first in- 
teraction mode is the acute collision between the tip of the 
incoming twin and the twin boundary of the encountering 

twin ( Fig. 22b ), with three stages observed in MD simula- 
tions shown in Fig. 23 . The first stage corresponded to the 
impingement of the front tip of C 4 at the boundaries of C 1 . 
The second stage was the zipping process with two twins re- 
acting to form TTBs, in which TTB A 

related to the { 10 ̄1 3 } 
TB and TTB O 

mainly composed of { 10 ̄1 1 } TB formed. The 
third stage was the transverse crossing of C 4 through the C 1 , 
which is different from the “apparent crossing” (no trans- 
mission of one twin into the other) observed in { 10 ̄1 2 } and 

{ 10 ̄1 2 } twin-twin interactions. The second interaction mode 
is the acute tip-tip interaction ( Fig. 22c ) between two twin 

variants. With the tip-tip collision, steps on the twin bound- 
aries and a large number of basal SFs inside the twins were 
generated, and { 10 ̄1 3 } discontinuous interfaces were detected 

in the junction of the two twin variants, as shown in Fig. 24 . 
The simulation result was then confirmed in the TEM ob- 
servation, in which smooth { 10 ̄1 1 } TB along TTB A 

direction 

and multi-layer steps along TTB O 

direction were found for 
tip-twin boundary interaction, and a new { 10 ̄1 3 } TB interface 
between the tips of two interacting { 10 ̄1 1 } twins was observed 

for tip-tip interaction, Fig. 25 . 
The contact and reaction of two { 10 ̄1 1 } twin variants im- 

pede the twin boundary migration through the formation of 
TTBs and pile-up of boundary dislocations, leading to in- 

creased flow stress and strain hardening. Besides, { 10 ̄1 1 } 
TTBs always show complex structures that comprise multi- 
layer steps or discontinuous interfacial defects [136] . Local- 
ized strain created around these interfacial defects can pro- 
duce severe strain zone, which may induce the nucleation of 
cracks at TTBs, causing crack failure along the boundaries 
[137] . 

Dense basal SFs are observed during { 10 ̄1 1 } and { 10 ̄1 1 } 
twin-twin interactions. The formation of these SFs can relax 

the un-equilibrium boundary structures or release the strain 

at the interfacial defects [136] . These SFs always cut through 

the twin lamer, which is identical to divide a grain to smaller 
sizes and thus give a strengthening effect. Besides, the ses- 
sile basal SFs can be obstacles to other slip systems inside 
the twin, contributing to strain hardening during the further 
deformation. 

4.3. { 10 ̄1 2 } - { 10 ̄1 2 } double twin 

The { 10 ̄1 2 } - { 10 ̄1 2 } double twin structures refer to a { 10 ̄1 2 } 
twin forming inside a primary { 10 ̄1 2 } twin. The { 10 ̄1 2 } sec- 
ondary twins are always located at the intersections of two 

{ 10 ̄1 2 } twin variants, and the formation of secondary twins 
can minimize the strain incompatibility caused by different 
twin variants [ 13 , 138 , 139 ]. The primary twin within which 

the secondary twin (ST) forms is termed recipient primary 

twin (RPT), the twin that intersects with the RPT and con- 
nects the ST at the RPT boundary is called intersecting pri- 
mary twin (IPT). The IPT, RPT and ST twin variants compose 
an IPT-RPT-ST configuration, as shown in Fig. 26 , in which 

IPT and ST form an adjoining twin pair. 
The nucleation of secondary twin can be attributed to the 

local stress concentration induced by twin-twin interaction. 
Since twin-twin interactions can occur between T 2 and T 1 , 
T 3 and T 1 , or T 4 and T 1 , there are three types of IPT- 
RPT intersections. For each type of intersection, only one 
ST variant has its twin plane intersecting twin planes of IPT 

and RPT at a common line, so three possible IPT-RPT-ST 

configurations can form [140] . Define the secondary twin vari- 
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Fig. 23. Interaction between the tip of C 4 and the twin boundary of C 1 in MD simulations. The interfaces associated with both { 10 ̄1 1 } and { 10 ̄1 3 } TBs are 
formed during the twin-twin reaction [136] . 

Fig. 24. Tip-tip interaction between C 1 and C 4 twins in MD simulations. The SFs are formed inside twins during the twin-twin reaction [136] . 

ant that forms in RPT T i as T ij , the three possible configu- 
rations are T 2 -T 1 -T 12 (Type I), T 3 -T 1 -T 13 (Type II) and T 4 - 
T 1 -T 14 (Type III). Characters associated with the three types 
of IPT-RPT-ST configurations, such as misorientation angles 
between IPT and RPT, IPT and ST, are listed in Table 2 . Liu 

et al. [140] observed that most of the IPT-ST pairs in de- 
formed Mg (single crystal pure Mg or polycrystalline AZ31) 

samples are Type I, which agrees well with the previous ex- 
perimental observations in the work of Xin et al. [138] , Shi 
et al. [141] , and Roberts and Partridge [142] . 

The stress field generated by the pre-existing twin of IPT 

or ST and mainly concentrated at the rim of the twin, was 
suggested by Liu et al. [140] to play the most important role 
in determining the formation of ST or IPT to generate a twin 
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Fig. 25. High magnification TEM image of (a) twin-twin transverse cross- 
ing structure formed from the tip-twin boundary interaction, and (b) tip-tip 
structure formed from the tip-tip interaction. The FFT image of twin-twin 
interface in (b) is shown in (c) [136] . 

Fig. 26. Schematic diagram showing the IPT-RPT-ST configruation. The twin 
planes of the intersecting primary twin (IPT), recipient primary twin (RPT) 
and secondary twin (ST) are coloured in orange, green and blue, respectively 
[140] . 

pair. The influence of the stress field of IPT/ST on nucle- 
ation of ST/IPT is tiny when the intersection line between 

twin planes of IPT and RPT is different from that between 

twin planes of RPT and ST, in which situation twin planes 
of IPT-ST pairs only have a point contact, e.g., T 2 -T 14 pairs 
shown in Fig. 27a . The influence of the stress field is much 

more effective when twin planes of IPT, RPT and ST inter- 

Table 2 
Crystallographic features of the three IPT-RPT-ST configurations including 
Types I, II and III, with examples T 2 -T 1 -T 12 , T 3 -T 1 -T 13 and T 4 -T 1 -T 14 , 
respectively [140] . 

Configuration I II III 

IPT-RPT-ST T 2 -T 1 -T 12 T 3 -T 1 -T 13 T 4 -T 1 -T 14 

Intersection line [ 4 ̄2 ̄2 3 ] [ ̄2 201 ] [ 1 ̄2 10 ] 
Misorientation IPT-RPT 60.0 °〈 12 12 0 1 〉 60.4 °〈 ̄7 8 ̄1 0 〉 7.4 °〈 ̄2 110 〉 
Misorientation IPT-ST 49.6 °〈 ̄9 904 〉 37.9 °〈 ̄2 201 〉 78.9 °〈 ̄1 2 ̄1 0 〉 
m 

′ (IPT-ST) −0.1525 −0.0988 −0.9832 

sect at the same line, and can be evaluated by calculating the 
interaction energy between the stress field induced by the pre- 
existing twin and the stress-free transformation strain (SFTS) 
of the to-be-formed twin [140] . It was found that the stress 
field induced by IPT T 2 or ST T 12 favored the formation 

of ST T 12 or IPT T 2 , with negative interaction energy value 
calculated, Fig. 27b . In this case, the pre-existing stress was 
relaxed, and T 2 -T 12 pair formed favorably with the decrease 
of the total elastic strain energy. In contrast, the interaction 

energy between the stress field of T 3 and SFTS of T 13 , and 

between the stress field of T 4 and SFTS of T 14 were both 

positive, Figs. 27c and d . This means that T 13 or T 14 can- 
not relax the pre-existing stress induced by T 3 or T 4 , and 

the formation of T 3 -T 13 or T 4 -T 14 pair was not favored. The 
situation is the same when T 13 or T 14 form prior to T 3 or 
T 4 . These calculations suggest that the Type II T 3 -T 1 -T 13 and 

Type III T 4 -T 1 -T 14 configuration are unfavored to form, and 

well explain the frequent observation of the Type I T 2 -T 1 - 
T 12 structure in experiments. Liu et al. [140] suggested that 
the back-stress inside RPT and the external applied stress 
also affect the variant selection for the formation of IPT-ST 

twin pairs. However, their influence is less significant than 

the pre-existing stress field concentrated at the rim of IPT. 
In contrast to the pre-existing stress concentrated only on a 
local region, the back-stress or external stress is uniformly 

distributed in the whole RPT or whole sample, thus they play 

important roles in influencing the growth of secondary and 

primary twins. Besides, it was found that the external stress 
could affect the appearance frequency of a specific IPT-ST 

pair after the ST variant is determined. 
Secondary extension twins in a { 10 ̄1 2 } - { 10 ̄1 2 } double twin 

structure are very fine, and the growth of the secondary twins 
is appearing to be limited [13] . Since the thickness of a twin 

lamella plays a similar role as that of the grain size, smaller 
size of { 10 ̄1 2 } secondary twins are beneficial to enhance the 
strength [42] . However, thin secondary twin laminas may re- 
late to the fracture failure, as they are observed to occur with 

a large number density in the crack initiation and propagation 

regions after the cyclic deformation of a Mg alloy [139] . The 
macrocrack surfaces usually orient along the secondary twin 

boundaries, and the associated fracture mechanism was ex- 
plained by Tan and Zhang et al. [143] as follow: the primary 

{ 10 ̄1 2 } twin boundaries were smooth and long while the sec- 
ondary { 10 ̄1 2 } twin boundaries were short and fragmented, 
therefore, the growth of the secondary twins inside a primary 

twin causes severe deformation incompatibility as the num- 
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Fig. 27. Distribution of the interaction energy between IPT and ST on the twin plane of ST in the twin-twin intersection region of IPT and RPT. The IPT, 
RPT and ST are T 2 , T 1 and T 14 in (a); T 2 , T 1 and T 12 in (b); T 3 , T 1 and T 13 in (c) and T 4 , T 1 and T 14 in (d). Both IPT and RPT crystals are in gray color 
and the twin plane of RPT is coloured in light green. Values of the interaction energy are represented by the scale bar on the right. s IPT and s ST are twin 
shear directions of IPT and ST respectively [140] . 

ber of deformation cycles increases, and cracks initiate and 

develop along the { 10 ̄1 2 } - { 10 ̄1 2 } secondary twin boundaries 
when the twin boundaries no longer accommodated the local- 
ized stress concentrations. Apart from enhancing strength or 
inducing fracture, secondary twinning can compete with the 
detwinning of the primary extension twin, and it was reported 

that a secondary twin can serve as the barrier to suppress the 
detwinning if it has separated the primary twin from the ma- 
trix [42] . 

4.4. { 10 ̄1 1 } - { 10 ̄1 2 } double twin 

The { 10 ̄1 1 } - { 10 ̄1 2 } double twin structure refers to the for- 
mation of { 10 ̄1 2 } extension twin inside the primary { 10 ̄1 1 } 
twin This is the most frequently observed double twin mode 
in Mg and is often activated upon compression along the c - 
axis of Mg crystal. For six { 10 ̄1 2 } secondary twin variants, 
four types { 10 ̄1 1 } - { 10 ̄1 2 } double twin structures can be de- 
fined because secondary twinning on planes B and F, or C 

and E cause equivalent misorientations between the matrix 

and the { 10 ̄1 2 } twin [44] , as illustrated in a pole figure in 

Fig. 28. (a) Reorientation of the basal poles during { 10 ̄1 1 } - { 10 ̄1 2 } double 
twinning, the open circles represent the original orientation, the closed circles 
refer to the reoriented basal poles produced after a given primary { 10 ̄1 1 } 
twinning and the triangles represent the reoriented basal poles produced by 
secondary { 10 ̄1 2 } twinning that have six variants. (b) The orientations caused 
by six { 10 ̄1 2 } twinning variants after primary { 10 ̄1 1 } twinning are tracked 
with the letters A-F [44] . 

Fig. 28 . Type 1–4 correspond to the labelled letters D, A, 
B(F), and C(E), respectively. The misorientation relationships 
between the secondary twin variant and the matrix are illus- 
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Table 3 
Illustration of four misorientation relations between the matrix and six secondary twin variants (A-F labelled in Fig. 2 in Ref. [44] ) after { 10 ̄1 1 } - { 10 ̄1 2 } 
double twinning [44] . 

Double twin type 1 2 3 4 

Secondary twin variants D A B and F C and E 

Misorientation relation 37.5 ° 〈 1 ̄2 10 〉 30.1 ° 〈 1 ̄2 10 〉 66.5 ° 〈 5 ̄9 43 〉 69.9 ° 〈 2 ̄4 21 〉 

Table 4 
Angles between primary { 10 ̄1 1 } and secondary { 10 ̄1 2 } twins for four types 
of { 10 ̄1 1 } - { 10 ̄1 2 } double twin structures [44] . 

Double twin type 1 2 3 4 

Angle between primary and secondary twins 18.8 ° 74.9 ° 87.6 ° 49.9 °

trated in Table 3 , it is seen that secondary twin in Type 1 and 

2 structure share the same zone axis 〈 1 ̄2 10 〉 with the primary 

twin, while in Type 3 and 4 structure does not [144] . Exper- 
imental observations showed that Type 1 double twin struc- 
ture that involves a crystallographic rotation of 37.5 ° around 

〈 1 ̄2 10 〉 is much more favored to form than the other three 
types [ 44 , 46 , 49 , 145 ]. 

The predominant occurrence of Type 1 double twin 

structure can be explained based on strain accommodation 

[ 44 , 45 , 145 ]. It is noted that the lateral growth of secondary 

{ 10 ̄1 2 } twins is restricted by the shape of the primary { 10 ̄1 1 } 
twin, and the compatibility strain is increased with the growth 

of the secondary twin. As a result, the greater the angle be- 
tween the secondary and primary twin planes, the greater the 
additional compatibility strain; and the higher the compat- 
ibility strain, the higher the impediment to secondary twin 

growth [ 44 , 145 ]. Since the primary and secondary twin planes 
are significantly closer in Type 1 structure than in other 
three types, as illustrated in Table 4 , Type 1 structure shows 
the least accommodation strain and the greatest potential for 
growth of the secondary twin, therefore it is optimal to occur. 

The criteria for variant selection based on strain accom- 
modation requires secondary twin to already grow to an ap- 
preciable size. Beyerlein et al. [144] explained the predomi- 
nance of Type 1 structure with considerations of both nucle- 
ation and growth, and proposed that nucleation and growth of 
a secondary twin were achieved through the dissociation of 
slip dislocations into { 10 ̄1 2 } TDs at the primary { 10 ̄1 1 } twin 

boundary. Since the intersection line 〈 1 ̄2 10 〉 between primary 

twin plane and Type 1 or 2 secondary twin plane has only 

〈 a 〉 component, it is possible for basal 〈 a 〉 dislocations to 

dissociate into Type 1 or 2 secondary TDs. In contrast, the 
intersection line between primary twin plane and Type 3 or 
4 secondary twin plane has both 〈 a 〉 and 〈 c 〉 components, 
thus dissociation of properly orientated pyramidal 〈 c + a 〉 
dislocations is required to form Type 3 or 4 secondary TDs. 
Since activation and migration of pyramidal 〈 c + a 〉 is much 

more difficult than that of basal 〈 a 〉 dislocations, formation 

of a stable secondary twin nucleus, and later expansion of 
this twin nucleus through successive dissociation reactions, 
are much harder for Type 3 and 4 structure, than that for 
Type 1 and 2 structure. Among four double twin structures, 

Type 1 secondary twin has twin plane and twinning direction 

aligned most closely with those of the primary twin. There- 
fore, the same local stress can support both the growth of the 
primary and Type 1 secondary twin. In contrast, Type 2–4 

must arise from a stress state that does not favor the growth 

of the primary twin, which could be encouraged if a pile-up 

of dislocations has formed at the primary twin boundary. The 
additional requirement for pile-up of basal dislocations may 

explain the preferable occurrence of Type 1 over the Type 2 

structure. When a secondary twin grows to a sizable volume, 
the favourability of Type 1 over Type 2 structure may also 

be attributed to the smaller rotation and the larger twin shear 
involved in Type 1. As for rotation, Type 1 structure leads to 

a misorientation of 18.8 ° between the basal planes of the pri- 
mary and secondary twins, while Type 2 structure leads to a 
significantly larger misorientation of ∼75 ° As for twin shear, 
a same-sized double twin band containing a Type 1 secondary 

twin is able to accommodate the strain as twice as that con- 
taining a Type 2 secondary twin. The above advantages taken 

by the formation of the Type 1 double twin account for its 
overwhelming occurrence among different structures. 

The { 10 ̄1 1 } - { 10 ̄1 2 } double twin involving a rotation of 
37.5 ° around 〈 1 ̄2 10 〉 was observed most frequently, and this 
twin mode was recognized to be closely related to the frac- 
ture failure of Mg. Reed-Hill and co-authors firstly reported 

the { 30 ̄3 4 } twins in relation to fracture planes [10] , and later 
confirmed that this was the { 10 ̄1 1 } - { 10 ̄1 2 } double twins to 

be a fracture initiation site and cause micro-voids form at the 
twin interfaces [12] . Barnett et al. [44] suggested that { 10 ̄1 1 } - 
{ 10 ̄1 2 } double twin in polycrystalline Mg might cause prema- 
ture shear failure due to the combined effects of strain soft- 
ening and localized void formation. Ando and Koike [46] ob- 
served large surface steps accompanied by the narrow double 
twin bands, and these steps were suggested to be induced by 

the localized deformation inside the double twin and could de- 
velop to form crack. It is explained that the double-twinned 

region is re-orientated for easy basal-slip and the enhanced 

activity of basal slip causes highly localized shear deforma- 
tion within the double twin [ 46 , 47 , 49 , 50 , 130 ]. The localized 

shear deformation creates a “soft” region that is inside the 
twinned volume and surrounded by the “hard” matrix [48] . 
The severe localized shear is manifested as a large surface re- 
lief [ 46 , 47 ] and causes nucleation of cracks within the shear 
band region [48] or the { 10 ̄1 1 } - { 10 ̄1 2 } twin-matrix interface 
[ 12 , 45 , 46 ]. These cracks can propagate either intragranular 
or along the { 10 ̄1 2 } twin-matrix interface, causing premature 
failure. The sensitivity to fracture failure due to the formation 

of { 10 ̄1 1 } - { 10 ̄1 2 } double twin was suggested to limit the cold 

formability of Mg and its alloys. 
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4.5. Other double twins 

In addition to the frequently reported { 10 ̄1 2 } - { 10 ̄1 2 } and 

{ 10 ̄1 1 } - { 10 ̄1 2 } double twins, there are other double twins in 

Mg, such as { 10 ̄1 3 } - { 10 ̄1 2 } [10] or { 11 ̄2 1 } - { 10 ̄1 2 } [146] that 
have been less observed and studied. The reason for the less 
variety of double twin modes in Mg, than in other hexago- 
nal metals, is that only { 10 ̄1 2 }〈 ̄1 011 〉 twinning can be eas- 
ily activated, and other types of twinning processes always 
require specific loading conditions thus are more difficult to 

occur. Unlike only one active twin mode ( { 10 ̄1 2 } twin) in Mg, 
there are more twinning modes available and occurring in Ti, 
including { 10 ̄1 2 } , { 11 ̄2 1 } and { 11 ̄2 3 } tension twins, { 10 ̄1 1 } , 
{ 11 ̄2 2 } and { 11 ̄2 4 } compression twins [147–150] , which re- 
sults in the formation of more types of double twin modes. 
The investigation on the variant selection of secondary twin 

for different double twin modes in Ti is expected to provide 
useful guidance for the similar study in Mg. For example, 
four types of double twin modes have been observed in de- 
formed Ti by Xu et al. [151] , which can be classified into 

co-family double twins include { 11 ̄2 2 } - { 11 ̄2 1 } and { 11 ̄2 1 } - 
{ 11 ̄2 4 } that share the same zone axis, and non-family dou- 
ble twins include { 11 ̄2 2 } - { 10 ̄1 2 } and { 11 ̄2 4 } - { 10 ̄1 2 } that have 
different zone axes. For convenience, T 

I 
i and T 

II 
i are used to 

denote the six { 10 ̄1 2 } and the six { 11 ̄2 1 } tension twin vari- 
ants, C 

I 
i and C 

II 
i are used to denote the six { 11 ̄2 2 } and the six 

{ 11 ̄2 4 } contraction twin variants, with i equal to 1–6. Accord- 
ing to the misorientation between the secondary twin and the 
parent, co-family { 11 ̄2 2 } - { 11 ̄2 1 } ( C 

I 
i - T 

II 
j ) and { 11 ̄2 1 } - { 11 ̄2 4 } 

( T 

II 
i - C 

II 
j ) double twins can be further categorized into four 

groups denoted as Group I, II, III, IV; non-family { 11 ̄2 2 } - 
{ 10 ̄1 2 } ( C 

I 
i - T 

I 
j ) and { 11 ̄2 4 } - { 10 ̄1 2 } ( C 

II 
i - T 

I 
j ) double twins can 

be further classified into three groups denoted as Group I, II, 
III. The geometric characteristics of each of the groups for 
the four types of double twins are summarized in Table 5 . It 
was shown by Xu et al. [151] that the dominant double twins 
are C 

I 
i - T 

II 
i (Group I) and T 

II 
i - C 

II 
i (Group III) for co-family 

{ 11 ̄2 2 } - { 11 ̄2 1 } and { 11 ̄2 1 } - { 11 ̄2 4 } double twins, respectively; 
and the preferred double twins are C 

I 
i - T 

I 
i or T 

I 
i+1 (Group II) 

and C 

II 
i - T 

I 
i or T 

I 
i+1 (Group I) for non-family { 11 ̄2 2 } - { 10 ̄1 2 } 

and { 11 ̄2 4 } - { 10 ̄1 2 } double twins, respectively. 
The selection of the secondary twin variant among the four 

double twin modes mentioned above can be potentially pre- 
dicted using the Schmid factor (SF). This factor determines 
the variant with the highest resolved shear stress by assuming 

that the local stress is the same as the externally applied stress 
[152] . However, it is important to note that the local stresses 
within a grain may differ from the applied stress [ 153 , 154 ]. To 

address this, an apparent-SF (a-SF) [155] has been proposed 

to improve the SF rule by considering the local stresses. As 
mentioned in Section 4.4 , Beyerlein et al. [144] assumed that 
the nucleation of a secondary twin is facilitated by the disso- 
ciation of a gliding dislocation at the primary twin boundary. 
This mechanism can be called the nucleation criterion for sec- 
ondary twinning based on dislocation dissociation (NDD) and 

could judge whether a specific secondary twin variant prefer 

Table 5 
Geometric characters for different variants for four types of double twin 
modes observed in Ti [151] . 

Secondary twin Misorientation Group Nomination 

( 11 ̄2 2 )[ 11 ̄2 ̄3 ] - { 11 ̄2 1 } double twins (Co-family) 
( 11 ̄2 1 )[ ̄1 ̄1 26 ] 29.5 ° 〈 1 ̄1 00 〉 I C 

I 
i - T 

II 
i 

( ̄1 2 ̄1 1 )[ 1 ̄2 16 ] 55 ° 〈 10 5 5 3̄ 〉 II C 

I 
i - T 

II 
i+1 

( ̄2 111 )[ 2 ̄1 ̄1 6 ] 86.8 ° 〈 15 10 5 3̄ 〉 IV C 

I 
i - T 

II 
i+2 

( ̄1 ̄1 21 )[ ̄1 ̄1 26 ] 80.6 ° 〈 1 ̄1 00 〉 III C 

I 
i - T 

II 
i+3 

( 1 ̄2 11 )[ ̄1 2 ̄1 6 ] 86.8 ° 〈 15 10 5 3̄ 〉 IV C 

I 
i - T 

II 
i+4 

( 2 ̄1 ̄1 1 )[ ̄2 116 ] 55 ° 〈 10 5 5 3̄ 〉 II C 

I 
i - T 

II 
i+5 

( 11 ̄2 1 )[ ̄1 ̄1 26 ] - { 11 ̄2 4 } double twins (Co-family) 
( 11 ̄2 4 )[ 22 ̄4 ̄3 ] 68.2 ° 〈 1 ̄1 00 〉 III T 

II 
i - C 

II 
i 

( ̄1 2 ̄1 4 )[ ̄2 4 ̄2 ̄3 ] 88.3 ° 〈 35 10 25 9 〉 IV T 

II 
i - C 

II 
i+1 

( ̄2 114 )[ ̄4 22 ̄3 ] 65.6 ° 〈 6 10 4 3 〉 II T 

II 
i - C 

II 
i+2 

( ̄1 ̄1 24 )[ ̄2 ̄2 4 ̄3 ] 41.9 ° 〈 1 ̄1 00 〉 I T 

II 
i - C 

II 
i+3 

( 1 ̄2 14 )[ 2 ̄4 2 ̄3 ] 65.6 ° 〈 6 10 4 3 〉 II T 

II 
i - C 

II 
i+4 

( 2 ̄1 ̄1 4 )[ 4 ̄2 ̄2 ̄3 ] 88.3 ° 〈 35 10 25 9 〉 IV T 

II 
i - C 

II 
i+5 

( 11 ̄2 2 )[ 11 ̄2 ̄3 ] - { 10 ̄1 2 } double twins (Non-family) 
( 10 ̄1 2 )[ ̄1 011 ] 48.4 ° 〈 ̄5 503 〉 II C 

I 
i - T 

I 
i 

( 01 ̄1 2 )[ 0 ̄1 11 ] 48.4 ° 〈 ̄5 503 〉 II C 

I 
i - T 

I 
i+1 

( ̄1 102 )[ 1 ̄1 01 ] 87.9 ° 〈 7 ̄4 ̄3 0 〉 III C 

I 
i - T 

I 
i+2 

( ̄1 012 )[ 10 ̄1 1 ] 41.3 ° 〈 5 ̄1 ̄4 ̄3 〉 I C 

I 
i - T 

I 
i+3 

( 0 ̄1 12 )[ 01 ̄1 1 ] 41.3 ° 〈 5 ̄1 ̄4 ̄3 〉 I C 

I 
i - T 

I 
i+4 

( 1 ̄1 02 )[ ̄1 101 ] 87.9 ° 〈 7 ̄4 ̄3 0 〉 III C 

I 
i - T 

I 
i+5 

( 11 ̄2 4 )[ 11 ̄4 ̄3 ] - { 10 ̄1 2 } double twins (Non-family) 
( 10 ̄1 2 )[ ̄1 011 ] 39.5 ° 〈 11 ̄2 ̄3 〉 I C 

II 
i - T 

I 
i 

( 01 ̄1 2 )[ 0 ̄1 11 ] 39.5 ° 〈 11 ̄2 ̄3 〉 I C 

II 
i - T 

I 
i+1 

( ̄1 102 )[ 1 ̄1 01 ] 44.3 ° 〈 7 20 27 20 〉 II C 

II 
i - T 

I 
i+2 

( ̄1 012 )[ 10 ̄1 1 ] 89.5 ° 〈 13 26 39 4 〉 III C 

II 
i - T 

I 
i+3 

( 0 ̄1 12 )[ 01 ̄1 1 ] 89.5 ° 〈 13 26 39 4 〉 III C 

II 
i - T 

I 
i+4 

( 1 ̄1 02 )[ ̄1 101 ] 44.3 ° 〈 7 20 27 20 〉 II C 

II 
i - T 

I 
i+5 

to form from a certain primary twin boundary. Jonas et al. 
[153] and Shi et al. [156] proposed a displacement gradient 
accommodation (DGA) criterion, which suggested that a twin 

variant prefers to nucleate when its deformation can be read- 
ily accommodated by slip in the vicinity of the twin domain. 
In DGA analysis, the displacement gradients induced by the 
secondary twin variant are resolved into the crystal frame of 
the parent grain. When considering the minimization of plas- 
tic deformation associated with double twinning, a modified 

DGA (m-DGA) [155] can be applied by transforming the dis- 
placement gradients into the twinning reference frame of the 
primary twin. 

In the case of the dominant double twins C 

I 
i - T 

II 
i or T 

II 
i - C 

II 
i 

in the co-family { 11 ̄2 2 } - { 11 ̄2 1 } or { 11 ̄2 1 } - { 11 ̄2 4 } , the NDD 

and m-DGA analysis conducted by Xu et al. [151] suggested 

that only one secondary twin variant prevails over others for a 
given primary twin. In contrast, a-SF and DGA analyses can 

only provide the information about the relative possibilities 
among the six variants, without predicting a preferred one. 
For the preferred double twins C 

I 
i - T 

I 
i or T 

I 
i+1 and C 

II 
i - T 

I 
i or 

T 

I 
i+1 in the non-family { 11 ̄2 2 } - { 10 ̄1 2 } and { 11 ̄2 4 } - { 10 ̄1 2 } , Xu 

et al. [151] reported that the selection between the two vari- 
ants follows the SF rule. Both the NDD and m-DGA criteria 
can effectively predict the prevailing secondary twin variants. 
The a-SF could help determine the competition of the two 

prevailing double twin variants, while the DGA fails to pre- 
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Table 6 
The misorientations (angle/axis) for different types of structures for { 11 ̄2 1 } ⇒ P → { 10 ̄1 2 } ( T 

II 
i ⇒ P → T 

I 
j ) and { 11 ̄2 2 } ⇒ { 11 ̄2 4 } → { 10 ̄1 2 } ( C 

I 
i ⇒ C 

II 
j → 

T 

I 
k ) sequential twinning in Ti [157] . 

Six { 10 ̄1 2 } { 11 ̄2 1 } ⇒ P → { 10 ̄1 2 } { 11 ̄2 2 } ⇒ { 11 ̄2 4 } → { 10 ̄1 2 } 
Type Angle/axis Type Angle/axis 

( 10 ̄1 2 )[ ̄1 011 ] T 

II 
i ⇒ P → T 

I 
i 

(Type A) 
66.5 ° 〈 15 5̄ 10 3 〉 C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i 

(Type A) 
33.6 °
〈 ̄9 546 〉 

( 01 ̄1 2 )[ 0 ̄1 11 ] T 

II 
i ⇒ P → T 

I 
i+1 

(Type A) 
66.5 ° 〈 15 5̄ 10 3 〉 C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i+1 

(Type A) 
33.6 °
〈 45 ̄9 ̄6 〉 

( ̄1 102 )[ 1 ̄1 01 ] T 

II 
i ⇒ P → T 

I 
i+2 

(Type B) 
89.5 °
〈 8̄ 4̄ 12 3 〉 

C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i+2 

(Type B) 
67.1 °
〈 14 9 5 1 〉 

( ̄1 012 )[ 10 ̄1 1 ] T 

II 
i ⇒ P → T 

I 
i+3 

(Type C) 
60.0 ° 〈 66 19 47 14 〉 C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i+3 

(Type C) 
84.3 °
〈 3 19 16 1̄ 〉 

( 0 ̄1 12 )[ 01 ̄1 1 ] T 

II 
i ⇒ P → T 

I 
i+4 

(Type C) 
60.0 ° 〈 66 19 47 14 〉 C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i+4 

(Type C) 
84.3 °
〈 16 19 3 1 〉 

( 1 ̄1 02 )[ ̄1 101 ] T 

II 
i ⇒ P → T 

I 
i+5 

(Type B) 
89.5 °
〈 8̄ 4̄ 12 3 〉 

C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i+5 

(Type B) 
67.1 °
〈 5 9 14 1 〉 

dict the preferred secondary twin variants. The successful pre- 
dictions made by m-DGA and NDD criteria indicate that the 
preferred secondary twin variant helps relax the plastic defor- 
mation associated with the primary twinning, and the nucle- 
ation of the secondary twin is facilitated by the accumulation 

of gliding dislocations at the primary twin boundary. 

4.6. Sequential twinning 

In addition to the twin-twin structures discussed in Sec- 
tions 4.1 - 4.5 , other structures associated with { 10 ̄1 2 } sequen- 
tial twinning, resulting from the interaction between different 
types of twins, have also been observed. Xu et al. [157] re- 
ported the occurrence of { 10 ̄1 2 } sequential twins that are in 

the parent (P) grain and along the { 11 ̄2 1 } primary twin bound- 
ary, and { 10 ̄1 2 } sequential twins within a { 11 ̄2 4 } primary twin 

and simulated by the interactions between co-zone { 11 ̄2 2 } 
twins, both of which were observed in Ti under shock load- 
ing. Referring to the { 10 ̄1 2 } , { 11 ̄2 1 } and { 11 ̄2 3 } extension 

twins as T 

I 
i , T 

II 
i and T 

III 
i , and the { 11 ̄2 2 } , { 11 ̄2 4 } and { 10 ̄1 1 } 

contraction twins as C 

I 
i , C 

II 
i and C 

III 
i in Ti, the first sequential 

twinning process can be described as { 11 ̄2 1 } ⇒ P → { 10 ̄1 2 } 
or T 

II 
i ⇒ P → T 

I 
j , and the second sequential twinning pro- 

cess can be described as { 11 ̄2 2 } ⇒ { 11 ̄2 4 } → { 10 ̄1 2 } or C 

I 
i 

⇒ C 

II 
j → T 

I 
k . Here, the symbol “⇒ ” represents the former 

incoming twin “interacting” with the later primary twin, and 

“→ ” represents the former crystal “is twinned” into the later 
twin. The subscript “i” (or “j”, “k”) represents the six variants 
for each twinning mode. The other variants are obtained by 

rotating the 1st variant (i-1) by 60 ° about the [0001] axis. 
T 

II 
i ⇒ P → T 

I 
j twin structures are classified into three 

types according to the misorientation between T 

II 
i and T 

I 
j , 

including Type A T 

II 
i ⇒ P → T 

I 
i or T 

I 
i+1 , Type B T 

II 
i ⇒ 

P → T 

I 
i+2 or T 

I 
i+5 and Type C T 

II 
i ⇒ P → T 

I 
i+3 or T 

I 
i+4 

sequential twins. Similarly, C 

I 
i ⇒ C 

II 
j → T 

I 
k twin structures 

are also categorized into three types, including Type A C 

I 
i 

⇒ C 

II 
i+3 → T 

I 
i or T 

I 
i+1 , Type B C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i+2 or T 

I 
i+5 , 

and Type C C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i+3 or T 

I 
i+4 sequential twins. The 

misorientations (angle/axis) for different sequential twinning 

modes are listed in Table 6 . Experiment photos taken by Xu 

et al. [157] showed that Type A T 

II 
i ⇒ P → T 

I 
i or T 

I 
i+1 twins 

are most prevailed for T 

II 
i ⇒ P → T 

I 
j twin structures; and 

Type A C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i or T 

I 
i+1 are most predominant for 

C 

I 
i ⇒ C 

II 
j → T 

I 
k twin structures. 

Regarding Type A T 

II 
i ⇒ P → T 

I 
i or T 

I 
i+1 sequential twins, 

Xu et al. [157] proposed that their occurrence can be at- 
tributed to the presence of twinning disconnections at steps 
along the twin boundary. In this case, the { 11 ̄2 1 } ( T 

II 
i ) pri- 

mary twinning disconnections pile up to form steps along the 
twin boundaries. Since T 

I 
i and T 

I 
i+1 have the highest resolved 

shear stress (RSS) in the local stress field associated with 

the pileup of T 

II 
i TDs, they are most favorably activated by 

the dissociation of the T 

II 
i TDs at the primary twin bound- 

ary. For Type A C 

I 
i ⇒ C 

II 
i+3 → T 

I 
i or T 

I 
i+1 sequential twining, 

Xu et al. [157] suggested that the nucleation of the { 10 ̄1 2 } 
sequential twins occurs via slip transformation of the incom- 
ing { 11 ̄2 2 } ( C 

I 
i ) TDs into the primary { 11 ̄2 4 } ( C 

II 
i+3 ) twin. In 

this case, the T 

I 
i or T 

I 
i+1 { 10 ̄1 2 } variants have the largest RSS 

in the local stress field associated with the pileup of C 

I 
i at 

the C 

II 
i+3 twin boundaries. These results indicate that the pre- 

ferred sequential twin variant has the maximum RSS among 

the six variants, and that the sequential twinning processes 
obey crystallographic relations based on the ability to accom- 
modate deformation. These results are expected to provide 
insights for similar studies in Mg. 

5. Critical issues remaining to be solved 

Extensive research has been conducted on twin-solute in- 
teractions in Mg alloys, focusing primarily on those between 

twin boundary and substitutional solutes. However, there is 
a lack of studies on interactions between twin boundary and 

interstitial solutes. A recent DFT [55] work examined the 
interaction between a { 10 ̄1 2 } twin boundary and H atoms, 
revealing that H atoms tend to occupy specific tetrahedral 
sites on the { 10 ̄1 2 } twin boundary. Moreover, they can gather 
around certain substitutional solutes, leading to hydrogen em- 
brittlement. Nevertheless, other types of interactions, such as 
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those between H atoms and different types of twins (for ex- 
ample, { 10 ̄1 1 } ), or between twins and other interstitial solutes 
like O, remain unexplored. Therefore, it is suggested that fu- 
ture work should focus on investigating the various types of 
twin and interstitial solutes interactions in Mg alloys. This re- 
search should delve into the interaction behavior, the preferred 

atom occupation on the twin boundary, and the influence 
of these interactions on plastic deformation and mechanical 
properties. 

Previous research on twin-dislocation interactions in Mg 

has focused primarily on the interactions between the { 10 ̄1 2 } 
twin and various types of dislocations through experiments 
and simulations. However, there is a significant lack of studies 
on the interactions between the { 10 ̄1 1 } twin and dislocations. 
Atomic-resolution experimental results [123] have proposed 

some possible reaction routes between the { 10 ̄1 1 } twin and 

basal 〈 a 〉 mixed or prismatic 〈 c + a 〉 mixed dislocations. 
These routes suggest the production of residual dislocations 
of either b ±3/ ±2 -type or b ±1/ ±1 -type. Some simulations have 
been conducted to investigate interactions between the { 10 ̄1 1 } 
twin and basal 〈 a 〉 dislocations [ 120 , 122 , 129 ], but there is a 
lack of research on the interactions between the ( 10 ̄1 1 ) twin 

and 〈 c 〉 or 〈 c + a 〉 dislocations. The mechanisms, charac- 
teristics, and formation conditions of the interaction products, 
as well as the influence of simulation conditions on the be- 
havior of twin-dislocation interaction for the { 10 ̄1 1 } twin are 
not well understood. These aspects require systematic and 

comprehensive investigations in future research. 
Additionally, most of the existing literature on twin- 

dislocation interactions assumes that the twin boundary is 
fully coherent. However, the experimental observations sug- 
gest the presence of incoherent interfaces on twin boundaries. 
For instance, BP or PB interfaces have been observed in 

the { 10 ̄1 2 } twin boundary [ 72 , 158-160 ], and basal-pyramidal 
(BPy) or pyramidal-basal (PyB) interfaces in the { 10 ̄1 1 } twin 

boundary [16] . An early simulation study [92] demonstrated 

that a basal 〈 a 〉 screw dislocation can be absorbed into a 
BP interface through reactions with interfacial screw dipoles. 
A basal 〈 a 〉 mixed dislocation was either attracted to or 
repelled from the BP interface depending on the position of 
its 30 ° Shockley partial dislocation. Furthermore, a prismatic 
〈 c 〉 edge dislocation decomposed into an interfacial defect 
connected to a partial dislocation in the “twin’ crystal by a 
basal stacking fault under zero applied stress. However, there 
is a lack of research on the interaction behavior between a 
migrating BP interface and different types of dislocations, as 
well as the interactions between dislocations and incoherent 
interfaces for the { 10 ̄1 1 } twin boundary. It is therefore sug- 
gested that future work shhould focus on systematic inves- 
tigating the interactions between dislocations and incoherent 
interfaces. This research should explore the interaction mech- 
anisms, and products formed during these interactions, and 

the influence on the further migration of twin boundaries. 
The findings from studying the interaction behavior at in- 
coherent interfaces can be compared with those at coherent 
twin boundaries, providing insights into the plastic deforma- 
tion and mechanical behavior of Mg alloys. 

For twin-twin interactions in Mg, it has been suggested 

that they can occur between two different variants of the same 
type of twin, such as { 10 ̄1 2 } or { 10 ̄1 1 } . Based on the crys- 
tallographic orientation relationship, these interactions can be 
categorized as co-zone or non-con-zone interactions, depend- 
ing on whether the interacting twins share the same a -axis 
or not, respectively. The co-zone and non-co-zone interac- 
tions between { 10 ̄1 2 } twins have been extensively studied in 

previous research [ 39-41 , 131-133 , 135 , 142 ]. However, when it 
comes to { 10 ̄1 1 } twin-twin interactions, only co-zone interac- 
tions have been well investigated through both experiments 
and simulations [136] . There is limited research on non-co- 
zone { 10 ̄1 1 } twins interactions, with only some theoretical 
analyses demonstrating the geometrical relationship between 

two interacting variants and the possible resultant twin-twin 

boundary type [136] . To further our understanding of the 
non-co-zone { 10 ̄1 1 } twin-twin interactions, it is recommended 

to conduct relevant simulations that explore the interaction 

conditions and mechanisms, examine the resulting structures, 
and investigate their influence on plastic deformation. Addi- 
tionally, conducting experiments to validate the observations 
made through simulations would be valuable. By expanding 

research efforts in this area, we can gain insights into the be- 
havior of non-co-zone { 10 ̄1 1 } twin-twin interactions and their 
impact on the mechanical properties of Mg alloys. 

Interactions between twins in Mg have been reported 

to give rise to twin-twin junctions and boundaries, double 
tension-tension twin and double compression-tension twin. 
There are other two types of structures resulted from twin- 
twin interactions have not been reported for Mg, which were 
observed in titanium [157] and associated with the sequen- 
tial twinning mechanism. One is the formation of sequen- 
tial twins in the parent crystal and along the primary twin 

boundary. Another involves sequential twins forming within 

the primary twin, where the primary twin boundary intersects 
with two other interacting twins. These two structures were 
observed in titanium under shock loading condition, during 

which complex twinning processes can take place. It remains 
to be seen whether similar structures can be generated in Mg 

under specific loading conditions. The characteristics, forma- 
tion conditions, mechanisms, and the influence on plastic de- 
formation associated with such sequential twin structures in 

Mg and its alloys require further examination. 
It has been observed that current research in the literature 

primarily focuses on the interaction behavior between twins 
and a single type of lattice defect. Therefore, future studies 
are encouraged to devote more attention to interactions among 

twins and multiple types of lattice defects. For instance, it 
would be valuable to further investigate twin-dislocation in- 
teractions in the presence of solutes. Since solutes can inter- 
act with both dislocations and twin boundaries, computational 
simulations can be conducted from two perspectives, one in- 
volving solutes segregated to the twin boundary [ 14 , 22 , 51 , 52 ], 
and the other involving solutes segregated to the dislocation 

[161–164] . Considering that specific types of twin boundaries 
or dislocation cores process repulsive and attractive sites for 
particular solute atoms [66] , it would be worthwhile to in- 
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troduce solute atoms with atomic sizes larger or smaller than 

Mg to examine the behavior of twin-solute-dislocation inter- 
actions. Similarly, research work can be undertaken to explore 
twin-twin-solute or twin-twin-dislocation interactions. 

6. Summary 

Extensive work has been conducted on investigating the in- 
teractions between twin and lattice defects, leading to signif- 
icant progress in understanding twin-solute, twin-dislocation 

and twin-twin interactions in Mg and its alloys. The key high- 
lights of these studies are as follows: 

(1) For twin-solute interactions, a commonly considered 

factor based on the minimization of elastic strain is 
that solutes with atomic radii larger than Mg, such as 
Ag, Al, Ge, Ga, Li, Mn, Sn and Zn, tend to substitute 
into the compression sites on coherent twin boundaries. 
On the other hand, solutes with atomic radii smaller 
than Mg, such as Ca, Ce, Dy, Er, Gd, Ho, La, Lu, Nd, 
Pb, Pr, Sc, Sm, Y, Yb, Zr, tend to segregate into the 
extension sites on coherent twin boundaries. However, 
this criterion fails to explain certain unusual segrega- 
tion phenomena. For instance, atoms of Bi, Pb, Tl and 

In with larger atomic size than Mg have been observed 

to segregate to compression sites of { 10 ̄1 1 } coherent 
twin boundaries. This segregation is attributed to the 
strong chemical bonding that develops between the so- 
lute atoms and Mg atoms. Therefore, it is suggested 

that effect of chemical bonding should be combined 

with elastic strain minimization to gain a more compre- 
hensive understanding of solute segregation behavior on 

coherent twin boundaries. 
(2) Periodic segregation of solutes on coherent twin bound- 

aries can have significant strengthening effect on Mg al- 
loys by impeding the migration of twin boundary. More- 
over, solute segregation on twin boundaries has an im- 
pact on the fracture toughness of Mg alloys. On one 
hand, fracture toughness can be improved by enhancing 

the cohesion of twin boundaries through strong elec- 
tronic interactions between Mg atoms and segregated 

solutes such as Zr, Mn, Al or rate-earth element such 

as Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Ho. On the other 
hand, the fracture toughness can be impaired by solute 
segregation that weakens the cohesion of twin bound- 
aries. Solute segregation of elements like Li, Ca, Sn 

and Bi can lead to a decrease in fracture toughness. 
Additionally, solute segregation can reduce the damp- 
ing capacity of Mg alloys, as solute atoms can stabilize 
the twin boundary and thereby inhibit the shrinkage and 

growth of deformation twin. 
(3) In interactions between { 10 ̄1 2 } extension twins and 

〈 a 〉 type dislocations in Mg, a basal 〈 a 〉 screw dis- 
location can propagate directly across the twin bound- 
ary. A basal 〈 a 〉 mixed dislocation is either absorbed 

by or connected to the twin boundary under low shear 
stress, forming a BP or PB interface. However, under 

high shear stress, it transmutes across the twin bound- 
ary, forming an I 1 stacking fault (SF) connected with 

a single-atomic-layer-height (SALH) disconnection on 

the twin boundary and a Frank partial dislocation in the 
twin. The transmutation of two basal 〈 a 〉 mixed dislo- 
cations can generate a prismatic 〈 c + a 〉 dislocation. 
The resulting BP/PB disconnection, arising from inter- 
actions between { 10 ̄1 2 } twin and 〈 a 〉 dislocations, does 
not hinder the migration of the twin boundary. There- 
fore, it is likely to be responsible for the high growth 

rates associated with the { 10 ̄1 2 } twinning mode. The 
transmutation products of basal 〈 a 〉 mixed disloca- 
tions, such as 〈 c + a 〉 dislocations or I 1 basal SFs, 
are mostly sessile, thereby serving as a mechanism for 
forest hardening against other slip. 

(4) Interactions between { 10 ̄1 2 } twin and immobile basal- 
dissociated 〈 c 〉 or 〈 c + a 〉 type dislocations in Mg 

can also lead to the formation of BP/PB interface on 

the twin boundary. In addition, the transmutation of 
〈 c 〉 or 〈 c + a 〉 type dislocations can generate basal 
〈 a 〉 mixed dislocations in the twin. Basal SFs in the 
form of I 2 , I 1 or a pair of I 1 faults are commonly ob- 
served in twin and 〈 c 〉 or 〈 c + a 〉 dislocation in- 
teractions. The resulting I 2 stacking fault is connected 

to b ±2n/ ±2n type disconnections on the twin boundary 

and bounded by a 30 ° Shockley partial dislocation in 

the twin. The resulting I 1 stacking fault is connected 

to a SALH disconnection and bounded by a Frank 

partial dislocation. A pair of I 1 faults has one end 

connected two separate SALH disconnections on the 
twin boundary and the other end bounded by a defect 
with a Burgers vector equal to that of a 30 ° Shock- 
ley. These interactions eliminate the immobile 〈 c 〉 or 
〈 c + a 〉 dislocations and can generate mobile basal 
〈 a 〉 mixed dislocations, thereby enhancing the 
material’s plastic deformation capacity. Furthermore, 
basal SFs resulting from { 10 ̄1 2 } twin and 〈 c 〉 or 
〈 c + a 〉 interactions can act as barriers to dislocation 

motion on non-basal planes, leading to strain hardening. 
(5) In interactions between { 10 ̄1 1 } contraction twin and 

〈 a 〉 type dislocations in Mg, a basal 〈 a 〉 screw dislo- 
cation decomposes into two glissile two-atomic-layer- 
height TDs. A basal 〈 a 〉 mixed dislocation dissociates 
into a glissile TD and a residual sessile disconnec- 
tion. Alternatively, it can give rise to a pyramidal-I 
stacking fault that connects to a SALH disconnection 

on the twin boundary. The interaction between { 10 ̄1 1 } 
twin and a prismatic 〈 c + a 〉 mixed dislocation 

can result in a one-layer step, accompanied by the 
emission or absoprtion of another basal 〈 a 〉 mixed 

dislocation into the twin crystal. This interaction be- 
havior may also occur between { 10 ̄1 1 } twin and a basal 
〈 a 〉 mixed dislocation. The resulting one-layer step can 

further evolve into a step-SF intersection that connects 
with an I 1 SF, following the absorption or emission 

of a Frank partial dislocation. It is noteworthy that 
interactions between { 10 ̄1 1 } twin and different types of 
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dislocations always produce glissile two-atomic-layer- 
height TDs. These TDs facilitate the migration of twin 

boundary and effectively alleviate local stress concen- 
trations on the twin boundary, thereby retarding twin 

boundary cracking that is commonly associated with 

{ 10 ̄1 1 } contraction twins. In addition, these interactions 
generate disconnections that can further react with 

other lattice dislocations to release local lattice strain, 
thereby contributing to the plasticity of the material. 

(6) { 10 ̄1 2 } or { 10 ̄1 1 } twin-twin interactions in Mg can oc- 
cur between any two of the six variants of the twin. Ac- 
cording to the crystallographic orientation relationship, 
these interactions can be categorized into co-zone and 

non-co-zone interactions, where two interacting variants 
either share or do not share the same a -axis. The contact 
and reaction of the two twin variants lead to the forma- 
tion of twin-twin junctions, creating twin-twin bound- 
aries including TTB A 

(twin-twin boundary acute) and 

TTB O 

(twin-twin boundary obtuse), and TTB I (twin- 
twin boundary interface) that is parallel to the twin- 
ning plane of the encountering twin. In TTB O 

or TTB A 

interactions of { 10 ̄1 2 } co-zone twins, the basal planes 
or the prismatic planes in the incoming and encoun- 
tering twins bond together, forming what is referred to 

as BB (basal-basal) or PP (prismatic-prismatic) bound- 
ary. These boundaries consist of low-index close-packed 

planes, facilitating their formation. The PP boundary 

enable the transmission of basal slip between the in- 
tersecting twins, resulting in the formation of a basal 
slip band through the emission of basal dislocations. 
In contrast, the TTB O 

or TTB A 

interactions for { 10 ̄1 2 } 
non-co-zone twins often involve high-index crystallo- 
graphic planes. The preferred formation of TTB O 

or 
TTB A 

varies depending on the orientation relationship 

between the two variants . In all types of twin-twin 

interactions, boundary dislocations always form and ac- 
cumulate at the twin-twin boundaries. High stress is re- 
quired for the further growth and propagation of twins, 
giving rise to strain hardening. Moreover, the unfavor- 
able dissociation of TTB dislocations into TDs hinders 
detwinning upon reverse loading, resulting cyclic hard- 
ening as the number of loading cycles increases. 

(7) The { 10 ̄1 2 } - { 10 ̄1 2 } double twin in Mg involves the for- 
mation of a secondary { 10 ̄1 2 } twin inside a primary 

{ 10 ̄1 2 } twin, with the secondary twin always located 

at the intersections of two primary twin variants. This 
configuration can be referred to as an IPT-RPT-ST con- 
figuration, where IPT stands for the intersecting primary 

twin and RPT represents the recipient primary twin 

within which the secondary twin (ST) forms. Among 

different IPT-RPT-ST configurations, the T 1 -T 2 -T 12 con- 
figuration is found to be the most favorable. In this con- 
figuration, T 1 and T 2 correspond to two { 10 ̄1 2 } variants 
with 60 ° misorientation about the [0001] axis, and T 12 is 
the variant of the secondary twin that forms within the 
primary twin T 1 . The selection of variants for the IPT- 
RPT-ST configuration is influenced by various stresses, 

including pre-existing stress concentrated at the rims of 
the IPT and ST, back-stress within the RPT, and ap- 
plied stress. Pre-existing stress plays the most domi- 
nant role in determining the variant selection, while the 
other two types of stresses primarily affect the growth 

of secondary and primary twins. 
(8) The { 10 ̄1 1 } - { 10 ̄1 2 } double twin in Mg involves the for- 

mation of a secondary { 10 ̄1 2 } twin inside a primary 

{ 10 ̄1 1 } twin. The most frequently observed structure in 

this case is the Type I double twin structure, where 
the misorientation between the secondary twin and the 
matrix is approximately 37.5 ° around 〈 1 ̄2 10 〉 . The pre- 
dominant occurrence of the Type I double twin can be 
attributed to several factors. First, the Type I structure 
has the primary and secondary twin planes closest to 

each other, resulting in minimal accommodation strain. 
Additionally, the close alignment of the twin plane and 

twinning direction in the Type I secondary twin with 

those of the primary twin allows the same local stress 
to support the growth of both primary and secondary 

twins. This facilitates the easier growth of the secondary 

twin in the Type I structure. Moreover, the intersec- 
tion line 〈 1 ̄2 10 〉 between the primary twin and Type 1 

secondary twin planes has only 〈 a 〉 component. This 
makes it possible for basal 〈 a 〉 dislocations, which 

are easily activated, to dissociate into Type 1 secondary 

TDs at the primary twin boundary. This process further 
facilitates the nucleation and growth of the secondary 

twin. The Type I { 10 ̄1 1 } - { 10 ̄1 2 } double twin is closely 

associated with the fracture failure of Mg. The double- 
twinned region is re-orientated for easy basal slip, leadin 

to enhanced localized shear deformation within the dou- 
ble twin. This severe localized shear promotes crack 

nucleation within the shear band region or along the 
{ 10 ̄1 1 } - { 10 ̄1 2 } twin-matrix interface, eventually causing 

intragranular or intergranular crack failure. The sensi- 
tivity to fracture failure associated with the { 10 ̄1 1 } - 
{ 10 ̄1 2 } double twin limits cold formability of Mg and its 
alloys. 
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