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a b s t r a c t 

The { ̄1 012 } tensile twins terminating inside the grains of a deformed Mg-Y alloy were investigated by 

transmission electron microscopy. The crystallographic features of terminating twins and associated slip 

structures were quantified and correlated. The local stresses developed at a terminating { ̄1 012 } twin were 

computed using crystal plasticity simulations in order to interpret the observed slip patterns. Results in- 

dicate that both basal 〈 a 〉 and 〈 c + a 〉 matrix glide were involved in accommodating the plastic stresses 

developed in the vicinity of terminating twins. Along the twin boundary, the defect contrast consistent 

with that of lattice dislocations and twinning partials was observed. Based on these observations, a dis- 

location reaction is proposed that establishes an interrelationship between the observed matrix glide and 

{ ̄1 012 } twinning in Mg-Y alloys. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Hexagonal close packed (hcp) magnesium and its alloys are one 

f the most desirable candidates for structural applications, where 

pecific strength and weight are decisive factors for reducing the 

nergy consumption [1,2] . Therefore, understanding the mecha- 

isms that govern the strength of Mg alloys is becoming increas- 

ngly important. When mechanically strained, these alloys deform 

ermanently by slip and twinning. A question of fundamental im- 

ortance is how these two mechanisms are interrelated. 

The most widely observed twinning mode in Mg alloys is the 
1 

15 〈 ̄1 01 ̄1 〉{ ̄1 012 } twin, which accommodates tensile strain along the 

 c〉 -axis [3–5] . This type of tensile twin can develop readily com-

ared to other twinning modes [4] , and they can terminate at grain 

oundaries, inside the grains, or at other twins. They often appear 

s high aspect ratio lamellae and often with thickness much finer 

han the grain size. Very high stresses are developed in the imme- 

iate vicinity of terminating twins, and if they are not relaxed plas- 

ically, could nucleate cracks or voids [6–9] . Earlier studies showed 

hat stresses which develop at 1 
6 〈 111 〉{ 11 ̄2 } and 

1 
6 〈 11 ̄2 〉{ 111 } defor-

ation twins terminating inside the matrix of body centered cubic 

bcc) and face centered cubic (fcc) metals, are plastically relaxed 

y slip occurring in the matrix regions just ahead of twins [10–
∗ Corresponding author. fax: 5302207075. 
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2] . This relaxation mechanism was explained by the phenomenon 

f emissary slip , where twinning partials bounding a twin tip could 

nteract and generate matrix glide to accommodate plastic stresses 

eveloped in the vicinity of terminating twins [13] . In bcc and fcc 

rystals, the phenomenon of emissary slip was well explained by 

he following reactions [10,11] . 

 × 1 

6 

〈 111 〉 { 11 2 } → 

1 

2 

〈 111 〉 { 11 2 } ( bcc ) (1) 

 × 1 

6 

〈 11 2 〉 { 111 } → 

1 

2 

〈 01 1 〉 { 111 } + 

1 

2 

〈 10 1 〉 { 111 } ( fcc ) (2) 

According to these reactions, for instance, three 1 
6 〈 111 〉 twin- 

ing partials present on adjacent { 11 ̄2 } twin planes may inter- 

ct and coalesce into 1 
2 〈 111 〉 matrix dislocations in bcc crystals. 

he glide of these matrix dislocations on { 11 ̄2 } planes could re- 

ax the plastic stresses developed ahead of twins. A similar expla- 

ation can be obtained for equation (2) in fcc crystals. In a later 

tudy, Vaidya and Mahajan [14] proposed an interrelationship be- 

ween 

1 
36 〈 ̄1 ̄1 26 〉{ 11 ̄2 1 } twinning and slip in hcp Co crystals, which

s totally consistent with the theory of emissary slip. The authors 

howed that glissile 〈 c + a 〉 and 〈 1 ̄1 00 〉 matrix glide were involved

n accommodating the plastic stresses developed ahead of { 11 ̄2 1 } 
wins and twin-twin intersections in hcp Co [14] . 

To date, similar investigations on the relaxation of plastic 

tresses developed at { ̄1 012 } terminating twins in hcp Mg alloys 

ave not been carried out. A few investigations are available that 

https://doi.org/10.1016/j.actamat.2020.116514
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.116514&domain=pdf
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ocus on the accommodation of tensile twins in Mg alloys [7,15–

7] . Based on optical microscopy studies, Roberts et al. [15] re- 

orted accommodation by kinking adjacent to terminating tensile 

wins in pure Mg. Using electron back scattered diffraction (EBSD) 

nd simulations, Jonas et al. [16] proposed that in the accommo- 

ation zone close to the tensile twin, local strains are accommo- 

ated by 〈 c + a 〉 matrix glide or additional mechanical twinning. 

ith finite element modeling, Barnett et al. [7] showed that the 

ack stress induced by a tensile twin in AZ31 Mg alloys is relaxed 

y the glide of matrix dislocations. As a validation, high-resolution 

BSD studies revealed higher activity of 〈 a 〉 and 〈 c + a 〉 dislocations

n the matrix regions surrounding the tensile twin tips [17] . While 

rior microstructural based observations were valuable, a system- 

tic interrelationship between { ̄1 012 } twinning shear and matrix 

lide, which is consistent with the theory of emissary slip and 

ence the accommodation process of { ̄1 012 } twins in Mg alloys has 

et to be pursued. 

The objective of this paper is to understand the accommodation 

f plastic stresses developed at { ̄1 012 } twins that have stopped 

ropagating inside the grains. Meeting this goal entails investigat- 

ng the interrelationship between all matrix dislocations, e.g., basal 

 a 〉 , prismatic 〈 a 〉 and pyramidal 〈 c + a 〉 , and tensile twins and a

odel Mg alloy that can activate all three slip modes and is prone 

o tensile twinning. The activation of pyramidal 〈 c + a 〉 slip in most

g alloys is limited. Extensive literature suggests that addition of 

i and Y enhances 〈 c + a 〉 slip activity and thus, improves the duc-

ility of Mg [18–21] . For these reasons, we elect to examine a single

hase Mg alloy containing 0.6 wt.% Y as a model material system. 

The crystallographic features of terminating twins and associ- 

ted dislocation structures formed in the deformed Mg-0.6 wt.% Y 

lloy were examined and correlated by TEM. Based on TEM ob- 

ervations and with the help of discrete three-dimensional (3D) 

win calculations based on crystal plasticity, a dislocation reaction 

s proposed that establishes an interrelationship between slip and 

 ̄1 012 } twinning in Mg-Y alloys. 

. Experimental methods 

Mg-0.6 wt.% Y alloys were obtained from the Helmholtz- 

entrum Geesthacht Centre for Materials and Coastal Research. The 

omogenization of cast ingots and hot rolling were performed at 

 temperature of 500 ◦C . Subsequent annealing was performed 

t a temperature of 400 ◦C for 10 min. The annealed alloy had 

n average grain size of 21 μm , as measured using the optical 

icroscopy. The annealed rolled sheet was sectioned using elec- 

rical discharge machining (EDM) to make cuboids of dimen- 

ions 3 . 3 mm × 3 . 3 mm × 5 mm . The cuboids were then deformed

n compression at ambient temperature to an engineering strain 

f approximately 1.2% along the normal direction (ND). The mi- 

rostructure of the deformed alloy was examined using JEOL JEM 

100F-AC TEM, operating at 200 kV. TEM samples were prepared 

sing FEI Scios dual-beam focused ion beam (FIB) equipped with 

 gallium-ion source. Easy-lift needle manipulator was used to lift, 

ransfer and attach the samples to Cu grids. To prevent beam in- 

uced damage the subsequent thinning of the lamella was done 

t low accelerating voltages ranging from 12 kV to 1 kV, and at 

ow ion-beam currents ranging from 1 nA to 20 pA. The prepared 

EM lamella and their crystallographic orientations in relation to 

he macroscopic sample directions are described in section S1 of 

he supplementary material (SM). 

The crystallography of { ̄1 012 } terminating twins such as the ori- 

ntation and habit plane, was studied from the selected area elec- 

ron diffraction (SAED) patterns. The Burgers vectors of the matrix 

islocations were determined using the invisibility criteria, where 

 perfect lattice dislocation becomes invisible or exhibits weak 

esidual contrast when the product g · b = 0 , where g is the op- 
2 
rating reflection vector used and b is the corresponding Burgers 

ector of the dislocation. The glide (habit) planes of dislocations 

twins) were identified from the diffraction analysis coupled with 

he surface trace analysis. 

. Results 

To establish interrelationship between slip and { ̄1 012 } twinning 

hear in Mg-0.6 wt.% Y alloys, two different cases were considered. 

n the first case, dislocation structures in a deformed twin-free 

rain were studied. This grain is labeled as grain-2 in this study. In 

he second case, the crystallographic features of { ̄1 012 } twins ter- 

inating inside the deformed grains and associated slip structures 

ere investigated in detail. The corresponding grains are labeled as 

rain-1 and grain-3. In addition, crystal plasticity calculations of a 

D terminating { ̄1 012 } twin tip were performed in order to corre- 

ate the local stresses developed around the twin tip with the slip 

ctivity they induce. The following sections describe the results ob- 

ained from these investigations. 

.1. Dislocation structures in a deformed twin-free grain 

The twin-free grain (i.e. grain-2) was deformed in compression 

long the [0 ̄1 13] direction, which is parallel to the macroscopic 

ample ND in this study. The TD is found to parallel to the [ ̄1 5 ̄4 3]

irection of grain-2 as described in Figure S2 of the SM. The pos- 

ible slip and twin systems that exhibit maximum Schmid factor 

alues for this grain and for the deformation conditions used in 

his work have been tabulated in Table S5.2 of the SM. 

Fig. 1 (a) shows the microstructure of this grain, and it consists 

f slip dislocations and an intragranular sub-boundary associated 

ith an array of dislocations. The TEM investigations confirm that 

hese dislocations are 〈 c + a 〉 in nature. No 〈 a 〉 and 〈 c〉 dislocations

ere observed. The Burgers vector analysis for these 〈 c + a 〉 dislo- 

ations is described in Figs. 1 (b)- 1 (f) for various operating reflec- 

ions. The black arrows pointing three dislocations on the micro- 

raphs are to indicate the variation in dislocation contrast for the 

eflection conditions used in this analysis. 

From Figs. 1 (b) and 1 (d), it is clear that dislocations that are

isible for the operating reflection g = 0 0 02 are invisible for the 

eflection g = 10 ̄1 ̄1 , suggesting that the dislocations are 〈 c + a 〉 in

ature. The dislocation contrast analysis for the operating reflec- 

ions g = 0 0 02 , 10 ̄1 0 , 10 ̄1 ̄1 , 10 ̄1 1 , and 1̄ 100 in Figs. 1 (b)- 1 (f), con-

rms 1 
3 [2 ̄1 ̄1 3] as the Burgers vector for these 〈 c + a 〉 dislocations.

he possible Burgers vectors of dislocations available for the oper- 

ting reflections used in this analysis are tabulated in Table S2.1 of 

he SM. 

Single-surface trace analysis in combination with the diffraction 

nalysis shows that the projections of these 〈 c + a 〉 dislocations are 

arallel to the trace of ( ̄1 011) plane as indicated by the white col- 

red dashed line in Fig. 1 (b). Tilting the sample to a high index 

one axis (i.e., [ ̄2 7 ̄5 3] , in Figs. 2 (a) and 2 (b)), and carrying out sub-

equent trace analysis further confirms ( ̄1 011) as the glide plane 

or the 〈 c + a 〉 dislocations. Fig. 2 (b) shows a weak-beam dark-

eld ( g/3g ) image of the same 〈 c + a 〉 dislocations present along

he sub-boundary with their projected line segments parallel to 

he trace of ( ̄1 011) plane. A careful examination of Fig. 2 (b) also

eveals the signature of Moiré fringes on either side of the dis- 

ocation array, which could often visible as a result of deforma- 

ion induced rotation of matrix regions. The grain-2, thus, con- 

ists of glissile 〈 c + a 〉 dislocations belonging to the slip system, 
1 
3 [2 ̄1 ̄1 3]( ̄1 011) . The corresponding Schmid factor value for this slip 

ystem is found to be 0.45 for the deformation conditions used in 

his work (see Table S5.2 of the SM). 
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Fig. 1. A bright field TEM micrograph of the deformed microstructure obtained from a twin-free grain (i.e. grain-2). The microstructure consists of slip dislocations and an 

intragranular sub-boundary associated with an array of dislocations (a). The images (b)-(f) were acquired under two-beam bright field diffracting conditions using various 

operating reflections as mentioned on each micrograph, and for the [1 ̄2 10] and [11 ̄2 3] orientations of grain-2. The corresponding SAED patterns are also provided in the 

image along with the simulated patterns. The black colored arrows pointing three dislocations indicate the variation in dislocation contrast for different operating reflections. 

The white colored dashed line represents the traces of ( ̄1 011) pyramidal-I plane, which is in an egde-on orientation (b). 

Fig. 2. TEM images of the same glissile pyramidal-I 〈 c + a 〉 slip dislocations shown in Fig. 1 , however, for the [ ̄2 7 ̄5 3] orientation and for g = 1 ̄1 03 reflection of the matrix 

(a). Weak beam dark field image of the intragranular sub-boundary showing the projections of dislocations parallel to the trace of ( ̄1 011) pyramidal-I plane (b). 

3 
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Fig. 3. (a) TEM image of a tensile twin terminating inside the grain-1 of deformed alloy. The grain-1 is oriented along the [ ̄1 2 ̄1 0] direction. The experimental SAED pattern 

is provided along with the simulated pattern, where blue colored spots represent the matrix and red colored spots represent twin. The black colored arrow on the plane 

of the micrograph represents a dislocation array, which appears to be connected with the twin tip. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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.2. Crystallography of a terminating twin 

Fig. 3 shows a twin that has terminated inside the grain-1 of 

he deformed Mg-0.6 wt.% Y alloy. This grain was deformed in 

ompression along the [ ̄1 010] direction, which is the macroscopic 

ample ND as shown in Figure S2 of the SM. The possible slip and

ensile twin systems that exhibit maximum Schmid factor values 

or this grain have been tabulated in Table S5.1 of the SM. 

The experimental SAED pattern acquired from this region is 

hown in Fig. 3 , for the [ ̄1 2 ̄1 0] orientation of grain-1. The cor-

esponding crystallographic orientation of twin (i.e. [1 ̄2 10] ) was 

btained using the twinning transformation matrices derived by 

iewczas [22] . The SAED pattern consists of spots corresponding 

o matrix as well as the twin. These spots were indexed carefully 

nd are represented by red (twin) and blue (matrix) colored spots 

n the simulated pattern. The diffraction and surface trace analysis 

onfirms that the twin is a tensile twin with ( ̄1 012) as the habit

lane. The Schmid factor analysis shows a maximum value of 0.49 

or the twin system ( ̄1 012)[ ̄1 01 ̄1 ] (see Table S5.1 in the SM). 

.3. Slip activity in the vicinity of twin tip 

Fig. 3 shows significant dislocation activity in matrix regions 

urrounding the twin. First, a dislocation array that appears to be 

onnected to the twin tip (indicated by a black arrow) is observed. 

EM investigations revealed that this dislocation array predomi- 
4 
antly consists of 〈 c + a 〉 dislocations and a few 〈 a 〉 dislocations.

he remaining long projected line segments seen in the vicinity of 

win tip are found to be 〈 a 〉 -type in this study. Fig. 4 describes the

urgers vector analysis of these dislocations for various operating 

eflections. 

Figs. 4 (a) to 4 (d) show that the dislocation contrast that 

s visible (indicated by short white arrows) for the reflections 

 = 1 010 , 10 1 1 , and 01 ̄1 ̄1 is invisible for the reflection g = 0 0 02

n Fig. 4 (a). This result confirms that the contrast must be due 

o < a > -type dislocations having the Burgers vector: b = 

1 
3 [ ̄1 ̄1 20] .

he projected line segments of these dislocations are nearly paral- 

el to the trace of basal plane of the matrix, which is in an edge-

n orientation for the [ ̄1 2 ̄1 0] orientation of the matrix. The TEM 

nvestigations, thus, confirm that 〈 a 〉 dislocations seen in Fig. 4 , 

elong to the 1 
3 [ ̄1 ̄1 20](0 0 01) slip system. The long straight dislo- 

ations shown in the surroundings of the twin tip in Fig. 3 , also

ound to satisfy the above reflection conditions and thus, exhibit 

he same Burgers vector. 

The contrast from the dislocations indicated by the black arrow, 

.e., the dislocation array in Fig. 4 , is visible for all the four oper-

ting reflections g = 1 010 , 10 1 1 , 01 ̄1 ̄1 , and 0 0 02, suggesting that

hese dislocations are 〈 c + a 〉 in nature and satisfy the following 

urgers vector: b = 

1 
3 [ ̄2 11 ̄3 ] . Careful examination reveals the zig- 

ag nature of these dislocations. The magnified view (enclosed by 

lue boxes) of dislocations shown in Fig. 4 (a) for g = 0 0 02 reflec-

ion indicates that the projections are nearly parallel to the trace of 
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Fig. 4. Two-beam bright-field TEM images of ( ̄1 012) tensile twin terminating in- 

side the grain-1 of the deformed alloy. The images were acquired under (a), (b), 

(c) [ ̄1 2 ̄1 0] , and (d) [11 ̄2 3] orientations of grain-1, and using various operating re- 

flections. The corresponding SAED patterns are also provided along with the simu- 

lated patterns. The white colored dashed lines represent the traces of the basal and 

( ̄1 011) pyramidal-I planes (a). The short white colored arrows indicate the basal 〈 a 〉 
dislocations in the array, while rest of the dislocations in the array are found to be 

〈 c + a 〉 (indicated by a black arrow). 
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 ̄1 011) pyramidal-I plane and the basal plane. Both of these planes 

re in an edge-on orientation for the [ ̄1 2 ̄1 0] orientation of the ma-

rix (see the SAED pattern). 

The contrast of 〈 c + a 〉 dislocations parallel to the basal plane

as reported in Mg alloys [18,23,24] . It was suggested that 〈 c + a 〉
islocations could glide on pyramidal planes and blocked at the 

ine of intersection with the basal plane, resulting in a dislocation 

ontrast parallel to the trace of the basal plane [18,23,24] . For the 
5 
rientation of matrix in Fig. 4 , it is difficult to find those pyra-

idal planes which contribute the contrast parallel to the basal 

lane. Nevertheless, for the Burgers vector 1 
3 [ ̄2 11 ̄3 ] , it is geomet- 

ically possible the glide of 〈 c + a 〉 dislocations on ( ̄1 101) and

 ̄2 112) planes, which are not in an edge-on orientation in Fig. 4 .

he 〈 c + a 〉 dislocations blocked at the line of intersection of these

lanes with the basal plane could yield contrast parallel to the 

asal plane. Figure S3 in the SM geometrically shows these two 

yramidal planes along with the ( ̄1 011) plane and their line of in- 

ersections with the basal plane. Taken together, the TEM investi- 

ations confirm that the 〈 c + a 〉 slip dislocations seen in the array

ave the Burgers vector 1 
3 [ ̄2 11 ̄3 ] with line contrast parallel to the 

race of basal and ( ̄1 011) pyramidal-I planes. The zig-zag nature 

bserved may be a result of cross-slip of 〈 c + a 〉 dislocations on the

yramidal planes. The Schmid factor analysis yields a maximum of 

.4 value for the 1 
3 [ ̄2 11 ̄3 ]( ̄1 011) slip system and for the deforma-

ion conditions used in this work (see Table S5.1 of the SM). The 

ossible Burgers vectors of dislocations available for the operating 

eflections used in this analysis are tabulated in Table S2.2 of the 

M. 

Unlike the 〈 a 〉 and 〈 c + a 〉 dislocations described above, the dis-

ocation marked ‘P’ in Fig. 4 (red arrow), exhibits a different Burg- 

rs vector. It is invisible for the operating reflection g = 1̄ 010 , and

xhibits a contrast for the reflections g = 0 0 02 , 10 ̄1 1 and 01 ̄1 ̄1 , in-

icating that the dislocation must be 〈 c + a 〉 in nature and satisfy

he b = 

1 
3 [ ̄1 2 ̄1 ̄3 ] Burgers vector. However, the Burgers vector of the 

islocation labeled ‘Q’ in Fig. 4 , is not well understood for the op- 

rating reflections used in this study. The TEM investigations, thus, 

onfirm that the dislocation array associated with the terminating 

win tip in grain-1 consists of two sets of dislocations, i.e., 〈 a 〉 and

 c + a 〉 dislocations. The different Burgers vectors of these disloca- 

ions suggest that the array is not formed as a result of dislocation 

ile-up, for instance, from a sub-grain boundary. A careful exami- 

ation of Figs. 3 and 4 for various operating reflections also reveals 

he signature of Moiré fringes in the matrix as well as in the twin 

omain, which could often originate as a result of deformation in- 

uced rotation of the Mg lattice. 

.4. Diffraction contrast along the twin boundary 

Fig. 5 shows the magnified images of the same twin tip, which 

s described in Fig. 4 . Careful examination of ( ̄1 012) twin bound- 

ry in Fig. 5 for various operating reflections, reveals changes in 

iffraction contrast along the twin boundary, which could be signs 

f twinning partials and other crystallographic defects. To iden- 

ify the character of these defects, we employ the g · b invisi- 

ility criteria using the same operating reflections described in 

ig. 4 . 

It is clear that the dark contrast that is present along the twin 

oundary for g = 1̄ 010 reflection in Fig. 5 (a), is invisible at some 

pecific locations in Fig. 5 (b) (indicated by small white arrows) for 

he operating reflection g = 0 0 02 . This result indicates that the de-

ects that satisfies this extinction condition must have 〈 a 〉 com- 

onent. They likely result from their interactions with the twin 

oundary during deformation. The same locations were indicated 

y small white arrows in Fig. 5 (c) and 5 (d) for the reflections

 = 10 ̄1 1 and 01 ̄1 ̄1 . The invisibility criteria for these four operating

eflections, therefore, identifies b = 

1 
3 [ ̄1 ̄1 20] as the Burgers vector 

or these 〈 a 〉 dislocations. 

The dark contrast regions along the twin boundary in Fig. 5 (b) 

black arrows) for the reflection g = 0 0 02 results either from the 

efects having 〈 c + a 〉 component or from the twinning partials. 

he same locations are indicated by black arrows in Fig. 5 (a), 5 (c)

nd 5 (d) for the operating reflections g = 1̄ 010 , 10 ̄1 1 , and 01 ̄1 ̄1 .

ssuming those defects are 〈 c + a 〉 dislocations, the analysis iden- 
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Fig. 5. Magnified view of the tensile twin tip which has terminated inside grain-1. The images were obtained under two different zone axes: (a), (b), (c) [ ̄1 2 ̄1 0] and (d) 

[11 ̄2 3] and for various operating reflections as described in Fig. 4 . The black and white colored short arrows point the changes in diffraction contrast at some specific regions 

along the twin boundary, and for the operating reflections displayed on the micrographs. 

Table 1 

The g · b values for the observed lattice dislocations and 

twinning partials for the operating reflections used in this 

study. 

g · b ± 1 
3 

[ ̄1 ̄1 20] ± 1 
3 

[ ̄2 11 ̄3 ] 15 × {± 1 
15 

[ ̄1 01 ̄1 ] } 
0002 0 ∓2 ∓2 

1̄ 010 ∓1 ∓1 ∓2 

10 ̄1 1 ∓1 ∓2 ∓3 

01 ̄1 ̄1 ∓1 ±1 0 
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C

ifies the Burgers vector of these dislocations to be b = 

1 
3 [ ̄2 11 ̄3 ] .

t should be noted that the obtained Burgers vectors of 〈 a 〉 and

 c + a 〉 dislocations are same as those observed in the dislocation

rray described in Section 3.3 . 

The Burgers vector of twinning partials for ( ̄1 012) twin is: 

 tw 

= 

1 
15 [ ̄1 01 ̄1 ] [25] , which is too small to produce significant

iffraction contrast. However, a collection of twinning partials can 

roduce significant diffraction contrast along the twin boundary. 

or instance, a group of 15 twinning partials can yield g · b tw 

val- 

es comparable to that of lattice dislocations as mentioned in 

able 1 . The invisibility criteria analysis indicates that the defect 

ontrast observed along the twin boundary in Figs. 5 (a)- 5 (c) is also

onsistent with that of twinning partials having the Burgers vec- 

or b tw 

= 

1 
15 [ ̄1 01 ̄1 ] . However, it should be noted that the four re-

ections in Table 1 are not sufficient to distinguish the diffraction 

ontrast originating from the lattice dislocations and twinning par- 

ials, and it requires a further study. In summary, the TEM inves- 

igations confirm that the defect contrast along the twin boundary 

s attributed to 〈 a 〉 and 〈 c + a 〉 matrix dislocations having Burgers

ector inclined to the co-zone axis, as well as to the twinning par- 

ials of the ( ̄1 012) twin. 
6 
.5. Crystal plasticity calculations for a terminating twin 

To relate the local stresses induced by the terminating tensile 

wins and the dislocations observed in the foregoing TEM anal- 

sis, a full-field elasto-visco-plastic Fast Fourier Transform (EVP- 

FT) model was employed. The original EVP-FFT model treated 

oth elastic and viscoplastic effects in heterostructured polycrystals 

nd has been advanced to include discrete twin lamellae within 

rystals [26,27] . The model simulates twinning deformation by re- 

rienting and shearing a predefined twin region within a crys- 

al. The reorientation is defined by its crystallographic relationship 

ith the parent crystal and shear is determined by the character- 

stic shear of the twin type. Imposing the latter can generate se- 

ere plastic strains locally in the surrounding crystal and there- 

ore, within the twin region the total twin shear is achieved by 

ncrementally shearing along the twin plane in the twinning shear 

irection over several steps (e.g., two thousand). After each incre- 

ent, the simulation cell is energetically relaxed and the stresses 

nd strains at each Fourier point are updated. Once the appropri- 

te twinning transformation and eigenstrain are accomplished, the 

win is considered fully developed. The FFT formulation employs 

eriodic unit cells and provides an exact solution to the governing 

quations of equilibrium, compatibility, and standard constitutive 

elationships at each discrete Fourier point, bounded by the user 

efined limitations and discretization of the numerical algorithm. 

he local stresses and strains at each Fourier point are related by 

he following discretized constitutive law: 

t+�t (X ) = C (X ) : (εt+�t (X ) − ε p,t (X ) − ˙ ε p,t+�t (X, σt+�t )�t) 

(3) 

In the above equation, at each material point X, σ(X ) is the 

auchy stress tensor, C (X ) is the elastic stiffness tensor, and 
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Fig. 6. 2D representation of the simulation cell containing a fully developed twin (red) embedded in a Mg-Y parent matrix (gray). The orientation axes and the hexagonal 

inset represent the orientation of the parent matrix. (a) Schematic representing the formation of a twin in the interior of a Mg parent grain. The solid red box outlines the 

plane of interest that is used for the 2D simulation. The dashed red box highlights the region at the twin tip used for analysis. (b) and (c) show the total accumulated slip 

among the basal and pyramidal-I slip modes, respectively, that result of forming the twin. (d) and (e) show the maximum RSS among basal and pyramidal-I slip modes, 

respectively, from the formation of the twin. The dashed lines illustrate the slip plane traces of the slip systems with the highest RSS. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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(X ) , εp (X ) , ˙ εp (X ) correspond to the total strain, plastic strain, and 

lastic strain rate, respectively. Within each point of the twin do- 

ain, the lattice is reoriented and a twinning shear transformation 

s incrementally imposed following: 

εtwin (X ) = m 

twin (X )�γ twin (X ) . (4) 

The tensor m is the Schmid tensor associated with the twin 

ystem and the incremental twin shear �γ twin (X ) is the charac- 

eristic twinning shear divided by N increments to ensure conver- 

ence. 

Fig. 6 (a) shows the periodic cell of the twin model, which 

onsists of a 3D ellipsoidal twin embedded in a matrix of Mg-Y. 

he twin is thick in the center and comes to a point on the twin

lane. The crystallographic orientation of the parent matrix is as- 

igned to be (0 o , 45 o , 0 o ) in the Bunge convention, which aligns

he twin shear direction, η, twin plane normal, k , and lateral direc- 

ion, λ, with the edges of the unit cell. The hexagonal inset shows 

he orientation of the parent crystal. Surrounding the parent ma- 

rix, is a layer of polycrystalline Mg with a random texture, which 

s not shown in the figure. The matrix and twin crystals are dis- 

retized into 150 × 150 × 150 voxels. The outer polycrystalline layer 

s 24 voxels thick in each direction, a thickness found to be suffi- 

iently to minimize any effects, such as overlapping fields, of peri- 

dic boundary conditions. From this 3D cell, a planar slice of the 

riginal simulation cell is shown in Fig. 6 (a). The thin twin model 

s meant to represent the cross-section analyzed in the TEM foil. 

hile the buffer layer remains in 24-voxels thick, the discretiza- 
7 
ion of the matrix and twin crystals is increased to 3 × 500 × 500 

nd no buffer layer was used in the out-of-plane direction. The in- 

lane coordinates of the 2D slice mirror the [ ̄1 2 ̄1 0] zone-axis con- 

itions described in Fig. 3 . 

The prismatic, basal and pyramidal-I slip modes are made avail- 

ble in the calculation for plastic deformation. In a separate work 

28] , the critical resolved shear stresses (CRSS) were characterized 

ia polycrystal modeling. Tension or compression responses for the 

ame alloy were measured along three orientations and the texture 

volution and twinning activity were studied. A single set of CRSS 

alues of 45, 5, and 86 MPa, for prismatic, basal and pyramidal-I 

lip, respectively, were identified [28] , and these same values are 

sed here. 

Calculations of the mechanical fields everywhere in the 3D bulk 

odel and planar slice model are performed and generally the 

elds are similar to first order. The former simulation best rep- 

esents the fields in bulk, while the slice model best represents 

hose seen in the TEM analysis and thus, in the interest of space, 

he 3D simulation are shown in section S6 of the SM, while the 

lice model results are shown in Fig. 6 . In both simulations, no ex- 

ernal load was applied before the formation of the twin in order 

o better isolate the stress fields that develop from the twinning 

rocess. 

Fig. 6 shows the spatial distribution of total accumulated basal 

lip and pyramidal-I slip ahead of the twin. In equation (3) , 

he plastic strain rate is the net contribution to plastic strain 

y the shear rates along individual crystallographic slip systems, 
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nd is calculated using 

˙ p (X ) = 

N ∑ 

s =1 

m 

s (X ) ̇ γ s (X ) 

= ˙ γ0 

N ∑ 

s =1 

m 

s (X ) 

( | m 

s (X ) : σ(X ) | 
τ s 

0 

)
sgn (m 

s (X ) : σ(X )) (5) 

here tensor s is the Schmid tensor associated with the slip sys- 

em s, τ s 
0 

is the CRSS, and ˙ γ0 is a nominal strain rate, commonly 

ssigned the applied strain rate. The total accumulated basal slip 

s the sum of the shear rates ˙ γ s (X ) on all basal slip systems mul-

iplied by the simulation time increment. Similarly, for the accu- 

ulated pyramidal-I slip, it corresponds to the sum of the shear 

ates of all pyramidal-I slip systems multiplied by the simulation 

ime increment. Large amounts of basal slip accumulated, particu- 

arly in thin ribbons lying diagonally from the twin tip. These re- 

ions are consistent with the locations of the 〈 a 〉 dislocations ob- 

erved around the twin tip in Fig. 3 . The calculations indicate that 

o pyramidal slip accumulated in the region ahead of the twin tip 

 Fig. 6 (c)). Distributions of prismatic slip are, however, not shown 

ince prismatic slip was not predicted. Therefore, the twin shear is 

ccommodated predominantly by basal slip. 

To evaluate the instantaneous driving forces and the most active 

lip system, we plot in Figs. 6 (d) and 6 (e) the spatial distribution

f the highest resolved shear stresses (RSS) among all basal 〈 a 〉 
nd pyramidal-I 〈 c + a 〉 slip systems, respectively. The RSS fields 

n the twinned region are omitted for visualization. The traces of 

asal and pyramidal-I slip systems with the highest RSS are indi- 

ated with dashed lines. The calculations reveal that active basal 

nd pyramidal slip concentrate in specific regions surrounding the 

win. The maximum basal RSS slip system is [11 ̄2 0](0 0 01) and is

ntense only at the leading edge of the twin tip in the [10 ̄1 1] di-

ection and within narrow regions emanating from the twin tip. 

owever, immediately adjacent to these regions and ahead of the 

win tip, it is nearly zero. These high RSS basal regions and the 

asal slip system with the highest RSS agree are similar to the lo- 

ations of basal dislocations seen in the TEM analysis. As shown 

n Fig. 6 (e), intense fields of pyramidal RSS (in the [10 ̄1 1] direc-

ion) concentrate strongly at twin tip and within thin ribbons ra- 

iating diagonally from the twin tip, which is consistent with the 

ocation of 〈 c + a 〉 dislocation array seen in TEM. High pyramidal-

 RSS also develops along the twin boundary. The maximum RSS 

lip system is 1 
3 [ ̄2 11 ̄3 ]( ̄1 011) , the same as the one belonging to the

 c + a 〉 dislocation array seen in TEM and the slip system traces

lign well with the observed 〈 c + a 〉 dislocation array in Fig. 3 .

onsidering both the accumulated slip and max RSS fields suggests 

hat pyramidal-I slip does not occur within broad regions around 

nd ahead of the twin but is only activated locally at the twin tip 

oundary and can be driven away from the twin tip within narrow 

egions oriented at angle from the twin plane. 

. Discussion 

.1. Twin accommodation 

In earlier studies, it was shown that the terminating twins 

uch as 1 
6 〈 111 〉{ 11 ̄2 } in bcc Mo-35 at.% Re alloys, 1 

6 〈 11 ̄2 〉{ 111 } in

cc Co-9.5 wt.% Fe alloys, and 

1 
36 〈 ̄1 ̄1 26 〉{ 11 ̄2 1 } in hcp Co crystals,

re associated with emissary slip structures ahead of them [10–

4] . Emissary slip in these crystals occurs to relieve the localized 

tresses developed in the vicinity of terminating twins [10–14] . In 

he current study both 〈 a 〉 and 〈 c + a 〉 glissile dislocations are ob-

erved in the vicinity of ( ̄1 012) twins terminating inside the grains 

f a deformed Mg-0.6 wt.% Y alloy. These dislocations were also 

ound stored along the twin boundary. An interesting observation 
8 
as a dislocation array connected to the tip of terminating twins. 

hese observations are totally consistent with the emissary slip 

atterns observed in earlier studies [10–14] . Based on the results 

escribed in the preceding sections, a crystallographic relation be- 

ween ( ̄1 012) twinning shear and the observed matrix glide can be 

roposed as. 

5 × 1 

15 

[ ̄1 01 ̄1 ] ( ̄1 012) → 

1 

3 

[ ̄2 11 ̄3 ] ( ̄1 011) + 

1 

3 

[ ̄1 ̄1 20] (0 0 01) (6) 

As per Frank’s rule [29] , this decomposition reaction is energeti- 

ally unfavorable (i.e. b 2 tw 

< b 2 〈 c+ a 〉 + b 2 〈 a 〉 ), however, it could occur to 

elieve the stresses prevailing in the vicinity of terminating ( ̄1 012) 

win from the pile up of twinning partials at the twin tip. Accord- 

ng to this reaction, under the influence of appropriate stresses, 15 

winning partials bounding the twin tip may interact and coalesce 

o generate one pyramidal-I 〈 c + a 〉 and one basal 〈 a 〉 glissile dislo-

ation. The two product matrix dislocations would then relieve the 

lastic stresses developed in the vicinity of twin. The high Schmid 

actor values (section S5 of SM) obtained for these matrix disloca- 

ions indicate that they could move and participate in the stress 

elaxation process. Furthermore, Serra et al. [30] , showed that the 

 ̄1 012 } twinning partials have wide-spread core width larger than 

asal lattice constant (a = 0 . 3234 nm ) and wider than the { ̄1 012 }
nter-planar spacing (0.1915 nm) of Mg. Therefore, it is possible 

hat the cores of { ̄1 012 } twinning partials present on adjacent twin 

lanes could overlap and coalesce to generate matrix glide under 

he influence of appropriate stress concentrations. In support of 

his picture of emissary slip, the 3D twin crystal plasticity calcu- 

ations described in Section 3.5 , identified the slip patterns seen 

n the ex-situ TEM observations as those involved in relaxing the 

win tip induced stresses. 

In case of cubic metals and alloys the problem of plastic accom- 

odation at terminating twins is relatively simple due to the fact 

hat the slip planes (directions) match with the twinning planes 

shear directions) as described in equations (1) and (2). There- 

ore, it is possible to envisage the exact continuation of twinning 

hear in these crystals. In contrast to cubic crystals, as described in 

q. (6) , neither the twinning plane nor the twinning shear matches 

ith the available slip systems in hcp metals. Consequently, it 

s difficult to imagine the exact continuation of { ̄1 012 } twinning 

hear to available slip systems in hcp crystals, and it requires a 

urther detailed study. Nevertheless, it should be noted that the 

 ̄1 012 } twinning plane and the glide planes of 〈 a 〉 and 〈 c + a 〉 slip

islocations share [ ̄1 2 ̄1 0] as a common line of intersection as il- 

ustrated by the stereographic projection and schematic in Fig. 7 . 

ased on this observation, it can be speculated that the reaction 

6) could occur at the common line of intersection, and the 15 

winning partials may coalesce and propagate the resultant twin- 

ing shear in the form of pyramidal-I 〈 c + a 〉 and basal 〈 a 〉 matrix

lide. It is possible that the 〈 c + a 〉 dislocations gliding on ( ̄1 011)

yramidal-I plane may cross-slip to other pyramidal planes (i.e., 

 ̄1 101) and ( ̄2 122) in this study) and contribute for the contrast 

arallel to basal plane as shown in Fig. 4 . 

In earlier studies, Robert et al. [15] , using optical microscopy 

howed that the strain accommodation at { ̄1 012 } terminating 

wins occurs by the formation of kink bands in the Mg matrix. 

onas et al. [16] , computed the deformation gradient tensor asso- 

iated with { ̄1 012 } twins and reported that either 〈 c + a 〉 slip or

echanical twinning is necessary to accommodate strains in the 

icinity of tensile twins in Mg. Based on etch pit analysis, Rosen- 

aum proposed a reaction between basal and pyramidal disloca- 

ions, which could relieve the stresses near { ̄1 012 } twin tips in 

n [31] . Although, these studies provide valuable insights on the 

ccommodation of { ̄1 012 } twins, the results discussed in the cur- 

ent study showed a direct TEM evidence of emissary 〈 c + a 〉 and

 a 〉 slip near { ̄1 012 } twin tips (see Figs. 3 and 4 ) in Mg-Y alloys.
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Fig. 7. Standard hcp Mg stereographic projection showing the relation between ( ̄1 012) twinning plane and the glide planes of 〈 a 〉 and 〈 c + a 〉 dislocations observed in this 

study. The corresponding Burgers vectors of twinning partials and matrix dislocations are also displayed on the projection. It is clear that the twinning plane and glide 

planes of matrix dislocations share [ ̄1 2 ̄1 0] as a common line of intersection as illustrated in the schematic. 
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Fig. 8. (a) TEM image of another tensile twin tip which has stopped propagating 

inside grain-3 of the deformed alloy. The matrix is oriented along the [1 ̄2 10] direc- 

tion. The experimental SAED pattern shows the spots corresponding to twin as well 

as the matrix and is consistent with the tensile twinning. The black arrow points a 

〈 c + a 〉 dislocation array, which is associated with the twin tip, and is similar to the 

case of twin tip described in Fig. 3 . 

I

p  

m

e

t should also be noted that emissary slip structures need not al- 

ays present at terminating twins. Their evolution depend on the 

winning shear and thickness of twins, which in turn determine 

he magnitude of stresses developed in the vicinity of twin tip 

nd microstructure [6,32] . For instance, narrow { ̄1 012 } terminat- 

ng twins in Co are reported to accommodate purely by elastic 

train in the surrounding matrix without any plastic deformation 

33] . It appears that the thickness of twin described in the cur- 

ent study ( Fig. 3 ) is sufficient to generate high stresses in the sur-

ounding matrix as predicted by the crystal plasticity calculations 

n Section 3.5 , and these stresses are accommodated by 〈 c + a 〉
nd 〈 a 〉 matrix glide as explained by Eq. (6) . In order to examine

he occurrence of emissary slip at { ̄1 012 } terminating twins, we 

ave demonstrated another tensile twin tip of similar thickness, 

hich has stopped propagating inside the grain-3 of deformed al- 

oy. Fig. 8 shows the morphology and structure of this twin. The 

islocation contrast analysis identifies an emissary dislocation ar- 

ay (indicated by a black arrow) seen emanating from the tip as a 

 c + a 〉 dislocation array (see section S4 of the SM), which is simi-

ar to the situation of the terminating twin described in Figs. 3 and 

 . 

.2. Twin nucleation 

The nucleation of a twin can be envisaged to occur either ho- 

ogeneously as postulated by Orowan [34] and Yoo [3] or hetero- 

eneously such as from a suitable defect configuration [6,25,35] . 

ost of the available defect-assisted twin nucleation models, 

hich have not been verified experimentally, involve the dissoci- 

tion of 〈 a 〉 and 〈 c + a 〉 lattice dislocations into numerous glissile

winning partials and a residual imperfect dislocation to conserve 

he total Burgers vector [6,25,35] . These models basically depend 

pon the relation between the slip plane (direction) and twinning 

lane (direction). For instance, Vaidya and Mahajan, using ex-situ 

EM proposed a crystallographic relation where the [1 ̄1 00] and 

 c + a 〉 dislocations may interact and dissociate to form a 12-layer

 11 ̄2 1 } twin embryo in hcp Co crystals as per the following equa-

ion [14] . 

 { 1 

3 

[ ̄2 113] } ( ̄1 ̄1 2 ̄1 ) + [1 ̄1 00] ( ̄1 ̄1 2 ̄1 ) → 12 × 1 

12 

{ 1 

3 

[ ̄1 ̄1 26] } ( ̄1 ̄1 2 ̄1 ) (7) 

Similar crystallographic relations were reported for the nucle- 

tion of a 3-layer twin embryo in bcc and fcc crystals. Those are 

he reactions given in equations (1) and (2), however, in the op- 

osite order [10,11] . The equations (1), (2) and (7) show a relation 

hat the corresponding slip planes and twin planes are the same. 
9 
n the current study based on ex-situ TEM observations, we pro- 

ose a dislocation reaction where one 〈 c + a 〉 and one basal 〈 a 〉
atrix dislocation could, under appropriate stress, react to gen- 

rate a ( ̄1 012) twin embryo consisting of 15 twinning partials as 
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iven below 

1 

3 

[ ̄2 11 ̄3 ] ( ̄1 011) + 

1 

3 

[ ̄1 ̄1 20] (0 0 01) → 15 × 1 

15 

[ ̄1 01 ̄1 ] ( ̄1 012) . (8) 

As discussed in the preceding section the twinning plane and 

lide planes of matrix dislocations share [ ̄1 2 ̄1 0] as a common line 

f intersection (see Fig. 7 ). Therefore, it is possible that the 〈 a 〉 and

 c + a 〉 dislocations could glide and dissociate at the common line

f intersection to generate twinning partials on the ( ̄1 012) twin 

lanes. Moreover, as per Frank’s rule [29] , the dislocation reaction 

8) is energetically favorable (i.e. b 2 〈 c+ a 〉 + b 2 〈 a 〉 > b 2 tw 

), therefore, it 

ould occur inside the grains under suitable stresses. This reac- 

ion suggests that only two matrix dislocations, one 〈 a 〉 and one 

 c + a 〉 -type are sufficient to generate a twin embryo consisting

f 15 twinning partials corresponding to a thickness of 30 crys- 

allographic { ̄1 012 } planes. Although, we did not directly observe 

he 30-layer thick twin embryos in the current study, the corre- 

ation between the crystallography of twin and associated disloca- 

ion structures (in Fig. 3 and 4 ) is totally consistent with the dis-

ocation reaction (8). The important implication of this reaction is 

hat slip precedes { ̄1 012 } twinning , which is consistent with the ear-

ier observations of bcc, fcc and hcp metals where slip occurs prior 

o twinning [10–14] . 

.3. Diffraction contrast along twin boundary 

The TEM results in this study showed that the diffraction con- 

rast analysis along the twin boundary is consistent with that 

f lattice dislocations ( Fig. 5 ), suggesting that twin-slip interac- 

ions took place during deformation. Various studies have exam- 

ned twin-slip interactions based on the relationship between the 

attice dislocation Burgers vector and the twin-matrix co-zone axis, 

efined as the direction that contains the twinning plane and glide 

lanes of matrix dislocations (i.e. [ ̄1 2 ̄1 0] in this study, see Fig. 7 )

36–42] . For instance, screw dislocations with Burgers vectors par- 

llel to the co-zone axis, can directly cross slip across the twin 

oundary into the twin domain without leaving any residual de- 

ects at the twin boundary [36–42] . In contrast, the dislocations 

ith inclined Burgers vectors to the co-zone axis are absorbed by 

he twin boundary [36–42] . Chen et al., using molecular dynam- 

cs simulations, suggested that the matrix dislocations (basal, pris- 

atic and pyramidal-I) with Burgers vector inclined to the co-zone 

xis, do not cross slip into the twin, rather they completely absorb 

y the twin boundary [36] . The Burgers vectors of 〈 a 〉 and 〈 c + a 〉
lip dislocations obtained in this work, in the vicinity of twins and 

long the twin boundary, are not parallel to the co-zone axis. Con- 

equently, these dislocations may be absorbed and stored along 

he twin boundary, resulting in diffraction contrast along the twin 

oundary for the operating reflections described in Fig. 5 . Finally, 

he diffraction contrast observed along the twin boundary in Fig. 5 , 

s also consistent with that of ( ̄1 012) twinning partials for the first 

hree operating reflections described in Table 1 . It is possible that 

umerous ( ̄1 012) twinning partials can produce contrast along the 

win boundary. For instance, a combination of 15 twinning partials 

an yield g · b tw 

values comparable to that of lattice dislocations 

see Table 1 ). However, it should be noted that the four operat- 

ng reflections described in Section 3.4 , are actually not sufficient 

o distinguish the contrast originating from the lattice dislocations 

nd twinning partials. Proper choice of reflections is required to 

istinguish the actual contrast originating from these dislocations. 

.4. Effect of Y on twinning and slip 

There are various factors that influence twinning activity in ma- 

erials, e.g., temperature, strain rate, grain size as well as the ori- 

ntation, secondary phases, and solute hardening etc [6] . Some of 
10 
hese factors may be strongly interdependent on each other. Stan- 

ord et al., studied the effect of high Y content on the twinning 

ehavior of Mg alloys [43] . It has been shown that at low Y con-

entrations (5 wt.% Y) the { ̄1 012 } twins are preferentially activated, 

hereas high amount of Y (10 wt.% Y) significantly decreases the 

olume fraction of { ̄1 012 } twins [43] . This is due to the fact that

he larger atomic size of Y could inhibit the atomic shuffling pro- 

ess required for the formation of { ̄1 012 } twins in Mg [43] . It has

een also shown that the secondary phases such as precipitates do 

ot directly strongly suppress the nucleation of tensile twins in Mg 

lloys, and their main effect is therefore on the propagation and 

rowth events [44] . The Mg alloy used in the current study has 

omparatively low Y concentration (0.6 wt.% Y), therefore, it can 

e suggested that the hardening due to Y and secondary phases (if 

ny) in the alloy may not strongly effect the nucleation event of 

ensile twins. 

The results in the current study show that the deformation in 

rain-2 is accommodated by pyramidal-I 〈 c + a 〉 slip dislocations 

aving the Burgers vector: 1 
3 [2 ̄1 ̄1 3]( ̄1 011) and exhibit a Schmid 

actor value of 0.45 for the orientation of grain-2. No 〈 a 〉 slip and

ensile twins have been observed in this grain, which may be a 

onsequence of low Schmid factor values (0.38 and 0.33) asso- 

iated with them in the same order. However, it is not uncom- 

on to notice tensile twins having low Schmid factor values in 

g alloys [16] . We, therefore, speculate that the absence of { ̄1 012 }
wins in grain-2 may be governed by the prior slip interaction 

s described in equation (8) , which suggests that the formation 

f { ̄1 012 } twin requires a prior interaction between basal 〈 a 〉 and

yramidal-I 〈 c + a 〉 dislocations. Grain-2 lacked basal 〈 a 〉 disloca- 

ions making it insufficient to form { ̄1 012 } twins. 

It has been shown that the alloying element Y enhances the 

 c + a 〉 slip activity and thus, the room temperature ductility of 

g-Y alloys [19] . However, the actual role of Y on the choice of 

yramidal-I and pyramidal-II 〈 c + a 〉 slip has yet to be clarified 

nd it requires a further study. Sandlobes et al., showed the pres- 

nce of pyramidal-I as well as pyramidal-II 〈 c + a 〉 slip in the de-

ormed Mg-3 wt.% Y alloy [21] . Rikihisa et al., reported that Mg al- 

oys with 0.6-1.1 at% Y yield predominantly by pyramidal-I 〈 c + a 〉 
lip than pyramidal-II slip, whereas Mg alloys with 1.1-1.3 at% Y 

re found to yield by prismatic slip [45] . The current study reports 

 c + a 〉 dislocations on pyramidal-I planes and 〈 a 〉 dislocations on

he basal plane. Moreover, 〈 c + a 〉 dislocation contrast parallel to 

asal planes has been also observed, which is similar to the 〈 c + a 〉
islocation contrast observed in both pure Mg, Mg-3 wt.%Y and 

g-Li alloys [18,21,23,24] . Finally, the zig-zag nature of 〈 c + a 〉 dis-

ocations seen in the emissary array (see Fig. 4 ) may be a result of

ross-slip on multiple pyramidal planes as described in Figure S3 

f the SM. The observed slip activity along with the tensile twin- 

ing in the deformed Mg-0.6 wt.% Y alloy may be an effect of al- 

oying element Y, which in turn provided a favorable situation to 

tudy the interrelationship between slip and { ̄1 012 } twinning. 

. Conclusions 

The accommodation process of plastic stresses developed at 

 ̄1 012 } terminating twins inside the grains of a deformed Mg- 

.6 wt.% Y alloy, was investigated ex-situ by TEM and crystal plas- 

icity calculations. Both pyramidal-I 〈 c + a 〉 and basal 〈 a 〉 dislo-

ations were observed in the vicinity of terminating twins, di- 

ectly connected to the twin tips, and along the twin bound- 

ries. The observed emissary slip patterns evolve to relax the plas- 

ic stresses developed at the tips of { ̄1 012 } twins. Based on the 

esults an interrelationship between { ̄1 012 } twinning shear and 

he observed matrix glide has been proposed, which is consistent 

ith the phenomenon of emissary slip. The interrelationship can 
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e expressed as 

1 

3 

〈 ̄2 11 ̄3 〉 { ̄1 011 } + 

1 

3 

〈 ̄1 ̄1 20 〉 (0 0 01) 

twinning −−−−−⇀ ↽−−−−−
slip 

15 × 1 

15 

〈 ̄1 01 ̄1 〉 { ̄1 012 } 

where b tw 

= 

1 
15 〈 ̄1 01 ̄1 〉 is the Burgers vector of twinning par- 

ials for { ̄1 012 } twins in Mg. The proposed interrelationship, under 

ppropriate stresses, could elucidate the generation of numerous 

winning partials needed for the development of a stable { ̄1 012 } 
win embryo, as well as the accommodation process of stresses 

eveloped in the vicinity of twins terminating inside the grains of 

g-Y alloy. 
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