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Abstract 

In this study, the role of twin-twin interactions on the distributions of local defects (e.g., dislocations) and stress fields in a magnesium 

alloy is investigated. A co-zone ( 10 ̄1 2 ) - ( ̄1 012 ) tensile twin junction in a deformed Mg-3wt.%Y alloy is analyzed using transmission electron 
microscopy (TEM). The results show that the morphology of the impinging ( ̄1 012 ) twin is asymmetric, and the non-interacting boundary of 
the recipient ( 10 ̄1 2 ) twin is irregular. Detailed analysis of TEM images reveals that type-II pyramidal [ ̄1 2 ̄1 3 ]( 1 ̄2 12 ) dislocations concentrate 
in the vicinity of the twin-twin junction site. The same 〈 c + a 〉 dislocations are also observed inside the interacting twin domains along 
with a few 〈 a 〉 dislocations. The 〈 c + a 〉 dislocations emanating from the impinging ( ̄1 012 ) twin boundary have edge character and are 
extended with faults parallel to the basal plane. In contrast, the 〈 c + a 〉 dislocations connected to the recipient ( 10 ̄1 2 ) twin are predominantly 
screw orientation and compact. Elasto-viscoplastic fast Fourier transform based crystal plasticity calculations are performed to rationalize 
the observed twin morphology and local dislocation distribution. The model calculations suggest that the local stress fields generated at 
the junction site where the two twins meet are responsible for the experimentally observed concentration of 〈 c + a 〉 dislocations. The 
calculated stress fields are asymmetric with respect to the junction site, explaining the observed asymmetric morphology of the impinging 
twin. Overall, these findings show strong effects of twin-twin interactions on the distribution of dislocations as well as the evolution of the 
twinned microstructure and as such, can help advance understanding of twinning in Mg alloys and their effect on mechanical behavior. 
© 2022 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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. Introduction 

Magnesium and its alloys are highly attractive materials
or many engineering applications due to their low density
nd high specific strength [1] . Due to the hexagonal close-
acked (HCP) crystal structure of Mg, both dislocation slip
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nd deformation twinning can be readily activated [ 2 , 3 ]. Dif-
erent twinning modes can be activated based on the load-
ng direction with respect to the crystal orientation. For in-
tance, tensile and compression twins will be activated when
he c-axis of the crystal experiences tension and compression
oading, respectively. In Mg, the activation of { 10 ̄1 2 } tensile
winning is abundant compared to the other twin modes [ 4 , 5 ].
n an HCP crystal, the { 10 ̄1 2 } tensile twin has six crystallo-
raphically equivalent variants. Often, multiple non-parallel
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ariants are activated within a grain/crystal, and their activa-
ion depends on the stress state. For example, c-axis tension
an equally activate all six variants, whereas the compression
ormal to the prismatic plane can activate only two equally
tressed variants. Thus, the deformation behavior of Mg and
ts alloys is mainly governed by dislocation-dislocation [6–
0] , dislocation-twin [11–15] , and twin-twin [16] interactions.
he interaction between dislocations in HCP magnesium is
omplex and significantly affects the macroscopic anisotropic
esponse of the material. For instance, the interaction between
asal 〈 a 〉 and pyramidal 〈 c + a 〉 dislocations is stable and
trong compared to the interaction of second order pyramidal
 c + a 〉 dislocations [17] . Similarly, the interaction between
wins and dislocations also greatly affects the mechanical re-
ponse and microstructure of the HCP metals. For example,
he interaction between basal 〈 a 〉 dislocations and tensile twin
oundaries in magnesium creates twinning dislocations that
elp the migration of twin boundaries [ 13–15 , 18–21 ]. Also,
he interaction of dislocations with a twin boundary devel-
ps new defects within and in the vicinity of twins. For in-
tance, the transmutation reactions of matrix 〈 a 〉 dislocations
ith tensile twin boundaries develops 〈 c + a 〉 dislocations

 12 , 22 ]. The twin-dislocation interaction has been studied ex-
ensively for pure Mg [ 14 , 15 ] and its alloys containing Al, Zn,
i, Y, and so on [ 11 , 13 , 18 , 22–29 ]. Compared to dislocation-
islocation and dislocation-twin interactions, twin-twin inter-
ctions remain poorly understood and are the focus of the
resent work. 

Non-parallel twin interactions create twin-twin junctions
TTJ). Based on the crystallographic misorientation between
he two interacting twins, twin-twin junctions can be catego-
ized into two types: cozone (two twins share the same zone
xis) and non-cozone [30] . In the latter, the intersecting twins
o not share the same zone axis and the angle between the
one axes will be either 2 π /3 or π /3. Both cozone and non-
ozone interactions are observed in Mg and its alloys and
ence believed to significantly affect microstructural evolu-
ion and materials performance [31–37] . TTJs, for example,
ave been identified as nucleation sites for dislocations, twins,
nd cracks [ 32 , 38 , 39 ]. The local stress/strain fields and defects
ssociated with TTJs can potentially control the growth of in-
eracting twins [ 40 , 41 ]. Lloyd et al. recently showed that the
resence of TTJs significantly alters the microstructure under
hock loading in Mg [42] . Specifically, they found that the
nteraction of newly formed twins with the pre-existing TTJs
hanges twin formation into an irreversible process. When
he annealed Mg alloy is subjected to rolling direction (RD)
ompression, newly formed deformation twins do not have
nough time to interact with defects like dislocations, and so
winning becomes nearly reversible. On the other hand, in the
re-strained sample, which already contains TTJs, the shock
oading-induced twins interact with the pre-existing TTJs and
evelop a stable twinned microstructure. Consequently, any
ewly formed twins became irreversible and retained after
hock recovery. Recent work by Zhang et al. reveals that
he presence of TTJs can promote recrystallization, helping
o weaken the texture and achieve uniform grain growth in
g alloys [43] . It has also been well documented that the
resence of TTJs strongly affects material strength and strain
ardening response, mainly under cyclic loading [ 32 , 33 , 39 ].
u et al. showed that the yield strength and strain hardening

ate increases with the loading cycles, which is directly corre-
ated with an increase in the number of TTJs [33] . Thus, the
nderstanding of TTJ formation, growth of interacting twins,
nd the local defects present within and around the junctions
s of paramount importance. 

In recent years, twin-twin interactions in HCP metals
ave been studied via in-situ / ex-situ experiments and numeri-
al simulations [ 33 , 35 , 36 , 40 , 44 ]. Most studies investigate the
tructural characteristics of the TTJ, mainly the twin-twin
oundaries (TTB) associated with junctions [ 33 , 35 , 36 , 40 ]. For
oth cozone and non-cozone junctions, three interfaces are
ommonly observed: the interface (i) on the obtuse or (ii)
cute side of the junction, or (iii) parallel to the receiving
win crystallographic plane. The cozone interaction is shown
o create interfaces parallel to the basal and prismatic planes
f both twins, and to the { 10 ̄1 2 } plane of the recipient twin.
nly a few studies attempted to quantify the local stresses as-

ociated with TTJs. Using a crystal plasticity framework and
olecular dynamics simulations, Arul Kumar et al. calculated

he stresses within and around the cozone TTJ in Mg [41] .
he calculated stress fields show that the TTJs are formed by
igrating both the impinging and recipient twin boundaries.
he TTJs can form a new twin on the other side of the recipi-
nt twin, which leads to the experimentally observed apparent
rossing structure. Using atomistic calculations, Gong et al.
howed that the local stresses on the obtuse and acute sides of
he non-cozone TTJ are different, and can lead to asymmet-
ic growth of the interacting twins [40] . With these studies,
he structural characteristics and local stresses associated with
TJ are understood to some extent. However, to understand

win-twin interactions completely, the local defects present in-
ide and around the junctions and their interaction with twin
omains need to be explored. To the best of our knowledge,
one of the existing literature reports on such local defects to
he desired level of detail. 

In this work, transmission electron microscopy (TEM)
iffraction and related contrast imaging techniques are em-
loyed to characterize the defect structure inside and around
 co-zone TTJ in an Mg-3wt.%Y alloy. The detailed anal-
sis reveals many important findings: (i) pyramidal 〈 c + a 〉
islocations concentrate near TTJ in the matrix grain; (ii) the
ame pyramidal 〈 c + a 〉 dislocations develop inside both twin
omains; and (iii) the morphology of the impinging twin is
symmetric. To understand and rationalize the experimental
bservations, fast Fourier transform-based crystal plasticity
odeling is performed. The model calculation shows that the

nteraction between twins introduces more pyramidal 〈 c + a 〉
islocations in the vicinity of the junction in the matrix grain.
xperimentally observed dislocations inside the twin domains
re mostly likely developed during macroscopic loading. The
odel calculated stress field is asymmetric about the imping-

ng twin and thus explains the experimentally observed asym-
etric twin morphology. 
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Fig. 1. A typical electron backscatter diffraction (EBSD) inverse pole figure (IPF) image of Mg-3wt.%Y alloy, which is deformed in compression along the 
RD. The schematic shows the macroscopic sample directions of the alloy in relation to the transmission electron microscope (TEM) foil preparation. Here 
RD, TD and ND refer to rolling, transverse and normal directions, respectively. 
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. Experimental methods 

In this work, Mg-3wt.%Y alloy is selected to investigate
he twin-twin interactions and associated defects. It has been
ell recognized that the addition of rare-earth element Y im-
roves the strength and ductility of the magnesium alloy by
ncreasing the pyramidal 〈 c + a 〉 activity via lowering the I1
tacking fault energy and by increasing the barrier for tensile
winning [45–47] . Further, in our recent study, the mechanical
roperties and the evolution of crystallographic texture of Mg-
wt.%Y alloy are studied [48] . It provides the material data
or the EVP-FFT calculation, which is set up in the next sec-
ion. Mg-3wt.%Y alloys were obtained from the Helmholtz-
entrum Geesthachat Center for Materials and Costal Re-
earch. Prior to recrystallization at 450 °C for 10 min, the
omogenization of cast ingots and hot rolling were performed
t 500 °C. The annealing resulted in a fully recrystallized
win-free microstructure with an average grain size of 26 μm.
ubsequently, the annealed rolled sheet was sectioned using
lectrical discharge machining (EDM) to make cuboids of di-
ensions 3.3 × 3.3 × 5.0 mm with the longest dimension

long the rolling direction (RD). The cuboids were then de-
ormed in compression at ambient temperature to an engineer-
ng strain of 2% along the RD at a strain rate of ∼ 10 

−3 s −1 

sing 8801 servo-hydraulic universal testing equipment (In-
tron Inc., USA). Refer to [48] for a detailed description of
he material and mechanical testing procedures. 

The microstructure of the deformed Mg-3wt.%Y alloy
amples was examined using a JEOL JEM 2100F-AC TEM,
perating at 200 kV. The TEM samples were prepared using
n FEI Scios dual-beam focused ion beam (FIB) equipped
ith a Ga-ion source. The prepared TEM samples and its cor-

esponding orientation with respect to the sample coordinate
ystem are provided in Fig. 1 . The crystallography of grains
nd twins present in the TEM samples was studied by ana-
yzing the observed selected area electron diffraction (SAED)
atterns. Characteristics of the dislocations in the TEM sam-
les were examined using the invisibility criteria, where a
erfect lattice dislocation becomes invisible when the vector
roduct g. b = 0, where g is the operating reflection used and
 is the corresponding Burgers vector of the dislocation. The
lide (habit) planes of the dislocations (twins) were identified
rom the observed diffraction patterns coupled with surface
race analysis. 

Fig. 1 shows a typical EBSD inverse pole figure (IPF)
mage of the deformed Mg-3wt.%Y alloy, which contains
rains and individual twins, as well as TTJs formed across
ome grains. The normal to the image plane is oriented along
he macroscopic transverse direction (TD) of the sample. The
chematic shows the relation between the macroscopic sam-
le directions and the region that was used for TEM sample
reparation. The normal to the TEM sample is oriented along
he TD of the sample. 

. Numerical methods 

In this work, an elasto-visco-plastic fast Fourier transform
EVPFFT) based crystal plasticity model is employed to cal-
ulate the local stresses and dislocation fields associated with
 twin-twin interaction in Mg-Y alloy. Here, the formulation
hat combines the original EVPFFT framework [49] with in-
lusion of discrete intragranular twin domains [ 41 , 50 , 51 ] and
ith dislocation density (DD) based hardening for the criti-

al resolved stress of each slip system [52] is used. Before
erforming the twin-twin interaction calculations, as a first
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Fig. 2. (a) Polycrystal model for calibrating dislocation density-based hardening model parameter; (b) initial texture for the polycrystal model; (c) model 
predicted strain-stress response for rolling direction tension along with the experimental data [48] . 

Table 1 
Calibrated dislocation density-based hardening model parameters for Mg-3%Y. Here τα

0 , k 
α
0 , D, g and Q refer to initial lattice friction, dislocation generation 

rate, drag stress, normalized stress-independent activation energy, and rate coefficient for dislocation debris formation, respectively. For more details, refer to 
[52] . 

τα
0 (MPa) k α0 ( m 

−1 ) D (MPa) g Q 

Basal 18 1.5e9 3500 0.003 20 
Prismatic 65 8e8 6000 0.002 0 
Pyramidal 88 6e8 3300 0.002 29.6 
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tep, the DD model parameters are identified using the exper-
mentally measured stress-strain responses of the Mg-3wt.%Y
lloy. Recently, using the effective medium visco-plastic self-
onsistent (VPSC) framework, Wang et al. [48] obtained the
D model parameters for the same material system. Thus,

he model parameter calibration process is started from the
arameters listed in [48] and adjusted them to capture the ex-
erimental stress-strain curves using the EVPFFT framework.
eformation at every material point in the EVPFFT model is

arried by a combination of anisotropic elasticity and crystal-
ographic slip-mediated visco-plasticity. The anisotropic elas-
ic constants (in GPa) of the simulated material are taken
s: C 11 = 59.5, C 12 = 26.1, C 13 = 21.8, C 33 = 65.6 and
 44 = 16.3 [53] . Plasticity is assumed to be accommodated by
asal 〈 a 〉 , prismatic 〈 a 〉 , and pyramidal-II 〈 c + a 〉 slip modes.
he initial dislocation density for each slip system is assumed

o be 10 × 10 

10 m 

−2 . A 3D polycrystalline microstructure
ith 44 equiaxed grains was made through Dream3D, see
ig. 2 (a). The distribution of the initial crystallographic ori-
ntation of the grains is shown in Fig. 2 (b). The model unit
ell is discretized into 60 × 60 × 60 voxels. Uniaxial ten-
ion along the rolling direction is simulated at a strain rate of
.0 × 10 

−3 s −1 . The model predicted stress-strain response
long with the experimental data is shown in Fig. 2 (c). For
he parameter set listed in Table 1 , the model response shows
ood agreement with the experiment [48] . This DD model pa-
ameter set was used in the following explicit TTJ simulation,
hich is discussed later. 
. Results 

.1. Cozone twin-twin interaction 

Fig. 3 (a) shows the weak beam dark field (WBDF) TEM
icrograph of the deformed Mg-3wt.%Y alloy consisting of

wo grains labeled as G1 and G2. Grain G2 is out of con-
rast and the white dashed line highlights the grain boundary.
rain G1 contains two twins labeled as T1 and T2. Twin T2

erminates at the boundary of twin T1, whereas twin T1 ter-
inates at the grain boundary. Twins T1 and T2 interact and

orm a TTJ. Both twins are highlighted by the white dashed
ines for clarity. Based on the observed configuration, here-
nafter, twins T1 and T2 are referred to as the recipient and
mpinging twins, respectively. 

Fig. 3 (b) shows a bright field TEM image of a por-
ion of the two grains (indicated by a white circle in
ig. 3 (a)) along with the observed SAED pattern, which is
cquired from a region enclosed by a small circle on the
icrograph. The SAED pattern consists of diffraction spots

elonging to both grains. These spots have been carefully
dentified and are represented by white (G2) and orange (G1)
olored grids in Fig. 3 (b). The SAED patterns acquired from
he individual grains are also provided for comparison. The
AED analysis confirms that G1 is oriented along the [ 1 ̄2 10 ]
irection while G2 is oriented along the [ ̄2 ̄5 7 ̄3 ] direction.
oth crystallographic directions are parallel to the macro-

copic TD of the sample. A simulated diffraction pattern
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Fig. 3. (a) A WBDF TEM micrograph showing the two grains G1 and G2. The G1 contains a twin-twin junction, where twin T1 is terminated at the grain 
boundary and twin T2 is terminated at T1 boundary. (b) A bright field TEM image showing a small portion of two grains (indicated by a white circle in (a)) 
along with a combined experimental SAED pattern acquired from a region enclosed by a small white circle. In the combined experimental SAED pattern, 
the white grid represents G2 spots, and the orange grid outlines the spots corresponding to G1. A corresponding simulated pattern is also provided, where 
the orange spots represent G1 and the blue spots represent G2. The individual SAED patterns acquired from the regions of G1 and G2 are also provided for 
clarity, where G1 is along the [ 1 ̄2 10 ] orientation and G2 is along the [ ̄2 ̄5 7 ̄3 ] orientation. 
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s also shown in Fig. 3 . The SAED analysis indicates that
he ( 10 ̄1 3 ) crystallographic plane of G1 closely matches the
( ̄1 013 ) crystallographic plane of G2. 

To characterize the crystallography of these twins, Fig. 4
hows a WBDF TEM image along with the experimentally
bserved SAED patterns of a small region of G1 that com-
rises the TTJ. The patterns confirm that G1 is oriented along
he [ 1 ̄2 10 ] orientation, whereas T1 and T2 are oriented along
he [ ̄1 2 ̄1 0 ] direction. The symmetry of diffraction patterns
onfirms that the twins T1 and T2 are { 10 ̄1 2 } type tensile
wins. The yellow box in the SAED patterns outline the spots
orresponding to the matrix (i.e., G1), whereas the red boxes
epresent the spots belonging to the recipient and imping-
ng twins. The subsequent SAED analysis coupled with the
race analysis confirms that ( 10 ̄1 2 ) and ( ̄1 012 ) are the habit
lanes of T1 and T2. Their habit planes are rotated by 87 °
bout the cozone axis [ 1 ̄2 10 ] . Thus, the observed TTJ is a
ozone type interaction. Importantly the morphology of the
mpinging twin T2 is not symmetric and many matrix dislo-
ations interact with the twin-matrix interfaces in Fig. 4 . The
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Fig. 4. A WBDF TEM image of a small region in G1 that consists of both T1 and T2 twins. The observed SAED patterns confirm that both T1 and T2 are 
of { 10 ̄1 2 } tensile twins. Further, the morphology of the impinging twin T2 is asymmetric. In the SAED patterns the yellow-colored boxes outline the spots 
corresponding to the matrix whereas the red-colored boxes outline the spots corresponding to twins T1 and T2. The white-colored dashed lines represent the 
traces of habit planes of T1 and T2. 

Table 2 
The magnitudes of g •b values used in this study. 

± 1 
3 [ 11 ̄2 3 ] ± 1 

3 [ ̄1 2 ̄1 3 ] ± 1 
3 [ ̄2 113 ] ± 1 

3 [ 11 ̄2 ̄3 ] ± 1 
3 [ ̄1 2 ̄1 ̄3 ] ± 1 

3 [ ̄2 11 ̄3 ] 

0002 ± 2 ± 2 ± 2 ∓2 ∓2 ∓2 
10 ̄1 0 ± 1 0 ∓1 ± 1 0 ∓1 
10 ̄1 1 ± 2 ± 1 0 0 ∓1 ∓2 
10 ̄1 ̄1 0 ∓1 ∓2 ± 2 ± 1 0 
0 ̄1 11 0 0 ∓1 ± 2 ± 2 ± 1 
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ubsequent sections investigate the character of these disloca-
ions in detail and whether the asymmetry was induced after
he intersection occurred. 

.2. Dislocations in the vicinity of TTJ 

Fig. 5 (a) shows a WBDF image of the matrix grain in the
icinity of TTJ. It clearly reveals that the dislocations in the
atrix grain interact with the boundaries of both the imping-

ng and recipient twins. It is evident that dislocation lines are
rojected in different directions on the plane of the micro-
raph. The character of these dislocations has been examined
y TEM dislocation contrast experiments in Fig. 5 (c) and
d) using various operating reflections and under the [ 1 ̄2 10 ]
nd [ 11 ̄2 3 ] zone axes conditions. The red arrows indicate
he contrast variation from a few specific dislocations for the
perating reflections used. Furthermore, the dislocations (see
ig. 5 (a)) exhibit a line contrast for the reflection g = 0002,
uggesting that they have a strong 〈 c 〉 -component. The dis-
ocation contrast experiments in Fig. 5 (c) and (d) infer that
he interacting matrix dislocations are mixed (i.e., 〈 c + a 〉 )
nd satisfying the Burgers vector of b m 

= 

1 
3 [ ̄1 2 ̄1 3 ] . The cor-

esponding g •b values for these dislocations are tabulated in
able 2 . 
Fig. 5 (a) also shows that the horizontal 〈 c + a 〉 dislocation
ine segments project along the [ ̄1 010 ] direction on the basal
lane, while the vertical line 〈 c + a 〉 segments lie out of the
asal plane. Earlier studies based on TEM reported a similar
 c + a 〉 dislocation contrast parallel to the basal plane for pure

g and Mg-Y and Mg-Li alloys [ 26 , 45 , 54 , 55 ]. The origin of
uch a contrast can be observed from the 〈 c + a 〉 dislocations
liding on type-II pyramidal planes [ 26 , 45 , 54 , 55 ]. Here, the
AED and trace analysis suggests that the matrix 〈 c + a 〉
islocations in Fig. 5 (a) lie on the type-II pyramidal plane

( 1 ̄2 12 ) and satisfy the following slip system: 1 
3 [ ̄1 2 ̄1 3 ]( 1 ̄2 12 ) .

he 〈 c + a 〉 dislocations gliding on the ( 1 ̄2 12 ) plane may
e blocked at the line of intersection with the basal plane
s illustrated in the schematic in Fig. 5 (b) and produce a
islocation contrast parallel to the [ ̄1 010 ] direction on the
asal plane. Moreover, the 〈 c + a 〉 dislocations blocked at this
ine of intersection are in edge orientation because the line
f intersection (i.e., [ ̄1 010 ] ) is perpendicular to the observed
urgers vector ( 1 3 [ ̄1 2 ̄1 3 ] ). In contrast, the vertical segments of
 c + a 〉 dislocations are found to be in near-screw orientation
s shown in Fig. 5 (a). Further, it reveals that these matrix
 c + a 〉 dislocations interact with the tensile twin boundaries
n a particular orientation. The 〈 c + a 〉 dislocations interact-
ng with the T1 twin boundary are predominantly in screw
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Fig. 5. (a) a WBDF TEM image shows the interaction of matrix 〈 c + a 〉 dislocations with the boundaries of T1 and T2. (b) The schematic demonstrates 
the observed 〈 c + a 〉 dislocations in near screw and edge orientations on type-II pyramidal plane i.e., ( 1 ̄2 12 ) . The WBDF images in (c) and (d) show the 
dislocation contrast variation in the vicinity of T1, T2, and for several operating reflections ‘g’ provided for each image. The red arrows point to the contrast 
variation from a few specific dislocations. 
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rientation, whereas the 〈 c + a 〉 dislocations interacting with
he T2 twin boundary are predominantly in edge orientation.

The edge 〈 c + a 〉 dislocations were found to exhibit a
tacking fault contrast. Fig. 6 shows the WBDF TEM im-
ges of the same twin-twin intersection under two different
iffraction conditions. It should be noted that the disloca-
ion contrast in Fig. 6 (a) for the g = 0002 reflection exhibits
 sharp line contrast. However, when the sample is slightly
ilted about the [ ̄1 010 ] axis, a stacking fault loop contrast on
he basal plane is evident along the [ ̄1 010 ] direction as in-
icated by the red arrows in Fig. 6 (b), suggesting that the
dge 〈 c + a 〉 dislocations may be dissociated into partial dis-
ocations bounding the stacking faults. In contrast to the edge
 c + a 〉 dislocations, the near-screw 〈 c + a 〉 dislocations do
ot exhibit such a stacking fault contrast, as confirmed by the
bsence of non-basal stacking fault contrast in Fig. 6 (b). The
ame conclusions can be made in Fig. 6 (c), where the 〈 c + a 〉
islocations interacting with the T2 twin tip also exhibit basal
tacking fault contrast. From Fig. 6 (b) the stacking fault den-
ity is higher at the T2 twin boundary. This is because the
 c + a 〉 dislocations interacting with the T2 twin are predom-
nantly in edge orientation (see Fig. 6 (a)), while the 〈 c + a 〉
islocations interacting with the T1 are predominantly screw
haracter. As before, these screw 〈 c + a 〉 dislocations are not
idely dissociated enough to show any stacking fault con-

rast. Consequently, the stacking fault density is lower on the
1 side. 

In summary, 1 
3 [ ̄1 2 ̄1 3 ]( 1 ̄2 12 ) 〈 c + a 〉 matrix dislocations lie

n the type-II pyramidal plane and interact with both the T1
nd T2 twins of the TTJ. These dislocations are observed in
oth edge and screw orientations. The edge components in-
eract predominantly with the T2 twin boundary, whereas the
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Fig. 6. WBDF TEM images (a) and (c) show the projected line segments of 〈 c + a 〉 dislocations both parallel and non-parallel to the basal plane for the 
reflection g = 0002. The dislocations parallel to the basal plane are in edge orientation as described in the schematic ( Fig. 5 b). However, after a slight tilt about 
the [ ̄1 010 ] axis in (b) and (d), these dislocations exhibit stacking fault contrast parallel to the basal plane, whereas non-basal components are disappeared. 
The red arrows point to the contrast variation for a few specific dislocations before and after a slight tilt about the [ ̄1 010 ] axis. 
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Fig. 7. WBDF TEM images showing the structure of dislocations inside 
twin T1. (a) The dislocations are visible for g = 0002 reflection, suggesting 
that they have a strong 〈 c 〉 component, and the dislocations are projected in 
different directions on the plane of the micrograph. (b) Shows there are a 
few non-basal 〈 c 〉 components inside T1 for g = 10 ̄1 ̄1 . The solid lines in the 
micrographs represent the twin boundary. 
crew components interact predominantly with the T1 twin
oundary. Moreover, the edge components exhibit a stack-
ng fault contrast parallel to the trace of the basal plane. In
ontrast, 〈 a 〉 dislocations were not observed, which can be
xpected due to the grain orientation. 

.3. Defect structures within the twin domains 

Similar TEM diffraction contrast experiments have been
erformed to investigate the defects present inside tensile
wins T1 and T2. From the SAED patterns described in
ig. 4 , the g = 10 ̄1 0 reflection of the matrix overlaps with

he g = 0002 reflection of twins and vice versa, due to
he crystallographic tensile twin/matrix relationship. Conse-
uently, when the matrix is imaged with g = 10 ̄1 0 reflection,
he g = 0002 reflection of twins also activates. Fig. 7 (a) and
(b) shows WBDF TEM images of different regions of the
ame twin-twin intersection for the g = 0002 and g = 10 ̄1 ̄1
perating reflections of T1. 

For the g = 0002 reflection of recipient twin T1, defects
re visible, indicating that the defects inside the T1 have a
trong 〈 c 〉 component. Moreover, the defect contrast lies par-
llel to the trace of the basal plane and is like the basal
islocation contrast seen in the matrix. To determine the na-
ure of these 〈 c 〉 -component defects, TEM dislocation contrast
xperiments is performed using various operating reflections.
ig. 8 (a) shows the WBDF TEM images of a portion of twin
1 under different operating reflections. The invisibility cri-
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Fig. 8. (a) WBDF micrographs showing the variation in dislocation contrast in the domain of twin T1 for the various operating reflections. (b) The TEM 

images showing stacking fault contrast parallel to the trace of the basal plane after tilting the sample about the [ ̄1 010 ] axis of twin T2. 
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Fig. 9. Model arrangement for explicit simulation of twin-twin junction 
within an EVPFFT framework. 
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eria analysis confirms that the defects labeled as “1” are
 c + a 〉 dislocations with Burgers vector 1 

3 [ ̄1 2 ̄1 3 ] , which is
lso the Burgers vector of the 〈 c + a 〉 dislocations in the ma-
rix. The defect labeled as “2” is visible only under g = 10 ̄1 ̄1
eflection and is invisible for all other reflections, suggesting
hat it is a pure edge dislocation with Burgers vector 1 

3 [ ̄2 110 ] .
 similar diffraction contrast analysis confirms that the same

et of 〈 c + a 〉 dislocations, i.e., 1 
3 [ ̄1 2 ̄1 3 ] , are present inside

win T2 as well. 
Similar to the matrix dislocations, the observed 〈 c + a 〉

islocations in Figs. 7 and 8 may be blocked at the line of
ntersection of the type-II pyramidal plane ( 1 ̄2 12 ) and the
asal plane (see Fig. 5 (b)), along the [ ̄1 010 ] direction, as ev-
dent by the line contrast parallel to the basal plane trace.
hese 〈 c + a 〉 dislocation segments, oriented horizontally in

he image, are in edge orientation, with their observed Burg-
rs vector 1 

3 [ ̄1 2 ̄1 3 ] , perpendicular to the [ ̄1 010 ] line direction.
n contrast, the vertical dislocation segments are in near screw
rientation. Fig. 8 (b) shows the structure of the 〈 c + a 〉 dis-
ocations inside twin T2. Like the matrix dislocations, these
 c + a 〉 edge dislocations exhibit a stacking fault contrast
 Fig. 8 (b)). As discussed in the previous sections, this stack-
ng fault contrast is visible only when the sample is tilted
lightly about the [ ̄1 010 ] axis. However, in this case, the
crew 〈 c + a 〉 dislocations did not dissociate into partial dis-
ocations. No stacking fault contrast is in the right image in
ig. 8 (b). 

. Discussion 

Detailed TEM based analysis of deformed Mg-3wt.%Y al-
oy microstructures finds that the morphology of interacting
wins is not symmetric. Type-II pyramidal 〈 c + a 〉 disloca-
ions are present in the matrix grain and also inside the twin
omains. In contrast, no 〈 a 〉 dislocations were observed in
he matrix grain. A similar observation has been reported in
 Mg-0.6wt.%Y alloy, however, for a twin free grain, where
ype-I pyramidal 〈 c + a 〉 matrix dislocations were observed
ithout basal 〈 a 〉 slip [11] . In the current study the 〈 c + a 〉
atrix dislocations were found to lie on a type-II pyrami-

al plane and satisfy the slip system: 1 
3 [ ̄1 2 ̄1 3 ]( 1 ̄2 12 ) . This

bundant activity of 〈 c + a 〉 slip may be attributed to the Y
lloying element, which is known to enhance 〈 c + a 〉 slip
ctivity in Mg [ 26 , 45 , 46 , 56 , 57 ]. Nevertheless, the actual role
f Y on the choice of type-I and type-II pyramidal slip sys-
ems is not well understood. For instance, Sandlobes et al.
bserved the presence of both type-I and type-II pyramidal
 c + a 〉 slip systems in a deformed Mg-3wt.%Y alloy [45] .
esides, the absence of basal 〈 a 〉 slip in G1 may be a con-

equence of the orientation of G1 with respect to the defor-
ation loading. Moreover, the 〈 c + a 〉 dislocations in the

urrent study exhibit a line contrast parallel to the trance of
asal plane. This observation is consistent with the 〈 c + a 〉
islocation contrast seen in earlier studies for pure Mg, Mg-
wt.%Y and Mg-Li alloys [ 26 , 45 , 54 , 55 ]. Further, the 〈 c + a 〉
islocations concentrate at the TTJ site and interacts with the
win boundaries. The edge component of the 〈 c + a 〉 dis-
ocations interact predominantly with the T2 twin boundary,
hereas the screw components interact predominantly with

he T1 twin boundary. In this section, these findings are ra-
ionalized using the crystal plasticity calculations and detailed
rystallographic analysis. 

.1. Crystal plasticity calculations 

To understand the experimentally observed 〈 c + a 〉 disloca-
ions inside and in the vicinity of the TTJs, spatially resolved
tress field calculations are performed using the EVPFFT
odel. The microstructure model for calculation is developed

o mirror the experimental microstructure shown in Fig. 3 .
he unit simulation cell is shown in Fig. 9 and is comprised of

wo grains surrounded by a buffer layer. The crystallographic
rientations of G1 and G2, in Bunge convention, are (90.0 °,
3.0 °, 60.0 °) and ( −32.5 °, 102.7 °, −166.5 °). As characterized
xperimentally, T1 is ( 10 ̄1 2 )[ ̄1 011 ] and T2 is ( ̄1 012 )[ 10 ̄1 1 ]
ying inside the G1. Based on the crystallographic orienta-
ion of G1, the twinning plane normal and shear direction of
oth the twins lie within the XZ plane. To model the effect
f the free surface, the out-of-plane shear in the XY and YZ
lanes is zero. This method for free-surface effects has been
emonstrated to yield better agreement with TEM and EBSD
urface measurements [58] . The unit cell is discretized into
000 × 3 × 1000 voxels with periodic boundary conditions
n all three directions. This fine voxel resolution provides the
esolution needed for comparison with TEM and minimizes
ibbs oscillations. The thickness of both twin domains spans
1 voxels. The buffer layer with properties of a random tex-
ure material is 10 voxels thick and surrounds the grain in the
Z plane. Various buffer layer thicknesses have been tested

nd this one is shown to minimize image fields for the ma-
erial response and applied deformation conditions. 
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Table 3 
Crystallography of all six pyramidal slip systems that are considered in this work. 

Py1 Py2 Py3 Py4 Py5 Py6 

Slip plane (2-1-12) (11-22) ( −12-12) ( −2112) ( −1-122) (1-212) 
Slip direction [2-1-1-3] [11-2-3] [ −12-1-3] [ −211-3] [ −1-12-3] [1-21-3] 

Fig. 10. Effect of twin-twin junction formation on pyramidal slip dislocation density distribution. The first and second rows present the dislocation fields 
before and after twinning, respectively, at 2% strain. 
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The simulation of twin-twin interaction is performed us-
ng the following sequence. First, the entire unit cell is com-
ressed along the X-direction under a constant strain state
0.0001 1/s) and the boundaries in the Z and Y-directions
re stress-free. At an applied strain of 2% the voxels lying
ithin T1 and T2 are first reoriented to their corresponding

win variant. Then the characteristic twin shear of 13% for
g is applied incrementally and homogeneously across each

win domain in 1000 steps. 

.2. Origin of pyramidal 〈 c + a 〉 dislocations in the matrix 
rain 

To understand the experimentally observed disloca-
ion distributions, the model calculated DD fields of
ll six pyramidal-II slip systems are analyzed here.
able 3 lists the crystallographic details these six pyramidal-
I slip systems. Fig. 10 shows these fields within the parent
1, which includes the interacting twin domains. For com-
arison, the DD fields in the twin free crystal but generated
nder the same macroscopic strain are given in the first row
nd those with the TTJ in the second one. Following the
onvention in Table 3 , the experimentally observed 〈 c + a 〉
ystem is Py6. The model indicates that macroscopic straining
ncreases the DD of systems Py3 and Py6 to ∼ 1 × 10 

12 and
1 . 5 × 10 

12 , respectively, from the initial DD of 1 × 10 

10 

n the twin-free crystal. The experimentally observed Py6 slip
islocations in the grain G1, therefore, could have been gener-
ted independent of the TTJ. As described earlier, the model
n this calculation included the neighboring grain G2. To test
he effect of G2, another simulation without it is performed.
nterestingly, systems Py1, 2, 4, and 5 are the most active
ompared to Py3 and Py6. The implication is that neighbor-
ng grain G2 and its interaction with G1 alter the stress field
nside G1 in a way that favored activation of Py3 and Py6. Al-
hough not shown, the calculations confirm that the activation
f basal 〈 a 〉 slip is not significant during the initial loading
nd also in the process of twin-twin junction formation. 

.3. Origin of pyramidal 〈 c + a 〉 dislocations inside the twin 

omains 

Here, the source for the experimentally observed pyramidal
islocations inside the twin domains are analyzed. The second
ow in Fig. 10 shows the DD fields after forming the TTJ. It
eveals that the DD of systems Py3 and Py6 increase around
wins T1 and T2 in the matrix, and inside twin T2. Further,
D for systems Py1 and Py2 increased inside T2, whereas
D for systems Py4 and Py5 increased inside T1. The direct

omparison of the first and second rows reveals that twinning
romoted DD of systems Py1, 2, 4 and 5 more so than in
ystems Py3 and 6. However, the TEM analysis did not find
hese slip dislocations inside the twin domains. At the same
ime, although the predicted increase in Py6 agrees with the
EM observation, the percent increase for Py6 in the twin
omains is relatively small. These model predictions suggest
hat the experimentally observed Py6 dislocations inside the
win domain did not develop due to the TTJ. Rather they are
ikely to be developed during the initial loading before twin-
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Fig. 11. Standard HCP stereographic projections showing the geometric relation between the < c + a > slip glide planes and the habit planes of T1 and T2. 
The blue arrows indicate the common line of intersections that contain < c + a > slip planes and the habit planes of T1 and T2. Consequently, the matrix 
< c + a > dislocations may penetrate the twin boundaries of T1 and T2 along the common line of intersection and enter the twin domains under suitable 
stress concentrations. 
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ing and/or by dislocation transmission from the surrounding
atrix into the twin domains. 
The transmission of dislocations from the matrix to twin

omains is possible only when there is a common line of
ntersection that contains the glide planes of dislocations (in
he matrix and twin domains) as well as the twinning plane.
arlier studies suggest that the basal matrix 〈 a 〉 dislocations
ross-slip directly into the tensile twin domain only if they
re in screw orientation i.e., the Burgers vector of 〈 a 〉 disloca-
ions is parallel to the line of intersection [12–15] . In contrast,
he non-screw 〈 a 〉 dislocations may be absorbed by the twin
oundary or may dissociate at the twin boundary and thereby
enerate twinning dislocations. The present investigations re-
eal that the 〈 c + a 〉 dislocations in the matrix as well as in
he twin domains of TTJ belong to the same system, which
s 1 

3 [ ̄1 2 ̄1 3 ]( 1 ̄2 12 ) . The ( 1 ̄2 12 ) glide planes intersect the T2
winning plane, ( ̄1 012 ) along the [ 22 ̄4 3 ] direction, and the
1 twinning plane ( 10 ̄1 2 ) along the [ ̄4 223 ] direction. Thus,
ased on geometry, these 〈 c + a 〉 dislocations may penetrate
he T1 and T2 twins along their corresponding common line
f intersections and enter the twin domains under the appro-
riate stress conditions. While the requisite stresses cannot
e quantified, the possibility of twin boundary transmission
annot be ignored. Fig. 11 shows these directions in terms of
he standard HCP Mg stereographic projections for T1 and
2 twins, where the black and red traces represent the orien-

ations of matrix and twins (T1, T2) respectively. The projec-
ions clearly show that [ ̄4 223 ] and [ 22 ̄4 3 ] (indicated by blue
rrows) are common lines of intersections, which contain the
races corresponding to the glide planes of 〈 c + a 〉 disloca-
ions as well as the habit planes of T1 and T2. However,
he observed Burgers vector 1 

3 [ ̄1 2 ̄1 3 ] of 〈 c + a 〉 dislocations
s found to be non-parallel to the line of intersections [ 22 ̄4 3 ]
nd [ ̄4 223 ] , suggesting that the likelihood of cross-slip of ma-
rix 〈 c + a 〉 dislocations into the twin domains along those
ommon line of intersections is not high, and the dislocations
ould simply terminate at the boundaries of T1 and T2 as
bserved in Fig. 5 (a). Based on these geometrical observa-
ions, it is possible to ascertain that the 〈 c + a 〉 dislocations
nside the domains of TTJ did not originate from cross-slip
f matrix dislocations and they may have formed because of
acroscopic deformation conditions used in this study. 

.4. Nature of pyramidal 〈 c + a 〉 dislocations in the vicinity 
f TTJ 

Results in the current study revealed that the matrix 〈 c + a 〉
islocations interacting with the twin boundaries of TTJ in a
articular orientation (see Fig. 5 (a)). The 〈 c + a 〉 dislocations
nteracting with the recipient (T1) twin boundary were found
o be predominantly in a near-screw orientation, whereas the
 c + a 〉 dislocations interacting with the impinging (T2) twin
oundary were in an edge orientation. This may be visualized
y imagining a 〈 c + a 〉 dislocation in the form of a loop on
he type-II pyramidal plane ( 1 ̄2 12 ) as shown schematically in
ig. 12 (a). The red colored arrows indicate the projected di-
ection of the Burgers vector of 〈 c + a 〉 dislocations, i.e.,

1 
3 [ ̄1 2 ̄1 3 ] on the plane of the paper. Geometrically the normal
f ( 1 ̄2 12 ) makes an angle of 58.5 ° with the [0001] direc-
ion, and it also contains the [ ̄1 010 ] direction of the matrix
s shown in the inset. Under appropriate loading conditions,
he 〈 c + a 〉 loop could have expanded and intersected with
he boundaries of T1 and T2 as illustrated schematically in
ig. 12 (b). This could result in a screw orientation of 〈 c + a 〉
islocations for the recipient twin T1 because the Burgers
ector is nearly parallel to the line segment of 〈 c + a 〉 dis-
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Fig. 12. A schematic illustrating a situation where a 〈 c + a 〉 dislocation loop (under suitable stress concentrations) expands and interact with the boundaries 
of T1 and T2 in screw and edge orientations. This could result in a situation described in Fig. 5 (a). The red arrows in the schematic indicate the projected 
direction of the observed Burgers vector on the plane of the paper. The inset shows the relation between matrix directions and the glide plane of 〈 c + a 〉 
dislocations, where the normal of the glide plane makes angle of 58.5 ° with the [0001] direction. 

Fig. 13. Distribution of TRSS fields after twin-twin junction formation. (a) Simulated and (d) experimentally observed twin-twin junction. Key locations (A 

to H) are marked in (a). T1-TRSS profile along the (b) top and (c) bottom interface of T1. T2-TRSS profile along the (e) left and (f) right interface of T2. 
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ocations (see Fig. 12 (b)). In contrast, at the impinging twin
2 boundary, the 〈 c + a 〉 dislocations exhibit edge character
ecause their line direction is perpendicular to the observed
urgers vector. 

Further, the TEM images provided evidence of loop con-
rast for 〈 c + a 〉 dislocations on the basal plane of Mg-
wt.%Y alloy and is consistent with the loop contrast ob-
erved in earlier studies [59–61] . It was suggested that the
 c + a 〉 dislocations gliding on type-II pyramidal plane could
e dissociated into partial dislocations bounding a stacking
ault. It is, therefore, reasonable to assume that the 〈 c + a 〉
islocations observed in the current study are dissociated into
artial dislocations bounding a stacking fault on the basal
lane. Although an explicit investigation has not be performed
n this study to identify the stacking fault vectors, the ear-
ier reports suggest the following dissociation mechanism that
ould lead to the appearance of stacking fault contrast on the
asal plane [59] . 

1 

3 

[
2 ̄1 ̄1 3 

] → 

1 

6 

[
2 ̄2 03 

] + SF ( 0001 ) + 

1 

6 

[
20 ̄2 3 

]

Based on this reaction, here one can speculate a similar
ype of dissociation reaction may have produced the basal
tacking fault contrast seen in Figs. 6 and 8 (b). In contrast to
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he edge 〈 c + a 〉 dislocations, the near-screw 〈 c + a 〉 disloca-
ion segments do not show such a stacking fault contrast, as
onfirmed by the absence of non-basal stacking fault contrast
n Fig. 6 (b). The same conclusions can be made in Fig. 6 (c)
nd (d), where the 〈 c + a 〉 dislocations interacting with the
2 twin tip also exhibit basal stacking fault contrast. From
ig. 6 (b) the stacking fault density is higher at the T2 twin
oundary. This is because the 〈 c + a 〉 dislocations interact-
ng with the T2 twin are predominantly in edge orientation
see Fig. 6 (a)). In contrast, the 〈 c + a 〉 dislocations interact-
ng with the T1 are predominantly in screw orientation, and
ike before, these screw 〈 c + a 〉 dislocations are not widely
issociated enough to show any stacking fault contrast. Con-
equently, the stacking fault density is lower on the T1 side. 

.5. Local stresses and growth of interacting twins 

In this section, the local stress field in the vicinity of the
TJ is studied to understand the experimentally observed mor-
hology of the interacting twins. The EVPFFT model pro-
ides the full stress and strain tensor fields at every strain
evel. Using the full stress tensor, the resolved shear stress
long the twinning shear direction (TRSS) is calculated to un-
erstand whether the local stress fields favor the twin bound-
ry migration. The TRSS on the interface can drive the twin
islocation to glide along a coherent twin boundary or the
asal-prism facets, resulting in twin boundary migration [62–
4] . In the following description, T1-TRSS and T2-TRSS rep-
esent the resolved shear stress along the T1 shear direction
nd T2 shear direction, respectively. The TRSS fields in the
atrix near the twin interface (the purple and red lines shown

n Fig. 13 (a)) are plotted in Fig. 13 (b,c,e,f). Fig. 13 (b) shows
 negative (anti-twinning) T1-TRSS along the entire profile of
he T1 bottom interface. Thus, the T1 boundary migration is
ot favored on the lower side. On the other hand, Fig. 13 (c)
hows that there is a small region on the left of point C where
1-TRSS is positive, while there is a sudden decrease in the
1-TRSS on the right side of point C. This indicates that
ith further compression, the T1 top interface may undergo

symmetric growth, initiating growth on the left. One could
se this asymmetric stress profile to understand the experi-
entally observed step-like feature in the TEM image (see

he red circle in Fig. 13 (d)). 
In Fig. 13 (e) and (f), the T2-TRSS is negative on both

ides of T2, which suggests that the twin boundary migration
n both sides of T2 is not favored. However, with further
acroscopic loading, the twin boundary migration could re-

ult in an asymmetric growth of T2 since the resisting anti-
winning T2-TRSS on the left side is much larger than that
n the right side. Meanwhile, a steep decline of T2-TRSS in
ig. 13 (f) near point B implies that the twin boundary close to

his site will be subjected to a larger resistance than other re-
ions. This explains the sharp geometry of the T2 tip marked
n Fig. 11 (d). In summary, the twin-twin interaction-induced
tress fields suggest that the migration of the T1 top bound-
ry can create a non-smooth stepped boundary as observed
xperimentally in Fig. 4 . 
. Summary and conclusions 

In this work, a combined experimental and numerical anal-
sis is performed to understand the local defects within and
n the vicinity of twin-twin junctions (TTJs). Cozone { 10 ̄1 2 }
ensile twins in a deformed Mg-3wt.%Y alloy are selected
or analysis. TEM analyses are employed to characterize the
ocal defect structures in the vicinity of the TTJs as well as in
he twin domains. To understand and rationalize the experi-
ental observations, the crystal plasticity EVPFFT framework

s used. The model microstructure of the TTJs is generated
o match the experimentally observed TTJ microstructure, in-
luding the parent and neighboring grain orientations. The key
ndings from this combined experimental/modeling study are
s follows: 

• A high density of 〈 c + a 〉 dislocations is observed in the
matrix surrounding the TTJ where the two twins meet. The
same 〈 c + a 〉 dislocations have also been found inside the
interacting twin domains, and some of these dislocations
appear to have crossed the twin boundary. No pure 〈 a 〉
dislocations are observed in the matrix regions. A simi-
lar observation, i.e., the activation of 〈 c + a 〉 dislocations
without any 〈 a 〉 dislocations, has been observed in Mg-
0.6wt.%Y alloy also [11] . 
• The observed 〈 c + a 〉 dislocations in matrix grain exhibit a

line contrast parallel to the trance of basal plane. A similar
observation has been reported in pure Mg, Mg-3wt.%Y,
and Mg-Li alloys [ 26 , 45 , 54 , 55 ]. 
• The observed 〈 c + a 〉 dislocations in both the matrix and

interacting twins are 1 
3 [ ̄1 2 ̄1 3 ]( 1 ̄2 12 ) , classified as type-II

pyramidal dislocations. These dislocations have been ob-
served in both the edge and screw orientations. The ma-
trix 〈 c + a 〉 dislocations interacting with the impinging
twin boundary are predominantly edge. In contrast, those
that interact with the recipient twin boundary are predom-
inantly screw. The edge dislocations are dissociated into
partials while the screw dislocations are not. 
• A detailed geometrical analysis of the dislocations and

twins’ crystallography suggests that the observed 〈 c + a 〉
dislocations inside the domains of TTJ did not transmit
from the matrix grain, instead, they may have formed by
the imposed macroscopic loading. 
• The model calculations show that the twin-twin interac-

tions increase the density of experimentally observed pyra-
midal 〈 c + a 〉 dislocations in the matrix domain, but not in
the interacting twin domains. This implies that the exper-
imentally seen pyramidal 〈 c + a 〉 dislocations in the twin
domains most likely formed in the matrix during macro-
scopic loading before the TTJ formed and after the forma-
tion of twin domains, but not as a result of the TTJ. 
• The model calculated local stresses suggest that the im-

pinging twin will undergo an asymmetric growth process,
which rationalizes the experimentally observed asymmet-
ric twin morphology. Further, the local stress concentration
in the recipient twin boundary explains the experimentally
observed stepped features in its top boundary. 
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Overall, this work clearly shows that the twin-twin inter-
ctions can develop a high density of dislocations and stress
oncentrations in the localized regime near a TTJ. These local
elds are signatures of how the twin and microstructure would
volve in the presence of TTJs and in turn how TTJs affect
acroscopic response. Such consequences of twin-twin inter-

ctions are non-negligible and hence need to be considered
hen attempting to understand and predict the deformation

esponse of HCP Mg and its alloys. Specifically, these local
efect details need to be accounted for in mechanistic con-
titutive laws that aim to capture the effect of twin-twin and
win-dislocation interactions [65–70] . It will certainly improve
he predictability of the models on the aspect of mechanical
esponses like strain hardening and also damage/failure be-
avior. 
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