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a b s t r a c t 
Pervasive deformation twinning and transmission events across grain boundaries (GBs) affect the strength and 
failure of hexagonal close-packed (HCP) magnesium. A three-dimensional twin can transmit along the twinning 
shear direction, !1 (forward), and along the direction perpendicular to both the twinning plane normal and the 
shear direction, " (lateral). For the first time, phase-field calculations and electron backscatter diffraction (EBSD)- 
based statistical analysis are combined to investigate the effect of the twinned grain boundary characteristics on 
twin transmission (TT) along the forward and lateral directions. This combined analysis reveals that TT propensity 
decreases with increasing misorientation angle across the GB for both forward and lateral directions. Also, the 
TT is more favorable along the lateral than along the forward direction. Twin transmission seems harder across 
GBs with a misorientation axis closer to the twin "-direction than the other directions ( #1 and !1 ). Further, the 
PF calculations reveal that, at the onset of a transmission process, the crystallography tends to be preserved in 
the case of lateral transmission, whereas, in the forward transmission case, the transmitted twin punches straight 
through the GBs and its morphology prevails. The EBSD analysis finds that pure forward and lateral transmissions 
do not occur often, yet reveals a preference for lateral propagation consistent with PF simulations. Further, the 
local twin transmission configurations observed in the actual material do not correspond to pure tilt or twist GBs, 
which are most commonly considered as model cases. 

1. Introduction 
Hexagonal close-packed (HCP) magnesium and its alloys activate de- 

formation twinning in addition to dislocation slip when strained. Defor- 
mation twins nucleate as embryos at grain boundaries (GB) where suit- 
able defect structures and stress concentrations are primarily located 
[1–5] . Under further straining, twins propagate into grains and termi- 
nate at opposing GBs. Due to their three-dimensional nature, deforma- 
tion twins propagate in directions perpendicular to the twinning plane 
normal, #1 , including along the twinning shear direction ( !1 ) and the 
" ( = #1 × !1 ) direction, which is perpendicular to #1 and !1 [ 6 , 7 ]. In 
this work, twin propagation along the !1 and " directions are referred 
to as forward and lateral propagation, respectively. Following propaga- 
tion, a twin grows in thickness in the #1 normal direction [8–10] . Often, 
twins propagate further across GBs. These events are referred to as twin 
transmission (TT). The TT process may continue over several grains de- 
veloping long twin chains. TT increases the likelihood of instabilities 
like crack propagation and premature failure [11–13] . 

In principle, TT can occur in any direction contained in the twinning 
plane, and it is expected that most TT events will not be exactly in the 
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forward or lateral directions. Recent studies [14–17] suggest that, based 
on mobility and local twinning-induced internal stresses, (1) twin prop- 
agation is easier along the lateral direction than along the forward direc- 
tion, and (2) the propagation rate along any other direction is bounded 
by the forward and lateral directions. Thus, it is likely that TT propensity 
is bounded by limit cases corresponding to forward and lateral interac- 
tions of a twin domain with a grain boundary. These bounding cases 
are investigated here using phase-field simulations. Precisely, TT along 
the shear direction !1 (forward twin transmission, FTT) and along the 
" direction (lateral twin transmission, LTT) is simulated for various GB 
configurations. 

Naturally, it is necessary to comprehensively quantify, from a sta- 
tistical standpoint, the geometry of TT events and the probability of 
successful FTT and LTT in actual material systems. This is key to deter- 
mining whether preferential pathways for twin transmission exist as a 
function of the relative GB/twin geometry. To capture GB/Twin geom- 
etry effects, twins need to be characterized in 3D, which is challenging 
with current experimental tools. Only a few studies have attempted to 
reveal experimentally the 3D morphology of twins in HCP polycrystals 
[ 18 , 19 ]. These studies were able to reconstruct only a few twins, which 
is insufficient to derive any reliable statistical correlations. Instead, 2D 
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analysis of two or three specific orthogonal sections of a 3D volume can 
help in understanding the 3D characteristics of twins and their trans- 
mission [ 6 , 7 ]. For example, Liu et al. [7] statistically analyzed 3D twin 
morphologies and sizes using three different sample slices, while Wang 
et al. [ 20 , 21 ] have characterized the twin facets of 3D tensile and com- 
pressive twins in Mg and Ti, respectively. In this work, two different 
sections of a 3D microstructure are considered to explore the transmis- 
sion of tensile twins in Mg in the forward and lateral directions. 

TT processes are known to be strongly correlated with GB charac- 
teristics such as misorientation angle and axis. Studies of TT across GBs 
have predominantly considered only FTT or have disregarded the TT 
direction. TT has been studied in a variety of HCP metals, including 
magnesium and its alloys [22–30] , zirconium [27] , titanium and its al- 
loys [ 31 , 32 ], and rhenium [33] . The most common feature from all of 
these studies is that the TT frequency decreases with increasing misori- 
entation angle across GBs. To the best of our knowledge, the present 
study is the first characterizing TT in both forward, !1 , and lateral, ", 
directions. 

To address the points mentioned above, a combined phase-field mod- 
eling and Electron Back Scatter Diffraction (EBSD)-based statistical anal- 
ysis of twins is performed. In the phase-field model, the transmission 
of twins across GBs in the forward and lateral directions is explicitly 
simulated for a series of GB characteristics (misorientation angles and 
axes). Note that the considered GBs are symmetric tilt and twist bound- 
aries about special crystallographic axes. For the EBSD-based statistical 
analysis, strongly basal-textured commercial purity magnesium is com- 
pressed along the rolling direction (RD) to 1% strain to activate { 10 ̄1 2 } 
tensile twins. EBSD images are obtained from two different sections of 
the polycrystal and analyzed using an automated twinning analysis soft- 
ware, METIS [34] , to capture TT along directions close to the forward 
and the lateral ones. This combined study addresses the following key 
questions: (i) is TT more favorable along the forward or lateral direc- 
tion? (ii) what is the relationship between GB characteristics (misori- 
entation angle and axis) and the likelihood of FTT and LTT? Further, 
EBSD-based statistical analysis helps to answer the following questions: 
(iii) how often the considered special symmetric GBs are observed in the 
actual material? (iv) what is the probability of FTT and LTT events in 
the actual deformed microstructure? 

The paper is structured as follows. In Section 2 , the phase-field model 
is briefly described. Section 3 presents the initial material, microstruc- 
ture imaging, and statistical analysis. The phase-field model results and 
the key findings are presented in Sections 4.1 and 4.2 . EBSD-based sta- 
tistical analysis of TT events is presented in Section 4.3 . Finally, conclu- 
sions are summarized in Section 5 . 
2. Phase-field modeling 

A recently developed phase-field framework that simulates the 3D 
growth of an isolated twin domain is employed here [ 14 , 16 , 17 ]. In this 
model, the interfacial energies and mobilities of the facets that bound 
the twin domain are explicitly considered. Critically, the model was 
shown to be able to replicate the twin growth kinetics and anisotropy 
in excellent agreement with atomistic simulations [ 16 , 17 ]. For the sake 
of completeness, it is briefly summarized below. 

The non-conservative (i.e., Allen Cahn type) phase-field model is set 
on a regular Fourier grid with a spatial resolution of 0 . 401 %& to avoid 
numerical pinning. For every voxel, a phase variable, ', which quan- 
tifies the twin volume fraction in that voxel, is considered. A value of 
' = 0 indicates the voxel is purely matrix, and a value of ' = 1 indicates 
the voxel is purely twin. Any value in between indicates the voxel is part 
of the twin interface. To evolve the phase variable, the Helmholtz free 
energy ( is calculated. The latter consists of the following three compo- 
nents: the elastic strain energy ), the interfacial barrier energy * , and 
the interfacial gradient energy Γ. Together, the free energy is given by 
( = ∫ ∫ ∫+ ( ) + * + Γ) ,+ (1) 

Table 1 
Possible { 10 ̄1 2 } tensile twin domain facets and their interfacial energies 
[17] . 

The elastic strain energy ( ) = 1 2 - . ∶ / ∶ - . ) is a contraction of the lo- 
cal elastic strain, - . , and the local stiffness tensor /. The stiffness tensor 
is an interpolation of the twin and matrix tensors, respectively, based 
on the fractional value of ' at the voxel in question. Accordingly, the 
elastic strain and stiffness tensors are written as 
- . = - − ℎ ( ') - 12 and / = ( 1 − ℎ ( ') ) / 3 + ℎ ( ') / 12 (2) 

The interpolation function ℎ ( ') and its derivative ℎ ′( ') are given by, 
ℎ ( ') = '2 ( 3 − 2 ') 
ℎ ′( ') = 4ℎ 

4'
= 6 (' − '2 ) (3) 

The interfacial barrier and gradient energies, respectively, are given 
by 
* ( ') = 5 '2 ( 1 − ') 2 (4) 
Γ = 1 2 #|∇ '|2 (5) 

In Eq. (4) , the term 5 is an energy barrier height for a double-well 
potential with a value of 7 . 5 ⋅ 10 8 6∕ & 3 . In Eq. (5) , the coefficient # in- 
cludes dependence on ∇ ' to introduce an orientation-dependent inter- 
facial energy 7( ∇ ') through [17] 
# = 18 72 

5 (6) 
The interfacial energy for all possible { 10 ̄1 2 } twin domain facets are 

listed in Table 1 . The phase variable is evolved following the Allen-Cahn 
equation [35] 
,'
,1 = − 8 4( 

4'
(7) 

Where 8 is the facet mobility, which also includes a dependence 
on ∇ ' to introduce anisotropy of facet mobilities. The mobility can be 
made dependent on the average resolved shear stress along the direc- 
tion perpendicular to the facets and calibrated from molecular dynamics 
measurements of facet velocities for different applied stresses and tem- 
peratures [17] . The mobility is given as 
8 = √

5 9 
6 √2 √#:- (8) 

where 9 is the velocity of a facet for an applied shear stress : (both 
values can be obtained from molecular dynamics [39] ) and - = 0 . 065 is 
the magnitude of the twinning plastic shear strain. Note that the short- 
range interaction between the GB and twin tip is not considered here 
and thus the energy of the facets that bound the twin tip is the same 
before and after the interaction. Thus, one can only assess the effects of 
geometry and internal stress on twin transmission using this phase-field 
calculations. 
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3. Experiment 

A commercially pure, fully recrystallized rolled magnesium plate 
with a strong basal texture is used in this study. The c-axis of the grains 
are within approximately 30° of the plate normal direction. The initial 
undeformed microstructure consists of twin-free, equiaxed grains with 
an average grain size of 70 ;m. Compression samples with dimensions 
of 8 mm (ND) × 9 mm (TD) × 10 mm (RD) were cut from the rolled plate 
and compressed in RD to a total strain of 1% to activate { 10 ̄1 2 } tensile 
twins. Here, ND, TD, and RD denote the normal, transverse, and rolling 
directions of the magnesium plate. As mentioned in Section 1 , two dif- 
ferent slices were considered to capture twin transmission events in the 
forward and lateral directions. Accordingly, one cube was cut in half per- 
pendicularly to the TD such that the sampling plane contains both the 
ND and RD (compression direction), and it is referred to as Section 1 . Be- 
cause of the strong basal texture and RD compression tends to align the 
c-axis of twins along the RD, it is expected that a large fraction of twins in 
this section will be viewed close to the lateral direction ( ") of the { 10 ̄1 2 } 
tensile twins. Thus, we expect to capture more forward transmissions in 
the !1 direction, i.e., FTT events. The second cube was cut at approxi- 
mately 35° to the ND with the sectioning plane containing the TD, and 
this section is referred to as view-2. Due to the relative orientation of 
the loading direction orientation with respect to the initial strong basal 
texture, many twins in this section are viewed along a direction that is 
close to the twinning shear direction ( !1 ) of the twins, and thus allows 
the viewing of lateral twin transmissions in the " direction. The samples 
were prepared for EBSD by mechanically grinding and polishing to 1 ;m 
diamond in propylene glycol and then chemically polishing in 10% nitric 
and water for 10 s. The EBSD data was collected in an FEI XL30 FEG- 
SEM at 20 kV using a 1 ;m step size. The EBSD data was post-treated 
using the OIM Analysis software using a Neighbor CI Standardization 
with grain tolerance angle of 5° and minimum grain size of 1 pixel. This 
post-treatment is followed by a Neighbor CI Correlation clean-up with 
a minimum CI of 0.3. Together, these steps typically alter less than 1% 
of the data, and any scan where more than 10% of the data is altered is 
discarded. 
4. Results and discussion 
4.1. Phase-field modeling of twin transmission 

Following Section 2 , phase-field calculations are performed to un- 
derstand TT in the forward and lateral directions and capture its de- 
pendence on GB misorientation. To simulate the FTT and LTT events, 
the model setup is designed so that the normal to the GB interacting 
with the twin is parallel to either the twinning shear ( !1 ) or the lateral 
direction ( ") . Note that the potential emission of dislocations from the 
grain boundary is not taken into account such that the stress state at 
the tip of the twin will be grossly over-estimated. However, our previ- 
ous PF based studies [17] reveal that the model calculated stress fields 
are qualitatively similar to the experimental measurements [ 9 , 36–38 ] 
and also to model calculations where the plastic dissipation due to dis- 
location glide is accounted for [ 8 , 10 , 27 , 39 ]. Thus, we expect that the 
current PF model predicted twin transmission propensity results may 
not change if one considers the slip induced plastic dissipation at the 
twin tip. Further, as the local interaction between the twin tip and the 
grain boundary is unknown, the energy landscape is not modified at the 
grain boundary (i.e., the model does not account for the likely change 
in grain boundary energy as a twin facet is absorbed; this approxima- 
tion amounts to assuming null binding energy of a twin tip with a grain 
boundary). 

The orientation of the parent grain is chosen as ( <2 , atan = > , <2 ) in 
the Bunge convention, and the simulated twin variant is ( 10 ̄1 2 )[ ̄1 011 ] . 
= = 0 . 521 %& and > = 0 . 321 %& are the lattice parameters of HCP Mg. This 
particular combination of parent grain and the twin variant orienta- 
tions aligns the twin plane normal with the vertical direction. A set 

of neighboring grain orientations are selected to capture the relation- 
ship between TT and grain misorientation across the GB and will be 
discussed later. The size of the unit cell is 51.36 ×51.36 ×25.68 nm, and 
it is discretized into 128 × 128 × 64 voxels with the shortest dimension 
along the twinning plane normal direction. Initially, a ( 10 ̄1 2 )[ ̄1 011 ] ten- 
sile twin is placed at the center of the parent grain with a size of 9 . 63×
9.63 ×6.42 nm in the !1 - "- #1 directions. 

To demonstrate the transmission process, the phase-field simula- 
tions are first performed for a 25° misorientation with the GB bound- 
ary normal parallel to either the "- or !1 -directions of the primary 
twin. The model setup is shown in the first column of Fig. 1 . Accord- 
ing to twin crystallography, the grains’ misorientation axes along the 
"- and !1 -directions correspond, respectively, to tilt and twist type GBs 
for the forward interaction, and twist and tilt-type GBs for the lateral 
interaction. Phase-field calculations are performed at 300 K with an 
imposed simple-shear stress (varying from 850 MPa to 2 GPa) acting 
on the twin plane in the !1 -direction. This particular stress value is 
chosen to keep the simulated twin from detwinning under its internal 
stresses. Note that the resolved shear stress necessary to stabilize the 
twin is ∼825 MPa, and that this value may vary slightly with the grain 
boundary misorientation characteristics due to small but non-null image 
forces. 
4.2. Forward versus lateral transmission 

Under a constant 1 GPa imposed load, the initially placed twin do- 
main propagates along both forward and lateral directions and even- 
tually makes contact with the GB. The propagation is faster along the 
lateral direction compared to the forward direction. For example, the 
time taken to reach the GB in the forward direction for the 25°/tilt and 
25°/twist misorientation cases is 184 ns and 180 ns, respectively, see 
Fig. 1 (b) and (F). By comparison, in the lateral direction, it takes only 
72 ns and 68 ns for the same GB cases (see Fig. 1 (j) and (n)). As dis- 
cussed in [ 16 , 17 ], the observed differences in the twin propagation rate 
are associated with the inherent twinning shear-transformation-induced 
local stress field at the twin tip and the anisotropy in the mobility of the 
facets in the lateral and forward direction. The twinning-plane resolved 
shear stress at the twin tip in the forward and lateral directions, which 
drives the propagation of an isolated twin inside a single crystal, is ∼0.3 
and 1.17 GPa, respectively [17] . Thus, for the same imposed loading, 
twin propagation is more favorable in the lateral direction than in the 
forward direction. 

Upon further loading, the twin transmits across the GB. After contact 
with GB, the delay for the FTT across 25°/tilt and 25°/twist boundaries is 
12 and 8 ns, respectively. On the other hand, the delay for the LTT is only 
4 ns and 8 ns for the same GB cases (see the third column of Fig. 1 ). This 
delay could be due to the difference in the driving force for TT across 
the GB. The TRSS field within and around the twin domain is shown 
in Fig. 2 for all four cases. Here the TRSS is calculated by subtracting 
the imposed uniform shear ( ?imposed ) of 1 GPa from the model calculated 
twin-plane resolved shear stress ( ?!1 − #1 ). This gives the intrinsic twin- ning shear-induced local stress without having a contribution from the 
imposed load. The stress fields shown in Fig. 2 correspond to the stage 
of the twin that just touches the GB (second column of Fig. 1 ). Slice-1 in 
Fig. 2 is taken at the center of the 3D unit cell so that the primary twin 
propagation direction ( !1 or ") is within this slice. In contrast, slice-2 is 
taken at a voxel just right to the GB in the neighboring grain. This slice 
provides the available/effective driving force for TT. Fig. 2 clearly shows 
that the available driving stress for TT is much higher in the lateral di- 
rection compared to the forward direction. Thus, TT starts earlier in the 
lateral direction than in the forward direction. With continued loading, 
the transmitted twin propagates into the grain and adopts a complex 
3D morphology, which is shown in the last column of Fig. 1 . It clearly 
shows the effect of twist versus tilt misorientation axis and transmission 
direction on twin morphology, which requires detailed characterization. 
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Fig. 1. Phase-field model calculations of twin transmission in the forward (top two rows) and lateral (bottom two rows) directions across 25° misorientation angle 
GB with two different misorientation axis: "- and !1 -directions of the simulated twin. Crystal orientations of the parent (in black) and neighboring grain (in red) are 
represented using the twin frame. The first, second, third, and fourth columns correspond to the initial configuration, when the twin touches the GB, the twin starts 
transmitting across the GB, and the transmitted twin propagates into the grain, respectively. Corresponding times for all of these stages are indicated in the frames. 

Fig. 2. Phase-field model predicted TRSS field (in MPa) when twin touches the GB. (a) The schematic depicts the location where the slices were taken. The top 
and bottom row shows the TRSS field from slice-1 and slice-2, respectively. Here the TRSS is calculated by subtracting the imposed shear, ?imposed , from the model 
calculated twin-plane resolved shear stress, ?!1 − #1 . 
4.3. Transmitted twin morphology 

To understand the morphology of the transmitted twin, 2D sections 
of the 3D simulation cell are plotted in Fig. 3 . Similar to Fig. 1 , the 
four columns of Fig. 3 correspond to different simulation stages: initial 

configuration, when the twin touches and crosses the GB, and further 
propagation into the neighboring grain. Again, the top and bottom two 
blocks correspond to FTT and LTT, respectively. The first row of the top 
and bottom two blocks show the twin morphology when viewed along 
the " and !1 directions, respectively. The second rows of each block 
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Fig. 3. Phase-field calculations predicted twin morphology at different stages of the FTT and LTT simulations for two different misorientation cases. The cases 
considered here is the same as the one shown in Fig. 1 . 
show the twin morphology in slice A-A, which is marked in Fig. 3 . Slice 
A-A is taken at different positions for different stages of the simulation. 
In the first column, slice A-A is taken at the center of the left side grain 
to show the initial twin morphology in the forward or lateral directions. 
In the second column, the slice A-A is taken at a voxel just to the left of 
the GB to show how the twin makes contact with the GBs. Slice A-A in 
the third column is taken at a voxel just to the right of the GB to show 
how the twin is transmitting into the neighboring grain. Slice A-A in the 
last column is taken at a distance of 1.065 nm from the GB (i.e., fifth 
voxels from the GB) to see the transmitted twin morphology inside the 
neighboring grain. 

As mentioned before, the starting ellipsoidal twin is slightly shorter 
in the #1 direction. For both misorientation cases, a long CTB is formed 
before the twin touches the GB in the forward direction, but not so in 
the lateral direction. This can be explained by the differences in the 
propagation rate in the forward and lateral directions. For fixed stress 
and temperature, the time required by a twin to reach the GB in the for- 
ward direction is almost three times that in the lateral direction, which 
gives sufficient time to propagate along the slower #1 direction. Interest- 
ingly, when the twin touches the GB, the contact region is significantly 

larger for the forward interaction than the lateral one for tilt and twist 
misorientation cases (see the second column of Fig. 3 ). This is due to 
the fact that the twin propagates more easily along the lateral direction 
than the forward direction. Further, the long dimension of the contact 
region for the forward and lateral direction cases aligns with the " and 
!1 directions, respectively. 

Now, the morphology of the transmitted twin is discussed. Similar 
to the primary twin, the propagation of the transmitted twin into the 
neighboring grain in the forward direction is relatively slow compared 
to the lateral direction. The propagation of the transmitted twin is con- 
fined to its crystallographic directions for the LTT, but not for the FTT, 
something which can be readily seen from the third and fourth columns 
of Fig. 3 . Precisely, in the case of FTT, the transmitted twin propagation 
direction is not aligned with its !1 direction and the long dimension of 
the twin is not aligned with its " or !1 directions. Rather, the morphology 
of this twin looks like an extension of the initial twin-GB contact region, 
i.e., the twin just punches straight into the neighboring grain. On the 
other hand, in the case of LTT, the transmitted twin propagation direc- 
tion for both misorientation cases aligns with the " direction. Also, the 
long dimensions of the twin align with its " and !1 directions. Further, 
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Fig. 4. Phase-field model predicted twin transmissibility in the forward and lateral directions at 300 K for different misorientation axes and angles. For every 
misorientation angle, each solid point on the pole figure represents a misorientation axis of a GB for which the twin transmission occurs. Whereas the empty points 
correspond to the cases where twins do not transmit across the GB. The color scheme for the filled points shows the minimum stress required for twin transmission 
to occur. The top row shows the forward transmission, while the bottom row shows the lateral transmission. 
note that the morphology of the primary twin is changed upon trans- 
mission in the case of FTT, not in the case of LTT. From these results, 
one could postulate that, prior to adopting a morphology conforming 
to the crystallography of the transmitted twin domain, the transmitted 
twin propagation/growth follows its crystallography in the case of LTT, 
whereas, for the FTT case, the transmitted twin could punch straight 
through the GB, and its morphology follows the initial twin and GB 
contact region. 
4.4. Effect of GB characteristics (misorientation angle and axis) 

To compare the twin transmissibility in the forward and lateral di- 
rections, we have repeated the calculations for different combinations 
of misorientation angles and axes. To accomplish this, a total of 102 
configurations were considered across a wider range of misorientation 
axes and angles for both forward and lateral directions. Specifically, 17 
different misorientation axes were selected to cover the misorientation 
space for each misorientation angle of 5 ◦, 25 ◦ and 45 ◦. Here, misorien- 
tation angles only up to 45° were considered. only where twin transmis- 
sion co-exists with the slip transmissions. The reason is that our previ- 
ous atomistic calculations [16] reveal that for misorientation angles be- 
low 45° twin transmission co-exists with slip transmissions, while above 
45° twin-GB interaction is accommodated mostly by the nucleation and 
emission of slip dislocations in the neighboring grain, rather than twin 
transmission. Since, the plasticity due to the slip dislocations is not con- 
sidered in the model, twin transmission simulations are performed only 
up to 45° misorientation. To quantify the minimum stress required for 
twin transmission to occur, PF simulations were performed for the fol- 
lowing imposed stresses (MPa): 825, 855, 900, 950, 1000, 1250, 1500, 
1750 and 2000. 

The simulated configurations and predicted twin transmissibility for 
both forward and lateral directions are plotted in the !1 − " − @ 1 space 
of the twin for different misorientation angles in Fig. 4 . Each point in 
Fig. 4 corresponds to a considered misorientation axis. The selected 17 
misorientation axes cover the misorientation space and include the spe- 
cial cases of misorientation about !1 , ", or #1 . The misorientation about 
!1 gives twist and tilt GBs for the forward and lateral transmissions, re- 
spectively. The misorientation about " corresponds to tilt and twist GBs 
for the forward and lateral transmissions, respectively. The empty and 
filled circles correspond to scenarios where the twin touches the GB but 
does not transmit and where the twin transmits, respectively. The color 
scheme for the filled symbols provides the minimum stress required for 

twin transmission to occur. These predictions reveal the following: (i) 
for both forward and lateral directions, the stress required for twin trans- 
mission increases with misorientation angle. In other words, twin trans- 
mission propensity decreases with increasing misorientation angle. (ii) 
TT is favorable in the lateral direction compared to the forward direc- 
tion; (iii) both FTT and LTT are less likely for misorientation axes closer 
to the "-direction. 
4.5. EBSD based statistical analysis 

The simulation results presented in the previous sections provide the 
propensity of TT for the bounding cases of forward and lateral trans- 
mission as a function of the misorientation angle and axis between the 
neighboring grains. In this section, using EBSD-based statistical analy- 
sis of the deformed microstructure, the probability of developing these 
bounding TT events and their dependency on GB characteristics are an- 
alyzed. As mentioned in Section 3 , two different sections are considered 
for EBSD imaging to capture TT events in different directions. Fig. 5 
shows representative EBSD images from both sections. TT events are 
observed in both sections, and a few TTs are marked by black arrows. 
To correlate TT events with microstructural features, a large number 
of grains and twins need to be analyzed. Thus, a total of twelve and 
eleven distinct scans were acquired, giving combined scan areas of 8.99 
and 11.62 mm 2 for sections-1 and 2, respectively. The collected EBSD 
scans were analyzed using the automated EBSD-based twinning software 
METIS to develop statistical correlations [34] . By combining EBSD im- 
ages from both sections, we have analyzed a total of 3437 grains and 
7222 twins. In the analysis, grains with areas less than 4 µm 2 are disre- 
garded. The 7213 { 10 ̄1 2 } tensile twins occupy an area fraction of 7.42% 
of the total EBSD microstructure. From the postmortem analysis of de- 
formed microstructures, it is challenging to distinguish TT across the 
GBs from simultaneously (co-) nucleated twins at a common GB emitted 
into both grains. For the sake of simplicity, twins connected at a com- 
mon GB are associated with a TT event in this work. From the statistical 
analysis, a total of 1708 adjoining twin pairs (ATPs) was observed in 
the collected EBSD images. 

Before analyzing the TT process in the forward and lateral direc- 
tions, twin-GB interactions are classified based on the direction in which 
they interact with the GBs. In this work, a twin is classified as forward 
twin (FT) if it’s twinning shear direction, !1 , is interacting with the GB, 
whereas twin is classified as lateral twin (LT) if it’s lateral direction, ", 
is interacting with the GB. In other words, a twin is labeled as a FT if it’s 
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Fig. 5. A sample EBSD image of (a) a section containing RD and ND (section-1), and (b) a section with a normal at ∼35° to the ND, and containing TD (section-2). 
Several twin transmissions on both sections can be seen, and a few are marked by black arrows. 

Fig. 6. Twin-GB interactions are classified as forward (FT), lateral (LT) and intermediate (IT) based on the EBSD slice viewing direction. For FT, ̂9" < ', whereas for 
LT, 9̂ !1 < '. Otherwise, twins are termed as IT. Here ' is the threshold angle, and it is set to be 10 ◦. (a) Schematic representation of a forward twin-GB interaction. 
(b) Distribution of twin viewing direction ( 9 ) in the !1 - "- #1 space for all the twins. Based on this classification, out of 7213 twins, a total of 485, 277 and 6451 twins 
are identified as FT, LT, and IT, respectively. 
"-direction is close to the EBSD image viewing direction, 9 . Similarly, 
a twin will be deemed a LT if it’s !1 direction is close to the viewing 
direction, 9 . Accordingly, for FT, ̂9" < ', whereas for LT, 9̂ !1 < '. Here 
' is the threshold angle. Fig. 6 (a) shows a schematic representation of 
twin-GB interactions along with the EBSD slice viewing direction. In this 
schematic the twin is interacting with the GB along its shear direction 
and thus it is referred to as FT. If a twin does not fall into one of these 
two cases, it is referred to as an intermediate direction twin (IT). In this 
work, thousands of twins are analyzed, and thus, it is anticipated that 
this approach provides reliable statistical information for TT propensity 
in the forward and lateral directions. Note, however, that a twin makes 
contact with GBs in all possible directions contained in the twinning 
plane. In this work, the threshold angle is set to be '= 10° Accordingly, 
out of 7213 twins, 485 (6.7%), 277 (3.8%) and 6451 (89.4%) twins are 
identified as FT, LT and IT, respectively, and listed in Table 2 . Fig. 6 (b) 
shows these classified twins in the !1 - "- #1 space. As expected, based on 
the number fraction of FT or LT configurations, this analysis reveals that 
most of the twin-GB interactions are not purely forward or lateral. Also, 
note that the high number of points near the "-direction is a natural 
consequence of the selected slicing geometries. That is, for the section- 
1, the viewing directions tend to cluster around "; and for the section-2, 
the viewing directions tend to cluster around !1 and #1 . 

Table 2 
Statistical information of twins and their transmissions based on the viewing 
direction. Twin are classified as forward (FT), lateral (LT), and intermediate 
(IT) twins with a threshold angle of ' = 10 B . ATPs are categorized as forward 
twin transmission (FTT), lateral twin transmission (LTT) and intermediate twin 
transmission (ITT). 
Features Number of data points 
Total number of grains 3437 
Number of twinned grains 1697 
Total number of twins 7213 
Number 
of FT 485 (6.7%) 

LT 277 (3.8%) 
IT 6451 (89.44%) 

Total number of ATPs 1708 
Number 
of FTT 121.5 (7.1%) 

LTT 90.5 (5.3%) 
ITT 1496 (87.6%) 

From these three twin-GB interactions (FT, LT, and IT), nine different 
TT configurations can be formed, such as FT to FT, FT to LT, FT to IT, LT 
to FT, LT to LT, LT to IT, IT to FT, IT to LT and IT to IT. From the post- 
mortem EBSD images, it is not possible to identify the TT sequence. For 
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Fig. 7. Statistical distribution of twin-contacted GBs, and GBs with ATPs in the (a) forward and (b) lateral direction. White bars: GBs with either terminated or 
transmitted twins; blue bars: GBs with transmitted twins. (c) Twin transmission propensity (fraction of GBs with ATPs/ fraction of twin contacted GBs with twins) 
as a function of GB misorientation angle for both forward and lateral directions. The total number of FTs and LTs are 485 and 277, respectively. Similarly, the total 
number of FTTs and LTTs are 121.5 and 90.5, respectively. 
example, an FT-LT configuration may be formed either by transmitting 
FT to LT or LT to FT. Thus, this ATP is assigned to both, forward and lat- 
eral twin transmission configurations, and will be counted as 0.5TT for 
both forward and lateral directions. Following this approach, ATPs are 
classified into three categories: forward twin transmission (FTT), lateral 
twin transmission (LTT) and intermediate twin transmission (ITT). The 
number of ATPs of different types is quantified and listed in Table 2 . 
The possibility of FTT and LTT configurations is much less likely com- 
pared to ITT. For example, out of 1708 ATPs, only 121.5 (7.1%) and 
90.5 (5.3%) ATPs are of FTT and LTT types. The remaining 87.6% of TT 
events occurs in directions not close to the forward or lateral directions. 

Next, the effect of neighboring grains’ misorientation angle on the 
forward and lateral transmission is analyzed. Fig. 7 shows the observed 
statistical correlation between misorientation angle across the GB and 
the likelihood of TT. Fig. 7 (a) and (b) correspond to the statistical dis- 
tribution for forward and lateral directions, respectively. The white and 
blue bars represent the number fraction of GBs with either terminated 
twins or ATPs, and the number fraction of GBs with ATPs, respectively. 
Fig. 7(c) shows the twinning propensity, which is defined as the frac- 
tion between the number of GBs with ATPs and the number of GBs with 
either terminated twins or ATPs. Fig. 7(c) shows the twinning propen- 
sity for both the forward and lateral directions. The number of ATPs 
beyond 45° is small, particularly for the lateral direction. Thus, we only 
consider the statistical correlations up to 45° Fig. 7(c) suggests that the 
propensity for TT decreases with increasing misorientation angle at the 

GBs for the lateral directions, which supports the model predictions pre- 
sented in Fig. 4 . Such a clear correlation is not observed for the forward 
direction. Further, the twinning propensity is higher for the lateral side 
compared to the forward side, which also supports the model findings 
on the twin transmission bias. 

The effect of misorientation axis between the grains on twin trans- 
mission is analyzed here. In Fig. 8 , using stereographic projections, the 
GB misorientation axis is plotted in the local twin frame, η1 - λ- κ1 . This 
convention shows how the misorientation axis between the neighbor- 
ing grains is oriented relative to the twin frame. For instance, a data 
point closer to the κ1 coordinate represents the neighboring grains are 
misoriented by a rotation around the twin’s κ1 plane normal. This rep- 
resentation is exactly the same as the one used in Fig. 4 . In Fig. 8 , the 
left and right columns correspond to the forward and lateral TT, respec- 
tively. Misorientation axes are grouped in 10° GB misorientation angle 
intervals. The number of available data points for misorientation angles 
greater than 50° is small and so all the data points are plotted together. 
In Fig. 8 , termination events are shown with empty circles, while trans- 
mission events are shown with filled circles. Note that a transmission 
event will appear twice in these maps: once for the initial and once 
for the transmitted twin. Fig. 8 suggest that those twins do not seem 
to require special/ideal misorientation axes for transmission to occur. 
Furthermore, Fig. 8 reveals that the possibility of having GBs misorien- 
tation axes aligned with the twin axes η1 - λ- κ1 , which represent pure tilt 
or pure twist grain misorientation conditions, is practically null. Thus, 
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Fig. 8. Distribution of GB misorientation axis in the !1 - "- #1 
space for misorientation angles, C, ranges of: [0°, 10°], [10°,20°], 
[20°,30°], [30°,40°], [40°,50°], and > 50°. The left and right 
columns correspond to forward and lateral twin-GB interactions, 
respectively. Empty circles: GBs with either terminated or trans- 
mitted twins; Filled circles (they superpose to the empty circles): 
GBs with twin transmission. 

the conclusions derived from numerical simulations of such special and 
simpler configurations may not be representative of the actual deformed 
microstructure. However, the model calculations presented in this work 
with special GBs and simpler configurations help to understand and 
quantify the intrinsic bias in twin transmission between the bounding 
cases, i.e., forward and lateral directions. 
5. Summary 

In this work, a combined phase-field modeling and EBSD-based sta- 
tistical analysis is performed to investigate twin transmission in Mg. 
The phase-field model reveals that twin transmission along the lateral 
direction is more favorable than along the forward direction, partic- 
ularly as the misorientation angle increases. TT propensity decreases 
with increasing GB misorientation angle for both the forward and lateral 
directions. At the onset of transmission, the transmitted twin propaga- 
tion/growth follows its crystallography in the case of lateral transmis- 
sion, whereas, for the forward transmission case, the transmitted twin 
morphology nearly follows the initial twin-GB contact region, not its 
crystallography. Twin transmission seems harder across GBs with mis- 
orientation axes closer to the twin "-direction compared to the other di- 
rections ( #1 and !1 ). EBSD based statistical analysis finds that the twin 
transmission along the forward and lateral directions statistically occurs 
less compared to directions between them. The probability of having 
pure tilt or twist GBs in the actual material is almost null. Thus, the 
commonly considered simple symmetric GB configurations for the nu- 
merical simulations may not be representative. Further, EBSD results 
do not reveal any preference on the misorientation axis between the 
grains for twin transmission to occur. Similar to the phase-field model, 

the EBSD-based analysis shows that the twin transmissibility decreases 
with GB misorientation angle and it is relatively harder for the forward 
direction compared to the lateral direction. In practice thought these 
configurations represent less than 10 percent of observed transmission 
events. 
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