
Available online at www.sciencedirect.com 

Journal of Magnesium and Alloys 11 (2023) 1556–1566 
www.elsevier.com/locate/jma 

Full Length Article 

Deformation behaviour of magnesium bicrystals with symmetrical 90 °
< 11 ̄2 0> tilt grain boundaries analysed by large area EBSD mapping 

Kevin Bissa 

a , ∗, Talal Al-Samman 

a , Dmitri A. Molodov 

a , b 

a Institute of Physical Metallurgy and Materials Physics, RWTH Aachen University, 52056, Aachen, Germany 
b International Research Organization for Advanced Science and Technology (IROAST), Kumamoto University, Kumamoto 860-8555, Japan 

Received 30 November 2022; received in revised form 6 February 2023; accepted 24 March 2023 
Available online 24 April 2023 

Abstract 

Grain boundaries play a significant role in the deformation of polycrystals. Their response to deformation is however not completely 
understood, particularly with respect to how they accommodate lattice rotation of adjoining crystallites by changing their structure and 
geometry. The current study thus investigates the deformation behaviour of Mg bicrystals with 90 ° < 11 ̄2 0˃ symmetric tilt boundary strained 
in plane-strain compression up to different final strains. Due to the initial soft orientation of the two crystals, activation of basal slip in 
each crystal gave rise to lattice rotation around the transverse direction towards the compression direction of the channel-die. Hundreds of 
single EBSD maps with a small step size were obtained from the GB region and stitched together to produce large panoramic maps of a 
macroscopic scale. Although very time-consuming, this technique has proven useful in clarifying the origin of the non-uniform deformation 
zones in the vicinity of the grain boundary and explains the mechanisms, by which the grain boundary was able to cope with the imposed 
strain before fracture. Interestingly, several variants of extension twins were observed as an additional deformation mechanism despite having 
negative Schmid factors. Systematic investigation of their resulting combined shear components with respect to the sample coordinate system 

revealed an alignment along the longitudinal direction of the channel-die, therefore justifying their nucleation. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium, being the lightest structural metal, has a very
igh potential for use in automobile structural applications
hrough reducing vehicle weight, which consequently leads
o a lower carbon footprint. However, low room temperature
uctility of conventional wrought Mg alloys currently im-
edes their wide use industrial application [1 , 2] . To improve
he formability of Mg alloys, it is therefore crucial to fully
nderstand their deformation behaviour in terms of strain ac-
ommodation capacities in grain interiors and in the vicinity
f grain boundaries (GB). Fundamental deformation studies
Abbreviations: Magnesium, (Mg). 
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n magnesium single crystals carried out in the past inves-
igated the activation of different slip and twin systems as a
unction of crystal orientation and loading condition [3–12] .
enerally, basal slip is the only slip system that can be easily

ctivated at room temperature. The resulting simple shear is
ccompanied by a lattice rotation where the c-axis rotated to-
ards the compression direction (CD). In other cases, where
asal slip is geometrically restricted, extension and contrac-
ion twins are formed during deformation, which can occur
espite a negative Schmid factor (SF). In that case, such twins
re referred to as anomalous twins [8 , 13-15] . 

Unlike single crystals, research studies on Mg bicrystals
ave received less attention, likely because it is more diffi-
ult to fabricate bicrystals with specific grain boundary ge-
metry. Schreiber et al. [16] analysed the deformation be-
aviour of a 90 ° < 10 ̄1 0˃ symmetric tilt grain boundary in
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Fig. 1. (0002) and {1120} pole figures depicting the initial grain orientations of the bicrystalline sample (a) mounted in a channel-die device for plane-strain 
compression (b). The position of the grain boundary is indicated by the adjoining grains coloured in red (grain 1) and green (grain 2). 
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r  
 pure Mg tricrystal deformed in plain strain compression
PSC) using a channel-die. The investigated grains were ori-
nted for easy basal slip, i.e. with their c-axes at ±45 ° from
he CD. The authors were interested in how the grain bound-
ry would account for the lattice rotation of the adjoining
rains undergoing basal slip during deformation. Similar to
he case of a single crystal, the authors reported that with
ncreasing strain the lattice in both grains rotated around
he < 10 ̄1 0˃ axis in opposite directions with respect to the
oundary. The change of boundary misorientation during de-
ormation was explained by interaction of gliding basal dis-
ocations with the GB leading to gradual annihilation of the
B structural units. The authors also reported that at higher

trains, the strain-induced lattice rotation becomes less ho-
ogenous. In addition, low angle boundaries were observed

o form near the original boundary, which were able to ac-
ommodate additional local plasticity, where a lattice curva-
ure of ∼0.005 °/ μm was observed over a distance of few

illimetres. 
The appearance of a lattice curvature near the grain bound-

ry as a result of non-uniform deformation and subsequent in-
ergranular fracture were investigated in different bicrystalline
ystems in aluminium [17 , 18] and zinc [19] . As in magne-
ium and due to the presence of the GB, a non-uniform de-
ormation zone is formed in the vicinity of the GB leading
o a lattice curvature on both sides of the boundary. This
emonstrates the capability of grain boundaries to accom-
odate lattice rotation of adjoining crystallites up to certain

trains without fracture by changing their structure and geom-
try. This process remains elusive, as the details of how the
nitial grain boundary character changes during deformation
re still largely unknown. Nevertheless, simulation models,
uch as the grain fragmentation model [20] already assume,
hat the slip induced lattice rotation of the grain interior leads
o a lattice curvature in the vicinity of the GB. The focus
f the present work is thus to shed light on the deformation
ehaviour of Mg bicrystals with 90 ° < 11 ̄2 0˃ tilt grain bound-
ry, explain the mechanisms, by which the grain boundary is
ble to account for the imposed strain before fracture and
o improve the understanding of the formation of a lattice
urvature in GB region. 

. Experimental 

The pure magnesium ( > 99.95% purity) monocrystalline
eeds, used for the growth of the bicrystals investigated in
his work, were aligned with their c-axes at ±45 ° around
he < 11 ̄2 0˃ axis, which was parallel to the transverse direc-
ion (TD) of the channel-die ( Fig. 1 ). The growth process
as carried in a stainless-steel mould covered with graphite

oating using the vertical Bridgeman technique. PSC rectan-
ular samples with dimensions of 14 mm x 10 mm x 6 mm
ere cut out of the fabricated bicrystal using electrical dis-

harge machining. The orientation of the seeds and that of the
abricated bicrystal was determined by the Laue technique.
ig. 1 a shows the initial grain orientations (270 °, 45 °, 90 °)
nd (90 °, 45 °, 90 °) (Bunge convention) in the undeformed
icrystal with a 90 °< 11 ̄2 0˃ tilt boundary, whereas the posi-
ion of the boundary with respect to the deformation geometry
s shown in Fig. 1 b. 

Multiple bicrystalline specimens were deformed in PSC at
mbient temperature and a constant strain rate of 10 

−3 s −1 up
o selected strains of 5%, 15%, 30% and 40%. Deformation
n the channel-die was confined to the CD and LD directions,
hereas TD was the constraint direction. Frictional resistance

mposed by the die walls was minimized by boron nitride
erving as a lubricant. Automated data acquisition software
ollected the force and displacement data during the defor-
ation tests. For microstructure investigations, the CD-LD
id-plane of the deformed specimens was subjected to met-

llographic preparation consisting of mechanical grinding and
olishing with diamond suspensions along with final electro-
olishing in a 5:3 ethanol and phosphoric acid electrolyte
t 2 V. Microstructure characterization was done by optical
icroscopy and electron backscatter diffraction (EBSD). To

btain a macroscopic view of the deformed microstructure at
ifferent strains, panoramic EBSD mapping over a large rep-
esentative area was employed by measuring and stitching of
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Fig. 2. (a) Flow curve of the 40% deformed bicrystalline sample at room temperature and ˙ ε = 10 −3 s −1 . (b) Optical microstructures of the entire CD-LD 

mid-plane of the 15% (top) and 40% (bottom) deformed samples. Note the drastic shape change of the sample at −0.4 strain due to shear of both crystallites 
by basal slip and corresponding rigid body rotation due to the imposed plane-strain fixture. 

Fig. 3. Panorama EBSD map of the outlined area of the 15% strained sample shown in Fig. 2 b represented in terms of inverse pole figure (IPF) colouring (a) 
and basal pole tilt distribution with respect to CD (b). In the latter map the initial orientation of � = 45 ° was taken as a reference. The orientation profiles 
of the measured line scans in (b) at different positions of the sample (GB → grain 2 interior) are plotted in (c). 
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00 individual maps on average using step sizes of 3–4 μm.
nalysis of the EBSD data was carried out using the MAT-
AB toolbox MTEX [21] . 

. Results 

.1. Mechanical behaviour 

Fig. 2 a shows the flow curve of the sample deformed at
he highest strain ɛ t = −0.4. The initial portion of the stress-
train curve up to a true strain of −0.02 is likely attributed to
urface asperities and imperfect lateral constraint due to mi-
or misalignment of the specimen with respect to the loading
irection. The flow curve after that depicted strain hardening
f basal slip systems that rose more steeply at ɛ t ∼ −0.15. At
 true strain of approximately −0.28 the stress-strain curve
howed a small region of decreased work hardening resulting
rom the cracking of the sample, followed by a rapid increase
f stress up to 47 MPa just before the test was terminated at
 t = −0.4. 

The deformed microstructures of the 15% and 40%
trained specimens are shown in Fig. 2 b in terms of opti-
al micrographs of the whole CD-LD mid-plane. The out-
ined areas (yellow rectangle) indicate the mapped regions
y means of panoramic EBSD covering several square mil-
imetres of the deformed bicrystalline samples (cf. Figs. 3 –5 ).
he smaller outlined area (red rectangle) in the higher de-

ormed sample indicates another region of interest shown in
ig. 6 . As shown by the optical micrographs, the GB at 15%
train remained intact, whereas at 40% it revealed a cavity of
1.4 mm along the CD, evident in the upper region of the

eformed sample ( Fig. 2 b). Noteworthy at the higher strain
s the drastic macroscopic shape change of the PSC sample
t both ends, which can be expected from shear due to basal
lip in conjunction with rigid body rotation imposed by the
SC constraint [15] . 
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Fig. 4. Panorama EBSD map of the outlined area in grain 2 of the 40% strained sample shown in Fig. 2 b represented in terms of IPF colouring with respect 
to TD (a) and basal pole tilt distribution with respect to CD (b). In the latter map the initial orientation of � = 45 ° was taken as a reference. The orientation 
profiles of the measured line scans in (b) at different positions of the sample (GB → grain 2 interior) are plotted in (c). The unit cells illustrate the position 
of the basal plane with respect to the loading axis at different LD locations from the boundary. 

Fig. 5. Panorama EBSD map of the outlined yellow area in grain 1 of the 40% strained sample shown in Fig. 2 b represented in terms of IPF colouring with 
respect to TD (a) and basal pole tilt distribution with respect to CD (b). (c) Optical micrograph of the outlined area of interest in (a) depicting a dynamically 
recrystallized twin band at ambient temperature. (d) Basal and prismatic scatter pole figures of the IPF map in (a) revealing the positions of basal poles after 
twinning and the shared < 1120 > rotation axis. (e) Optical micrograph of the outlined area of interest in (b) depicting intersecting extension twins of different 
variants TV1 and TV2 near the boundary. 
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.2. Microstructure evolution at early stages of deformation 

 ε= −0.15) 

The macroscopic nature of the investigated bicrystalline
amples necessitates orientation analyses of large represen-
ative areas that can reveal information on how the grain
oundary and the adjacent bulk are evolving with deforma-
ion. Fig. 3 shows a panoramic EBSD map of a total sampled
rea of ∼ 4 mm × 5 mm that corresponds to the outlined re-
ion in Fig. 2 b of the 15% strained sample. As evident from
he IPF map in Fig. 3 a, the 〈 11 ̄2 0 〉 axis of grain 2 remained
losely aligned with the TD of the channel die. This indicates
hat the orientation gradients shown in Fig. 3 b arise from dif-
erent lattice rotations around the 〈 11 ̄2 0 〉 axis caused by basal
lip. Taking the initial orientation of the undeformed sample
s a reference ( � = 45 °), the tilt angle of the basal plane �
evealed considerable changes ranging from 5 ° (dark blue) to
0 ° (dark red). In the vicinity of the boundary the tilt angle
etween the c-axis and the compression axis was ∼ 30 ° on
verage, as compared to ∼35 ° at a distance of 4 mm away
rom the GB. As a result of lattice rotation in both grains,
he boundary misorientation after straining of 15% dropped
o ∼65 ° ( Fig. 3 c). It is noted that the amount of lattice ro-
ation in the sampled CD-LD region was not homogeneous.
s seen by the orientation profiles, the top part of the de-

ormed sample depicted more or less a steady profile over
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Fig. 6. Optical micrograph (a) and local EBSD � and IPF maps (b, c) of the outlined red area in grain 1 of the 40% strained sample shown in Fig. 2 b. (d) 
Basal and prismatic scatter pole figures of the IPF map in (c) revealing the positions of basal poles of the twin pairs 3 & 4 and the shared 〈 11 ̄2 0 〉 rotation 
axis. The dotted lines in the �-map mark bands with local gradients in the lattice orientation, in which twin pairs of variants 3 & 4 were seen to form. 
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he measured length of 4 mm along the longitudinal direction
D. By contract, the middle and bottom parts of the sam-
le revealed noticeable transitions in their orientation profiles
mounting to ∼5 ° located at 1.8 mm μm and 0.15 mm from
he GB, respectively. Additionally, a low angle boundary was
lso detected, which was indicated by abrupt jumps of ∼2 ° in
he orientation profile in the bottom and middle parts of the
ap. 

.3. Microstructure evolution at advanced stages of 
eformation ( ε= −0.4) 

A comparable matrix deformation behaviour regarding the
ormation of a heterogeneous deformation zone in the vicin-
ty of the GB and associated lattice rotation was observed in
he higher deformed sample at 40%. However, at this stage
f deformation, the sample failed from its top part at the GB
esulting in a cavity (cf. Figs. 2 b and 4 a). Additionally, the
atrix revealed several extension twin bands of different vari-

nts that were not yet visible at low strains. Some of these
win bands (particularly the ones closer to the GB) were bent
ollowing the pattern of lattice curvature generated in the de-
ormation zone close to the boundary. In grain 2 ( Fig. 4 ),
he matrix far away from the GB exhibited a similar degree
f rotation to the one seen at 15% deformation ( � ∼ 32 

◦),
uggesting that the bulk behaviour is not strongly impacted by
he increase of deformation. By contrast, the material within
00 μm from the boundary demonstrated substantial rota-
ions of the basal plane from an initial � = 45 ° to � <

10 ° seen mostly in the top and middle part of the sample
 Fig. 4 b and c). 

The matrix in grain 1 of the 40% deformed sample showed
imilar microstructural features to the ones seen in the neigh-
ouring grain 2, particularly with respect to the characteristic
onical shape of the deformation zone along the loading axis.
ear the GB, the basal plane was almost perpendicular to the
oading axis, which can be seen in Fig. 5 b by a tilt angle
istribution below 5 ° (red regions) and in Fig. 5 d by the pro-
ortion of basal poles populating the (0002) pole figure near
D. The { 11 ̄2 0} pole figure showed that the < 11 ̄2 0˃ rotation
xis of the lattice rotation was still very close to the TD. In
ddition to the orientation gradients in the matrix, the EBSD
ole figures in Fig. 5 d also show new orientations resulting
rom { 10 ̄1 2 } extension twinning. At a distant of ∼ 1500 μm
rom the boundary one dynamically recrystallized twin was
vident ( Fig. 5 c). Fig. 5 e shows an example of these twins
twin variants 1 and 2) forming at / near the grain boundary.

ith respect to the matrix, twin variant 1 and 2 have ± 86 °
isorientation angles to the parent grain matrix and share a

ommon < 11 ̄2 0˃ rotation axis (cf. Fig. 5 d). 
In addition to the aforementioned twins, multiple other ex-

ension twins of much smaller sizes were observed in the red
utlined area within grain 1 (cf. Fig. 2 b). The formation of
hese twins and the local environment were investigated on a

icrometre scale by means of EBSD maps shown in Fig. 6 .
he optical micrograph in Fig. 6 a shows that the twins formed

n pairs of two variants (3 & 4). The �-map in Fig. 6 b (lim-
ted to 15 ° < � < 30 °) clearly demonstrates that the twin
airs were formed within bands (or stripes) of local orienta-
ion gradients (e.g. B). These bands were a clear indication
f the existence of additional microstructural heterogeneity at
maller scales. The tilt angle of the c -axis in these bands re-
ealed orientation gradients in the range of 5 °–10 °, with some
ands exhibiting smaller lattice rotations (e.g. A) than others
e.g. C). Interestingly, the amount of lattice rotation / strain
ccommodation in the band comprising the twins seemed to
ecrease / relax in comparison to direct neighbouring areas
f adjacent bands with no twins. In addition, the tips of some
wins (black arrows in Fig. 6 b) were associated with nar-
ow segments perpendicular to the band alignment, character-
zed by a larger degree of lattice rotation. The pole figures
n Fig. 6 d reveal that the twin variants 3 and 4 had a differ-
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Fig. 7. Schematic illustration of the interaction of basal slip with the GB of the bicrystal. (a) initial state, (b) resulting stress field perpendicular to the GB, 
(c-e) at different stages of deformation corresponding to strain between 5% and 40% marking the formation of a lattice curvature, plastic zone and orientation 
gradients as a result of multiple non-uniform deformation zones that result in a crack in the upper part of the specimen as was observed by the experimental 
data. 
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Fig. 8. Excess potential energies of STGB as a function of rotation angle 
� around a < 11 ̄2 0 > tilt axis, reproduced from [27] . The schematic illus- 
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deformation axes. The GB plane lies in the CD-TD plane (cf. Fig. 1 b). The 
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nt orientation and another < 11 ̄2 0˃ rotation axis compared
o variants 1 and 2. 

. Discussion 

.1. Lattice rotations and the non-uniform deformation near 
he grain boundary 

Since the deformation experiments were carried out at
oom temperature, it can be expected that basal slip is the
nly activated slip system [6] . Due to the deformation ge-
metry and the symmetrical orientation of the bicrystals, two
asal slip systems in each grain had a relatively high Schmid
actor (SF) of 0.43, while the third system with a slip direc-
ion in TD had a SF of zero. In [15 , 16] activation of single
asal slip results in shear in conjunction with a lattice rota-
ion around the 〈 10 ̄1 0 〉 axis perpendicular to the 〈 11 ̄2 0 〉 slip
irection and in the basal plane. In the present case, where
wo basal slip systems are equally favoured, the two crystals
eformed in PSC by co-planar double basal slip, and have
herefore experienced a lattice rotation around a 〈 11 ̄2 0 〉 axis.
his gave rise to a rigid body rotation around TD accom-
anied by a rotation of the c -axis towards the CD rendering
asal slip geometrically less favourable. 

In contrast to the specimen regions far away from the GB,
t the proximate location of the boundary, due to the shear
ssociated with the basal slip in the two adjacent grains and
ainly owing to the presence of the GB connecting the two

arts of the bicrystal, additional tensile stresses were gener-
ted normal to the boundary in opposite directions in both
rains (see Fig. 7 b), leading to additional strain and, conse-
uently, to additional rotation of the lattice/basal planes in
he course of further compression (for illustration, see Fig. 8
n [16] ). These stresses are minimal at the bottom surface of
he specimen and increase with CD. The gradually chang-
ng. i.e. increasing (when approaching the boundary along
D) rotation of the basal planes resulted in a lattice curva-

ure, as schematically shown in Fig. 7 c–e. Thus, and with
ncreasing strain, a conical-shaped deformation zone close to
he GB is formed on top, which separates the deformation
n the vicinity of GB from the one occurring in the bulk far
way from the boundary ( Fig. 7 c). The interaction of multi-
le gliding basal dislocations facilitates the formation of low
ngle boundaries (LABs) from arrays of geometrically neces-
ary dislocations (GND) associated with a lattice curvature, as
llustrated in Fig. 7 d, and reported in a previous study dealing
ith a 90 °〈 10 ̄1 0 〉 symmetrical tilt GB [16] . At this point, it is
nclear how strong is the interaction of gliding dislocations
ith these generated LABs. However, an obvious decrease

n the EBSD pattern quality near such regions (e.g. white
egions in Fig. 3 ) reasonably suggests that dislocations are
ampered and entangled in front of these boundaries despite
heir very low misorientations. At higher strains and with an
xpanding conic stress field perpendicular to the GB due to
he attempt of both grains to shear along LD, the border of
he deformation zone moved deeper into the bulk to accom-
odate larger gradients of plastic deformation and maintain

train compatibility with the deforming neighbouring grain
t the boundary. In that event, the crystal near the GB is
plit into deformation zones of slightly differing orientations
 Fig. 7 e). Noteworthy is that with increasing deformation in
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Fig. 9. Panorama EBSD � -map (grain 2, 15% deformation) that was shown 
in Fig. 3 b featuring a non-uniform spread of lattice rotation within the CD- 
LD plane near the GB. The highest lattice rotation relative to the initial grain 
orientation was detected inside the band with � ∼28 ° bounded by two solid 
lines. Adjacent regions on both sides of the band are associated with lower 
rotations. The upper segment of the GB is hypothesized to have a low energy 
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onjunction with the imposed stress along CD, the distance
etween the GND arrays is expected to decrease, as was cal-
ulated by Eshelby et al. [22] and experimentally observed by
ritton and Wilkinson via high resolution-EBSD [23] . Hence,

he large reorientation in the lattice near the boundary ( � ∼
 °) is explained by the large extent of dislocation accumu-
ation. This condition renders any further basal slip unlikely
ue to the attained hard basal orientation (SF = 0). As a re-
ult, the strain compatibility at the boundary can no longer be
atisfied, which causes a cracking of the sample in the respec-
ive region at the GB ( Fig. 7 e). Additionally, the interaction
f the GB with the dislocations changed the grain boundary
haracter, which will be discussed in detail in the following
ection. 

.2. Change of the grain boundary character during 

eformation 

As observed in previous bicrystal deformation experiments
mploying different crystal orientations and TEM analysis
16 , 24-26] , gliding basal lattice dislocations were found to
nteract with the GB and cause annihilation of its structural
nits, thereby changing its original character. A similar pro-
ess was observed in the investigated bicrystals of this work
ased on the orientation measurements carried out at different
trains. Given the macroscopic stress state and the geometri-
al constraints of the channel-die, it was revealed that the
roduced shear in both grains by basal slip was accompanied
y rigid body rotation around TD in opposite directions rela-
ive to the boundary. This resulted in a decrease of the angle

between the respective c-axes and CD on both sides of the
oundary, which means that the GB character, and hence, the
B energy changed continuously during the deformation due

o the additional stress field in LD (see Fig. 4 ). Additionally,
ne would expect a continuous decrease of �, and thus of
he GB misorientation, with increasing strain (due to the in-
reasing stress along LD) but also a homogeneously increase
long CD (due to the larger stress field in the top part of the
icrystal). This behaviour, i.e. the change (increase) in mis-
rientation across the boundary along the CD from top to the
ottom of the sample, is indeed very well seen in Fig. 4 b.
n contrast, the specimen deformed to 15%, where the mis-
rientation decreased along the CD (see Fig. 3 ), showed a
ompletely different behaviour. To understand this anomaly,
n energetic consideration is required, which is outlined in
he following. 

Fig. 8 depicts an energetic plot from MD simulations that
as reproduced from [25] and shows the excess potential en-

rgies of symmetrical tilt grain boundaries (STGBs) as a func-
ion of the rotation angle � around a < 11 ̄2 0˃ tilt axis that
oincides with TD. Starting at � of 45 °, which represents
he initial state of the bicrystal, the character of the boundary
ill change with increasing strain as a result of decreasing tilt

ngle between the c-axis and CD. The corresponding � re-
ion in the energetic plot in Fig. 8 suggests that in the course
f deformation, the initial GB can adopt two potential low
nergy structures, corresponding to coherent twin boundaries
 10 ̄1 2 } at ( ∼43 °) and { 10 ̄1 3 } at ( ∼32 °). All other configu-
ations were shown in [25] to contain grain boundary dislo-
ations (or disconnections) with possible coherent boundary
egments. 

From all the different formulations in the literature regard-
ng the interaction of gliding lattice dislocations with grain
oundaries, one common outcome is the trapping of disloca-
ions at the boundary. The magnitude of such interaction is
nfluenced amongst other things by the GB misorientation. It
s thus anticipated that with the change of the GB charac-
er during PSC deformation, the capacity of the boundary to
rap dislocations can vary or even become exhausted when
he boundary assumes a low energy structure as shown in
ig. 8 . In such cases, it is likely that a repulsion between the

attice dislocations and the intrinsic GB dislocations occurs
25] . This might be linked to the inhomogeneous lattice ro-
ation along CD shown in Fig. 3 b and again in Fig. 9 (for
 clearer view) for the bicrystalline sample deformed at 15%
train. The upper segment of the GB clearly depicts a re-
uced lattice rotation ( � ∼ 32 °) compared to the middle and
ottom parts ( � ∼ 30 °), which according to the data from
27] in Fig. 8 can be associated with low ( ∼100 mJ/m 

2 ) and
igh ( ∼188 mJ/m 

2 ) energy structures, respectively. This em-
hasizes that even the slightest changes of the misorientation
ngle can result in significant alterations to the GB character /
nergy. 
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Fig. 9 also shows that the conical-shaped deformation zone
esiding between the GB and the bulk region of the sam-
le consists of bands of equal � outlined by dashed / solid
ines. These orientation bands were aligned perpendicular to
he basal planes as was explained earlier on the basis of GND
rrays. The orientation band with the largest rotation relative
o the initial crystal orientation is outlined by two solid lines
 � ∼ 28 °). Moving away from that band in the direction of
he sample bulk results in a bulk deformation behaviour char-
cterized by lower lattice rotations (i.e. larger �) and a more
omogenous orientation spread. On the other hand, moving
n the opposite direction, i.e. towards the GB should have
esulted in higher lattice rotations in conjunction with the
onstrained GB deformation and the formation of the hetero-
eneous deformation zone. However, as revealed in Fig. 9 , by
oving closer to the boundary (e.g. along the marked basal

lip plane) a lower amount of lattice rotations ( � ∼30 °–32 °)
as evident. 
Following the arguments presented above regarding the ex-

stence of minimum energy boundaries near � ∼ 32 °, and
he low capacity of these boundaries to absorb gliding dis-
ocations, it is hypothesized that at ∼15% deformation, the
nvestigated GB seeks to preserve its favourable atomic con-
guration by exerting a repelling force towards approach-

ng dislocations. This force can be in the order of the yield
tress [28] . This is seen in Fig. 9 in the upper GB segment,
here the adjoining crystallite (yellow region) preserved its
∼ 32 ° orientation as compared to the middle and bottom

egments of the GB. This process is sketched in Fig. 9 in
erms of GNDs of opposite signs associated with a positive
nd a negative lattice curvature on both sides of the orienta-
ion band with the maximum lattice rotation. Note that when
he stress concentration induced by the increasing GND den-
ity reaches a critical value, the repelling force would fail to
top the movement of dislocations, which results in a change
f the GB character out of the energetic minimum (e.g.
ig. 9 middle and bottom GB segments). At advanced strains
hen the lattice rotation in both adjoining grains approaches
∼ 0 °, respective segments of the GB would technically

isappear. 

.3. The role of anomalous twinning as an additional 
eformation mechanism 

Microstructure characterization by means of optical mi-
roscopy and EBSD orientation mapping revealed activation
f twinning in different parts of the bicrystal at strains higher
han 15%. The very large extension twins near the edges are
elieved to form due to friction between the bicrystal and
he channel-die. Hence, these twins will not be discussed any
urther. The other extension twins shown in Fig. 5 (variants
f type 1 and 2) and Fig. 6 (type 3 and 4) at 40% strain
ppeared to be activated in pairs. This is usually the case
here the formation of only a single twin variant would
e associated with a negative Schmid factor and a strain
pposite to the imposed deformation, as was explained in
15] for the case of deformed Mg single crystals oriented for
asy basal slip. For the SF to become slightly positive, the
eactive stresses in TD due to the lateral constraints need
o exceed the imposed active stress in CD, which is not
ealistic. 

In the current work, the stress state correlated with the ob-
erved twin variant selection was very complicated due to the
onstraint stresses and the non-uniform lattice rotation around
D, resulting in internal stresses with tensile and compressive
tress components. Fig. 10 is an attempt at estimating the vari-
tion of the SF for all the observed twin variants taking into
ccount the change of the rotation angle � between the c-
xis and CD, and the normal GB stress. The calculation was
one following [15] assuming a stress tensor with compres-
ive stresses σ CD 

and σ TD 

= σ CD 

/ β, with β being the ratio
etween the applied stress and the constraint stress. The value
f β = 3.47 was determined for the initial bicrystal orienta-
ions on the basis of a zero strain in TD. In order to account
or the constraining effects of the adjoining grains across the
B, the stress tensor included a tensile stress component in
D acting on the grain boundary σ LD 

. The normal GB stress
LD 

changes along the GB, and was hence approximated to
ange between 0 and 0.5 of σ CD 

. 
The trend in Fig. 10 reveals that the SF for all considered

win variants becomes even more negative with increasing lat-
ice rotation from the initial � = 45 ° up to the ultimate case
f � ∼ 0 ° of c-axis compression. The variation of the ten-
ile stress normal to the GB does not affect this trend. It is
herefore concluded, in line with the literature [29] , that the
ctivation of the observed twins was not to comply with the
chmid law but rather to accommodate local stresses associ-
ted with the non-uniform lattice rotation. 

The resulting twinning shear from each of the four twin
ariants observed in this work is plotted in Fig. 11 with re-
pect to the sample coordinate system. The initial orientation
f the c -axis is marked by a thick arrow, and the shear direc-
ions of the respective twins by thin arrows. Due to the lattice
otation of the parent crystal towards � ∼ 0 °, the resultant
hear direction of each twin variant is liable to a rotation
round the TD up to a maximum of 45 ° over the course of
eformation. This is also displayed in Fig. 11 in terms of
ormalized resolved shear components of the rotated vectors
n the LD-TD and CD-TD planes. For simplicity, the calcula-
ions assumed equal twin thickness among all twin variants.
iven the deformation geometry of the channel-die, sample

xtension is only allowed in LD. Hence, favourable twin vari-
nts are ones with a resolved shear component oriented in LD,
ithout any shear component in TD and CD. From Fig. 11 ,

he twinning direction of variant 1 depicted the best align-
ent with LD in the beginning of deformation with almost

ero magnitude in the CD-TD plane. With the decrease of
due to the slip-induced lattice rotation, the corresponding

F becomes more negative due to increasing magnitude along
he CD, thereby adding a deformation component of c -axis
ompression. 

The fact that the formation of any single twin variant is
ot favourable in the current case supports the idea that the
airwise twinning events succeed in producing a favourable
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Fig. 10. Estimation of the SF variation for the observed twin variants as a function of the tilt angle � and normal GB stress relative to the imposed compressive 
stress in CD. 
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et twinning shear with respect to the geometrical constraints.
his is explained in Fig. 12 by considering the additive and
ubtractive shear components of different twin pairs in or-
er to identify the ones that can best comply with the im-
osed deformation. It is noted that the twinning shear around
 shared twin/matrix rotation axis can be of a positive (p) or
 negative (n) sign depending on the definition of the coordi-
ate system. Hence, the combined shear of pairwise twinning
an have 4 different scenarios, i.e. p - p, n - n, p - n, n -
. From symmetrical perspectives, it is unnecessary to plot
ll four scenarios, which is why Fig. 12 only considers the
dditive (p - p or n - n) and subtractive (p - n or n - p)
ombinations. 

As evident in Fig. 12 a, the subtractive combination of twin
airs 1 and 2 was favourably positioned in the CD-LD plane,
hereby the magnitude of the shear component in CD de-

reased gradually with increasing lattice rotation indicating a
ery high chance for this twin pair to form at later stages of
eformation. An ideal LD alignment is obtained at � ∼ 1 °
hat was observed experimentally at large strains in the vicin-
ty of the GB, where twin variants 1 and 2 formed in pairs
cf. Fig. 5 b, c). Other twin pair combinations in Fig. 12 a pos-
essed unfavourable resolved shear components in TD or CD
n the initial state and over the course of deformation, which
endered their formation unlikely. 

The additive combination of twin pair 3 and 4 in Fig. 12 b
uggested a higher probability for nucleation in the begin-
ing of deformation because with progressing lattice rota-
ion their additive component rotates towards the CD. Un-
ike the twin pairs 1 and 2, these twins were much smaller
n size and their existence seemed to be strictly localized,
.e. within bands of local orientation gradients (cf. Fig. 6 ).
s illustrated in Fig. 6 b, these bands were bound by LABs
ith misorientation angles smaller than 4 °, which were gen-

rated in connection with dislocation pile-ups on the basal
lanes. Atomistic simulations [30] and statistical EBSD in-
estigations [5] on pure Mg suggested easier twin nucle-
tion at low angle GBs compared to high angle GBs. With
he inhomogeneous basal slip activity evidenced by the large
pread of lattice rotations inside the bands, nucleation of
win pairs 3 and 4 seemed to be a consequence of local
train accommodation. As a result, the growth of these twins
as confined to the area within the band (cf. area B in
ig. 6 c), and accommodated nearly the same amount of shear
s the neighbouring bands, which only underwent basal slip.
he parent crystallite preserved their initial orientation be-
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Fig. 11. Resulting shear directions of all four twin variants with respect 
to the sample coordinate system. The displayed magnitudes on the LD-TD 

and CD-TD planes represent the range of the respective shear components 
resulting from the reduction of � by the slip-induced lattice rotation up to 
a maximum of 45 ° around TD. 
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ore the twinning incident, which is why such areas depicted
ower lattice rotations than surrounding areas sheared by basal
lip. 

. Summary 

Several bicrystalline Mg samples with symmetric
0 °< 11 ̄2 0˃ tilt grain boundaries were subjected to plain
train compression in a channel-die at room temperature
p to specific strain values. From the systematic analyses
n terms of optical microscopy and panoramic orientation
maging maps the following main results can be summarized:

1. Due to the initial orientation of the grains and the con-
sequent activation of basal slip, the c-axes rotated around
ig. 12. Resulting shear directions with respect to the sample coordinate system
win variant 1 (a) and twin variant 3 (b). The displayed magnitudes on the LD-T
omponents resulting from the reduction of � similar to Fig. 11 . 
the transverse direction towards the compression direction,
similar to what is known from plasticity studies on corre-
sponding single crystals deformed in a channel-die. 

2. The presence of the GB led to an additional stress com-
ponent in the longitudinal direction and therefore to addi-
tional strain, which caused an enhanced lattice rotation in
its vicinity compared to the grain interior. This lattice ro-
tation took place in a non-uniform deformation zone and
expanded from the upper part of the grain boundary in
the CD-LD plane with increasing strain. In the immediate
vicinity of the grain boundary, the tilt angle of the c-axis
decreased from an initial 45 ° to ∼0 °, where the Schmid
factor for basal slip approaches zero. As a result, sample
cracking was initiated at the GB. 

3. At certain strains (e.g. ɛ t = ∼ −15%), the lattice rotation
in the GB region starts to show a non-uniform distribu-
tion along CD. The upper part of the GB exhibited an
unexpected decrease of the lattice rotation, which stands
in contrast to the process described in the previous con-
clusion. It is hypothesized that the structure of that GB
segment corresponds to a minimum energy compression
twin boundary (64 ° < 1 ̄2 10˃) in accordance with results
of MD simulations from the literature. As a consequence,
the repulsive force of that GB segment towards gliding dis-
locations is comparatively higher than the repulsive force
in the bottom GB part. This leads to a lower dislocation
density in front of the upper GB region (i.e. lower lattice
rotation) compared to the other GB regions. 

4. Extension twinning was observed as an additional defor-
mation mechanism. Four different variants of extension
twins were observed despite having negative Schmid fac-
tors, which questions their nucleation. The simultaneous
and pairwise formation of two variants in the vicinity of
each other led to an investigation of their resulting com-
bined shear components. The alignment of the resulting
shear along the longitudinal direction justified their forma-
tion. 
 as a result of combined twinning shear of different twin pairs involving 
D and CD-TD planes represent the range of the respective combined shear 
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