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• In situHR-EBSDwas used tomap the se-
quence of events that occur during
micro-tensile loading of single crystal
Mg.

• Extension twins occur at the micron-
scale when loaded off the c-axis, while
limited twins form when loaded along
the c-axis.

• The critical resolved shear stress for
{1012} twinning has been determined
to be ten times higher than in bulk ma-
terial.

• Basal slip triggers {1012} twin nucle-
ation and strongly favors twin growth
and propagation.

• The 3D structure of the twins was ob-
tained by FIB tomography and HR-
EBSD allows associated stress and dislo-
cations analyses.
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An SEM in situ uniaxial tensile testing setup allowing HR-EBSD acquisition during deformation was used to study
the extension twinningmechanism inmagnesium (Mg) at themicron scale. Structures were fabricatedwith two
different crystal orientations, respectively perfectly aligned with, and at 5° to, the [0001] axis. Limited {1012}
twin formation was identified in the former case, while twinning was found to largely accommodate the plastic
deformation in the latter case. These two differentmechanisms are explained by the activation of basal slipwhen
loading at 5° to the c-axis, which triggers {1012} twin nucleation and favors twin growth and propagation. The
other orientation shows the activation of pyramidal slip together with only limited {1012} twin growth. The crit-
ical resolved shear stress for {1012} twinning has been determined to be ten times higher than in bulk material.
3D HR-EBSD mapping enabled reconstruction of the three dimensional twin structure after deformation. From
this, the interaction between the dislocations located ahead of the incoming twin and a pre-existing twin bound-
ary was investigated, where the GND distribution and the local shear stress were determined. The results show
plastic accommodation up to ~11% of strain, revealing higher ductility than usually reported for bulk materials.
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1. Introduction

Known as the lightest structural metal, magnesium (Mg) and its al-
loys have attracted tremendous attention for weight reduction and in-
creasing vehicle efficiency [1,2]. Unfortunately, this potential is curbed
by limited ductility and machinability, due to the low number of favor-
able slip systems [3,4] and a plastic deformation mainly adapted by
twinning mechanisms [5]. Mg is a hexagonal close packed (hcp) metal
and the most common twinning mode is {1012} <1011>, “extension
twin”, characterized by a rotation around the a-axis (i.e. <1120>) of
86.3° from the matrix [6–10]. Useful improvements in ductility are ob-
served by changing the critical resolved shear stress (τCRSS) for non-
basal slip, which results in a change of the probability of twinning activ-
ities [8,11].

Twinning in hcp materials has been reported to exhibit size effect
[12]. Indeed, it has been shown that due to the lack of precursor, the
stress required to twin in hcp materials increases rapidly at smaller
scales, favoring slip over twin formation [13–16]. Although the size ef-
fect also occurs for dislocation slip [17,18], in micron-scale structures
multiple dislocation nucleation create pile-up arrays providing the en-
ergetic contribution via stress concentration required for twinning nu-
cleation. In nano scaled samples, these arrays are less favorable as
dislocations become mobile and their gliding accommodates deforma-
tion [14,19,20]. Therefore, it is assumed that a critical size exists below
which twin appearance is suppressed [21,22]. In titanium, at room tem-
perature and for strain rates in the order of 1 × 10−4 s−1, this value is
found to be ~1 μm [14]. Pillar compression of pure Mg loaded along
the [0001] axis with diameters from ~2 to 10 μm and strain rates from
5 × 10−4 s−1 to 1 × 10−3 s−1 also showed that plastic deformation
was not [23] or in a very limited way [24] accommodated by twinning,
suggesting twinning suppression at themicron scale. On the other hand,
other studies on pureMgwith structure sizes ranging from 0.4 to 20 μm
in diameter, reported that plastic deformation is mainly adapted by
{1012} twinning when micro-pillars are compressed along the [2110]
axis [12,19,25]. In this case, the size effect was only associated with a
stress increase for twin formation (smaller is stronger). This suggests
that no intrinsic critical size exists for {1012} twinning formation and
that the loading direction plays an important role in this mechanism.

Molecular Dynamics (MD) simulations report that the formation
and glide of twinning dislocations (TDs) on the {1012} plane involves
non-planar dissociations of slip dislocations [26–28]. Jeong et al. [12]
showed that during [2110] compression of Mg, prismatic slip is acti-
vated (Schmid factor m = 0.43) and the screw <a > dislocations can
cross-slip to the (0001) basal plane leading to twin formation. On the
other hand, when loading along the [0001] axis, basal and prismatic
slip are inhibited and {1012} twin suppression can be suspected. Never-
theless, additional computer simulations [29,30] showed that {1012}
twins can also nucleate at the core of <c > and < c + a > dislocations
under a sufficiently large applied shear strain. However, although the
engineering stress-strain (σ-ε) curves from Mg [0001] micro-
compression experiments revealed significant strain hardening and
traces of pyramidal slip on the deformed specimens [23,24], no signifi-
cant twinning activity has been observed. In this context, it is important
to point out that the Schmid factor on all the six {1012} planes during c-
axis compression test is negative [31] and thus compression tests are
not suitable for extension twin investigation. However, small extension
twin formation reported in pillar compression can be related to the
complex strain field at the pillar-punch contact, together with a bulging
effect [32]. Tensile testing has the advantage to reduce the complexities
related to several dimensional constraints [33] and additionally the
2

Schmid factor for the {1012} twin plane becomes close to themaximum
during c-axis loading, making the investigation more reasonable.

Furthermore, the two-dimensional nature of simulations and exper-
iments limits the investigation of several mechanisms. By simulations, it
was seen that the atomic movement combined with the propagation of

<1011> TDs on 1012
n

} planes lead to the growth of twins perpendic-

ular to the twin plane [26,34–39]. Basal slip-twin boundaries interaction
has also been reported to be important in twin propagation, but unfor-
tunately, only a few experiments are present in literature to demon-
strate that [28,40]. Also, the assessment of the three-dimensional
growth of the twin and the characterization of its “dark side” (i.e. obser-
vation along the twinning shear direction) are difficult, but however
necessary to get a global picture of the twin mechanism [34,41]. The
“bright side” refers to the observation along a direction perpendicular
to both the twinning shear direction and the normal to the twin plane.
Additionally, twin-twin junctions frequently suggest the possibility of
extension twins crossing process, i.e. twin-twin interpenetration, lead-
ing to debate whether the crossing mechanism is feasible or not
[42–44]. Pei et al. [43] explain that the final result is an “apparent-cross-
ing” domain, whereas Yu et al. [44] reported that this configuration is
unfavorable, showing the need for detailed three-dimensional investi-
gations. The possibility that a new twin of the same variant nucleates
at the junction has also been considered [45].

The purpose of the present article is to investigate {1012} twinning
formation in pure Mg during micro-tensile deformation of tensile bars
(T-bars) with two different loading directions, respectively parallel
and at 5° to the crystal c-axis. These two different orientations have
been chosen to be able to study the influence of different slip systems
on the twin nucleation and propagation processes. In situ high (angular)
resolution electron backscatter diffraction (HR-EBSD) was used to map
local stresses and the geometrically necessary dislocation (GND) den-
sity distribution at the surface of the T-bars during the nucleation and
growth of {1012} twins [46–49]. In situ EBSD acquisition enables the
analysis of the sequence of events that occur inside the gauge section
during deformation. Post-mortem 3D HR-EBSD using focused ion
beam (FIB) tomography was applied to measure the shape of twins, as
well as the distribution of GNDs. The local residual shear stresses at
the intersection of a growing twin and a pre-existing twin boundary
(TB) have been analyzed in the reference frame associated with the ac-
tivated twin variant (i.e. of the incoming twin).

2. Experimental procedure

2.1. Material

The materials used for this research are 99.999% pure single crystal
Mg (0001), (PSC, Easton, USA) with an orientation accuracy of less
than 0.1°, and 99.999% pure polycrystalline Mg (Goodfellow, UK). The
two different pieces were mounted on SEM stubs for FIB milling and
testing as shown in Fig. 1a. Sample A refers to the single crystal, while
sample B is the polycrystalline specimen. In sample A, the c-axis of the
crystal lattice inside the T-bars was aligned parallel to the loading direc-
tion (ϕA = 0°) whereas, in sample B, the grain within which the struc-
tures have been created was characterized by a misalignment of
(ϕB = 5°) (Fig. 1b). The precise Euler angles (Bunge ZXZ' convention)
referred to the global coordinate system (X, Y, Z in Fig. 1c) are (0° 0°
0°) for sample A and (355° 358° 0°) for sample B. On both materials,
micro-T-bars with a cross section length of 20 μm and cross sectional
area of ~5× 8 μm2 have been fabricated (see Fig. 1c) by using FIBmilling
as explained in [50]. The junction radius was set to 8 μm to limit stress
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Fig. 1. In situ testing setup. (a) Single crystal (sample A) and polycrystalline Mg (sample B). (b) Loading direction according to the crystal c-axis for the two cases: ϕA = 0° and ϕB = 5°.
(c) SEM image illustrating the gripper/T-bar structure before deformation and the global (sample) reference frame (X, Y, Z). (d) Schematic view of the in situ configuration inside the SEM
chamber for micro-tensile testing concurrently with HR-EBSD acquisition.

N.M. Della Ventura, S. Kalácska, D. Casari et al. Materials and Design 197 (2021) 109206
concentrations at this site below 10%. The specimens had a taper angle
~1° along the longitudinal direction and showed almost no curtaining
artifact.

2.2. In situ experimental setup

The tests have been performed in a scanning electron microscope
(SEM, Tescan Lyra) using an Alemnis nano-indenter system equipped
with a nano-gripper [50] (Alemnis AG Switzerland) in displacement
control at 5 × 10−4 s−1 strain rate. The test ring has been adapted in
order to be able to perform in situ HR-EBSD measurements at different
strain increments, i.e. while the sample is under load, keeping the grip-
per displacement constant [46,51]. EBSDpatternswere collected and re-
corded for off-line analyses with electron beam conditions of 20 kV and
15 nA, using an EDAX DigiView camera with 2 × 2 binning (442 × 442
px2). The HR-EBSD cross-correlation was performed using the software
CrossCourt V.4.3 (BLG Vantage, UK), with elastic constants of Mg (in
GPa): C11 = 59.7, C33 = 61.7, C44 = 16.4, C12 = 26.2, C13 = 21.7 [52].
The details about the HR-EBSD cross correlation technique can be
found in [53–55]. Load drops in the σ-ε curves that coincide with
EBSD map acquisitions are related to stress relaxation in the T-bars
that occurs at the beginning of the displacement hold. This relaxation
is due to some creep of the piezoelectric actuator and the load cell and
possibly some minor stress relaxation in the material. Each in situ
EBSDmapwas initiated after about 2min, when this relaxation reached
itsminimal rate. Scanningwas performed on the front surface of the de-
formed T-bars (Fig. 1d) with 150 nm step size. In total, 6 scans were re-
corded on the same surface during the in situ extension experiments: at
ε=0 (reference), in the elastic regime, then in the plastic regime at the
first twin formation and proceeding higher strains up to ε = 11%. After
3

unloading and re-polishing the surface with FIB to remove carbon con-
tamination due to recurrent scanning, the final map was acquired. Only
structures with ϕB = 5° have been tested together with in situHR-EBSD
acquisitions since for those with ϕA = 0°, shadowing effect of the sur-
rounding material could not allow in situ mapping.

2.3. Three dimensional HR-EBSD

Three-dimensional analysis of the shape and distribution of twins
has been done for one T-bar loaded with 5° off the c-axis by using
post-mortem 3D HR-EBSD together with FIB tomography in a static
setup [56]. In this case, HR-EBSD measurements were acquired with a
Symmetry detector and Aztec 4.1 software (Oxford Instrument, UK),
with 20 kV and 10 nA beam conditions and 100 nm step size, using
2 × 2 binning (622 × 512 px2). 2D HR-EBSD maps were captured after
every FIB slice of 200 nm from the frontal surface throughout the thick-
ness of the structure (Fig. 1d). FIB slicingwasdone at 30 kV500pA. After
theHR-EBSD evaluation, Photoshop CC 2017was used tomanually align
the slices by changing the visibility of one slice over the other. Amira
v5.2 software was used to create the 3D reconstructions from the 2D
maps. Transmission ElectronMicroscopy (TEM) analyses were not con-
ducted as the samples have been consumed by FIBmilling for 3D inves-
tigations and EBSD cross-section acquisitions.

3. Results

3.1. Schmid factor calculation

Fig. 2 shows the (0001) pole figure for both orientations. The chosen
reference system for the hcp unit cell (a1, a2, c) can be seen in Fig. 2a. All



Fig. 2. Pole figures for the two different tested orientations showing the well-aligned c-axis/load direction for sample A (a), and the 5° in the case of sample B (b). The hcp coordinate
system (a1, a2, c) used in this work, together with all the {1012} twin variants, are shown in (b). Solid and dashed equally colored lines refer to conjugate variants.
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six variants of the extension twin plane are also illustrated. Table 1
shows in detail the Schmid factor m, τCRSS and σy = τCRSS/m (yield
strength) values to predict the possible and preferred modes of defor-
mation. In the case of ϕA = 0°, no basal slip activity is expected due to
m= 0. The value of τCRSS for the {1012} twin plane activation reported
in literature for bulkMg (~12MPa, Table 1) suggests twin formationwill
occur in both loading directions, as the τCRSS for prismatic and pyramidal
2nd order slip planes are much higher, i.e. 39–50 MPa and 80 MPa, re-
spectively [57,58]. Concerning ϕB = 5°, basal slip activity can be ex-
pected due to a very low τCRSS of ~1 MPa and a non-zero m value (see
Table 1) [59,60]. σy is given for comparison, pointing out the same
order of magnitude between basal and twin deformation modes for
this orientation. The σy values for the prismatic and pyramidal planes
are expected to be at least 3 and 6 times higher, respectively, for both
the ϕA and ϕB orientations.

3.2. T-bars aligned at 5° to the c-axis. (ϕB = 5°)

Fig. 3a and b show the in situ crystal orientation maps (IPF color
overlay) coupled with the image quality (IQ) maps (grayscale overlay)
acquired during the tests for two similar T-bars, respectively called
T-bar 1 (Tb1) and T-bar 2 (Tb2). The GND density distribution related
Table 1
Schmid factor (m), τCRSS and σy of the slip and twin systems in bulk single crystal Mg for the t

Mode crystal direction plane τCRSS (MPa)

Basal slip [1210] (0001) 0.52–0.81 [59,60]

[2110] (0001)

[1120] (0001)

{1012} Twin [0111] 0112
�

) 12 [7]

[1011] 1012
�

)

[1101] 1102
�

)

[1101] 1102
�

)

[0111] 0112
�

)

[1011] 1012
�

)
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to the third intermediate load step after the first twin formation is
shown for both samples in Fig. 3c. Fig. 3d illustrates the misorientation
profile inside Tb2. The IPF color code in allmaps indicates the crystal ori-
entation in the out-of-plane direction. Numbers (1 to 6) indicate subse-
quent steps along the engineering σ-ε curve, as shown in Fig. 3e. The
dislocations density of the pristine materials before the tests measured
byHR-EBSDwas detected to be in the order of 1013m−2. This value cor-
responds to the lower bound determination limit for GND density by
HR-EBSD [53]. It has to be noted that statistically stored dislocations
(SSD) cannot be detected with HR-EBSD. Concerning Tb1, the second
mapwas captured at the onset of the plastic regime (~120MPa) reveal-
ing that the initial micro-plasticity is accommodated at least in part by
basal slip as evidenced by the lines of reduced Kikuchi pattern quality
parallel to the trace of the basal plane on the sample surface. The degra-
dation of Kikuchi pattern quality can be caused by local distortions of
lattice planes within the diffracting volume that result from the storage
of dislocationswithin a crystal during plastic deformation; pattern qual-
ity has previously been hence directly related to an equivalent plastic
strain [61]. A slight change of slope on the engineering σ-ε curve
trend can be seen (Fig. 3e) due to dislocation activation. For Tb2
(Fig. 3b) the secondmap has been taken in the very early elastic regime
and no relevant differences emerged by comparing these first two EBSD
wo orientations considered.

(ϕA = 0°) (ϕB = 5°)
m σy (MPa) m σy (MPa)

0.000 - 0.017 30.58–47.64
- 0.027 19.25–30.00
- 0.070 7.42–11.57

0.499 24.04 0.485 24.74

0.500

0.500

0.495

0.497

0.495



Fig. 3. In situ EBSD coupledwith IQmaps acquired for ~5 μmwideMgT-bars loaded 5° off from the c-axis (sample B) at a strain rate of 5 × 10−4 s−1. (a) Initial, intermediate and final states
for the 1st T-bar (Tb1) and (b) 2nd T-bar (Tb2) showing (i) twin nucleation at the junction with the activated basal slip (white arrows and dashed lines) and the free surface, (ii)
progressive twin growth and (iii) multiple twin formation at higher strain values. The IPF color code refers to the out-of-plane crystal direction. (c) GND maps -color coded in
logarithmic scale- after first twin events revealing high dislocation density along the (0112) twin and basal planes. (d) Tb2 misorientation gradient map of deformation step 3
highlighting basal plane activity where the twin nucleates. (e) σ-ε curve for both T-bars. Note that the stress and strain are nominal. The bold black load drops correspond to the
location of the successive HR-EBSD maps.
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maps. By continuing the loading, at ~268 MPa and ~ 245 MPa stress
value (~3.8% and ~ 4.3% strains, respectively), the nucleation of a
(0112) twin is observed right after the onset of plasticity. This event is
identified by comparing the maps of steps 2 and 3 (Fig. 3a and b). The
formed twins appeared at the junction between activated basal planes
and the surface of the sample. The rapid formations of twins aremarked
by load drops of ~142 MPa and ~ 25 MPa, similar to what was reported
in [62]. Fig. 3a shows that the twin is already propagated through the
entire width of the T-bar with a few micrometers thickness, whereas
for Tb2, the twin is clearly thinner and less developed. This explains
the smaller load drop observed in the σ-ε curve. GND density maps
are reported in Fig. 3c underlining the high local density of dislocations
along the basal and twin interfaces. In Fig. 3b step 3, no clear basal slip
appears on the EBSDmap, however its presence can be seen in themis-
orientation profile map (tolerance angle: 2°; Fig. 3d), showing that the
activated basal slip and twin planes are also clearly connected. Addi-
tional strain led to further thickening of the twin formed in Fig. 3a,
linked with the irregular σ-ε trend recorded between the subsequent
EBSD maps. In Tb2, the additional deformation led to the nucleation,
propagation, thickening and coalescence of several twin embryos, as
suggested by the band contrast inside the twin in the EBSD map
(Fig. 3b step 4, ~6.4% strain), indicated with a white inclined dashed
line. At ~9% of strain, the maps show a secondary twins appearance in
both samples. Further elongations were performed until ~11% of strain
where the 5th map was taken just for Tb1. Due to surface contamina-
tion, the pattern qualitywas not sufficient to performmore in situ acqui-
sitions. The tests have been carried out intentionally up to the same
strain for both samples for comparison. The 6th maps, captured in
unloading conditions after a few tens of nanometers of FIB polishing,
highlight the presence of several twins. Concerning Tb2, additional
twins have been detected in the 6th map that were not observed in
the 5th map. This has to do with the additional loading that was per-
formed before ending the test, where a few load drops occurred
(Fig. 3e blue curve). Table A.1 (see Appendix A) summarizes the
5

different stages of deformation associated with the in situ EBSD acquisi-
tions performed on Tb1 and Tb2.

3.2.1. Activated twin variants
Fig. 4 shows the pole figures for selected planes related to the grains

in Tb2, while misorientation angles and rotation axes between different
grains are listed in Table 2. The same results are found for Tb1 (not re-
ported). The {1012} pole figure shows that the green, red and yellow
IPF color twins are different variants of the same twin type. All of
them have ~86.3° misorientation with respect to the parent grain and
a rotation axis that coincideswith the a-axis of the hcp structure, typical
for extension twinning. This is confirmed by the overlapping spots (cir-
cled) between thematrix (IPF color blue) and the different twins in the
pole figures. In total, four variants have been detected: (1012), (1102),
(0112) and its conjugate (0112). By analyzing the sequence of events
through in situ HR-EBSD maps, it was observed that the (0112) green
twin has been the first twin formed from the so-called “A” (parent)
grain whereas the yellow (1012) and red (1102) ones have been de-
tected at a later stage of deformation. Colors and the coordinate system
refer respectively to the chosen IPF and Fig. 2a. Table 2 shows also that
the rotation axis between all the different twin variants is always
along the <1010> direction.

3.2.2. Post-mortem analysis
To assess the shape and spatial distribution of the twins, the 3D re-

construction of Tb2 has been performed (Fig. 5, see Supplementary ma-
terial for Video 1, 2 and 3) in unloaded conditions. Fig. 5 shows the
snapshots of the structure from different viewpoints around its longitu-
dinal axis. The overall T-bar is illustrated in Fig. 5-I, whereas Fig. 5-II and
5-III show respectively the residual parent grains decoupled from the
twinned ones and vice versa. The volumes of the twins and parent grains
are reported in Table 3. Moreover, Fig. 6 shows the longitudinal EBSD
cross sections made for both Tb1 and Tb2, where IPF and relative GND



Fig. 4. Stereographic projections of {1012}, {2110} and {0001} crystallographic planes for Tb2. Circled overlapping spots between green, yellow, red grains and blue (parent) alongwith the

expected rotation axis confirm the extension twin formation of four different variants. 1st twin variant (0112) -grain B- characterized by a twin plane that involves atoms a-b-k-l; 2nd

variant (0112) -grain F- (conjugate of the 1st) atoms d-e-h-i; 3rd (1012) -grain C- atoms a-f-k-j; 4th (1102) -grain D- atoms b-c-m-l.
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maps taken at 2.4 μmand 2.6 μm from the front surface are shown. GND
concentration can be found only inside the (0112) twin related to Tb2
(Fig. 6b), in agreement with the mechanism explained in Section 4.1.1.
Additionally, Fig. 6 shows that not all the twins propagated through
the complete thickness of the structures, discussed later in Section 4.2.
Dislocation accumulation ahead of the lenticular-shaped twin tip is fur-
ther visible in Fig. 6b (blue arrow). In particular, to investigate the dislo-
cation density in this region, Fig. 7a shows 15 of the 25 GND maps
processed for Tb2, overlapped with the crystal orientation map in
order to maintain the respective color of each grain (for the other
maps see Supplementary material: Video 4). Fig. 6b, shows that pro-
nounced GND density concentration occurred ahead of the lenticular-
shaped twin tip along the (0112) twin plane, which is discussed later
in Section 4.3. Fig. 7b shows the misorientation profile inside the E
grain. The stress field generated by the dislocation activity in this
grain, referring to slice 13th, is reported in Fig. 7c and e, in the X-Y-Z
global (sample) and X'-Y′-Z' local (associated with the (0112) twin var-
iant) reference frame (Fig. 7d), respectively. As twinning enables signif-
icant deformation of the lattice through crystal shear, the local shear
stress is plotted (Fig. 7g), and discussed later in Section 4.4.
Table 2
Misorientations and rotation axis for the different grains inside Tb2. Letters (A-G) refer to
Fig. 4.

Grains Misorientations Rotation axis

From B to A 85.7° [2110]
From D to B 63.9° [1010]
From C to B 57.4° [0110]
From C to D 59.9° [0110]
From E to C 87.1° [1210]
From E to D 89.5° [1120]
From F to E 86.1° [2110]
From F to C 59.1° [0110]
From G to F 86.0° [2110]
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3.3. T-bars aligned to the c-axis. (ϕA = 0°)

Two other similar T-bar structures, named T-bar 3 (Tb3) and T-bar 4
(Tb4) (Fig. 8), were loaded perfectly along the c-axis, to a similar total
strain as for the other orientation. The EBSD maps captured before and
after the test show the formation of only very small twins in both T-
bars (Fig. 8a-c). Twin nucleation events are marked in the engineering
σ-ε curve by arrows. The stress values at which the twins formed (i.e.
between 248 and 255 MPa) are comparable with those reported in
Fig. 3e for the other orientation. Concerning Tb3, two other twins are
visible outside the strain gauge, near the contact with the gripper
(Fig. 8a), and are related to the additional load drops reported in
Fig. 8b. Contrary to what was observed for ϕB, both structures show
the nucleation of only one extension twin variant, which did not prop-
agate through the entire gauge section length. Since all the tested struc-
tures have the same dimensions, these discrepancies can only be related
to anorientation effect, as discussed later in Section 4.1.3. Strain harden-
ing occurs after the first twin event. The additional load drops and irreg-
ularities on theσ-ε curve (Fig. 8b), not related to twin nucleation events,
are likely due to slip activity necessary to accommodate the plastic de-
formation. The oblique dark lines in the T-bar gauge section suggest
the activation of pyramidal slip during the deformation (Fig. 8c).
4. Discussion

4.1. Orientation effect on {1012} twin nucleation and propagation
mechanisms

4.1.1. T-bars aligned at 5° to the c-axis
Both T-bars loaded at 5° to the c-axis have shown similar twin nucle-

ation locations corresponding to the intersection with the activated
basal slip and the free standing surface, suggesting that the basal slip
acted as a trigger mechanism for twin formation (Fig. 3c). The disloca-
tion accumulation illustrated in the GNDmaps in Fig. 3cmust be related
to the multiple activated basal slip dislocations that can either glide out



Fig. 5. Three-dimensional reconstruction of the T-bar from successive EBSDmapping and FIBmilling. (a) EBSDmap of Tb2 on the front surface; (b)-(f) 3D geometry of (I) parent and twins;
(II) parent grain only; (III) twins only.
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of the free surface creating a surface step or interact and pin leaving a
good amount of dislocations inside the structure. Mendelson [63]
and later Capolungo and Beyerlein [27] showed that the <a > basal
dislocation can dissociate into partial glissile TDs along the twin
plane leading to twin nucleation. Also, the dislocation dissociation
process has been recently observed in reported TEM experiments
during the compression of pillars with an orientation that favors ex-
tension twin formation [12], triggering the twin nucleation. This
Table 3
Volumes of the twinned and parent phases in Tb2. Letters (A-J) refer to Fig. 5-I-b.

Grain No. A B C D

Volume (μm3) 179.24 340.66 84.64 1.02
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mechanism can therefore explain the extension twin formation in
our case. After nucleation, the twin lamella expands quickly towards
the whole structure leaving dislocations along the twin boundaries,
as shown in the GND density maps (Fig. 3c). The interpretation of
the twin nucleation and propagation mechanism from the successive
EBSD maps is illustrated in Fig. 9 for the two T-bars, according to
[27,39]. In Tb1, one single twin has formed in the gauge section
(Fig. 3a and Fig. 9a-c), whereas the growth of two same-twin-
E F G H I J

112.02 90.75 43.6 5.72 11.47 0.44



Fig. 6. Longitudinal cross-sectional EBSDmaps of the deformed T-bars prepared by FIB and associated GND density distributions: (a) Tb1maps at 2.4 μm from the front surface; (b) Tb2 at
2.6 μm. High GND density (black arrow) appears inside the developed (0112) twin in Tb2 related to the basal slip that occurred in the matrix, associated with the second twin embryo
formation process. Dislocation accumulation can also be seen ahead of the lenticular twin tip (blue arrow).
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variant embryos characterizes the IPF green domain observed in Tb2
(Fig. 3b and Fig. 9d-f). The formation of the second (0112) twin em-
bryo can be linked to the second load drop at ~5.6% strain, which is of
similar magnitude to that of the (0112) twin formed at 4.3% strain.
These embryos expand into the upper crystal and eventually coalesce
forming the larger detected (0112) twin. To assess the strain energy
density per T-bar unit volume (W) up to the first twin event, a third
order polynomial function was used to fit the σ-ε curves discarding
the load drops associated with the EBSD acquisitions. By calculating
the integral of this function, it was found W1 = 5.11 × 106 J/m3 and
W2 = 5.16 × 106 J/m3 for Tb1 and Tb2, respectively.

In Tb2, the second twin embryo nucleationmechanism appears to
be similar to the first twin, triggered at the intersection of the basal
slip (Fig. 9e). This can be seen in the 4th and 5th maps (Fig. 3b),
where the detected IPF green twins show internal features (white
vertical dashed arrow Fig. 3b) parallel to the basal plane, in the orig-
inal matrix, that becomes prismatic in the twin domain. According to
[40], when an existing twin interacts with an incoming basal slip
plane, a basal edge dislocation can fully transform into prismatic
through the gliding from the basal plane in the matrix onto the pris-
matic plane in the twin domain. For the screw component, the trans-
formation is accomplished via multiple cross-slip events leading to a
prismatic <a > dislocations in the twin. However, a different sce-
nario has to be depicted here where a mobile twin boundary moves
by the glide of TDs on the twinning plane towards the stationary
basal slip dislocations [64]. As reported in [64], when the TB meets
the dislocation in the matrix, the <a > dislocation transmutes into
a different dislocation type that lies in a plane approximately parallel
to the prismatic plane in the twin. According to Wang et al. [64]:
“during further advancement of the TB, the transmuted dislocation
may either move along with the TB or detach, leaving a fault in its
wake”. The GND map from the longitudinal EBSD cross sections in
Fig. 6 shows a high horizontal GND densification inside the twin re-
lated to Tb2 (black arrow in Fig. 6b) whereas no visible features ap-
pear inside the twinned region in Tb1 (Fig. 6a). This suggests that
the activated basal dislocations that initiated the second twin
8

embryo nucleation in Tb2 result in a fault within the twin domain
after the twin-slip interaction, as illustrated in Fig. 9.

The growth discrepancy between the twins in the two T-bars causes
the different trends observed in the σ-ε curves (Fig. 3e): Tb1 shows the
usual hardening reported for twin formation, whereas Tb2 undergoes a
softening behavior. Twin-slip interaction in Mg and alloys has been
widely studied [35,40,65–69], especially in termsof how this interaction
leads to hardening behavior [70–73]. Twin-slip interplay was found to
be affected by the TB spacing and dislocation density mainly because
TBs can act as a barrier to dislocation glide in the parent grain contribut-
ing therefore to hardening [74]. Additionally, since the TBs undergo a
large amount of plastic deformation, multiple dislocations can become
pinned or tangled leading to restrained dislocation motion, thus hard-
ening [75]. This process has likely governed the mechanism inside
Tb1. However, it is also known from the literature that applied forces
cause relative motion across the boundary between two grains, leading
to boundary sliding [76,77] and decreasing stress concentration during
tensile loading, as experimentally observed in [78]. In Tb2, due to the
higher presence of TBs, associated with the formation of multiple twin
embryos, twin boundary sliding might have played a role, although
not explicitly observed in our case. Konopka et al. [79] investigated via
in situ TEM theprocess of the generation of dislocations fromTBs in cop-
per and austenitic steel subjected to tension,where they concluded that
an increase of the frequency of TBs results in a reduction of the flow
stresses. Moreover, the nucleation and growth of multiple twin em-
bryos are accompanied by several load drops, as experimentally seen,
that contributes to an overall softening. Therefore, the significant soft-
ening observed in the σ-ε response in Tb2 can be attributed to the
high presence of twins that lead to profuse dislocation–TB reactions,
twin coalescence and twin boundary migration related stress variation.
To verify this, further experiments involving in situ TEM investigations
and MD simulations detecting the particular dislocation mechanisms
are required. Nevertheless, the opposite σ-ε trends in Fig. 3e give a
clear proof that, despite the same test conditions for Tb1 and Tb2, twin-
ning growth mechanisms at the micron scale are highly stochastic and
the multiple TB presence influences the stress response.



Fig. 7. GNDmaps, misorientations and shear stresses for the dislocation-twin boundary interaction inside the deformed Tb2. (a) 15 2D GND snapshots related to the red marked area for
each 200 nm slice performed by FIB for three-dimensional reconstruction. (b) Misorientation profile map with tolerance angle of 2° of slice 13th (i.e. 2.4 μm from the front surface). The
white arrow indicates a markedmisorientation inside the pre-existing twin. (c) Shear stress maps in GPa from HR-EBSD in the global reference frame, showing sign inversion across the
twin plane (black arrows) along all the dislocation accumulation lines from the twin tip to the pre-existing twin boundary. Local higher stress concentration associatedwith activated slip
systems (red arrows) is found vertically from the twin boundary into the E grain. The invariant plane of the active twin variant is indicated in green in (d) together with the sample (X, Y,

Z) and the local (X', Y′, Z') reference frames; X' along the twin shear direction and Z' normal to the 0112
� �

twin plane. (e) σ’13 and σ’12 stress maps in the local reference frame. The

reference point for HR-EBSD is marked by the blue arrow in (c). (f) Schematic representation of the dislocation-twin boundary interaction: red dashed line marking the direction of
the accumulation of the dislocations ahead the incoming twin; blue and black dashed lines associated with the secondary activated slip systems respectively inside the E and C grains.
(g) Residual σ’13 stress profile across the twin plane ahead of the lenticular twin showing a local increase of ~205 MPa, resulting from averaging over 1 μm length (e).
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4.1.2. T-bars aligned to the c-axis
When loading along the c-axis (sample A - ϕA = 0°), basal and pris-

matic slip are inhibited. Pyramidal first order <c+ a> slip can be how-
ever activated, as it was demonstrated in terms of activation energy
[80]. This is most likely the case in our deformed structures, shown by
9

the dark lines in the IQmap in Fig. 8c (black arrow) which are not asso-
ciated with twinning. Moreover, MD simulation investigations on
{1012} twins nucleating at the core of <c > and < c + a > dislocations
showed that stable twin formation, via < c + a > dislocation-assisted
mechanisms, occurs at finite applied strain [29,30,81]. The trace of the



Fig. 8. EBSDmaps of the deformed T-bars along the crystal c-axis (overlay of IPF and IQmaps). (a) Initial and final states showing formation of twins of the same variant in both structures
(Tb3 in green; Tb4 in red). (b) Engineering σ-ε curve. Arrows indicate load drops associated with twin formation. (c) IQ map for Tb4 revealing darker features (black arrow) associated
with pyramidal slip.
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pyramidal slip intersecting the twin plane, shown in the EBSD map in
Fig. 8c, suggests that such a scenario is possible for the {1012} twin nu-
cleation mechanism in our case. Owing to the limited resolution of
EBSD, Fig. 8c cannot prove rigorously that <c + a > slip preceded the
twin nucleation but provides an experimental basis for subsequent
TEM works necessary to identify the dislocation type. However, impor-
tant points can be raised from the observed twin propagation activity, as
discussed in the following section.
Fig. 9. Schematic representation of the formation and growth of 0112
� �

twins for Tb1 (a-c) and

twinning dislocation TDs (black upside-down Ts) and stair rod dislocations (yellow) according t
Ts represent the dislocations at the free surfaces mainly due to FIB milling. In the case of multi
larger embryo. Row of crystal defects consistent with basal dislocations transmutation related
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4.1.3. Role of the basal plane in {1012} twin propagation
The presented experiments show an extensive propagation of differ-

ent twin variants in the case of loading at 5° to the c-axis, where basal
slip activities occur, and almost no twin propagation when basal slip is
inhibited (i.e. ϕA = 0°). Basal dislocations therefore also promote the
twin propagation process. The dislocation-TB interaction in Mg has
been analyzed extensively by MD simulations, particularly when basal
dislocations meet a TB [82–85]. It has been shown that the dissociation
Tb2 (d-f). (a, d) activated<a > basal dislocations. (b, e) <a > dislocation dissociation into

o [27,39], resulting in twin nucleation (green region) and subsequent growth (c, f). The red
ple same-variant twin formation as in Tb2 (f), embryos coalescence occurred leading to a
to the stationary slip-incoming TB interaction [64] is illustrated in (e-f).
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of basal dislocations can generate multiple TDs at the {1012} TB [28]. In
fact, Basal dislocation-TB interaction causes the absorption of the parent
dislocation at the twin interface, leading to an interfacial step that acts as
a source of TDs [86–88]. Fueled by the stress field of basal dislocations in
the matrix, the TDs glide on the TB, producing TB migration [85]. This
mechanism could therefore explain the promotion of twin propagation
when the basal plane is activated. This also confirms the observations of
Wang et al. [89], who have shown that during in situ tensile tests,
<c + a > pyramidal slip is favorable to nucleation but unfavorable to
twin growth. Consequently,when twinmigration is not eased by the pres-
ence of basal slip in thematrix, the nucleation ofmore twins or the activa-
tion of pyramidal slip systems are expected to be the mechanisms
accommodating plastic deformation rather than twin growth. In other
words, the initiation of other deformation systems would effectively ac-
commodate the deformation requirement. Therefore, the suppression of
the twins' thickening and propagation is primarily achieved by hindering
TB motion, and in these experiments, basal slip absence was revealed
clearly to be partly responsible for this suppression.

4.2. τCRSS at the micron-scale

In this work, the complexities related to the presence of initial grain
boundaries and incongruences between macroscopic and local stress
are avoided until thefirst twin formation. The critical stresses associated
with the onset of plastic deformation and {1012} twin nucleation can be
thus determined from theσ-ε curves of all T-bars. Given the Schmid fac-
tor m from Table 1 for the first activated twin variants and the nucle-
ation stresses from Fig. 3e and Fig. 8b, the range of the calculated τCRSS
for {1012} extension twin at the micron-scale is (118–124) MPa.
These values are roughly ten times higher than those reported for
bulk samples (Table 1) and can be explained by size effect [14,90].

4.3. {1012} twin-twin junction

As observed in Fig. 3, twin-twin junctions occurred inside the T-bars.
By assessing the twin shape and distribution, the 3D reconstruction of
Tb2 in Fig. 5 reveals that no twin-twin crossing mechanism occurred.
This result is in agreement with Yu et al. [44] considering that, in the
hcp unit cell, the twin crossing mechanism is unlikely because twinning
is unidirectional having one set of TDs per twinning plane. Therefore,
when loading favors the growth of two {1012} twin variants, one twin
cannot transmit into the other across a TB, as confirmed here. Conse-
quently, twin-twin boundary (TTB) intersection forms causing the gener-
ation of TTB dislocations that possibly lead to third twin variant
nucleation. The intermediate EBSD maps taken for both T-bars tested at
5° to the c-axis show the systematic formation of the green, yellow and
red IPF twins. The location of the latter is always detected at the intersec-
tion between the yellow (incoming) and green (pre-existing) twins.
It appears from the 3D reconstruction that the red twin is constrained at
the surface between these two twins in a highly strained region without
the possibility of growing by crossing mechanism. This confirms
what Kumar et al. suggested in [45]: an approaching {1012} twin
that forms a twin-twin junction, would not likely transmit through
an existing {1012} twin, but instead create a new twin of the same
type. In this case, in both structures, the mechanism observed is:

0112
� �

− 1012
� �

! 1102
� �

. At the twin-twin junction, the TTB plane

is defined as a common interface that separates two twins and its geom-
etry can be curved to minimize interface energy [91–93], explaining the
dissimilar interfaces between the red and yellow (and green) IPF-
colored twins. Nevertheless, themisorientation and rotation axis relation-
ship between the crystals remains unchanged. Except for the red IPF twin,
it was observed from the 3D reconstruction that the twin-matrix inter-
faces globally follow the invariant-twin plane geometries (see also Fig. 4).
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4.4. Dislocation-TB interaction and 3D GND density map

As discussed earlier, the twin-twin junctions play an important role
since the local shear strains induced by the incoming twin on the pre-
existing one can be accommodated by other twin variant activation,
possibly induced by the transformation of pre-existing dislocations.
However, before the twins interact through their volume, the interac-
tion between the dislocations ahead of a growing twin and a pre-
existing twin boundary can lead to the activation of dislocation slip
within or on the exit side of the pre-existing twin [94,95]. Fig. 5 shows
that the lenticular-shaped green IPF colored twin (grain H) has propa-
gated faster through the complete thickness of the T-bar compared to
the longitudinal or transverse directions. It has been measured experi-
mentally and supported by simulations that the growth of a finite
twin domain that extends across a grain connecting opposite grain
boundaries is limited by the surrounding constraints [96–99] (see also
Section 4.4). The presented experiment illustrates indeed that the len-
ticular twin has not propagated until the boundary of the yellow IPF
twin. The propagation ahead of the twin tip has been slowed down
compared to the one along the structure's thickness. The explanation
can be found by analyzing the 3D-GND map reconstruction. As illus-
trated in Fig. 7a, high GND density concentrates ahead of the lenticular
twin tip and extends parallel to the habit twin plane towards the yellow
TB. These dislocations are necessarily present to accommodate the crys-
talmisfit induced by the highly strained region that arises from the local
TD distribution located at the end of the lenticular twin tip. To charac-
terize and identify the type of dislocations ahead of the twin tip, post-
mortem HR-EBSD analysis is reported (Fig. 10). The HR-EBSD cross-
correlation results show that through the 6 rotation gradients used to
recover 33 dislocation types for Mg, only the <a > edge type appeared
significantly marked (Fig. 10a) as it fulfills the geometry of lattice rota-
tion (i.e. spatial gradient of the rotation fields) associated with the high
strain built at the end of twin H. Note that the direction of the Burgers
vector refers to the hcp reference system adapted by the software (re-
ported in Fig. 10b). Thus, negative values imply that the <a > edge dis-
locations (black arrows Fig. 10a) point to the left. The nature of these
dislocations can also be investigated by analyzing the Nye tensor com-
ponents αi3 (Fig. 10c-d) measurable through the HR-EBSD technique
(see Appendix B). The αi3 component calculation was done by a C++
program developed in-house [56]. Note that by the analysis of the Nye
components the nature of each single dislocation cannot be assessed but
rather the local results of their interactions. In Fig. 10d, only the α13 map
shows remarkable GNDs concentration at the head of the twin tip (high
red values indicated by the black arrow), i.e. associated with dislocations
having Burgers vector projection along the x-axis (see Fig. 10c), referred
to the (X, Y, Z) sample reference frame. The αi3 components characterize
therefore mainly < a > edge type dislocations, confirming to what is re-
ported in Fig. 10a. Since <a > dislocations form at the twin tip during
its propagation phase to accommodate the lattice deformation, when
the Schmid factor is not null, the activation of micro-basal slip and
their subsequent dissociation [28] may generate multiple TDs at the
{1012} TB that fuel the growth process. On the other hand, in presence
of the TB of twin C, the large atomic mismatch and the resulting lack of
common slip planes between the different grains (H, C, E) lead to the
detected dislocation pile-up (Fig. 7a) that limits the twin propagation
by the exertion of back-stress on the approaching twin tip. The growth
along the perpendicular direction is, however, not constrained by the
presence of grain boundaries, which explains why the lenticular twin
appears highly developed along the T-bar thickness (see Fig. 5-III).
This indicates that the twinning growth mechanism shifts from an
elongation-dominated process to a thickening-dominated process
when crystal boundaries are present, as also suggested in [99].

So, one question remains open: how does the material respond to
the stress concentration accumulated at the yellow TB in the location
of the considered interaction? The discussed dislocation pile-up at the



Fig. 10. (a) The three dislocation types with the same Burgers vector, measured via HR-EBSD post-processing, showing the greatest contribution in the location ahead of the twin tip.
(b) Hcp reference system automatically adapted by the software. (c-d) Nye tensor analysis. (c) αi3 values legend related to the (X, Y, Z) global reference frame. An edge dislocation
with Burgers vector pointing towards left (i.e. along x) appears red in the α13 map (d). (d) αi3 and αsq values plotted for the 13th slice (2.4 μm from the front surface) of the deformed
Tb2. For a better understanding of the meaning of αsq, see Appendix B. Black arrow points out the elevated value of α13 ahead of the lenticular-shaped twin tip associated with
dislocation accumulation. No significant contribution seems to be given by α23 and α33 components.
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boundary and the possible interaction with the TDs located at the TB of
grain C seem to lead to the activation of secondary slip systems in the
parent grain, likely related to prismatic slip, as shown from the vertical
GND line inside the E grain in Fig. 7a, slice 13th at 2.4 μmdepth from the
front surface. Thus, the high stress stored in the intersection has been
subsequently adapted by the activation of secondary sets of disloca-
tions. The dislocation piling-up seems to have therefore the important
role of providing the energetic contribution needed to activate non-
basal slip systems despite the relatively high τCRSS. In this highly
strained area, the crystal in E has experienced a distortion from the ini-
tial orientation as seen in Fig. 7b, where strongmisorientation gradients
are visible along both the (0112) twin plane and the vertical axeswhere
the GNDs are located. Moreover, the influence of the dislocations from
the incoming (0112) twin on the pre-existing (1012) is manifested
through the change in the misorientation profile (Fig. 7b, white
arrow) inside the latter. As illustrated in Fig. 7a (slice 14th at 2.6 μm,
black arrow), the pile-up of incoming <a > dislocations impinging on
a TB results also in the activation of dislocation slip inside the existing
twin that has to be assessed as a shear accommodation process that
partly relieves stress concentration.

Despite dislocation- and twin-twin boundary intersections are
known to be areas of high residual stresses which can lead to crack nu-
cleation [3,100], the tested structures have been deformed up to ~11%
without cracking. This can be therefore due to the ability of thematerial
to accommodate the local stresses (i) by the activation of secondary slip
systems in the matrix and twin domains mainly within the vicinity of
dislocation-TB regions and (ii) by the nucleation of other twin variants
(as in grains B and C, Figs. 4 and 5), when further strain is imposed lead-
ing to twin-twin volume interaction (Section 4.2).

4.5. Shear stresses

The local stresses are reported in Fig. 7c and e and have been mea-
sured by HR-EBSD. All the plotted shear stress magnitudes in Fig. 7 are
referred to a reference point chosen in grain E, which is not stress free
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(Fig. 7c, blue arrow), thus the stress component values are only relative.
Note that the choice of the reference point does not affect the GND den-
sity, as the GND density is only related to local lattice curvatures [56].
The stress components σ13 and σ12 in Fig. 7c, mainly concentrated at
the (0112) twin tip, are found to change frompositive to negative across
the twin plane (see black arrows, Fig. 7c). To better interpret this polar-
ity change, it is necessary to transform the stresses measured in the
global (sample) coordinate system of Fig. 7c into a local one X'-Y′-Z' re-
lated to the active (0112) twin variant (Fig. 7d). This allows the investi-
gation of the stress components lying on the twin pane, associated
hence with the twinning process. The local reference frame is defined
in such a way that X' is along the twin shear direction and Z' is perpen-
dicular to the twin invariant plane [51]. The stress fields of Fig. 7e in the
local reference framewill be therefore σij′= RσijR

T, where R is the rota-
tion matrix containing the unit vector components, expressed in the
global reference frame, that are parallel to the twin shear direction, to
the invariant plane normal, and their cross product, respectively. The
plot of σ’13 (Fig. 7e), that is, the shear stress on the twin plane and
along the twin shear direction, shows two significant contributions in-
duced by (i) the dislocations motion along X' (red dashed line in
Fig. 7f) and (ii) the secondary slip system activated at the yellow IPF-
colored TB (blue dashed line Fig. 7f). The former, (i), is concentrated
ahead of the twin tip towards the shear direction and its magnitude is
higher than near the twin-parent interface. The stress field associated
with σ’12 is instead mainly marked at the TB of twin C rather than in
front of the twin H. As shown in Fig. 7e, the shear stress component
σ’12 has no visible changes in polarity across the twinning plane and
hence does not contribute significantly to the twinning deformation
process. In contrast, σ13 and σ12 (i.e. in the global reference frame)
show sign changes since they are partially constituted by the vector de-
composition of σ’13. The pile-up of the dislocations ahead of the lenticu-
lar shaped-twin induces a local increase of the σ’13 of ~205 MPa across
the (0112) plane (Fig. 7e); this is seen, Fig. 7g, in the average stress pro-
filemeasured over amicron of length from the twin tip. As observed, the
local stress variations ahead of the twin tip do not disappear upon
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unloading, as reported also by crystal plasticity finite element (CPFE)
simulations [99]. However, despite the positive shear value at the end
of the twin tip provides a favorable condition for twin propagation,
the lenticular twin did not reach the TB. In general, the growth and
propagation of the twin within the parent grain are possible under ap-
plied load if the positive shear stress resolved on the twin plane and
along the twin direction is sufficiently high to overcome the opposite
stress (back-stress) induced by the parent domain surrounding the
twin [101]. However, in presence of TB along the twin growth path, an
additional back-stress contribution induced by the internal constraints
imposed by the neighboring grains has to be accounted. Consequently,
the increase in the flow stress with strain, necessary to promote further
lengthwise twin propagation, is related to the increasing back-stress at-
tributed to the dislocation-TB interference (i.e. pile-up), forcing the acti-
vation of other slip systems to accommodate the deformation
requirements (Section 4.3). The region of residual shear stress in
Fig. 7e (highlighted by solid blue lines in Fig. 7f) is indeed associated
with the remnant incompatibility of the prior activated secondary slip
system (ii), which operated in response to the local constraints induced
by the TB to the approaching twin. Over the grain boundary, the stress
field changes visibly as the different crystal orientation in the neighbor-
ing grain has a significant effect.

5. Conclusions

In the present work, an SEM in situ uniaxial micro-tensile testing
setup was designed to perform HR-EBSD during deformation at themi-
cron scale. This setup was used to study the extension twinning mech-
anism in pure Mg for two different crystallographic orientations,
respectively along and at 5° to the c-axis. The following conclusions
can be drawn from these experiments:

- {1012} extension twinning was found to occur at the micron scale
during tensile tests in Mg loaded along and at 5° to the c-axis, re-
spectively. However, the nucleation and propagation mechanisms
of the twins strongly differ between the two loading directions:

(1) For structures loaded at 5° to the c-axis, {1012} twinning is trig-
gered by the activation of basal planes. The latter appears to also
strongly favor twin propagation/thickening processes, and to
promote the formation of several twin variants in the strain
gauge.

(2) On the contrary, the structures loaded perfectly parallel to the crys-
tal c-axis show only single {1012} twin nucleation with limited
propagation. In this case, basal slip cannot be activated and
{1012} twinning is accompaniedby the activationof pyramidal slip.

- The τCRSS for {1012} twin plane at the micron-scale is found to be
~120 MPa, i.e. ten times higher than the one reported for bulk mate-
rial due to size effect.

- Twinning growth mechanisms at the micron scale are highly sto-
chastic leading to either strain hardening or softening.

- The twin growth mechanism shifts from an elongation-dominated
process to a thickening-dominated process when boundaries are
present along the twin growing path. This is mainly caused by the
pile-up at the TB of the dislocations generated ahead of the twin
tip. The boundary pile-up of dislocations along the twin shear direc-
tion induces a local increase of the shear stress (σ’13) on the twin
plane that limits further lengthwise twin growth.

- The nature of the dislocations located ahead of the lenticular twin
tip, accommodating the local crystal misfit in this highly strained re-
gion, was characterized by HR-EBSD to bemainly of <a > edge type.

- At the micron scale, Mg accommodates plastic deformation
through twin and slip activities up to ~11% of tensile strain
13
without breaking, showing higher ductility than usually reported
for bulk materials.

- When two twins interact through their volume (as for grains B
and C), no twin-twin crossing mechanism has been observed be-
tween the different {1012} twin variants at the location of the
twin-twin junction, but rather a third twin variant nucleation
(grain D).

Mechanical experiments combined with in situ HR-EBSD and post-
mortem3DHR-EBSD is a powerful tool to investigate deformation twin-
ning mechanisms at themicron-scale. It can give a strong experimental
basis for subsequent TEM investigations and a strong support to the nu-
merous MD simulations carried out for understanding the interplay be-
tween slip and twin activities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.109206.

Data availability

All data used during the study are available from the corresponding
author by request.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The authors acknowledge financial support from the Swiss National
Science Foundation (SNSF project numbers 200021_179011 and
206021_183328). The authors would like to thank Dr. Cyril Cayron of
Laboratory of ThermoMechanical Metallurgy (LMTM) of EPFL in
Neuchâtel for the helpful discussions, and the Scientific Center for Opti-
cal and Electron Microscopy ScopeM of the Swiss Federal Institute of
Technology ETHZ. SzK and TEJE were supported by the
EMPAPOSTDOCS-II program that has received funding from the
European Union's Horizon 2020 research and innovation program un-
der the Marie Sklodowska-Curie grant agreement number 754364.

Appendix A. Stages of deformation during in situ EBSD acquisition of
Tb1 and Tb2

Table A.1
In situ EBSD acquisition
 Tbar 1
 Tbar 2
ap 1
 ε = 0%
 ε = 0%

ap 2
 ε = 2.3%
 ε = 0.7%

ap 3
 ε = 4.7%
 ε = 4.7%

ap 4
 ε = 9.1%
 ε = 6.4%

ap 5
 ε = 11.2%
 ε = 8.8%

ap 6
 Unloaded
 Unloaded
M
Appendix B. Nye tensor components

Tounderstand the available termsofα that arise fromEBSDmethods
on a single surface, the Nye GND density tensor is expressed in terms of
the individual elastic strain tensor ε and lattice rotation tensor ω deriv-
atives, obtained by considering that the distortion tensor β= I+ ε+ω
and that α= ∇ × β, with I as the identity matrix. Only the third column
of the tensor can be experimentally assessed, because the other ele-
ments require derivation in the z direction, perpendicular to the surface.
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For completeness, asq = (a132 + a232 + a332 )1/2. The importance of αsq is
that it does not rely on CrossCourt's L1 optimization method. αsq relies
on the experimentally available three components, and it is propor-
tional to theGNDdensity; therefore byplotting this valuewe can ensure
that what the GND maps generated by CrossCourt report is not an arti-
fact from the minimization estimation.

Fig. 10 c illustrates the αi3 magnitude legend referred to the x-y-z
global reference frame. For example, an edge dislocation with Burgers
vector pointing in the left side hemisphere appears red in the α13 map
since it has a component along the x-axis. The same dislocation appears
red (or blue) in theα23map (Fig. 10d) if it has a component in the south
(or north) hemisphere. The magnitudes are proportional to the GND
density related to different types of dislocations (α13 and α23: edge
type, α33: screw type).
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