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HIGHLIGHTS

« The evolution of the twinning
mechanism was experimentally
investigated from low to high strain
rates at the micron-scale.

« The competition of twinning
dislocations and pyramidal
dislocations allows the evolution of
the twin boundary along a non-
invariant twin plane.

« At high strain rates, the prismatic to
basal plane conversion resulting in a
90° lattice reorientation governs the
entire twin process.

« The 3D reconstruction of the twins
allows to fully assess the spatial
geometry of the twin boundaries.

« The boundary lateral to the shear
direction of deformation twins was
investigated at different strain rates
at the micron-scale.

GRAPHICAL ABSTRACT

Extension twin evolution with strain rate

Low strain rates: ¢ < 1072 51 Mid strain rates: 1072 s™! < £ < 10571
The twin nucleates and grows maintaining the Twin shape is the outcome of competitive
classical (0112) coherency . This follows the processes dependent on the mobility of the
classical theory of twinning. activated dislocations to accommodate the
(1123) = (1213) in plane distortion
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ABSTRACT

We present a systematic investigation of {1012} extension twinning mechanism in single crystal mag-
nesium micropillars deformed over seven orders of magnitude of strain rate, from 10 to 500 s !, reveal-
ing how the accommodation of newly formed twins evolves with and depends on the kinetic
compatibility of interfacial processes when high deformation rates are imposed. By combination of
post-mortem 3D Electron Backscattered Diffraction, Transmission Kikuchi Diffraction and Transmission
Electron Microscopy techniques, this work unveils the progressive evolution of the accommodating twin
mechanisms from low to high strain rate, correlating differences in mechanical behavior with differences
in twin crystallography. Away from quasi-static conditions, simple considerations of twinning shear do
not suffice to describe unconventional twin morphologies, requiring the competition between newly acti-
vated dislocations and lattice distortions for allowing the evolution of the twin boundary along non-in-
variant twin planes. Under shock compressions, the basal/prismatic transformation establishing a lattice
misorientation of 90° entirely governs the parent — twin conversion. The results illustrated here confirm

E-mail addresses: nicolo.dellaventura@empa.ch (N.M. della Ventura), amit.sharma@empa.ch (A. Sharma), szilvia.kalacska@empa.ch (S. Kalacska), manish.jain@empa.ch
(M. Jain), thomas.edwards@empa.ch (T.E.J. Edwards), cyril.cayron@epfl.ch (C. Cayron), roland.loge@epfl.ch (R. Logé), johann.michler@empa.ch (J. Michler), xavier.

maeder@empa.ch (X. Maeder).

https://doi.org/10.1016/j.matdes.2022.110646

0264-1275/© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.110646&domain=pdf
https://doi.org/10.1016/j.matdes.2022.110646
http://creativecommons.org/licenses/by/4.0/
mailto:nicolo.dellaventura@empa.ch
mailto:amit.sharma@empa.ch
mailto:szilvia.kalacska@empa.ch
mailto:manish.jain@empa.ch
mailto:thomas.edwards@empa.ch
mailto:cyril.cayron@epfl.ch
mailto:roland.loge@epfl.ch
mailto:johann.michler@empa.ch
mailto:xavier.maeder@empa.ch
mailto:xavier.maeder@empa.ch
https://doi.org/10.1016/j.matdes.2022.110646
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

Nicolo M. della Ventura, A. Sharma, S. Kaldcska et al.

Materials & Design 217 (2022) 110646

that some of the recent interpretations deduced by particular twin morphologies are not universally valid
and that deformation twinning is not only stress- but also strongly time-controlled.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction:

Deformation twinning (DT) has a very important role in accom-
modating plastic deformation in hexagonal-close-packed (HCP)
metals due to the limited number of “easy” slip systems [1-3].
However, DT is known to be associated with a lack of ductility, lim-
ited machinability, and cracking [3-6], which affect the industrial
applicability of these metals and make them only partially compet-
itive compared to other light metal alloys [7]. Nevertheless, mag-
nesium (Mg) and its alloys are still recognized as lightweight
structural materials with potential application in the automotive
or aerospace industry due to their exceptional high strength-to-
weight ratio [8]. Therefore, Mg has attracted immense interest
from the scientific community over the last decade, pushing inves-
tigations into the fundamental understanding of DT in HCP metals,
such as nucleation and propagation mechanisms [9].

Although the development and use of various types of Mg-
based alloys with a good strength and ductility combination have
been achieved over the years, the phenomenon of DT is still not
completely understood [9-14]. Classically, the most commonly

observed {1012} twin in Mg can be described in its final state as
an 86.4° rotation of the parent grain across the crystallographic
a-axis (Fig. 1a), resulting from a complex shear-shuffle mecha-
nism [1]. We remind that when the primitive unit cell contains
more than one atom (two for HCP), shear and atomic shuffling
are both necessarily involved to restore the crystal lattice in a mir-
rored configuration, as the simple shear does not suffice to carry all
the atoms into their correct final positions [13]. The conventional
parent-twin interface (i.e. the twin boundary, TB), due to strain
compatibility conditions, is expected to develop along the

{10 1 2} invariant twin plane, K; (Fig. 1a). We will therefore refer

a ‘ (86.4°,a) twin ‘ b ’ (90°,a) twin‘
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Fig. 1. Schematic illustration of the conventional (86.4°, a) twin and the uncon-
ventional (90°, a) twin geometries. (a) K; defines the twin plane, k; the normal to
the twin plane, #; the twinning shear direction and / the cross product k; x #;. K>
represents the conjugate twinning plane that transforms into K, because of the
shear. (b) The reoriented lattice does not hold a rigorously crystallographic
(rational) orientational relationship with the parent lattice as expected for
twinning. A and A’ do not coincide.

to it as a (86.4°, a) twin. Nevertheless, major controversies have
arisen from numerous experimental observations of “unconven-
tional” twinning features presented as counterexamples of the cen-
tenary classical theory, such as the occurrence of non-invariant
parent-twin interfaces [15], like the prismatic-basal (PB/BP) serra-
tions [12,16,17]; the finding of 90° misoriented parent-twin inter-
faces across the crystallographic a-axis (Fig. 1b) interpreted as a
proof of an unfulfilled classical simple shear [18,19]; the non-Sch-
mid factor behavior [20]| of twinning and other “anomalous”
aspects [9,21]. From this, the main debates are based on disagree-
ments between heterogeneous and homogeneous theories that
aim to justify the precise atomic trajectories that govern the par-
ent — twin transformation [13]. The former focuses on the key role
of special twin boundary dislocations called twinning dislocations
(TDs) in mediating the twinning processes [22-25], whereas the
latter describes DT as a collective movement of atoms without
involving TDs [12,18,26].

In this context, we report a micropillar compression investiga-
tion on single-crystal pure Mg performed over seven orders of
magnitude of strain rate (&) to progressively compare the nature
of the deformations from quasi-static to shock compressions at
room temperature. At small scales and under high strain rate
(HSR) loading, we expect that the character and mobility of defects
assisting DT are strongly influenced by both the high-stress envi-
ronment and changes in the kinetic compatibility of lattice distor-
tions when a rapid transition of the atoms’ positions is externally
imposed. The description of the evolution of the mechanisms
accompanying DT is presented, unveiling important aspects for
the fundamental comprehension of twinning in HCP metals.

2. Materials and methods
2.1. Experimental characterization

A 99.999% pure, fully single-crystalline Mg sample (PSC, Easton,
USA) was mechanically polished and subsequently electro-pol-
ished at 12 V with a refrigerated (10 °C) electrolyte, comprised of
85 % ethanol, 5 % HNOs and 10 % HCl. The sample was then used
for squared pillar fabrication using Ga* Focused lon Beam (FIB)
(Tescan, Lyra3). The square cross—section pillar dimensions
(5x5x10 pm?>, see Fig. 2a) were chosen so that a width—to-height
aspect ratio of 1:2 was achieved. The pillar taper, caused by inher-
ent limitations of the FIB milling procedure, was found to be on
average 1-2° and the surfaces showed almost no curtaining arti-
facts. Details on the measures taken to fabricate the structures
and minimize the potential FIB artifacts are shown in Fig. S.1 in
Supplementary material. The pillar top was used to measure the
area from which the engineering stress was calculated. Stresses
and strains (o, ¢) are nominal. The pillars were fabricated at the
front surface of the bulk sample, allowing for Electron Backscat-
tered Diffraction (EBSD) acquisitions before and after the deforma-
tion. The structures were then compressed with a nanoindenter
fitted with a 20 pum diameter flat punch. The micromechanical
tests were conducted using a dedicated in situ Alemnis AG nanoin-
denter set-up for quasi-static and HSR conditions [27] mounted
inside a Scanning Electron Microscope (SEM, Philips XL30). The
set-up employs a piezo-electric load sensor at strain rates > 1 s~
and a standard strain gauges-based load cell below.
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Fig. 2. (a) Overview of the experimental configuration adopted, together with an SEM image of an undeformed pillar. (b) EBSD map and related {2 1 10} pole figure showing
the initial crystallographic orientation. RD. Rolling Direction, TD. Transversal Direction. (c) Secondary electron images of some pillars deformed within the three different
strain rate regimes. The images have been saturated so that the parent domain appears darker, the twin domain brighter. A change in the parent-twin interface inclination is
visible in Regime II. Some respective EBSD maps are shown (parent domain in red and twin domain in blue, as per legend). Eventual slight discordances between the EBSD
maps and correspondent SEM images are due to FIB polishing performed after unloading to improve the EBSD quality. The inverse pole figure (IPF) color code in all maps
indicates the crystal orientation in the out-of-plane direction (normal direction, ND). ND corresponds to the z-axis in (a), TD to the x-axis and RD accordingly. All scale bars

correspond to 2 pm length.

2.2. EBSD acquisitions and 3D EBSD reconstructions

All EBSD maps were acquired inside a field emission gun (FEG)
SEM (Tescan, Lyra3) with a Symmetry detector and Aztec 4.2 soft-
ware (Oxford Instruments, UK), under 20 kV, 10nA beam condi-
tions and a 100 nm step size, using a 2 x 2 binning (622 x 512
px?). As EBSD is a surface technique, the three-dimensional recon-
struction of the shape and distribution of the twins formed upon
loading was performed by coupling post mortem 2D EBSD acquisi-
tions with FIB tomography in a static setup [28,29] (see later). The
2D EBSD maps were captured after every FIB slice of 200 nm from
the front surface through the thickness of the pillars. FIB slicing
was done at 30 kV and 100 pA. After the EBSD evaluation, Photo-
shop CC 2017 was used to manually align the slices by changing
the visibility of one slice over the other. The Amira v5.2 software
was then used to form the 3D reconstructions from the 2D maps.

2.3. TKD and TEM analysis

To investigate and analyze the atomic structure of the different
TBs, several deformed pillars were lifted out and furtherly thinned

down to ~ 100 nm. The [i 110] direction (i.e. the a—axis), being the

rotation axis of the {1012} twin, was selected to be the zone axis
(Z.A.). The atomic resolution images were acquired using a
ThermoFischer Themis 200 G3 spherical aberration (probe) cor-
rected Transmission Electron Microscope (TEM) operating at
200 kV. A double tilt sample holder was used to achieve various
zone axis conditions. The dislocation types were determined based
on diffraction contrast analysis criteria (see Table S.1 in Supple-
mentary material) by analyzing the bright-field (BF) and weak-
beam dark-field (WBDF) images. In some cases, the TEM thin foils
were mapped using the Transmission Kikuchi Diffraction (TKD)
technique to provide an overview of the parent and twin domains

viewed from the lateral side of the pillars. For this, an electron
beam of 30 kV and 10nA was used. It is important to note that
any in-plane rotation of the parent crystal in the TEM or TKD
images shown in this article is simply the result of the manual
positioning of the foil in the microscopes.

3. Results

Several pillars were compressed along the [01 10] crystal direc-
tion in displacement-rate controlled mode for each strain rate con-
dition, from 10™* s~ ! to 500 s~ . The coordinate system used in this
work is reported in Fig. 2a. The stress—strain (g-¢) curves and
videos related to the in situ tests can be found in Fig. 3 and Supple-
mentary videos, respectively. The initial sample orientation was
checked for all the structures using EBSD (Fig. 2b) ensuring an ori-
entation accuracy of ~ 0.5°. This specific orientation was selected
for favoring extension twin formation induced by the stretch of
the crystal along the c-axis [30].

3.1 10?2} twin morphologies vs strain rates

Thermodynamically speaking, the energy that needs to be given
to the system to induce twinning nucleation has to overcome the
energy associated with the formation of a new interface, i.e. the
TB. Thus, once reaching the critical resolved shear stress for twin-
ning (tls), the overall energy of the system is reduced through
energy dissipation. In displacement-controlled conditions the twin
transformation process leads to a significant load drop in the g-¢
curves, as observed in our recent work [29]. Additionally, upon
twin nucleation and under a continuously applied deformation
condition, the predominance of the twin propagation process in
accommodating the plastic deformation is usually manifested by
a plateau of g, where a small increase in stress results in a signif-



Nicolo M. della Ventura, A. Sharma, S. Kaldcska et al.

Materials & Design 217 (2022) 110646

£=10%g"! £=103¢"! £=102g"!
200 1 1 1 1 1 1 1 300 1 1 1 1 1 1 1 1 1 1 1 L 1 L 1 1 1
——pillar 01 \ —— pillar 03 300 pillar 05 L
—— pillar 02 M o 2504 —— pillar 04 / L pillar 06
150 | V¥ g 2501 i
~ 4 ¥ =200 F =
§ § § 200 .
EIOO- ) L EISO— F G 1s0] I
o 5 wf O O
F=] o B =
] @ 100 o 17} 1004 L
504 F 504 L
0 T T T T T T T 0 T T T T T T T T T 0

6 7 8 9 10 8
strain (%) strain (%)
§=101g! E=1g¢! §=10s1
250 \__.pmar 0v7 ! L L L L L 300 : L L L L L 400 p,]]lar - —Ipfua, lgl L ‘,','»“ rfl L
—— pillar 08 g ——pillar 10 —— pillar 13 —— pillar 19 A
p!“ar o0 { — illar 11 3504 pillar 14 ——pillar20 4| X | r
2004 ~ P 7 L 250+ priar r pillar 15 —— pillar 21 y
pillar 16 /
. ~2004 | ——pillar 17
: -
< < 150 L
; 7 150 Y ‘\
Z D Biol M s i
- ” sttt hgk""?f“ il ot i
T
I 50 ;: '
0 ———————————
9 0 | 2 3 4 5 6 7
strain (%) strain (%) strain (%)
£§=50¢"! £ =500s"
1 ll L L L L 1 1 600 1 1 1 1 1 1 — 1 1
) pillar 22 | ——pillar 26 b
4001 pillar 23 500 | —— pillar 27 A
—— pillar 24 pillar 28
= 300 pillar 25 . b 5400 o S S
[ oy 8/, o -
2 = '
2 2004 | <3004 L
W 172}
] 8
@ @ 2004 F
1004 7 3
; 100 F
04 . o+ —
0 7 8 0 1 2 3 4 6 7 8 9
strain (%) strain (%)

Fig. 3. Stress-strain curves at the different imposed strain rates. Two or more pillars were tested in each condition. A higher number of pillars have been used for high strain
rate testing (Regime III). At greater than 10& s~ !, the flow stress starts exhibiting oscillations due to the resonance frequency of the system [27]. The material response is
overwhelmed by the oscillation amplitude, not allowing a precise extraction of the material properties. Adjacent average smoothing procedure every 5 and 35 data points for
50 and 500 s~ ! respectively has been therefore adopted. Sampling rate. 100 kHz and 1 MHz, respectively.

icant increase in strain [31,32]. The changes observed in the
microstructures (progressively described in this work) and conse-
quently in the mechanical responses (Fig. 3 and Fig. 4) at different
strain rates allow us to define three different regimes: Regime I

transformation. Especially at low strain rates, this can vary
according to the complex local strain field that develops in
the first few-hundred nanometers underneath the pillar-inden-

(low strain rates), &< 107%s~!; Regime Il (mid-strain rates),
107251 < & < 10s~; Regime III (high strain rates), & > 10s~! (see
Fig. 4).

- In Regime I, the onset of the plastic deformation (yield stress,
oy) is observed by a stress plateau (black arrows in Fig. 3) usu-
ally followed later by a significant load drop (twin transforma-
tion process, green arrows in Fig. 3) at larger deformation. It is
important to point out that the magnitude of the load drop
associated to the twin occurrence strongly depends on the ini-
tial volume of the crystal that undergoes the parent — twin

ter contact surface. Nevertheless, from Fig. 3 it appears that
deformation by twinning mainly manifests at ~ 3% of strain.
After the evolution of the twin domain, the o-¢ curves show a
continuous strain hardening likely induced by the activation
of harder slip systems inside the twin domains (Fig. 5), as well
as twin-twin, dislocation-twin, and dislocation-dislocation
interactions [6,33-35]. The pole figures (PF) obtained from the

EBSD maps reveal consistently the formation of one {10i 2}

twin variant, i.e. (0 1 12). In the classical definition of twins, this
implies that the TB develops following the twin habit plane
geometry (blue-colored) as shown in Fig. 2a, which translates
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Fig. 4. Yield stress vs strain rate. Regimes I, II, and III are defined based on the
change in material response.

to a TB that appears 0° and 46.8° inclined to the horizontal
direction when viewed in the xy and yz planes, respectively
(see Fig. 2c and Fig. 5).

In Regime II, unlike Regime I, it appears that the twin nucleation
(load drop) establishes the onset of plastic deformation (red
arrows in Fig. 3). The yield stress is then measured accordingly.
The o-¢ curves report a significant stress plateau right after the
elastic regime, followed by strain hardening. This suggests that
upon nucleation the twin propagation process accommodates
most of the plastic deformation. Here, additionally, the majority

of the TBs deviate from the (0112) twin plane in the xy plane,
as shown in Fig. 6a, appearing inclined to the horizontal direc-
tion. The same result was systematically observed at mid-strain
rates on the xy surface of other pillars (Fig. 2¢). This particular
twin feature can be caused either by 1) the change in the

{10 1 2} twin process from Regime I to Regime II that eventually

leads to the development of an “unclassical” (Oi 12) TB or 2)
the activation of other twin modes. Interestingly, initial analysis
of the EBSD measurements showed that the twins were charac-

terized by an 86.4° rotation around the a-axis, as for the {101 2}
twin. One would then reasonably suppose that despite the “un-
conventional TB”, 1) is more likely than 2). Further considera-
tions will be presented later.

In Regime III, the spatial geometry of the emerging twin variant
commutes once more at HSR as shown in Fig. 2c. From the anal-
yses of TEM images and TKD orientation maps (see Fig. 7, Fig. 8
and Fig. S.2), the TBs in the yz plane appear highly incoherent
and a consistent 90° misorientation was observed across the
parent-twin interfaces. Here, at ¢ = 10s~!, a stochastic material
response shown by variable yield stress values was detected
compared to that in Regime I and II (Fig. 3 and Fig. 4). Notably,
at & > 10s1, the oscillation frequency of the system begins to
appear in the material response. This is especially critical in soft
metals as Mg, where the plasticity occurs within few-hundred
MPa, limiting the precise extraction of the yield stress as the
actual material behavior is overwhelmed by the resonant fre-
quency of the system [27]. Consequently, the yield stress values
have been measured by the averaged curve from the recorded
data points (Fig. 3), as usually adopted [36-38], and higher error
bars have been considered accordingly (Fig. 4). Most impor-
tantly though is that, despite the calculated yield stress values

Materials & Design 217 (2022) 110646

have undoubtedly higher degree of uncertainty due to the sig-
nificant complexity of the experiment, no remarkable incre-
ments of ¢, are however seen at high strain rates. To further
correlate the nature of the deformation and the microstructural
evolution to the mechanical response of the material, TEM
observations have been performed.

The interpretation of the accommodating twin processes in the
three regimes is presented hereafter.

3.2. Three-dimensional {10 52} twin geometry at low and mid-strain
rates

For sake of clarity, we decide to use in this work the following
vocabulary recently adopted [39] to help to distinguish two partic-
ular projections of the twin domain: the “Bright Side” (BS) and the
“Dark Side” (DS), representing the view along 4 (i.e. the x-axis) and
the view along 7; (the shear direction), respectively (Fig. 9). The BS

of the {101 2} twin in Mg has been widely investigated as it con-
tains the k; and #; directions of propagation, of high interest for
understanding the motion of TDs on alternating K; planes. On the
contrary, despite recent exceptions [29,40-44], the DS still has
not been sufficiently investigated experimentally as such projec-
tion is reported to be, in principle, “crystallographically unobserv-
able” [39]. Here, however, we assessed the spatial evolution of the
twin grains of some deformed structures through a 3D EBSD recon-
struction (Fig. 9a, 9b, Fig. S.3, S.4 and S.5, and videos), shedding
light on the morphology of the twin domain from both the BS
and DS at the micron scales, resulting from different strain rate
compressions. In particular, we focused our attention on Regime
I and Regime II to delve into the changes of the twin morphology
described before. It is important to point out that the 3D domains
obtained in both regimes are of high interest as 1) their growth has
not been affected by the presence of grain boundaries; 2) they
belong to “adult” twins, revealing how the facets expand as the
twins become larger. The latter point is often questioned as molec-
ular dynamic (MD) simulations are limited to twin volumes of few
thousand nm> and the HSR tests on bulk Mg [45] develop twins of
thousand pm?. Hence, eventual changes in the twin shapes depend
on and can be addressed to the different character and mobility of
the lattice dislocations and the possible activation of other slip/
twin modes caused by the changes in the kinetics of atomic rear-
rangements and consequent evolution of the facets that constitute
the twin domain.

Fig. 9a and 9b illustrate the obtained distribution of the nucle-
ated twin crystals in two compressed pillars (respectively of
Regime I and II) observed from three viewpoints around the longi-
tudinal axis. The 3D reconstructions show that the twin domain

develops along the (0112) twin plane in Regime I (Fig. 9a). This
is confirmed by the inclinations of the TB in the xy and yz planes
with the horizontal, 0° and 46.8° respectively. The classical

{101 2} extension twinning thus governs the plastic deformation
at low strain rates. The corresponding BS and DS views are illus-
trated in Fig. 9c. In Regime II, the systematic 26°-32° inclination
of the TB (visible in the xy twin plane as shown in Fig. 6a, Fig. 9b
and Fig. S.4, S.5) is well maintained throughout the thickness of
the structure (i.e. along z). However, in the yz plane, the TB shows
a 46.8° inclination with the horizontal, parallel to the trace of the

(0112) twin plane (see Fig. 9d). The 3D reconstruction thus reveals
similar twin shapes in the BS view between the two regimes but
different twin evolutions when observed from the DS view
(Fig. 9¢-d).
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win plane

4 ‘Yf .-‘\“! 190 A
%, basal dislocatibns,,

Fig. 5. Frontal (xy plane) and lateral (yz plane) view of a 7% strained pillar deformed at & = 10~ s~' (Regime I). The reference system is associated with that in Fig. 2a. (a) EBSD
map on the front surface. (b) TKD map showing the twin and parent phases. (c) Pole Figures related to the EBSD map in (a) showing the occurrence of (01 12) twin. RD. Rolling
Direction (along y), TD. Transversal Direction (along x). (d-f) BF and WBDF TEM images for the pillar shown in (b). Because of extension twinning, the crystal undergoes a
crystallographic reorientation that places the c-axis almost parallel to the loading direction. With proceeding strain, subsequent accommodation of plastic deformation can
occur through activation of secondary (harder) deformation modes, particularly in the twins themselves, where < ¢ + a > dislocations were detected (black arrow) (e). (f) In the
parent domain, limited basal slip activity is detected, however, due to the zero Schmid factor imposed by the chosen orientation, it does not result to be the main mode of
deformation. The twin interface appears to conform to the classical (0112) twin plane geometry. The crystal misorientation was found to be 86.4° around the a-axis (see the

diffraction pattern), in line with that for conventional {101 2} twins.

4. Discussion
4.1. Twin mechanism at low strain rates

In Regime I, the stress plateau and the strain hardening precede
the onset of the twin mechanism (Fig. 3). This suggests that the for-
mation of a twin nucleus of finite size occurs upon the activity
of < a > dislocations underneath the pillar-indenter contact region,
similar to what has been largely observed in Mg during direct and
indirect c-axis extension at low strain rates [29,35,46]. The pillar

tapering of ~ 1-2° makes the top-back edge of the structures the
principal twin initiation site (see Fig. 9a). As the resolved shear
stress along the [0111] twin direction is positive, the predomi-
nance of the (0112) twin variant is thus justified. The twin growth
proceeds to maintain the original (0112) coherency (see Fig. 9a, c).

4.2. Twin mechanism at mid strain rates

From the 3D reconstruction (Fig. 9b, d), the Miller indices asso-
ciated to the crystallographic twin plane along which the twin
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Fig. 6. (a) EBSD map of a 5.2% strained pillar deformed at & = 1 s~! (Regime II) showing a 30° inclined twin boundary in the xy plane. Scale bar. 2 um. BF (b) and WBDF (c-e)
images inside the parent domain associated with the (0002), (01 10) and (01 1 1) diffraction spots. The character of the activated dislocation types was investigated in Region
Il based on diffraction contrast analysis criteria (requiring the use of Table S.1) and is discussed in Paragraph 4.4.

3 not
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Fig. 7. TKD maps (lateral views) of three structures deformed in Regime III. The reference system is associated with that in (Fig. 2a). Twin domain in blue and parent domain
in red. (a-c) As can be observed from the TKD maps, almost all the structures’ volumes have undergone a crystallographic reorientation from the parent into the twinned

domain. The majority the TBs are characterized by 90° BP interfaces that grow locally very incoherently. (d,e) Selected Area Diffraction Patterns associated with the regions
highlighted by the dashed squares in (a) and (b).
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,hot
coincident

BP i11telfaces

Fig. 8. Twin interfaces at high strain rates. (a) Bright Field TEM image of the parent and twin domains inside a compressed structure. (b) Magnification of a region of the TB
showing a step-like configuration characterized by the presence of PB/BP serrations. The inclination of the TB does not coincide with what is expected for the invariant twin
plane (denoted in the figure as TP). (c¢) SADP taken across the TB revealing that the {10 1 2} diffraction spots are separated instead of overlapping with each other. A 90° lattice
misorientation between the basal and prismatic plane of the twin and parent phases is thus established. All undefined scale bars correspond to 20 nm length.

interface evolves correspond to the (5 5 1014) plane. By consider-
ing slight misalignment of the sample, this likely corresponds to

the (1 123) plane, 30° and 46.8° inclined in the xy and yz plane
respectively. Very interestingly, the parent and twin crystals show

overlapping projections in the {1 123} PF (Fig. 10a). As the increase
in strain rate may result in the activation of different twin modes
[47], the misorientation, rotation axis, and the 3D geometry of
the K; habit plane of other twin systems were investigated and
compared to the characteristics of the twin in Regime II. However,
by using the classical crystallographic theory of twinning [48] to
predict possible twinning modes of type I, I, or compound, no clear
correspondence was found. This implies that the changes in the

twin shape can be addressed solely to a different (01 12) twin pro-
cess from Regime I to Regime II. Thus, although the twin habit
plane does not coincide with the detected TB surface, the corre-
spondence matrix C [1,49] (see supplementary discussion in
Appendix A.1) related to the nucleated twins still corresponds to

the one for (Oi 12) twins. Nevertheless, a different way of accom-
modating the distortion must take place. It is worth noting that

during the (0112) twinning process the (Oi 12) plane remains
fully invariant and no in-plane distortions occur (see supplemen-

tary discussion in Appendix A.1). Also, the (i 123) is transformed
into a plane of the same family in the twin domain (in general

not true), i.e. the (121 3), as reported in the PF (Fig. 10a). Here,
however, in-plane distortions do occur (see supplementary discus-
sion in Appendix A.1). Nevertheless, the shear direction remains
invariant.

As simple consideration of twinning shear on the (0112) plane
and associated shuffles do not suffice to fully describe the twin
formed in Regime II, the overall twin shape must be the outcome
of a competitive process dependent on the mobility of newly acti-

vated dislocations that accommodate the (1 123)—(121 3) in-
plane distortion. We remind that the only difference between
Regime I and II is the increase in & With the rise in strain rate,
the higher applied speed of the indenter is accompanied by a faster
response of the specimen that results in high axial compression
stresses [50]. The latter becomes suitable for mobilizing the dislo-
cations with the highest activation stress (Peierls stress) [51-53],
i.e. < ¢ + a > dislocations on the parent pyramidal planes [54,55].
In the xy plane, the lateral inclination of the upper TB (Fig. 9b) is

close to that of(i 1 22) slip plane (Fig. 10c), meaning that the activ-

ity of < ¢ + a > dislocations on the (1 122) pyramidal Il order plane
might have actively affected the twin mechanism. The competition
of TDs and pyramidal slip (Fig. 10c, d) could therefore assist the

(1123)—(121 3) in-plane lattice distortion, establishing a new
parent-twin interface. As the twin nucleus expands, pyramidal slip
activity provides a potential favorable strategy to facilitate and bal-
ance the lattice distortions generated at the TB during the twin
propagation, resulting in an “unclassical” parent-twin interface.
The rationale to the changes in the TB geometry may reside in an
interfacial energy minimization via pyramidal slip activity. In a
general but non-quantitative way, atomistic modellings were
reported to agree with the continuum results indicating the feasi-
bility of the pyramidal < ¢ + a > dislocation-assisted twinning
mechanism under an applied load [56]. In other words, the TB
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Fig. 9. Three-dimensional view of the twin domains in pillars deformed in (a) Regime I and (b) Regime II. (c-d) Bright Side (BS) and Dark Side (DS) views associated to the
(0112) twin, i.e. along /1 = [2 110] and n; = [01 1 1}. All undefined scale bars correspond to 2 um length.

develops along the plane containing the [i 100] and [01 1 1] crystal

directions (p and #;), i.e. the (1 123) plane (Fig. 10d). In support of
this, the appearance of the “unclassical” TB is accompanied by a
change in the strain rate sensitivity (SRS, m) and a reduction of

the apparent activation volume (V*) from 50 bi to 2 bg a
when < ¢ + a > dislocations become mobile (see Paragraph 4.4 for

details). The smaller activation volume suggests that the slip-as-

sisted (0112) twin growth by the aid of < ¢ + a > dislocations
becomes preferable and consequently prevalent under higher
applied stress fields. Additionally, the growth perpendicular to
the K; plane appears slower than along the other two directions
of propagation, leading to the curved-like twin shape shown in
Fig. 9b, schematically reproduced in Fig. 10b.

Now, the changes in the twin growth can be visible only thanks
to the 3D reconstruction. Indeed, if one would solely investigate
the BS view, the high-resolution (HR) TEM image (Fig. 10e, f)
reveals that the forward twin propagation (along #;) leads to
semi-coherent TBs, i.e. mostly characterized by the alternation of
PB/BP interfaces and coherent-TBs (CTB), as usually observed
[57]. The investigation of the DS of the twin is hence crucial for
understanding the twin process. This work, therefore, opens new
aspects on DT that will require future experiments and simulations
that focus on the precise atomic rearrangements not only in the BS
view of the twin. So far, from our qualitative analysis, the appear-

ance of the non-classical (i 1 23) TB cannot be explained with the
classical theory of twinning and we thus propose that < ¢ + a > dis
locations play a crucial role in accommodating the twin processes

in HCP metals, allowing the {10 1 2} twin growth along a non-in-
variant twin plane. This work hence brings out new interpretations
of some already reported anomalous twin features.

4.3. Twin mechanism at high strain rates

The detailed investigations performed on the developed twin
domains of several pillars deformed in Regime IIl revealed that
the majority of the TBs are characterized by PB/BP interfaces that
establish a parent-twin lattice correspondence of 90° (Fig. 7 and
Fig. 8). This induces to a deviation from the classical 86.4° misori-
ented interface [58]. In this configuration, unlike in Regime I and II,

the (Oi 12) twin planes are not parallel in the twin and parent
domains, as evidenced by the Selected Area Diffraction Pattern

(SADP) acquired across the TB showing that the (01 12) diffraction
spots are separated (Fig. 8c). Therefore, the classic rational crystal-
lographic orientational mirror symmetry and consequently a crys-
tallographic twin plane are no longer established. Additionally, the

TB traces show an angular deviation (8) from the (0112) twin
plane that varies continuously (Fig. 8b and Fig. S.2). As the common
axis between the two crystals coincides with the a-axis, a (90°, a)
twin type forms. The latter was already reported in nano-pillar
compressions at low strain rates (107> s~!) and suggested to result
from a prismatic-basal stacking rearrangement that takes place
through a collective atomic movement eventually leading to a
90° reorientation of the HCP unit cell [18,59] (see Supplementary
Fig. S.6).

At HSR, the accommodation of significant global strain must
occur at the microscopic grain-scale within a very short time.
Accordingly, different ways of accommodating the parent — twin
transformation may occur under shock-loading compared to that
under quasi-static conditions [59], requiring a more cooperative
movement of a large number of atoms similar to a displacive-like
transformation, as suggested by the increase in activation volume
(see Paragraph 4.4). Recently it was observed that at low strain
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Fig. 10. (a) {1 123} pole figures showing parent-twin projections. (b) Schematic reconstruction of the twin surface. (¢) Representation of the (01 12) twin (blue), (1 122)
pyramidal II (green) and (1 123) plane geometries. The latter intersects the atoms marked as A, B, and C. (d) TDs glide on the corresponding twin plane along #; inducing the
lengthwise propagation. The lateral twin propagation is suspected to be mediated by < c + a > dislocations as p corresponds to a gliding direction of dislocations lying on the
(1 122) plane. (e) View of the three-dimensional parent-twin domains of a pillar deformed in Regime II. Scale bar, 2 pm (f) HR-TEM image from the [2 110] zone axis (also A,
thus BS view of the twin) illustrating a TB constituted by the alternation of PB/BP and CTB interfaces. The Selected Area Diffraction Pattern shows the (01 12) overlapping
diffraction spots between the parent and the twin crystals establishing the crystallographic twin plane and the rational orientational relationship for {10 1 2} extension twin.

Scale bar, 2 nm.

rates, but under high-stress conditions, the prismatic — basal
plane conversion in Mg occurs only at the first stage of the twin
process (twin embryo of few nm?), leading to a 90° misoriented
interface between the parent and twin lattices [19]. Subsequently,
the twin propagation mechanism was reported to continue
through the advancement of CTBs formed in a second stage by
the rearrangement of dislocations at the PB/BP interfaces, re-

10

establishing the classical lattice correspondence [19]. In this work,
however, the TBs investigated belong to “adult” twins rather than
embryonal. Thus, as the only difference from the other regimes lies
in the applied &, our work confirms that the kinetically limited

growth of {1012} CTBs cannot accompany the imposed and
required fast twin evolution. Consequently, at HSR the entire twin
process appears to be adopted by prismatic — basal conversion.
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The formation of TBs characterized by alternating PB/BP serrations
with different segment lengths could explain the growth of inco-
herent TBs. Importantly, when gliding planes are nearly parallel
between two neighboring misoriented grains, slip transmission
for dislocations across TBs is easier and strongly affects the textural
evolution of the material [60]. Stress concentrations at TB-slip
interaction sites may be also more easily relieved, limiting pile-
up stresses, multiple twin nucleation events and formation of
cracks. Interactions of TBs comprised of PB/BP semi-coherent
interfaces (90° between matrix and twin) would also influence
the feasibility of twin-twin interpenetrations and formations of
“double twins”.

Now, PB/BP interfaces were already observed during shock
loading in bulk Mg alloys [18,57]. However, in the case of bulk
samples where a laterally “constrained” environment surrounds
the twin domains, the interface strains generated by a 90° par-
ent-twin misorientation are estimated to be too high and need
to be reduced by a crystal rotation of 3.6° eventually leading to
the invariant plane strain condition, not necessarily required in
freestanding pillars. The unconventional (90°, a) and the conven-
tional (86.4°, a) twins thus likely derive from the same initial dis-
tortion (see Appendix A.2) that takes place at the first stage of the
twin mechanism, differing in a second stage only by a minor obliq-
uity correction compensated by small lattice rotations [26]. It is
worth reminding that the disconnections and disclinations are
the dislocation arrays that locally accommodate respectively the
translation and rotational parent-twin misfits at the twin bound-
ary [61,62]. Therefore, the final character of the extension twin
domains in bulk samples formed at HSR loading results from the
cooperation of prismatic — basal transformation and subsequent
rearrangement of interfacial defects, analogously to the dual-step
mechanism recently observed in HCP metals [19], leading to
parent-twin misorientation angles between 86.4° and 90°, as
indeed recently confirmed in [63].

4.4. Strain rate sensitivity (SRS, m) and activation volume (V*)

The changes in the material behavior can be observed also in
the variations of SRS and V* with

aln(e)
a0y

oln(oy)

dln(e)

(where kg is Boltzmann’s constant) at the point of yield [64-67]
(Fig. 11). As o, defines the onset of the plastic deformation, varia-
tions in the SRS and V* are therefore expected to result from
changes in the initial mechanism accommodating the plastic
deformation.

For £ < 1072571, the applied low-speed deformation allows the
development of complex strain fields beneath the tip-pillar con-
tact region. As basal slip have the lowest Tczss [68], their activation
can be triggered even by small crystal deviations. The nucleation of
twin embryos can be subsequently induced by the high-stress field
at the defect sites such as dislocation pile-up and prior basal/pris-
matic dislocation slip activities [46], acting as a precursor to the
formation of a stable twin nucleus [24]. We express therefore the

SRS =m = V' = V3KeT 1)

activation volume of the incipient plasticity as 50 bg. Despite the
basal plane being parallel to the loading direction, small basal slip
can also be activated inside the parent grain due to the bulging
effect of the pillar. However, in the grains that have reoriented
by twinning, the activation of < ¢ + a > dislocations is favored
[69], witnessed by the detected dislocation loops in Fig. 5.

At 107251 < & < 10571, the activation of < ¢ + a > dislocations
becomes possible due to the higher compressional stresses. The
analysis of the BF and WBDF images reported in Fig. 6b—e shows
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indeed that, despite the lower achieved strain compared to Fig. 5,
several < ¢ + a > dislocation components have been activated. This
is accompanied by a variation of the SRS (Fig. 11a), a reduction of

the V* to 2 bfm (Fig. 11b) and a significant change in the spatial
geometry of the lateral twin interface. The onset of the plastic
deformation occurs through the twin nucleation mechanism (see
Fig. 3), meaning that the activation of < ¢ + a > dislocations plays
a central role in accommodating the twin process. Additionally,
in the process of severe plastic deformation, junction disclinations
and other interface defects accumulated at the growing TB [62],
such as interfacial dislocations associated with BP serrations
[70,71], can act as a source for basal slip activity. Fig. 6b—e shows
that the glide of these dislocations indeed occurs in the whole
width of the parent grain, such that, with respect to the remaining
matrix volume, basal slip are also still significant in Regime II.
Additionally, the WBDF images of Fig. 6b-e show dotted-like
diffraction contrasts lying on the basal plane, populating the parent
grain. As recently reported [72,73], when leading partial disloca-
tions of basal slip meet a pyramidal slip, sessile basal-pyramidal
dislocation locks form generating puzzling diffraction contrasts,
widely observed in Mg [6,33,74-76]. Also, the easy-glide pyrami-
dal Il < ¢ + a > can undergo thermally activated, stress-dependent
transitions into various lower-energy immobile product disloca-
tions lying on basal planes [6]. These dislocation features, not vis-
ible in Regime I, suggest once more a substantial activity of < ¢ +
a > dislocations with increasing strain rate. As other twin modes
predictable by the classical theory of twinning [48] do not reflect
the characteristics of the twin observed in Regime II, the changes

in the {1012} twin mechanism from Regime I and Il seem there-
fore attributed to the activation of < ¢ + a > dislocations with the
increase in strain rate.

While a significant increase in the o, is expected at higher strain
rates [77,78], at £ > 10s~! the SRS decreases with the consequent
increase in V* The hypothesis of softening induced by adiabatic
heating seems not consistent as a higher amount of plastic work
converted into heat is expected to lead to further subsequent soft-
ening, however not observed. This was instead explained by a fur-
ther change in the characteristic of the growing twin interface
described before. When the collective dislocation behavior
becomes the major deformation mechanism for micron-sized sam-
ples, an increase in the activation volume is expected. In conclu-
sion, the three different regimes can be distinguished by different
deformation accommodations accompanying the twin mechanism.
Regime [: multiple dislocations source; Regime II: single or surface
dislocation source; Regime IlI: collective atomic movement.

5. Summary and conclusions

Our results, combined with previous findings [18,19], provide a
closer observation on how the accommodation of the twin mecha-
nism depends on both the applied stress condition and the kinetic
compatibility of interfacial processes when a rapid rearrangement
of the atom positions is externally imposed. The progressive evolu-
tion of the accommodating twin mechanisms from 10 s~! to
500 s~ ! has been extensively characterized. At low strain rates,

the twin growth occurs along the invariant (01 12) twin plane by
coherent twin boundaries migration according to the usual
shear-shuffle mechanism. With increasing the strain rate though,
the dislocation-assisted twin mechanism from dislocations with
large Burgers vectors becomes favorable and consequently preva-
lent in Mg under higher applied stress field, allowing the evolution
of the twin boundary along a crystallographic plane (here the

(i 123)) that differs from the invariant extension twin plane. This
suggest that deformation twinning would still be the major defor-
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Fig. 11. (a) Variation of the strain rate sensitivity (SRS, m) value with strain rate. (b) Activation volumes in m> and as a function of b3, with b being the magnitude of the

different lattice dislocations in Mg.

mation carrier at room temperature even when the activity of non-
basal slip is favored. We remind that the potential link or compe-
tition of deformation twinning with the dislocation activity is
extremely crucial to better engineer Mg alloys for improving their
ductility and hence extend the application ranges. At high strain
rates, the kinetically limited parent — twin lattice rearrangement
through dislocation motion requires that the twin mechanism is
almost entirely accommodated by prismatic — basal conversion
and the consequent advancement of basal/prismatic interfaces. A
collective (but non-random) rearrangement of the atomic posi-
tions resulting in a 90° reorientation of the HCP crystal appears
to entirely mediate the twin process, being naturally compatible
with the required twin growth speed at high strain rates. The sche-
matic of the initial and final atom positioning, recently proposed
during prismatic — basal transformation [18], is illustrated in Sup-
plementary Fig. S.6. The changes in the dynamic response and plas-
tic accommodation mechanisms from low to high-speed
deformation conditions in Mg at the micron-scale confirm that
deformation twinning in HCP metals is not only stress- but also
strongly time-controlled.

The occurrence of the different twinning accommodating pro-
cesses in Mg depends solely on the local conditions of constraints.
Our work shows that some of the recent interpretations deduced
by particular twin morphologies are not universally valid. Being
interpreted only by experimental evidence, our work adds new
pieces to the fundamental comprehension of deformation twinning
in HCP metals at the micron scale under unexplored loading
regimes, aiming at closing the gap between currently reported ato-
mistic simulations and macroscale high strain rate results. This
study elicits future investigation on the different energy minimiza-
tion twinning processes occurring at mid-high deformation rates,
as well as the effect of size, temperature, grain boundaries, and
solute addition during high strain rate deformations at the micron
scale. The fact that at high strain rate the TB is composed of PB/BP
semi-coherent interfaces (90° between matrix and twin) can have
a large influence on the overall twinning behavior, as for instance
during twin-twin interactions, or in “double-twins” formation,
or additionally in detwinning which is particularly important
under cycling loadings. At the micron-scale, this feature allows
extended plasticity with no crack formation up to more than 10%
strain, which is remarkable for such a material with limited ductil-
ity. This can have beneficial consequences for automotive, aero-
nautic or biomedical applications, where reliability and
mechanical integrity under shock conditions are paramount.
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Extending the investigation to different crystal orientations and
to polycrystalline samples would allow a broader understanding
of how changes in the nature of the parent-twin interfaces influ-
ence the mechanical response of bulk Mg under high strain rate
loadings.
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Appendix A
A.1 Crystallographic considerations during {10 52} twinning process

To describe the process of extension twinning from a parent
crystal p to its twin t, three matrices will be used: the distortion
matrix D, the coordinate transformation matrix T, and the corre-
spondence matrix C [49].

D ¢ >P gives the image X’ of a vector x by a linear distortion: X’ =
D - x. The displacement field is given by x' — x = (D-I) - x where I is
the 3 x 3 identity matrix.

T ? ! allows the change of the coordinates of a fixed vector
between the parent and twin bases: i.e. TP — © = [BRex — Blex]-

C' —P gives the images of the parent basis vectors by the distor-
tion, i.e. a’p, b’ and ’p, expressed in the twin basis, i.e. (a’p, b'p, ¢'p);
Bhex' . These images are obtained from the coordinate transforma-
tion matrix and the distortion matrix: C‘ - = (', b'p, Cp)fphex = T
= P(ap, by, Cp)ihex =T " — P DP — ' The correspondence matrix
isthus C* -P=T"' - PDP - ' useful to calculate in the twin basis
the coordinates of the image by the distortion of a vector written in
the parent basis, i.e.:

— TPDPtxP

— PP
/Bhex — X

/Bhex

(A1)

X//rl?»hex
For further details, the reader is referred to Ref 24.

Based on this, the correspondence matrix of (0 1 12) extension
twin referred to the hcp coordinate system reported in Fig. 2a of
the main text, will be:

] 1 12 1
G =10 0 2 (A2)
0 12 0

Note that the use of a 3 x 3 matrix requires necessarily the con-
version from 4 to in 3-index notation. It can be checked that the
a; + 2a, of the parent crystal is transformed into the axis ¢ of the
twin, and the axis c of the parent is transformed into the axis
a; + 2a, of the twin (see also Fig. A.1):
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0 1 -1/2 1 1 1 1 -1/2 1 0
0O|=10 0 2||2|;/2|={0 0 2|{|O0
1 0 1/2 0/]|0 0 0 1/2 0/|1

(A3)

Moreover, the global invariance of the (Oi 12) twin plane (i.e.
(0 1 2) in 3-index notation) can be verified as follows:

h 0
k -1
l /B‘;IBX 2 /Bﬁex
0
1
m, L2

1 0 0 0
= -12 0 12|
1 2 0 2 h

Note that the mirror symmetry of the parent and twin lattices

_c—rT
- Chex

(A4)

across the (0112) plane is also confirmed by the determinant of
the correspondence matrix being —1. This implies the use of the
right-hand rule for the parent and the left-hand rule for the twin
coordinate systems (Fig. A.1). Moreover, the fact that the mirror

plane corresponds to (0 1 12) can be checked by using the coordi-
nate transformation matrix.

The absence of in-plane distortion can be investigated by ana-
lyzing the images of two vectors initially lying along the twin
plane, such as the [100] and the twinning shear direction [121].
[u -1/2 1 1

0
1/2
-1/2
0
1/2

t
/By _

1 1
- /Bhex - /Bhex

P
/ Bhex B

(A5)

SO O = O O =
oON = ON

v 0
_w _0_
- 17

v 2
| w 11 Bt

P
/ Bhex - 7 /Thex

As the vectors lying along the twin plane remain invariant (im-
age vector coincides with the vector in the parent basis), no in-
plane distortion occurs during the twinning process.

During the extension twin process, the (i 123) plane becomes
the (121 3) plane in the twin basis:

Fig. A1. Hexagonal coordinate systems for the parent and the twin crystals.
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h -1
k| =cT -1
Lo, 8,
1 0 0)\[-1 -1
=-12 0 12)|-1] =2 (A.6)
] 2 O 3 /BI;IEX _3 /BflEX

Thus, the (i 123)p plane is transformed into ({ 21 §)t (Fig. 10a,
b of the main text), a plane of the same family, i.e. {i 1 23}. In addi-
tion, contrarily to the (0 1 12) plane, in-plane distortion of the

(i 123)p plane occurs during extension twinning. Indeed, let us
consider the image by correspondence of two directions in the
plane, [1 2 1] and [-110].

u 1 -1/2 1 1 1

v =0 0 2/|]|2 =12 ;
_W' /BFIEX O 1/2 0 _1 /Bﬁex 1 /Blrlex
[u] 1 -1/2 1\ [-1 -3

v =lo0o o 2|1 -0 (A7)
- - /B:IEX O 1/2 0 - O /Bﬁex ] /ngex

The [1 2 1] is transformed into a direction of same family. By
using the distortion matrix of Eq. (A.10), the reader can observe
that additionally there is no rotation of this direction. The [1 2 1]
direction (i.e. shear direction) is thus invariant. However, the

[{ 10] direction is transformed into a direction of a different family,
which proves that this does not remain invariant.
Interestingly, the parent-twin interface in Regime II develops

along the (i 1 23)p/(i 21 §)t plane. We conclude that the extension
twin process might take place through the strain accommodation

along the plane (i 123). As this occurs only at higher strain rates
than those defined in Regime I, our current thinking is that the
competition between the activated dislocations allows the accom-

modation of the (i 123) in-plane distortion. This however will
require further dedicated investigations supported by challenging
MD simulations aiming at analyzing the DS evolution of the twin.

A.2 Distortion matrices for (90°, a) twin and (86.4°)

The (90°, a) twin is very similar to the classical extension twin
(86°, a). It has the same correspondence and only differs by a rota-
tion of 3.6°. The coordinate transformation matrix T ? —' and the
distortion matrix D P — * for (90°, a) twin associated with the cho-
sen coordinate system are:

1 -1 _c
2 a3

=0 0 2| and
0 25 0

1

. T - 2 + 2acx/§ 0
—1,90 —t t—
Dﬁex[' = gexrchexp = 0 ﬁ 0 (AS)
0 0 83

Cc
The distortion matrix associated with the (90°, a) twin can be

mathematically associated to a pure stretch. D> becomesindeed

hex

a symmetric matrix when transformed into orthonormal basis:

D" (A9)

with Hpey = [Borino — Brex] the coordinate transformation matrix
between the two bases. Note that D’,;:X"goc can usually also be
reported as UP*

h in case of a pure crystal stretch.

—t90° py-1
= HhexDp Hhex

hex
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The (90°, a) twin does not fulfill the classical invariant plane

strain condition for the (Oi 12) plane of the classical extension
twin (86°, a). The distortion matrix for this classical extension

(Oi 12) twin can be however calculated by applying an obliquity
correction that restores the invariant plane condition [26]. The dis-
tortion matrix that relates the parent and twin crystals when the

process of (0 1 12) twin is completed would then be [26]:

11 1717 20/2 28 V3ke (ki2v2-2¢)
2
VITV/ 17-161% +4ky/2-2k? 2v34 1716k +4k\/2-2Kk%
Dﬁ;['(orlz): 0 1717k 42k 2212 ke (er2v2-2¢)
V17V 17-161% +4k\/2-2k% V34 17-16k> +4k\/ 2-2k%
0 _ 3V3a kV1-12 68-64k?+25k\/2-2k*
217 \/17—16!(2+4k\/2—2k2 4\/ﬁ\/17—16k2+4k 2-2k?
(A.10)
2
ke /1 (/)
3

The characteristic of the twin can be checked by calculating the
rotation matrix R P — ' as:
Rt — Ho—»hMbasaleﬁt,(Ol’ 12) (Ctﬂp)*th~o

hex hex

(A11)

where M "®% represents the mirror symmetry across the basal
plane and H ° Sh= [Borto — Bnex| relates the orthonormal basis,
with x-axis along the -a;, parent crystal direction, z-axis along
the c direction and y-axis accordingly, to the hexagonal basis
defined in Fig. A.1.

10 0 1 -10
M* =01 0 |H"=|0 £ 0 (A.12)
0 0 -1 0 0 ¢

One can check that the matrix R P — ' represents indeed an
86.4° rotation around the [i 110] axis (same family as a-axis), as

for the classical (Oi 12) twin.
By a dual step mechanism (pure stretch + obliquity correction),

the classical (01 12) twin is therefore obtained. Hence, the uncon-
ventional (90°, a) (observed here) and the conventional (86.4°, a)
twins (observed in bulk magnesium) resulting from high-speed
loadings might derive from the same initial distortion matrix

D’,;;“gon, differing only by a minor obliquity correction compen-
sated by small lattice rotations. Differently from Ref. [26], here
we do not specify the intermediate mechanism that induces the
obliquity correction as this could take place through the aid of dis-
locations or being fully elastically accommodated. Identifying
these intermediate mechanisms is extremely challenging due to
the speed at which it occurs and would probably require complex
in-situ TEM experiments.

Appendix B. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2022.110646.
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