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• Single-crystal Mg micropillars
(10 × 10 × 30 μm3) favorably oriented
for mechanical twinning were tested in
compression.

• High-precision compression data and
in-situ SEM observation were supple-
mented by finite element modeling.

• Gradual nucleation of twins from top to
bottom across the micropillar was ob-
served, followed by their subsequent
thickening.

• The existence of critical width (around
3 μm here) was proved responsible for
such nucleation and growth dynamics.

• Detailed examination of SEM images
and stress drops indicated twin lateral
growth rates on the order of 10−5–
10−4 m/s.
⁎ Corresponding author at: Charles University, Facult
Department of Physics of Materials, Ke Karlovu 5, 12116 P

E-mail address: knapek@karlov.mff.cuni.cz (M. Knapek

https://doi.org/10.1016/j.matdes.2021.109563
0264-1275/© 2021 The Author(s). Published by Elsevier L
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 15 December 2020
Received in revised form 26 January 2021
Accepted 4 February 2021
Available online 13 February 2021

Keywords:
Magnesium
Micropillar
Compression
Twinning
Finite element modeling
Scanning electron microscopy
Micro-deformation testing has recently gained far-reaching scientific importance as it provides intrinsic informa-
tion on the dynamics of plastic deformation which is concealed when bulk materials are tested. In this work,
single-crystal Mgmicropillars favorably oriented for mechanical twinningwere tested in compression with con-
current scanning electronmicroscopy imaging. The experimental datawere complemented by the finite element
modeling in order to reveal the underlying physical background of the observed twinning dynamics. It was
shown that the thickness of a twin should reach a critical value before triggering the nucleation of another
twin to accommodate further strain. Nucleation and growth are repeated until the twins form throughout the
whole micropillar, from top to bottom. Afterwards, the thickening and coalescence of all these twins take place
until the entiremicropillar volume is twinned. In addition, a line-by-line analysis of the scanning electronmicros-
copy imageswas employed to reveal the twin lateral growth rates,whichwere shown to beon the order of 10−5–
10−4 m/s.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The investigation of deformation mechanisms in magnesium alloys
has always been a challenging task. Owing to their hexagonal-closed-
packed structure, concurrent activation of several dislocation slip sys-
tems and deformation twinning can take place. The particular scenario
of the plastic flow is strongly influenced by various microstructural
(e.g. grain size [1] and texture [2]) and experimental (e.g. testing tem-
perature [3,4] and strain path [5,6]) parameters. Consequently, there is
a high demand in the scientific community for experimental techni-
ques, which enable studying the operation of particular mechanisms
individually. Themicrometer-scale deformation testing fulfills these re-
quirements [7–11]. Moreover, such tests are indispensable in the devel-
opment of modern micro−/nano-electromechanical devices (MEMS/
NEMS), as at small scales, the deformation behavior becomes less pre-
dictable [12,13].

Unlike bulk deformation testing, where the discrete dynamics of lat-
tice defects typically cancel out, micro-testing techniques provide es-
sential insights into the intrinsic intermittent character of plastic flow
[11,14]. Usually, such studies involve nanoindenter compression of
micropillars with diameters/widths between 0.1 and 10 μm. However,
for magnesium, only a limited number of micropillar studies are avail-
able. The so-called size effect (i.e. the inverse dependence of strength
on micropillar cross-section) has been the most investigated physical
phenomenon [9,14–17]. Some works have focused on the investigation
of discontinuous plastic flow for Mg micropillar orientations facilitating
the activity of multiple deformation mechanisms (e.g. the combination
of dislocation slip and twinning) [6,18,19]. Pure Mg micropillars were
tested in tension by Della Ventura et al. [20] for orientations where
both dislocation slip and twinning occurred, and the influence of the
activity of different slip systems on the twin nucleation and propag-
ation was studied. The extension twinning was investigated in Mg

micropillars, where the 0112
� �

plane was perpendicular to the loading

direction [18,21]. In such a case, the basal slip also becomes active in the
twinned area in the latter stages of loading. Micropillars with the

1010
h i

orientation, i.e. having the Schmid factor of extension twinning

of 0.5, were investigated in compression by Liu et al. [7], focusing on the
quantification of the critical resolved shear stresses (CRSS) associated

with basal slip and twinning. Related studies on the 1010
h i

orientation

have also been published recently byWang [22] andMa [6],with partic-
ular focus on the effect of Al solutes content on CRSS values and twin-
ning dynamics in Mg\\Al micropillars. The studies which focus
primarily on the in-situ monitoring of twinning dynamics in pure Mg
are, however, very scarce. Moreover, there is no general code-of-
practice for micropillar testing, which often obscures the comparison
of the results from different authors. Cylindrical micropillar specimens
are typically tapered, which causes uneven stress concentrations,
these being the highest within the upper part of micropillars [23,24].
Moreover, certain types of indentation devices cannot handle the mas-
sive stress drops taking place during loading, resulting in repeated
unloading of the specimen [7,18,22]. Hence, the associated relaxation
effects make it difficult to follow twinning dynamics properly.

In this work, we present the results on compression testing of pure

magnesium micropillars with the 1010
h i

orientation, i.e. ideally ori-

ented for the 1012
n o

〈1011〉-type extension twinning. With this orien-

tation, no dislocation slip is expected to occur up to several percent of
strain even in the twinned areas [7], thus enabling us to effectivelymon-
itor extension twinning evolution without the influence of other defor-
mation mechanisms. Several reports showed that for Mg micropillars,
there is a breakdown in the size-dependent plasticity if the micropillar
cross-section becomes larger than several micrometers [7,17,25].
Specifically, Liu et al. [7] showed that a minimum micropillar diameter
required to obtain yield strength similar to that of bulk Mg single
2

crystal is ~10 μm. For this reason, micropillars with a rectangular
cross-section of 10 μmwere fabricated,which could be effectively tested
in-situ using the micro-testing device inside the scanning electron mi-
croscope (SEM) chamber and, at the same time, should be representa-
tive enough of bulk deformation behavior. A custom-made micropillar
tester, having high spatial and force resolution, together with a novel
pillar fabrication process, were used in order to fully exploit the poten-
tial of in-situ SEM testing. The paper provides a comprehensive descrip-
tion of the twinning dynamics in Mg micropillars, including
autocatalytic twin nucleation and twin boundary movement rates de-
termined by SEM imaging. Furthermore, a 3D finite element (FE)
model was used for revealing the driving forces for twin nucleation
and thickening.

2. Experimental

A small block having the surface normal of 1010
h i

was cut from the

Mg single crystal (99.99 wt%Mg) by a spark erosion device. The rectan-
gular micropillars with the dimension of 10 × 10 × 30 μm3 were fabri-
cated at the edge of the oriented single crystal block by focused ion
beam (FIB) milling with a Ga ion source. Using this fabrication tech-
nique, the inclination of the lateral side of the micropillars was negligi-
ble (<0.5°). The shape and position of pillars very close to the edge of
the sample also allowed easy and precise characterization of crystallo-
graphic orientation of the pillars by means of EBSD both before and
after the test. The micromechanical compression tests were performed
using an in-house built nano-testing device [26]. The specimen was
mounted on a stage enabling positioning in the X and Y directions
using the linear ultrasonic motors. In the Z direction, two stages are
used: (i) a linear step-motor stage for “raw”movement of the indenter
towards the sample and (ii) a piezoelectric positioning (PEP) stagewith
a resolution of ~0.1 nm. During the actual compression test, only the
precise PEP stage is beingmoved. A standard springwith high transver-
sal but very low longitudinal stiffness is mounted on the PEP stage for
the recording of external force. During the compression test, the PEP
stage moves at a constant rate. The force and the sample deformation
are determined as follows. Concurrently with the Z directionmovement
d of the PEP stage (to which the diamond-tip indenter is attached), the
elongation e of the spring is also measured by a capacitive sensor. The
sample deformation is then expressed as ε = d-e and the acting force
as F = ke, where k is the stiffness of the spring (for further details, see
Hegyi et al. [26]).

Two micropillars were tested at an initial crosshead speed (i.e. the
PEP stage movement) of 0.01 μm/s. The compression was realized by
using a boron-doped flat punch diamond tip connected to a spring.
Thefirst pillarwas twin free (further referred to as P1) and in the second
one (referred to as P2), three small twins were present in the initial
state near the diamond indenter tip, caused by touching the pillar by
the indenter before the test (i.e. these twinswere not present in thema-
terial before micropillar preparation). The measured displacement data
were corrected for the compliance of the pillar base. The surface of the
micropillars during the deformation was monitored continuously with
a sampling frequency of 2 fps (pillar 1) or 1 fps (pillar 2), using the FEI
Quanta 3D SEM.

2.1. FE simulations

The experimentswere supported by numerical simulations to reveal
local phenomena that play roles in the observed deformation mecha-
nisms. These simulations were performed using a finite element
method (FEM) within the framework of crystal plasticity. The FE
model constitutes 3D representation of a micropillar with already fully
grown twins inside. Variants of the model include situations with 1
twin with different thickness (t = 1.5, 3, 4.5 and 6 μm – 4 variants)
and with 2 twins with equal thicknesses (t = 3 or 4.5 μm) and mutual



Table 1
Magnesium elastic constants used in the simulations [27].

C1111

[GPa]
C2222
[GPa]

C3333

[GPa]
C1212

[GPa]
C2323

[GPa]
C3131
[GPa]

C1122

[GPa]
C2233

[GPa]
C3311

[GPa]

59.7 59.7 61.7 16.8 16.4 16.4 26.2 20.8 20.8

Table 2
Coefficients of the constitutive model.

K
[MPa·s]

N g
[MPa]

b hsr τ0 basal
[MPa]

τ0 prismatic
[MPa]

τ0 pyramidal
[MPa]

1.0 25.0 28.0 30.0 1.0 11.0 22.0 44.0

Fig. 1. (a) The deformation curve of P1 with highlighted distinctive points corresponding
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distance (d= 1.5, 3, 4.5 and 6 μm) giving 8 different variants. The twin

geometry corresponds to 1012
n o

twin orientation. Matrix and twin

areas have different crystallographic orientations corresponding to ex-
perimental observations. Analysis of twin shear stress fields induced
in these cases can show the effect of twins' thickness and their mutual
position on further twin growth and/or further twin nucleation.

The FEmodel was created in the FE code Z-set and represents half of
the pillar due to the symmetry conditions (i.e. 10 × 5 × 30 μm). The
boundary conditions were chosen to closely correspond to the experi-
mental set-up. The boundary conditions at the surface representing
the micropillar interior were prescribed such that they represented
the symmetry conditions. The load was applied by the displacement of
the upper face of the pillar. The rest of the surfaces were traction-free.
The mesh consisted of 18,260 quadratic elements (C3D20). The consti-
tutive behavior is based on anisotropic elasticity and crystal plasticity,
which is implemented in the code. Elastic constants representative of
magnesium are summarized in Table 1 [27].

The crystal plasticity is based on the decomposition of the deforma-
tion gradient into elastic and plastic parts [28,29]:

F ¼ FeFp ð1Þ

where the plastic part is related to the slip occurring in the slip systems
characterized by slip direction (ms) and normal to the slip plane (ns). It
can be written as:

F
:

pFp−1 ¼ ∑
n

s¼1
γ
:
sms⊗ns: ð2Þ

Slip rate on a given slip system γ
:
s is defined by the following ex-

pression:

γ
:
s ¼ 〈

τsj j−τsh
K

〉nsign τsð Þ ð3Þ

where τs is the resolved shear stress, τhs is the corresponding isotropic
strain hardening variable. A non-linear hardening rule is prescribed by
the following equation:

τsh ¼ τ0 þ g∑
n

r¼1
hsr 1− exp −bvr

� �� �
: ð4Þ

where τ0 is the initial value of critical resolved shear stress (CRSS), g and
b are phenomenological constants, vr is the cumulated plastic slip for a
system (r). Slip systems interaction is described by the hardening ma-
trix hsr. Its components are equal to 1, so no self or latent hardening is
taken into account. Parameters K and nwere set according to Guillemer
et al. [30] and parameters τ0, g and b were estimated by fitting the ex-
perimental stress-strain curves for micropillars with an orientation that
favors basal slip. The ratios of prismatic/basal and pyramidal/basal CRSS
values were considered to be 2:1 and 4:1, respectively, according to [4].
All parameters of the applied crystal plasticitymodel are summarized in
Table 2.

3. Results and discussion

The stress-time compression curves1 of the tested pillars and the
specific points at the curves corresponding to the stress drops are
shown in Fig. 1. Fig. 2 shows the pixel intensity evolution in the central
part of both pillars, reflecting the occurrence and progression of twins.
Fig. 3 displays snapshots at distinctive points asmarked in Fig. 1. It is ev-
idenced in Fig. 2 and Fig. 3 that all the large stress drops are explicitly
connected to twin nucleation (see also Supplementary animations).
Moreover, as the inset of Fig. 1a — presenting the EBSD micrographs
1 The stress-time representation instead of stress-strain one is preferred here owing to
the easier correlation of the SEM pictures and the deformation curves.

3

before and after the deformation of pillar 1— also shows, the entire vol-
ume became twinned during compression (this matter will be
discussed in detail later). It is obvious that during the deformation, sev-
eral twins formed and coalesced as the strain increased (Fig. 2 and 3).
For pillar P1, the first twins nucleated in the stress range of
75–85 MPa, which is in good agreement with the literature data
[7,22,25]. Note that the first stress drop in the deformation curve of pil-
lar P1 (Fig. 1) did not give rise to visible changes in the SEM image (Fig. 2
and 3). A rapid movement of the indenter was, however, recorded at
this point (see Supplementary animations) and we speculate that a
to discernible stress drops; inset 1 - the zoomed-in portion of the curve; inset 2 - the EBSD
micrographs of the pillar before and after compression. (b) The deformation curve of P2
with highlighted specific points corresponding to discernible stress drops.



Fig. 2. The evolution of normalized average pixel intensity in the central part of bothmicropillars reflecting the presence and progression of twinning. The width of the analyzed areawas
30 px.
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small twin (T0) might have nucleated in the rear part of the pillar, pos-
sibly related to T1 occurring slightly later. The common feature of the
first visible small twin (T1) in pillar P1 and the pre-existing twins (T1,
T2, and T3) in pillar P2 was that their thickness remained rather con-
stant during the straining. Such an effect was also observed by Liu
et al. [7] and it was ascribed to the large back-stress arising at the twin
tip, where the stiff indenter touches the top of the pillar, as will be
discussed in detail later. The second twin (T2) in P1 and the first
newly nucleated twin (T4) in P2 exhibited rapid nucleation and lateral
growth (for the twinning progression dynamics, see also Table 3).
These newly nucleated twins were clearly more prone to subsequent
thickening than the former ones up to the moment when another
twin nucleated below (Fig. 2 and Table 3). These dynamicswere charac-
teristic of straining until the twins nucleated along the entire pillar
height, i.e. from the top of the pillar down to the pillar base (point 5
for both pillars).

During further straining, all the nucleated twins continuously grew
and, finally, they coalesced, accompanied only by sporadic discernible
4

stress drops (points 6 and 7 for both pillars), which seemed to be related
to further twinning activity near the pillar base (this is best seen in the
Supplementary material). The details on the growth dynamics of indi-
vidual twins are effectively tracked in Table 1 and Fig. 2, which further
elaborate and confirm an increased thickening tendency for newly nu-
cleated twins. It is worth noting that practically all the twins nucleated
within one SEM image (i.e. one “frame”).

In order to explain the nucleation dynamics, with a focus especially
on the fact that the twins nucleated successively from the top of the pil-
lar down to its base, the 3D FE modeling was employed. The calculated
shear stress distributions in the micropillars containing twins are plot-
ted in Fig. 4. As the compression direction was perpendicular to the

plane, the 1012
n o

twin lamellae were inclined by 46.84° with respect

to the pillar basal plane. Twin interactions during their growth were
modeled by several scenarios containing one or two twins with differ-
ent thicknesses and distances. Specifically, the twin thicknesses
projected to the loading directions were 1.5 μm, 3 μm, 4.5 μm, or 6 μm



Fig. 3. The twin evolution and growth dynamics of the tested micropillars at the distinctive points during the compression test.
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Table 3
The nucleation and evolution of twins corresponding to specific stages of the deformation
curves (N – nucleation, RG – rapid growth, GG – gradual growth, NC – no change). In the
used notation XX/YY, XX represents the behavior during the interval between two points,
e.g. 1 → 2 and YY represents the behavior at a particular instance following this interval,
e.g. point 2, as denoted in the first row. The reader is advised to see Supplementary
animations.

Pillar P1 init→1/1 1 → 2/2 2 → 3/3 3 → 4/4 4 → 5/5 5 → 6/6 6 → 7/7

T1 −/− -/N GG/GG GG/RG GG/GG NC/NC GG/GG
T2 −/− −/− -/N GG/RG GG/GG NC/NC GG/GG
T3 −/− −/− −/− -/N GG/GG NC/NC GG/GG
T4 −/− −/− −/− −/− -/N GG/GG GG/GG
T5 −/− −/− −/− −/− −/− -/N GG/GG

Pillar P2 init→1/1 1 → 2/2 2 → 3/3 3 → 4/4 4 → 5/5 5 → 6/6 6 → 7/7

T1 PE/GG NC/NC NC/NC NC/NC NC/NC GG/GG GG/GG
T2 PE/GG GG/GG NC/NC NC/NC NC/NC GG/GG GG/GG
T3 PE/GG GG/GG NC/NC NC/NC NC/NC GG/GG GG/GG
T4 -/N GG/GG GG/GG NC/NC GG/GG GG/GG GG/GG
T5 – – -/N GG/GG GG/GG GG/GG GG/GG
T6 – – – – -/N GG/GG GG/GG
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for the single-twin set-up, and 3 μmand 4.5 μm for the double-twin set-
up (representing approximately 10% and 15% of themicropillar volume
fraction, respectively) and the distance between the twins was set to
1.5 μm, 3 μm, 4.5 μm or 6 μm.

The presentedmodeling results describe the stress distribution at an
applied strain of 0.0075, at which the twins were already present in the
experiments. Note that the stress distributions inside the twins do not
provide relevant data for the analysis owing to the different crystallo-
graphic orientation of the twin interior. Accordingly, these areas were
greyed out in Fig. 4. The stress distribution in the vicinity of the twin-
matrix interfaces was quite heterogeneous. High stress concentrations
appeared in the matrix near the twin boundaries (Fig. 4a-l) and in the
regions between the twins (Fig. 4e-l). The shear stress level in the ma-
trix was about 30–40 MPa, while in the concentration areas near the
twin boundaries it could reach up to 60 MPa. These observations must
be related to both the twin nucleation and growth. It can be observed
in Fig. 4a-d that the stress concentration in the matrix, predominantly
in the vicinity of twin boundaries, increases with increasing twin thick-
ness only marginally. Instead, the stress intensity is obviously driven by
the level of external load. On the other hand, for the two-twin configu-
rations (Fig. 4e-l) the stress concentration between the twins reaches
the highest value when their distance is intermediate (3 μm or
4.5 μm) while the stress accumulation for the distances of 1 μm and
6 μm is lower. Specifically, Fig. 4e-l shows that the highest stress is
achieved when the distance between the twins is close to their
thickness.

The correlation of the “static” FEM calculations (Fig. 4) with the “dy-
namic” SEM experimental data can elucidate the observed autocatalytic
twin nucleation and growth dynamics (cf. Fig. 2, Fig. 3 and Supplemen-
tary animations). In pillar P1, at the beginning of the straining, twin T1
nucleated close to the pillar top, hence it could not grow much. The re-
spective deformation curve (Fig. 1a) exhibited a rather prompt stress in-
crease after the initial drop related to T1 nucleation, which shows that
even though the micropillar accommodates external loading by the
twin formation (and possible thickening), additional deformation is re-
quired to accommodate further strain, leading to an increase in the
overall stress level. Therefore, at a certain instant, the stress concentra-
tion below the initial twin reaches the level for a new twin initiation. For
this reason and also due to the necessity of further strain accommoda-
tion, the subsequent new twin T2, which nucleated at point 3, appeared
below (i.e. in the area of stress concentration – cf. Fig. 4a-d) and grew
quite rapidly. Similarly, the stress concentration below this twinbecame
large enough for the initiation of a new twin very quickly and after
6

reaching a critical size of ~3.1 μm it “autocatalytically” triggered the nu-
cleation of T3 (point 4). Owing to the considerable stress concentration,
T3 reached the critical width of 3 μm also quite rapidly, leading to the
nucleation of T4. As further strain was quite effectively accommodated
by twins T1-T4 (i.e. their slow thickening), the dynamics of the occur-
rence and growth of T5 and T6 were somewhat less swift. In the case
of pillar P2, the scenario was quite similar – apart from the existing
twins, the new ones nucleated below the last twin after it reached a
thickness of ~3 μm. The general observation is, therefore, that the
twins in the vicinity of the pillar top grow only slowly and new twins
appear gradually below. It should also be noted that as each new twin
nucleates, the stress concentration in the newly formed inter-twin re-
gion arises, which inmost cases leads to some thickening of the adjacent
twins, in agreement with Fig. 2 and 3. However, as mentioned above,
the stress concentration between the twins is a function of their dis-
tance. In the case of both thinner (3 μm) and thicker (4.5 μm) twins
(Fig. 4e-l) the distance leading to the highest stress concentration is
similar to the twin thickness. Increasing or decreasing this twin distance
hence results in a decrease in the stress concentration, thus imposing
certain bounds for the neighboring twin thickening and, in turn, imped-
ing their complete and instantaneous coalescence. Such an effect is ob-
served only when there is no room left for further twinning at the pillar
bottom, resulting in the thickening of all the existing twins and possible
activation of additional deformation mechanisms.

We speculate that the effect of uneven shear stress in the horizontal
direction is alsomanifested in the twin shapes. It is evident in Fig. 4 that
the stress is somewhat higher on the right side below each twin. Inmost
cases, the twin thickness in the SEM images is either higher near the
right edge (T1 and T2 in P1 and T6 in P2 in Fig. 3) or a small new twin
nucleates below the twin with a lower right-hand side thickness (twin
pairs T3-T5 in P1, and twins T4 and T5 in P2, Fig. 3). With further
straining, such twin pairs merge and grow together, leaving behind a
small “wedge”. Finally, when there are enough twins across the entire
pillar height (P1 – point 6, P2 – point 5 in Fig. 3), the strain starts to
be accommodated by their slow thickening driven by stress concentra-
tions near the twin boundaries until the entire volume is twinned. Note
that this observationwas confirmed by the EBSD observations shown in
Fig. 1 and also agrees with the Mg micropillar compression results re-
ported elsewhere [7,22]. It should be noted that no traces of dislocation
slip were observed before the entire micropillar was twinned, as ex-

pected for the involved 1010
h i

crystal orientation.

Itwas shown by Jeong et al. [18] that single-crystalMgpillars that do
not feature pre-existing grain or twin boundaries necessitate different
sources for twin nucleation. It was confirmed by transmission electron
microscopy (TEM) observations that pile-ups of prismatic <a> disloca-
tion (which are present in abundance, owing to the FIB processing) pro-
vide required local stresses for the nucleation of new twins. Liu et al. [7]
used full-field elasto-visco-plastic Fast Fourier Transform model [31] to
determine the local stress distribution related to twin configurations.
The calculations showed a large back-stress induced as a result of the
lack of plastic accommodation in the vicinity of the twin top in the pres-
ence of a stiff indenter. Hence, the growth of twins closer to the pillar
top is limited, which agrees well with our experimental observations
as well as with the outcomes of the FE model, even though these ap-
proaches differ technically. Elaborating further on these considerations,
increased back-stress towards the top of pillars can also explain asym-
metric twin growth discussed above: the part of twin further from the
indenter is more prone to thickening, or a new twin can nucleate in
these areas, as documented in Fig. 2 and 3. Finally, it was demonstrated
by the authors in [18] that the decelerating effect of back-stress acting
on the growing twin might bring about repeated nucleation of new
twin below. In other words, existing twins effectively promote nucle-
ation of new twins in the stress concentration areas in order to accom-
modate strain, again in accordancewith our experimental andmodeling
data. The twinning dynamics in Mg-based polycrystals were recently



Fig. 4. The shear stress distribution in the twinning plane calculated using the FE model for different twin configurations: (a-d) single twin with the thickness of 1.5 μm, 3 μm, 4.5 μm, or
6 μm, respectively; (e-h) two twinswith the thickness of 3 μmand the distances of 6 μm,4.5 μm, 3 μm, or 1.5 μm, respectively; (i-l) two twinswith the thickness of 4.5 μmand the distances
of 6 μm, 4.5 μm, 3 μm, or 1.5 μm, respectively.
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Fig. 5. Detailed view of the selected stress drops revealing twin nucleation and growth dynamics supplemented by respective SEM images.
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investigated byVinogradov et al. [32] using the acoustic emission exper-
iments, which also showed highly correlated characteristics of twin for-
mation. It must be, however, noted that bulk data can exhibit some
differences due to strain multiaxiality.

Owing to the high sampling rate of the nano-testing device and the
continuous SEM imaging approach,wewere able to study the dynamics
of twin nucleation at the early stage of its growth in great detail. In Fig. 5,
we show four representative examples of stress drop events (two for
Fig. 6. The determination of the stress drop duratio

8

both tested pillars). Note that the indicated time interval on the x axis
is the same (1 s) for each plot in Fig. 5, for the sake of easy comparison.
Unexpectedly, we observed different initial thickening rates in the two
pillars in terms of stress drops development. In pillar P1, the twins nu-
cleated and grew in the initial stage very rapidly, see Fig. 5, P1 – points
3 and 4. The nucleation of each of these two twins (note that they cor-
respond to T2 and T3 in P1 in Fig. 2 and 3) clearly manifests itself by sig-
nificant stress drops associated with fast accommodation of the
n from distortions captured in the SEM images.
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deformation. In other words, a newly developed twin effectively de-
creases the length of the pillar, which was detected as a sudden reduc-
tion in the applied force. The duration of the stress drops in the case of
P1 was close to the sampling rate (200 points/s). Such a relatively
high sampling rate allowed us to calculate quite precisely the values of
the lateral growth rate. Twins in P1 nucleated and grew to the thickness
of approximately 2–3 μm within 0.01 s. Hence, this gives an estimation
of the lower bound for the initial thickening rate in P1 of 2–3·10−4 m/s.
A rather unusual intermittent initial growth dynamicswere observed in
the case of T4 in P1 (point 4). The initial stage of T4 nucleation was di-
vided into two separate steps. The duration of both drops was approxi-
mately 0.01 s and they were separated by a time interval of ~0.14 s.
During thefirst drop, the twin nucleated and quickly grew to a thickness
of ~2.3 μm, showing the thickening rate of at least 2.3·10−4 m/s. During
the second drop, the twin grew to the final thickness of 3.4 μm, yielding
a thickening rate of at least 1.1·10−4 m/s.

On the other hand, the stress drops in the case of P2 took a
much longer time of ~0.10–0.15 s, see Fig. 5. The kinetics of the twin
growth exhibited rather transient characteristicswith an “exponentially
decaying” growth rate in terms of the observed shapes of load drops.
The thickness of T4 and T5 in P2 after nucleation and initial growth
was ~1.5 μm and ~ 2 μm, respectively, yielding the estimated initial
thickening rate of roughly 1–1.5·10−5 μm/s. We speculate that the dis-
similarities in the twin nucleation and growth dynamics, as observed in
Fig. 5, might be related to the fact that there were three pre-existing
twins in P2. As discussed above, these twins could reduce the critical nu-
cleation stress for further twin formation. This is in line with the obser-
vation that practically all the twins in P2 nucleated within the first
~170 s while in the case of P1 the nucleation of new twins took place
up to several hundreds of seconds (compare P1 and P2 in Figs. 1, 2,
and 3). On the other hand, large back-stress imposed on these new
twins in P2 retarded their lateral growth [7]. Another possible contribu-
tion to the observed dissimilarities might be a slight difference in the
geometrical orientation of both pillars – P1 was slightly more prone to
tilting during loading (this is best seen in the Supplementary videos),
while P2 was being deformed almost parallel to the vertical axis with
only minimal bending at earlier stages of the test. It was shown by
Della Ventura et al. [20] that the orientation misfit as low as 5° could
bring about significant differences in the micropillar deformation be-
havior. By anymeans, the occurrence of different deformation dynamics
in the otherwise very similar micropillars is an interesting and
non-trivial subject, and further detailed inquiry will be required to elu-
cidate its origin.

The investigations of twin growth rates date back several decades
[33] and the attempts to preciselymeasure the nucleation and propaga-
tion velocities, which are believed to approach the speed of sound in a
material, still continue [34,35]. It must be, however, reminded that in
this study, only the lateral growth rates (i.e. the twin thickening) were
accessible due to the character of the tests. It was shown by Jeong
et al. that even a frame rate of 25 s−1 was insufficient to record nucle-
ation and initial twin front propagation in Mg micropillars [18]. None-
theless, our results confirmed that lateral twin growth is an arguably
slower process than nucleation, as we were not able to capture any
twin in the process of propagation across the pillar thickness.

Wewere additionally able to independently confirm the growth dy-
namics results deducted from the compression curves by a careful anal-
ysis of the SEM images. During twin nucleation, we were in most cases
able to observe a significant jerky movement of the indenter tip, pillar,
and a slight spring-back of the base material around the pillar. Realizing
that the SEM image is generated point-by-point and knowing the exact
dwell time of the electron beam for each pixel, we could use these im-
ages to detect processes with a time resolution better than 0.005 s. If
the twin nucleation happened to take place during image acquisition,
we could detect the exact moment of twin nucleation from the “shift”
in the image and estimate its duration by comparing the image taken
before and after twin nucleation (or, sometimes, even within a single
9

image). The distorted regions during compression of P2 were larger
and easily discernible, thus correspondingwell to the slower thickening
rate of the twins. The stress drop relics in the SEM images were some-
what less discernible in the case of P1, where the drop dynamics were
at least one order of magnitude faster. Nevertheless, we were still able
to recognize several such events. One such example for each pillar is
presented in Fig. 6. Two SEM image distortions were identified in P1
corresponding to the two-step nucleation and growth of T3 in P1
(point 4) – see Figs. 1, 2, and 4. Both distortions were visible in the
range of ~30 rows. The horizontal image resolution was 1024 pixels
and the dwell time for each pixel was 0.3 μs. Taken together, this gives
an estimation of the drop duration of ~0.009 s. The spatial difference be-
tween these two distortionswas 410 lines, which (using the same ratio-
nale) gives the time separation of ~0.13 s. Fig. 6 also shows the SEM
image distortion brought about by the stress drop in P2 (T5) marked
as “point 3” (see Figs. 1, 2, 3 and 5). Upon zooming in, this large distor-
tion is well visible even in the static image, as seen in Fig. 6. This distor-
tion “lasted” ~110 image rows. The pixel dwell time for the SEM image
acquisition for P2 was 1 μs. In this case, the calculation gives an estima-
tion of the drop duration of ~0.11 s. All the estimated drop durations and
drop separation duration are in excellent agreement with the durations
determined from the deformation curves (Fig. 5).Wewill be further ex-
ploring the feasibility of these analyses with the aid of digital image cor-
relation algorithms, which will be the subject of a separate follow-up
study.
4. Conclusions

Single-crystalline rectangular Mg micropillars (dimensions of
10 × 10 × 30 μm3) having the orientation favorable for tensile twinning
were fabricated using a novel method. The pillars were tested in com-
pression using a high-precision nano-testing device with concurrent
scanning electron microscopy imaging. The experimental data were
supplemented by the finite element (FE) calculations. It was shown ex-
perimentally and also supported by FEM calculations that when the
thickness of a single twin reaches a certain value (around 3 μm for the
studiedmicropillars), nucleation of further twin takes place, possibly ac-
companied with a certain thickening. This process is repeated until the
twins form across the entire micropillar height, from its top to its base.
Finally, the thickening and coalescence of all the twins take place until
the whole volume of the micropillar is twinned. These observations
can be effectively explained in terms of the FEM data, especially by
means of the shear stress intensity and distribution. Using a line-by-
line analysis of the SEM images together with a detailed examination
of the compression curves (stress drops) allowed us also to effectively
monitor twinning dynamics and to estimate the twin lateral growth
rate in Mg micropillars to be on the order of 10−5–10−4 m/s.
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