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a b s t r a c t

To investigate the mechanism of f1012g twinning in magnesium (Mg) single crystal and its influence on
mechanical size effects and strain rate dependent deformation behavior, in-situ microcompression of Mg
½2110� pillars of various sizes from 0.5 mm to 4 mm was carried out in a scanning electron microscope
(SEM) and also in a transmission electron microscope (TEM), covering strain rates from 10�4 to 10�2 s�1.
The in-situ observations directly showed that the pile-up of prismatic <a> dislocations acts as local stress
concentration for the twin nucleation. Preceding the twin nucleation, the lead dislocation from the
dislocation pile-up cross-slips to the basal plane and dissociates into partial dislocations, one of which
trails a stacking fault (SF) behind. The twin nucleus of a finite size formed at the junction between
prismatic <a> dislocations and basal SFs and subsequently propagated rapidly across the pillar. The
present in-situ observations reveal that not only the dislocation pile-up but also the dissociation reaction
of <a> dislocations play critical roles in the nucleation of f1012g twins. Furthermore, the f1012g
twinning exhibits a relatively strong size effect in terms of the twin nucleation stress (size exponent
n¼ 0.7). This pronounced size effect may arise from the fact that the precursor to twin nucleation,
namely dislocation pile-up and junction formation, depends more strongly on the crystal size than the
ordinary dislocation source operation. Moreover, a noticeable effect of the strain rate is that a higher rate
(10�2 s�1) promotes the activation of basal slip within thef1012g twin. While the twin nucleation occurs
more easily at a high strain rate, here the twin growth rate cannot cope with the applied strain rate, so
that strain energy accumulation increases with applied strain. When the twin grows to reach the
required twin thickness for basal slip, the basal slip promptly activates within the twinned region to
release the accumulated strain energy and plastic deformation swiftly catches up with the applied strain
rate.
© 2018 Acta Materialia Inc. 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/).
1. Introduction

As hexagonal-close packed (HCP) metals have a limited number
of slip systems, deformation twinning plays a central role in
deformation processes and leads to a more complicated deforma-
tion behavior compared to cubic metals [1,2]. In fact, the defor-
mation of magnesium (Mg) is accommodated by twin- and slip-
mediated deformation including tension or compression twinning
as well as basal <a>, prismatic <a>, and pyramidal <cþa> slip [3]. A
large difference in the activation energies between the available
ence, Sungkyunkwan Univer-
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deformation modes at specific loading conditions often causes
strongly anisotropic deformation behavior [4e6]. The deformation
behavior becomes even more complicated at small-scales, as the
geometrical constraints (grain boundaries or surfaces) additionally
affect the activation of deformation modes, usually leading to
“smaller is stronger” size effects and the transition of deformation
modes at a critical size and specific dimension [7e11].

The f1012g twinning mode of Mg has been studied extensively
because of its frequent activation after basal slip at room temper-
ature [12,13]. The f1012g twinning cannot be achieved by the glide
of partial dislocations as in face-centered cubic (FCC) metals
because the twinning shear is 0.129 and the equivalent Burgers
vector of a dislocation is only 0.025 nm [14,15]; A dislocation with
such a small Burgers vector can hardly form and glide on the highly
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corrugated f1012g twin plane with the interplanar spacing of 0.19
nm. The concept of a twinning dislocation has been proposed to
support the shear-dominant twinning mechanism, which is a
disconnection (a zonal dislocation) with a dislocation character
with Burgers vector b and a step character with height t [16e18]. As
the twin plane is not a slip plane where twinning dislocations can
glide, the formation and glide of twinning dislocations on the
f1012g twin plane have been envisaged to involve non-planar
dissociations of glissile dislocations in a pile-up array [19e21]. On
the other hand, a number of molecular dynamic (MD) simulations
have shown that the nucleation and growth of f1012g twins can be
achieved via pure atomic shuffling, without involving shear by the
glide of twinning dislocations [14,22]. Apart from MD simulations
recent transmission electron microscopy (TEM) investigations of
the f1012g twin contributed to understanding of the twinning
mechanism. Detailed TEM observations discovered that most of the
f1012g twin boundaries (TBs) deviate from the ideal f1012g twin
plane orientation and consist of not only the coherent f1012g twin
plane, but also basal/prismatic (BP) and/or prismatic/basal (PB)
interfaces [23e26]. Recent in-situ TEM deformation has further
shown that the twin relationship can be attained by direct lattice
reorientation through the transformation of basal to prismatic
planes, and vice versa [27].

Apart from the twinning mechanism, size effects of twinning on
the mechanical properties and deformation behavior of Mg have
also been studied extensively. Most of the early studies have
focused on microcompression of c-axis oriented single crystal Mg
pillars. Lilleodden et al. [28] and Byer et al. [29,30] showed that the
deformation of micropillars with 2e10 mm diameter occurs pre-
dominantly by pyramidal slip without deformation twinning. Yu
et al. [31] performed in-situ TEM compression of a sub-micron Mg
pillar and showed that it deforms predominantly by deformation
twinning. Recently, microcompression of Mg ½2110� pillars has been
conducted by Prasad et al. [32] and reported that the pillars deform
by both slip and twinning modes. Sim et al. [10] performed
microcompression of a-axis oriented Mg ½2110� pillars over a wide
range of sizes from ~2 to 20 mm and showed that the deformation is
dominated by nucleation and propagation of f1012g twins. This
twin-mediated deformation mode exhibited a strong size-
dependent strengthening (size exponent n¼ 0.77), even stronger
than that of typical dislocation slip (n ~0.6) [7]. In addition, the
deformation mode showed a transition from the nucleation and
propagation of multiple twins to single twin dominated mode as
the size of pillar decreases below 18 mm. Accompanying MD sim-
ulations predicted another transition in deformation mode at a
smaller size, i.e. a transition from twinning-mediated to
dislocation-mediated plasticity at crystal sizes below a few hun-
dred nanometers [10].

One notable size effect concerning deformation twinning in HCP
metals is that it is suppressed when the crystal size falls below a
certain limit, which is opposite to what is usually exhibited by FCC
metals [33,34]. The experiments and MD simulations have shown
that the nucleation stress of deformation twinning in HCP metals
increases more steeply with decreasing size than that of dislocation
slip, resulting in a transition of deformation mode at a critical size,
below which dislocation slip is favored [8,10]. Thus, a question
naturally arises as to why deformation twinning shows a stronger
size effect than dislocation slip in HCP metals. To address this issue,
one should understand the fundamental twinning mechanism and
its relevance to the crystal size. Yu et al. [8] suggested that defor-
mation twinning is not preferred at small sizes because the
decreasing density of twin promoters, i.e. threading screw pole
dislocations, decrease the probability of adjacent twin planes for
the nucleation of twins. Sim et al. [10] proposed a model based on
the size- and stress-dependent behavior of twin promoters, i.e. pre-
existing prismatic <a> dislocations. While these pre-existing dis-
locations can act as local stress concentrators and promote twin
nucleation in relatively large pillars where their glide is suppressed,
in small pillars under high local shear stresses they become mobile
and act as dislocation sources, favoring dislocation slip processes.

Furthermore, also the effect of strain rate on the deformation
behavior of HCP metals is important as deformation twinning is a
rate-dependent process. For example, in the case of Mg alloys,
while the deformation is accommodated mainly by dislocation slip
at low strain rates (10�3 s�1), the volume fraction of deformation
twins increases with increasing strain rate (103 s�1) [35,36].
Regarding the nucleation phenomena, it should be noted that small
activation volumes for twinning lead to an increased strain rate
dependency of the nucleation stress [37,38]. This suggests that a
change of strain rate can cause a change in the deformation
behavior of Mg pillars.

In the present study, we carried out in-situ microcompression of
Mg ½2110� pillars in a scanning electron microscope (SEM) and TEM
to investigate the related size and strain rate effects on deformation
behavior. The ½2110� pillar orientationwas chosen in the light of the
Schmid factor and the critical resolved shear stress (CRSS) as pris-
matic <a> slip and f1012g twinning slip are expected to compete
or interplay at the corresponding loading condition [39]. The size of
the pillars used for in-situ SEMmicrocompression was in the range
of 0.5e4 mm, while the 500 nm-pillars were used for in-situ TEM
microcompression, which are smaller than those previously stud-
ied by Sim et al. [10]. To address the rate dependency of the
deformation behavior, strain rates were varied from 10�4 s�1 to
10�2 s�1. We observed that the nucleation and growth of a single
f1012g twin variant dominates the deformation at such small
length scales. The f1012g twinning exhibits a relatively strong size
effect regarding the twin nucleation stress (n¼ 0.7). The nucleation
mechanism of the f1012g twin assessed by in-situ TEM directly
showed that the pile-up of prismatic <a> dislocations acts as local
stress concentration for the twin nucleation. Detailed in-situ TEM
observations revealed that the dissociation of prismatic <a> dis-
locations plays a critical role in twin nucleation. Based on these in-
situ observations, we discuss the nucleation mechanism of f1012g
twinning, its size effects and rate dependency with respect to the
competitive deformation by prismatic slip.

2. Experimental details

2.1. Fabrication of pillars by FIB

A high purity Mg single crystal (99.999%, Goodfellow Cambridge
Ltd.) with the orientation accuracy better than 2% was used for the
fabrication of Mg pillars. For in-situ SEM microcompression tests, a
thin square slice was cut from the Mg crystal to expose the (0001)
surface with one of the edges parallel to the ½2110� direction. This
slice was then electrochemically etched in a solution of 5mL
HNO3 þ 95 mL ethanol to produce a wedge shape that saves the
time for focused ion beam (FIB, Leo 1540 XB, Carl Zeiss, Oberko-
chen, Germany) milling. For the fabrication of a series of square
pillars for in-situ SEM micro compression, FIB structuring was
performed along the sharp edge of the slice bymilling parallel to all
sides and the top surface of each pillar. The strategy for pillar
preparation is described inmore detail byMoser et al. [40]. To study
the size effects in mechanical properties and deformation behavior,
pillars with sizes of 4 mm, 2 mm, 1 mm, and 0.5 mm in square edge
were prepared. The aspect ratiowas fixed to 1:3 for all specimens to
prevent buckling during compression. The acceleration voltage of
the Gaþ ion beam during FIB milling was 30 kV, and the ion beam
current was decreased from 5 nA for coarse cuts to 10 pA for final
polishing of the pillar surfaces. The orientation of the pillar axis was
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determined by using electron backscatter diffraction (EBSD) as well
as electron diffraction in TEM, both of which yielded a misorien-
tation of 7± 2� from the intended ½2110� direction.

For in-situ TEM compression tests, a slightly different method
was adopted for the fabrication of Mg pillars since the accessible
range of sample size to the 200 kV electron beam is limited. A
square plate with the top surface orientation of ð2110Þwas cut and
polished to a mirror finish using a 20 nm diamond suspension. FIB
(Helios NanoLab 450 S, FEI) processing was carried out in regions
free from unwanted deformation twins originating from mechan-
ical polishing. Thin lamellae were extracted from the plate by a
conventional lift-out method, then cylindrical shaped pillars with a
mid-height diameter of 500 nm were fabricated using a 30 kV Gaþ

ion beam in annular millingmode. To access two different zone axis
of the pillars for in-situ TEM experiments, two lamellae with either
a ½2110� or a ½0001� foil normal were prepared. Basal slip preferred
Mg ½2112� pillar was also prepared for comparison of deformation
behaviors. Low energy milling with 5 kV and 1 kV Gaþ ion beam
were subsequently employed to reduce the surface damages [41].
The as-fabricated pillars had an aspect ratio of ~1:5 with a taper
angle of ~3�. Before in-situ TEM compression the samples were
annealed in-situ in the high vacuum (~10�5 Pa) of the TEM column
(JEOL 2100 F, JEOL, Tokyo, Japan) operated at 200 kV to remove FIB-
induced defects [42]. The pillars were first heated from 298 K to
353 K in 10min. Subsequently, the temperature was increased in
20 K step up to 453 K after stabilizing for 10min at each
temperature.

2.2. In-situ SEM mechanical tests

In-situ microcompression of the square shaped pillars was
performed in a field emission SEM (LEO 982, Carl Zeiss, Oberko-
chen, Germany). Two deformation systems were utilized, each of
which is dedicated for specific load and size ranges. For the larger
pillars (4 mm, 2 mm), a microindenter system (UNAT-SEM 1, Zwick
GmbH & Co. KG, Ulm, Germany) was used, which has a maximum
applicable force of 300mN and a conical diamond tip with a flat
end of 16 mm diameter. For the smaller pillars (1 mm, 0.5 mm), a
Hysitron Picoindenter PI-85 (Bruker Corporation, Billerica, USA)
with a maximum force of 13mN and a 5 mm flat end diamond
punch was used. The diamond tips for both systems were provided
by Synton MDP (Nidau, Switzerland). The in-situ SEM micro-
compression tests were performed in displacement controlled
mode at nominal strain rate of 10�3 s�1. Before the mechanical
tests, the stiffness of the individual lamella was determined for the
compliance correction. During the tests SEM images were captured
with a frame grabber at a repetition rate of 1 frame per second and
used for image analysis, sink-in correction, and local strain analysis
later on. After the tests, EBSD analysis was performed on deformed
pillars tomeasure the crystal rotations associatedwith deformation
twinning.

2.3. In-situ TEM compression tests

In-situ TEM compressionwas conducted on the annealed pillars
using a TEM nanoindentation holder (TEM-indenter, Nanofactory,
Gothenberg, Sweden) equipped with a flat diamond punch in the
field emission TEM (JEM-2100 F, JEOL, Tokyo, Japan). The
compressive deformation was carried out in displacement
controlled mode at strain rates ranging from 10�4 to 10�2 s�1. To
record the dynamic deformation processes, real-time TEM movies
were recorded using a charge coupled device (CCD) camera (ORIUS
200D, Gatan, Pleasanton, USA) at 25 frames per second. Real-time
TEM movies were recorded in dark-field (DF) imaging mode to
enhance the defect contrast by selecting the ð2111Þ and the ð1100Þ
diffraction spots for the pillars with the ½0110� and the ½0001� zone
axis orientations, respectively.

2.4. TEM orientation mapping of twins

Detailed TEM orientationmappingwas performed to investigate
the orientation changes associated with twinning. Hereby, the
automated crystal orientation mapping system (ASTAR, Nano-
MEGAS, Brussels, Belgium) was used for the collection of electron
diffraction patterns, data processing and image analysis. The
diffraction patterns were recorded by a high-speed stingray CCD
camera and compared with theoretically generated patterns using
the template matching process. A condenser aperture with 50 mm
in diameter was used to reduce the convergence angle of the beam,
and a camera length of 25 cmwas applied for all diffraction patterns
with a scanning step size of 1 nm. To improve the accuracy of
orientation mapping a precession angle of 0.5� was used as it
produces more diffraction spots with reduced effects of dynamical
diffraction [43].

3. Results

3.1. Deformation modes of Mg ½2110� pillars under compression

Possible deformation modes of Mg ½2110� pillar under
compression are summarized in Table 1. For each mode the CRSS
reported in literature and the Schmid factors (m) are given to
predict a preferred deformation mode [44e52]. For basal <a> slip,
although the CRSS is only ~1MPa, the Schmid factor is zero.
Therefore, basal <a> slip is not considered as a preferred defor-
mation mode if the applied stress is uniaxial and uniform. Pyra-
midal<cþ a> slip has the highest Schmid factor (0.45), but requires
the highest CRSS (80MPa). Prismatic slip has a high Schmid factor
of 0.43, but the CRSS (39e50MPa) is much higher than that of the
competing f1012g twin. CRSS and m for the f1012g twin are
12MPa and 0.37, respectively. As a first order estimate, the applied
stress required to activate of eachmode, CRSS/m is also provided for
comparison. The CRSS/m for pyramidal slip, prismatic slip and
f1012g twin is ~178, 91e116, and 32MPa, respectively. Thus, the
f1012g twin is expected to activatemost easily when the Mg ½2110�
pillar is compressed. It is noted that there are four twin variants
with the same Schmid factor (0.37) among the total six (Table 1). It
should be further noted that when the f1012g twin forms, the
compression axis within the twinned region is changed to the
½1123� as a consequence of twin-induced crystal reorientation [53].
The activation of basal slip is then preferred within the twin
because of the high Schmid factor and the low CRSS.

3.2. Size effects on strength and deformation behavior

Fig. 1 shows a summary of typical in-situ SEM micro-
compression results obtained from a 4 mm pillar (Supplementary
Video S1). The deformation behavior is characterized by a series
of discrete load drops and concurrent strain bursts in the stress-
strain curve (Fig. 1a). The first load drop occurred with the onset
of yield after elastic loading, which is followed by a large
displacement (Fig. 1b and c). The in-situ SEM image recorded at this
event (Fig. 1c, shown in more detail in the inset) shows a slight tilt
in the pillar edge orientation. During the subsequent deformation
the stress level was maintained constant at ~125MPa and the tilted
feature propagated downwards until eventually a slip step formed
along an inclined plane (white arrow in Fig. 1d) at a strain of ~6.5%.
The later stage of deformation is then localized at this slip stepwith
a slight extent of strain hardening. Another load drop occurred,
accompanied by the appearance of a second tilted feature along the



Table 1
Schmid factor, CRSS and Peierls stress of the slip and twin systems considered for the compression of Mg ½2110� pillar.

Deformation mode Schmid factor (m) CRSS (MPa) Peierls stress (MPa) CRSS/m (MPa)

½2110� ½1123�* Edge Screw ½2110� ½1123�*

Basal 〈a〉 ð0001Þ½1120� 0 0.45 0.81 [44] 0.3 [45] 3.6 [45] e 1e2

ð0001Þ½1210� 0 0.22 0.76 [46]

ð0001Þ½2110� 0 0.22 0.52 [47]

Prismatic 〈a〉 ð1100Þ½1120� 0.43 0 39 [48] 13 [45] 44 [45] 91e116 325-417

ð1010Þ½1210� 0.43 0.12 50 [49]

ð0110Þ½2110� 0 0.12

Pyramidal II 〈cþ a〉 ð1122Þ½1123� 0.11 0.0 80 [50] 208 [51] 157 [51] 178 200

ð1212Þ½1213� 0.11 0.39

ð2112Þ½2113� 0.45 0.19

ð1122Þ½1123� 0.11 0

ð1212Þ½1213� 0.11 0.19

ð2112Þ½2113� 0.45 0.39

f1012gtwin ð1012Þ½1011� 0.37 0.23 12 [52] e e 32 33

ð1012Þ½1011� 0.37 0.28

ð1102Þ½1101� 0.37 0.36

ð1102Þ½1101� 0.37 0.36

ð0112Þ½0111� 0 0.28

ð0112Þ½0111� 0 0.23

*Due to the crystal reorientation in f1012g-twinned region, the loading axis is changed from ½2110� to ½1123�.

Fig. 1. In-situ SEM microcompression results of a 4 mm Mg ½2110� pillar at a strain rate of 10�3 s�1. (a) Stress-strain curve. (bee) SEM images corresponding to the positions marked
on the stress-strain curve. In specific, (b) before onset of plastic deformation (ε¼ 1.1%); (c) after the large load drop (ε¼ 3.7%) showing a tilt of the sample edge due to f1012g
twining; (d) formation of a slip line along the (0001)T basal plane (white arrow) within the twinned region (ε¼ 6.5%); (e) activation of the secondary twin at the base of pillar (white
arrow) (ε¼ 11.5%). The in-situ SEM movie with correlated stress-strain curve is provided as Supplementary Movie S1. (f) Cross-section of the deformed pillar prepared by FIB. (g)
EBSD orientation map of the cross-section. (h) EBSD (0001) pole figure showing the formation of two f1012g twin variants indicated as primary and secondary twins.

J. Jeong et al. / Acta Materialia 158 (2018) 407e421410
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edge orientation near the bottom of the pillar (white arrow in
Fig. 1e) at a strain of 11.5%, when the stress had risen back up to
about the yield stress.

Supplementary videos related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.07.027.

EBSD analysis of the deformed pillar (Fig. 1f and g) showed that
the crystal orientation of the whole pillar was changed by ~90�

from the original orientation, confirming the crystal reorientation
induced by f1012g twinning. Thus, the initial load drop accompa-
nied by the change of sample edge geometry is due to the nucle-
ation of a f1012g twin and the associated crystal reorientation,
succeeded by twin thickening at a rather constant stress. It be-
comes evident that the slip step was formed along the basal plane
within the twinned region, which is indexed as the (0001)T. As
already discussed in section 3.1, basal slip is preferred in the
twinned region because of the crystal reorientation of the pillar axis
from the ½2110� to the ½1123� (Table 1). In section 3.4 wewill further
show that basal slip can initiate either during twin propagation or
after its full propagation throughout the pillar, which essentially
depends on the applied strain rate. The EBSD map also shows the
formation of a conjugate twin near the bottom mount of the pillar,
which corresponds to the second load drop at the strain of 11.5%
(Fig. 1e, g, h). Note that the stress at which the secondary twin
forms is similar to that of the primary twin.

Fig. 2 shows stress-strain curves of pillars with different sizes
ranging from 4 mm to 0.5 mm tested at a strain rate of 10�3 s�1.
Fig. 2. Stress-strain curves of Mg ½2110� pillars with sizes of (a) 4 mm; (b) 2 mm; (c) 1 mm; (d)
Regardless of the pillar size, all stress-strain curves exhibited a
pronounced load drop at the onset of yield, which is associated
with the formation of a f1012g twin. Notably, as the pillar size
decreases the yield stress increases, but the amount of strain
occurring in the burst event decreases (this might, however, be to
some extent affected by the machine dynamics during the
displacement controlled experiments). Representative SEM images
of the deformed pillars are shown as inset for each pillar size. They
clearly depict the formation of large single slip step along the
(0001)T orientation for all deformed pillars, indicating that basal
slip was activated within the twinned region and dominated the
rest of deformation. The in-situ SEM microcompression results
suggest that the deformation characteristics of the pillars, i.e. initial
f1012g twinning followed by basal slip in the twinned region, are
the same for all pillars tested at the strain rate of 10�3 s�1.

To evaluate the size effects on f1012g twinning, the yield stress
at which twin nucleation commences and the flow stress for twin
propagationwere plotted as a function of pillar size in Fig. 3a and b,
respectively. We define the nucleation stress (sN) as the peak stress
prior to the first load drop, and the propagation stress (sP) as the 1%
offset stress after the first strain burst associated with twin
nucleation. The size exponent (n) for the nucleation and the
propagation stress assuming a power law is evaluated to be
0.70± 0.20 and 0.47± 0.07, respectively, indicating that the nucle-
ation stress varies much more sensitively with size than the
propagation stress.
0.5 mm. A representative SEM image of deformed pillar is shown for each size as inset.

https://doi.org/10.1016/j.actamat.2018.07.027


Fig. 3. Stress vs. size plot of Mg ½2110� pillars. (a) The peak stress measured before the
first apparent load drop, which is attributable to the twin nucleation stress (sN). (b)
Stress measured at 1% offset strain after the load drop, which is associated with the
twin propagation stress (sP). The data points were fitted by s ¼ d�n to determine the
size exponent (n), which yields (a) n¼ 0.70± 0.20 and (b) 0.47± 0.07, respectively.

Fig. 4. (a) SEM image of an as-FIB-prepared 0.5 mmMg ½2110� pillar for in-situ TEM. (b)
TEM DF image of the as-FIB-prepared Mg pillar. The TEM image shows a high density
of FIB-induced defects. (c) TEM DF image of the same pillar after annealing inside the
TEM up to 453 K. The FIB-induced defects were effectively annealed out. The dislo-
cation density of the annealed pillar is ~1.1� 1013m�2.

J. Jeong et al. / Acta Materialia 158 (2018) 407e421412
3.3. Nucleation and growth of f1012g twin

Typical SEM and TEM images of an as-FIB-prepared pillar are
shown in Fig. 4a and b. The as-FIB-prepared pillar contains a lot of
structural defects such as dislocation loops and debris which were
formed by the high energy Gaþ ion beam bombardment. After the
annealing up to 453 K, the dislocation density dropped significantly
as seen in Fig. 4c. The measurement of dislocation density using the
line intersection method yields an average density on the order of
1013m�2.

Fig. 5 shows a series of TEM snapshot images representing the
overall deformation behavior of the ½2110� Mg pillar. Plastic
deformation begins with the appearance of local strain contours
under the contact (Fig. 5b), where complex dislocation processes
involving nucleation, pile-up, cross slip and dissociation reactions
occurring on prismatic as well as basal planes (Fig. 5c and d). We
point out that these dislocation processes are commonly observed
before f1012g twinning in all tested pillars and they apparently act
as precursors for the formation of a stable twin nucleus (refer to
Supplementary Movie S2, S3, and S4). In fact, a stable twin nucleus
appeared at the dislocation junction (white arrow in Fig. 5d) and
then propagated laterally to create a lenticular twin lamella
(Fig. 5e). Once it spanned the whole sample, it thickened by
(downward) migration of the TB throughout the pillar (Fig. 5f),
dominating the deformation of the sample (refer to Supplementary
Movie S2, S3, and S4). The diffraction pattern obtained along the
½1120� zone axis after deformation reveals the f1012g twin rela-
tionship between matrix and twin (Fig. 5g). While the deformation
twinning is governed by the nucleation and growth of a single
f1012g twin variant, the later stage of deformation is carried either
by the activation of conjugate twin variants or basal slip within the
twinned region, since the axial strain that can be accommodated by
the full propagation of a single twin variant along the pillar is
limited (~6.5%) [25].

The elemental processes governing the aforementioned twin-
ning behavior are analyzed in more detail based on the frame
analysis of in-situ TEMmovies in the following figures (Figs. 6e10),
focusing on pre-nucleation dislocation activities (Figs. 6e8), twin
nucleation (Fig. 9), and twin growth (Fig. 10). The first dislocation
activity in the Mg pillars is the nucleation of half-loops at the
contact with the punch. In fact, this pillar-punch contact provides
preferential nucleation sites for dislocations as the local stress is
high due to the tapering of the pillar and the roughness of the
punch surface. All tested Mg pillars with various orientaions in our
research showed the initial deformation taking place at the contact,
independent of pillar orientation (data not shown). Then, as shown
in Fig. 6a for a basal slip preferred ½2112� pillar, the nucleated dis-
locations glide down along the respective slip system to escape,
interact or multiply (Supplementary Movie S5). In the case of the
½2110� pillar, however, the glide of nucleated dislocations is
restricted to only a short distance (Fig. 6b), which is quite different
from the basal slip in the ½2112� pillar. Considering the line shape of
the half-loops and the geometry of slip systems, these dislocations
are most likely prismatic <a> dislocations lying on an inclined
ð1010Þ prismatic plane. Considering the high Schmid factor
(Table 1), the activation of prismatic slip is in principle possible
once a local resolved shear stress exceeds the CRSS. These dislo-
cations, with their arms being pinned at the contact and the central
line portion being dragged over some distance, bow out into half-
loops but could not extend the line length any further (Fig. 7 and
Supplementary Movie S6). It appears that the two arms of half
loops with screw character have relatively lowmobility, in contrast
to the central portion with edge character (refer to Table 1). As the
glide or source operation is limited by seemingly different mobility
of screw and edge characters, the half-loop dislocations are piled up
and thus the region in front of the pile-up becomes highly stressed,
exhibiting highly localized strain field contrast (see the onion shell-



Fig. 5. A series of in-situ TEM images highlighting key steps in the formation of a f1012g twin. (a) Before compression (ε¼ 0%); (b) Evolution of local strain contrast emanating from
the contact at the initial stage of deformation (ε¼ 1.0%); (c) Stacking faults emerging from the strain contrast along the (0001) plane (ε¼ 1.2%); (d) Formation of a f1012g twin
nucleus at the dislocation junction (white arrow, ε¼1.2%); (e) Propagation of the twin tips (ε¼ 1.5%). Within 0.04 s the propagation was completed, resulting in the formation of a
twin lamella. (f) Thickening of the twin by migration of TBs. Note that the TB is inclined along the ½0110� viewing direction. The strain rate was 10�4 s�1. The corresponding in-situ
TEM movie is provided as Supplementary Movie S2 (Pillar 1). (g) A ½1120� zone axis electron diffraction pattern showing the ð1102Þ twin relationship between matrix and twin. (h)
Schematics indicating the orientaion of the ð1102Þ twin plane and the crystal reorientation associated with the twinning.
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like strain contours in Fig. 7c and d. With an increase of applied
strain the strain contours extend further, revealing dislocation line
contrast inside this strained zone.

During further loading straight line defects suddenly emerged
from the dislocation pile-up (Fig. 8 and Supplementary Movie S6).
The fact that these line defects initiate near the screw component
andmove along the basal plane suggests that the screw component
of the prismatic <a> dislocations cross-slipped to the (0001) basal
plane. The prismatic-to-basal cross slip of <a> dislocation, and vice
versa, is in principle possible, as the screw component can glide on
both ð1010Þ prismatic and (0001) basal planes, and has also been
experimentally observed [54]. The extending straight line contrast
along the basal plane indicates the formation of stacking faults (SF),
implying that the dislocationwas dissociated after cross slip, one of
which glides on the basal plan and leaves a SF behind. As the stress
increased in the dislocation pile-up during further loading, several
more cross-slip and glide events occurred from the other ends of
half-loops, resulting in the formation of a series of parallel SF rib-
bons (White arrows in Fig. 8a).

After formation of SFs along the basal planes, the f1012g
twinning occurred suddenly at the junction of prismatic <a> dis-
locations and basal SFs (Fig. 9a and b and SupplementaryMovie S7).
Although the detailed mechanism of twin nucleation cannot be
assessed as it occurred too fast (the time interval between two
frame images is only 0.04 s, within which the twin already nucle-
ated and propagated over a distance, see e.g. Fig. 9b), the present in-
situ TEM observations show that the heterogeneous nucleation of a
twin nucleus can be induced by high local stress at the defect site
such as dislocation pile-up, and the prior dislocation processes
taking place on the ð1010Þ prismatic and the (0001) basal planes
play an important role in the nucleation of f1012g twin by acting as
a precursor to the formation of a stable twin nucleus (Fig. 9a).

Once a twin nucleates, further deformation is governed by its
thickening (Fig. 10 and Supplementary Movie S7). This occurred by
migration of TBs along both upward and downward directions, but
more dominantly along the downward direction (Fig. 10a and b). In
addition, therewas a transition in themorphology of themoving TB
from a sharp lenticular to a wavy and diffuse shape, implying that
the latter one consists of lattice planes with different orientations.
Furthermore, a diffraction contrast associated with the strain fields
of dislocations was observed ahead of the moving TB. This indicates
that there must be local dislocation activities in front of the TB to
assist the twinning.
3.4. Rate-dependent deformation behavior

As shown before, the f1012g twinning is a dominant deforma-
tion mode of Mg ½2110� pillars under compression at the applied
strain rate of 10�3 s�1. A noticeable rate effect is that a higher strain
rate promotes the nucleation of twins at a lower applied strain. For
example, at the high strain rate of 10�2 s�1 the nucleation of
twinning was activated at a lower strain with less prior dislocation
activity (Fig. 11, Supplementary Movie S4 and S11). A twin nucle-
ated suddenly in the upper part of the pillar, as evident from the
change in diffraction contrast (Fig. 11b), followed by twin thick-
ening through downward propagation of the TB (Fig. 11c). The
diffraction pattern analysis (Fig. 11f) and orientation mapping after
deformation (Fig. 11g) confirmed that the contrast change was
related to f1012g twinning. However, during twin thickening, basal
slip was activated suddenly within the twinned region and domi-
nated the rest of deformation (white arrow in Fig. 11c and d;
Supplementary Movie S11). This deformation behavior is different
from the case of the strain rate of 10�3 s�1, where the primary twin
extends all the way to the base of pillar until the whole pillar is
reoriented before basal slip is activated (see for example Fig. 1f and
g and Supplementary Movie S3). The in-situ TEM observation



Fig. 6. TEM images and schematics representing the difference between basal <a> and
prismatic <a> slip in the ½2112� and the ½2110� pillars during compression, respectively.
(a) Mg ½2112� pillar, where the basal plane is oriented favorable for dislocation slip.
Several single-armed sources are activated, leading to local basal <a> slip. The cor-
responding in-situ TEM movie is provided as Supplementary Movie S5. (b) Mg ½2110�
pillar, where the prismatic plane is oriented favorable for dislocation slip (the pillar of
interest in this paper). Different from the easy activation of basal slip in the Mg ½2112�
pillar, dislocaton half-loops emanating from a source in the Mg ½2110� pillar are non-
glissile, leading to the formation of a strongly localized strain contour (refer to Fig. 7).
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shows that at the high strain rate basal slip is activated once the
twin thickness required for the unimpeded extension of basal slip
across the pillar is reached by twin thickening. According to the in-
Fig. 7. TEM images showing the detailed process of the strain contour evolution associated
local strain contour during compression. Dislocation half-loops were nucleated and bowed
and (d)). The corresponding in-situ TEM movie is provided as Supplementary Movie S6. (e)
limited due to the low mobility of screw component (Table 1).
situ TEM observation, themeasured twin thickness before basal slip
is ~520 nm or ~21% of the pillar length, which correspond to an
axial strain of 1.40% (Fig. 11c).

On the contrary, at the low strain rate of 10�4 s�1 extensive prior
dislocation activities, mostly prismatic slip with sporadic activation
of basal slip along the axial direction, were observed up to 1% strain
before the twin nucleation commenced. Fig. 12 shows the in-situ
TEM microcompression results of ½2110� Mg pillar perfomed at
the strain rate of 10�4 s�1 with the [0001] zone axis orientation,
which provides a full plan-view of the basal plane but an edge-on
view of the prismatic slip plane (Supplementary Movie S8).
Although the deformation behavior is slightly different from the
previous cases due to the lower strain rate, the in-situ TEM
confirmed that the initial deformation is dominated by prismatic
<a> slip (Fig. 12b). Note that the prismatic <a> slip occurs under a
symmetric double slip configuration and results in a uniform dis-
tribution of dislocations in the pillar. The dislocation density,
however, remains only high close to the contact, as the dislocations
could not glide further down or escape through the side surfaces, in
agreement with previous observations along the ½0110� direction
(Fig. 7). With proceeding deformation, a weak dislocation line
contrast followed by fuzzy and diffusive diffraction contrast span-
ning thewhole pillar widthmoved down. Later, a clear line contrast
of dislocations (perfect dislocation) was observed more dominantly
along the same direction (White arrows in Fig.12c). Considering the
slip plane geometry and slip distances, these dislocations must be
gliding on the basal planes and relate to the formation of basal SFs
as shown in Fig. 8. Up to this point, there was no contrast change or
additional diffraction spots in the electron diffraction pattern
indicating the formation of a twin (Fig. 12d). Consequently, the
initial deformation before the nucleation of f1012g twin is
accommodated by prismatic and basal slip.

The axial strain accommodated by prismatic slip, f1012g twin-
ning and basal slip at the different strain rates (10�4, 10�3 and 10�2

s�1) was measured and plotted with deformation time in Fig. 13.
The applied strain is drawn as a line in each plot for comparison.
The strain was measured from in-situ TEM movies at the corre-
sponding time steps. It is evident that for the low rate deformation
(10�4 ~ 10�3 s�1) the initial dislocation slip and f1012g twinning
can effectively accommodate the imposed strain at any given time,
so that the accumulation of strain energy is not so significant
(Supplementary Movie S9, S10). For the high strain rate
with dislocation source activation. (a) Before deformation and (bed) development of a
out with their arms being pinned at the contact (onion shell-like strain contours in (c)
Schematic showing that the glide of dislocation half-loops within the strain contour is



Fig. 8. Detailed process of the activation of basal slip from the pile-up of prismatic <a> dislocations. (a) The straight line contrast running along the basal plane indicates the
formation of a stacking fault (SF) (white arrows). A series of parallel SFs running on basal planes is likely to form by cross-slip and subsequent dissociation of the screw component
of the half-loop shaped prismatic <a> dislocations. The corresponding in-situ TEM movie is provided as Supplementary Movie S6. (b) Schematic model illustrating the in-situ TEM
observation.

Fig. 9. TEM snapshots showing the detailed process of twin nucleation and propagation. (a) Nucleation of a twin at the junction between prismatic <a> dislocation and basal SFs
(indicated by a green circle), followed by twin propagation and thickening. (b) Sudden nucleation and subsequent propagation of a twin observed from another pillar. Note that
different twin variants with the same Schmid factor have been ativated in the pillars shown in (a) and (b) (refer to Table 1). The corresponding in-situ TEM movie is provided as
Supplementary Movie S7. (c) Schematic illustration showing the nucleation and propagation of a twin at the dislocation junction. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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deformation (10�2 s�1), as the axial strain produced by propagation
of the f1012g twin is not sufficient to accommodate the applied
strain at a given time, the strain energy accumulates and increases
with applied strain (Supplementary Movie S11). When the twin
grows to reach the required twin thickness for basal slip, basal slip
promptly activates to release the accumulated strain energy and
swiftly catches up to the applied strain (Fig. 13c). Although favored
by the Schmid factor, the activation of basal slip within the f1012g
twin competes with the twin growth and is determined by the
strain energy accumulated within the twin as a consequence of the
rate-limiting strain release by twin growth.
4. Discussion

4.1. Nucleation and growth mechanisms of the f1012g twin

Twinning occurs heterogeneously at locations of high stress
concentration. Grain boundaries (GBs) are usually one of the most
preferential sites for the nucleation of twins in bulk Mg [22,55e57].
Single crystal Mg pillars, in the absence of preexisting GBs and TBs,
require an alternative source for twin nucleation. Our in-situ TEM
directly shows that it is dislocation pile-up that provides local stress
concentration for twin nucleation in the Mg ½2110� pillars.



Fig. 10. Detailed TEM observations of twin thickening. (a) A series of TEM images showing the roughening of the twin boundary (TB) during migration. Pronouncing diffraction
contrast associated with strain and/or dislocations is observed ahead of the moving TB. (b) Schematic showing the trace of the TBs during migration. The orientation of the moving
TBs deviates gradually from the f1012g twin plane. The corresponding in-situ TEM movie is provided as Supplementary Movie S7. (c) Schematic showing the f1012g twin plane,
basal-prismatic (BP) and prismatic-basal (PB) matrix-twin interfaces to guide the orientation of the moving TB.

Fig. 11. In-situ TEM microcompression results of a 0.5 mmMg ½2110� pillar at a strain rate of 10�2 s�1. (a) Before deformation (ε¼ 0%); (b) Nucleation and propagation of the f1012g
twin (ε¼ 0.7%); (c) Thickening of the f1012g twin (ε¼ 1.4%); (d) Localized basal slip within the twin (ε¼ 5.5%); (e) TEM image showing the deformed pillar after compression to 5.5%
strain. (f) Selected area diffraction patterns (SADPs) obtained from the twin (½1010� zone axis) and the matrix (½0001� zone axis). The corresponding in-situ TEMmovie is provided as
Supplementary Movie S11. (g) TEM orientation map of the deformed pillar showing the f1012g twin related orientation relationship between twin and matrix.
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Considering that there are no internal obstacles blocking the
dislocation motion in the single crystal pillars, the pile-up of pris-
matic <a> dislocations must be related to the intrinsic property of
dislocations, that is, the lowermobility of the screw component due
to the higher Peierls stress [10,45]. The prismatic <a> dislocations
nucleating at the contact with the tip bow out along the inclined
prismatic plane, but further expansion required for source opera-
tion is limited by the lowmobility of the arms with screw character
(Fig. 7). The sessile dislocation half-loops can react with each other
to annihilate their arms, resulting a larger half-loop (refer to the
schematic in Fig. 7e). As such, successively formed dislocation half-
loops are piled up and the area in front of the half-loop is highly



Fig. 12. In-situ TEMmicrocompression results of a 0.5 mmMg ½2110� pillar at a strain rate of 10�4 s�1. The viewing direction is close to ½0001�, which gives an almost edge-on view of
the prismatic slip planes. (a) Before deformation (ε¼ 0%); (bec) Initial deformation by nucleation and glide of prismatic dislocations on the ð1100Þ and ð1010Þ prismatic planes
(dashed lines). The dislocation line contrast (white arrows) suggests the dislocation slip along the basal slip (ε¼ 0.8%); (d) SADP obtained from the deformed pillar. The ½0001� zone
axis diffraction pattern remained unchanged, indicating that no twin formed. The corresponding in-situ TEM movie is provided as Supplementary Movie S8.
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stressed.
The twin nucleus does not form directly from the pile-up of

prismatic <a> dislocations. Before the twin nucleation, the pris-
matic <a> dislocations cross-slip to the basal plane and dissociate
into partial dislocations, one of which glides away and trails a SF
behind (Fig. 8). The dissociation reaction appeared to occur from
both arms of half-loops in the pile-up, separately and one after the
other, resulting in the formation of two parallel basal SF ribbons.
After the consecutive dislocation dissociation reactions, a twin
nucleates at the junction between prismatic <a> dislocation and
basal SFs. The present in-situ TEM reveals that not only the dislo-
cation pile-up, but also the dissociation reactions of <a> disloca-
tions resulting in the formation of SFs play critical roles in the
nucleation of f1012g twins.

Dislocation dissociation reactions are necessarily involved in
most twinning dislocation-based models developed for f1012g
twinning inMg [19,20,58]. This is due to the fact that the twin plane
is not a slip plane, so that no ordinary glissile dislocations are
allowed to glide on the f1012g twin plane. Thus, dissociation re-
action of a glissile dislocation leading to the formation of twinning
dislocation is usually non-coplanar and as a consequence a residual
dislocation (a kind of stair rod dislocation) remains at the junction
between slip plane and twin plane. It is important to emphasize
that the dislocation pile-up has two roles in the nonplanar disso-
ciation. First, it can supply the stress needed for the dissociation of
the leading <a> dislocation in pile-up. In most cases, the dissoci-
ation reactions are energetically unfavorable, so that stress con-
centrations from a dislocation pile-up are required to drive the
dissociation reactions [20,58]. Second, after dissociation the dislo-
cation pile-up helps the partial dislocations to overcome any
attractive forces and trail a stable extension of a SF sufficiently far
away from the reaction center. According to Capolungo and
Beyerlein [20], the extension of SFs is important, as the larger the
glide extension of the lead dislocation in a pile-up, the more likely
the twinning dislocation can break away and trigger further events
that lead to either formation of the twin nucleus or successive twin
growth.

The twin nucleation occurs very fast and completed within one
movie frame (0.04 s) in most cases, resulting in the sudden
appearance of a finite size of twinned region (Fig. 9a and b). The size
of the smallest twinned region measured by TEM is ~50 nm in
width and ~140 nm in length. The fact that we always observe the
sudden appearance of a twinwith a finite size implies the existence
of a stable nucleus size, where stable means that under the applied
stress, the twin nucleus either retains its configuration or propa-
gates as a twin into the crystal without shrinkage [21]. Whether
twinning proceeds after the dissociation reactions depends on
whether a stable twin nucleus can form or not. It is worth noting
that a back stress is imposed on the twin embryo by the sur-
rounding matrix due to the volume change by lattice reorientation.
The formation of a stable twin nucleus is likely to be suppressed by
this back stress. If the applied stress is not relaxed by dislocation
slip but increased to overcome the back stress during compression,
the stress will be relaxed by twin nucleation. The critical volume (or
thickness) of a twin for relaxation of the accumulated stress is
different as the local stress state is likely to be different for each
pillar as observed in Fig. 9. These results imply another distinction
between twins in HCP metals and cubic metals in terms of the size
of twin nucleus e unlike the stable twin nuclei in cubic metals, the
f1012g twin nucleus is not constructed by adjacent layers of
twinning dislocations [18]; For both BCC and FCC metals, the likely
structure of the twin nucleus apparently consists of three adjacent
planes of low energy SFs [21]. It is reasonable to assume that the
smallest twin size we detected by in-situ TEMmust be much larger
than the stable nucleus size, since it most likely already underwent
transverse propagation and even thickening after nucleationwithin
the time range of one video frame.

It is conceivable to assume that there must be a precursor for the
formation of TB, from which a reoriented crystal (twin embryo)
forms and grows to reach the stable size. Recent atomistic simu-
lation by Zu et al. [59] reported that a partial pyramidal dislocation
glides on the pyramidal f1011g plane with a Burgers vector of
1=4<1012> and features a SF behind its leading front. Subse-
quently, a reoriented crystal (twin) nucleates from the surface site
where the partial pyramidal dislocation previously initiates. It ap-
pears that the SF trailed by partial dislocation acts as a precursor for
the formation of TB, along which atomic shuffling forms twin
embryos. These embryos expand and coalesce into a single, larger
nucleus with time. According to DFT calculations, the associated
transformation stresses are large (~3 GPa), supporting the notion
that the SFs, where high stresses and heterogeneities are located,
are preferred sites for the twin nucleation [22].

Although the present in-situ TEM experiments captured the
moment of twin nucleation, the results are limited in assessing the



Fig. 13. Tracing of the axial strain of 0.5 mm Mg ½2110� pillars with deformation time during microcompression in the TEM at various strain rates. Plot of axial strain vs. time at the
strain rate of: (a) 10�4 s�1; (b) 10�3 s�1; (c) 10�2 s�1. The applied strain is shown as straight line. The axial strain measured using frame images of TEMmovies is indicated by symbol
in each plot. Different symbols and colors are used to distinguish different deformation mode, e.g., red circles for dislocation slip, green triangles for f1012g twinning and blue
squares for the basal slip within the twin. For each strain rate a TEM image and schematic are shown to represent the dominant deformation mode. The corresponding in-situ TEM
movie and strain analysis are provided as Supplementary Movie S9, S10 and S11 for the strain rate of 10�4 s�1, 10�3 s�1, and 10�2 s�1, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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nucleation mechanism, i.e. as to how the twin nucleus forms and
reaches the stable size. However, we note that the twinned region
appeared first from the dislocation junction and its moving tips are
often bounded by the basal SFs extended from the dislocation
junction (Fig. 9a and b). This twin morphology indicates that the
basal SF may act as a precursor to the twin nucleation by promoting
basal-prismatic (BP) transformation. Once a stable twin nucleus is
formed, the transverse propagation occurs too fast to be detected.
After transverse propagation, the TB becomes parallel to thef1012g
twin plane with only small local deviations (Fig. 9a and b).
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It appears that the thickening of the twin by TB migration does
not occur in a layer-by-layer advancement via sequential glide of
twinning dislocations [60], as the TB is gradually deviating from the
f1012g twin plane during thickening (Fig. 10). Although there exist
many dislocations ahead of the moving TB, it is not clear whether
they are twinning dislocations gliding on the TB, misfit dislocations
accommodating the lattice mismatch between twin and matrix, or
emissary dislocations [61]. It is also shown that the moving TBs
constantly develop roughness, as the TB does not migrate as a
whole but partially. Not only the array of dislocations in front of the
TB, but also the ruggedmorphology with the existence of BP and PB
interfaces make it difficult to resolve the active twin growth
mechanism from shear-dominant and suffle dominant models.
Further elaborate in-situ TEM observation of twinning process at
higher spatial and temporal resolution is required.

4.2. Size effects in twin nucleation and growth

The deformation twinning of HCP metals has been shown to
exhibit a pronounced crystal size effect, i.e. the smaller the crystal,
the greater the stress for twin nucleation. As a quantitativemeasure
of the size effect, the power-law exponent (n) measured in this
study is 0.70± 0.20 (Fig. 3), which is close to the value of 0.77 re-
ported for the f1012g twinning by Sim et al. [10], but smaller than
that obtained from the tensile straining tests along ½1010� loading
axis (n¼ 0.93) by Kim [53]. Interestingly, many deformation twin-
ning modes of HCP metals show stronger size effects than
competing dislocation slip. For example, the size exponent for the
basal slip in Mg was reported as 0.64e0.77 [53,62]. As such, with
decreasing crystal size the stress for twin nucleation increasesmore
steeply than that for dislocation nucleation. It has been shown that
a critical size exists in HCP metals, usually ~1 mm or smaller, below
which deformation twinning is hardly activated but dislocation slip
becomes dominant [8,10].

It is worth noting that the size-dependent competition/transi-
tion between twinning and slip in HCPmetals is opposite towhat is
usually exhibited by FCC metals, that is, deformation twinning is
preferred below the critical size [33,34]. In FCC metals, the mech-
anism of dislocation slip and deformation twinning are in principle
the same as both occur by local shear by dislocation glide. The
preference of twinning in small size FCC metals is due to the fact
that less energy (stress) is required to extend SF by glide of a
leading partial (twinning) dislocation, since the width of SF scales
with the crystal size. To understand the size effects of deformation
twinning in HCP metals one has to understand the twinning
mechanism and its interplay with the crystal size.

Several explanations have been made to account for the size
effects on deformation twinning of HCP metals. Yu et al. [8] pro-
posed a ‘stimulated slip’ model, in which correlated layer-by-layer
shearing occurs via glide of each twinning dislocation on atomi-
cally adjacent planes, which is similar to the pole mechanism. Ac-
cording to the model, the size effect arises from the fact that the
number of dislocations which can act as promoter of twinning
decreases with sample size. However, this model would be valid
only for an ideal shear-dominant twinning mode, i.e. one that oc-
curs by glide of twinning dislocations on a twin plane, but this is not
the case for the f1012g twinning in Mg as Wang et al. [22] have
shown by density functional theory. A recent study by Sim et al. [10]
noticed the important role of sessile screw dislocations on pris-
matic planes for the nucleation of f1012g twins and pointed out
that they act as local stress concentrators for twin nucleation. The
relative magnitude of the resolved shear stress with respect to the
CRSS of screw dislocation determines whether it glides (and acts as
a dislocation source) or remains sessile (and activates the nucle-
ation of a twin). Since smaller crystals yield under higher stresses,
the screw dislocation easily gives way to glide under such high
shear stresses, so that the deformation is governed by dislocation
slip.

The present in-situ observations revealed that the nucleation of
f1012g twins is facilitated by dislocation processes. Thus, the size
effect on the f1012g twin nucleation is closely related as to how the
dislocation processes are affected by the crystal size. First of all, the
average source size of prismatic <a> dislocations decreases with
decreasing crystal size, requiring a larger stress in smaller pillars
[63]. However, such size effect based on source size alone would
result in a similar size effect as for dislocation slip. Apart from the
size effect originating from dislocation sources, the most critical
step in the f1012g twin nucleation would be the local stress con-
centration at the dislocation pile-up and subsequently formed
dislocation junctions by dissociation reactions right before the twin
nucleation. Therefore, compared with the ordinary crystal size ef-
fect associated with the activation of dislocation sources, a much
larger stress is needed to drive the dissociation reaction of dislo-
cations due to the back stress from the dislocation pile-up [64]. As
the length scale of dislocation pile-up and following dislocation
junction formation would also scale with the crystal size, a larger
stress is required for twin nucleation compared to that needed for
dislocation source operation [65]. Therefore, the stronger size effect
of the f1012g twinning may arise from the precursor to twin
nucleation, that is dislocation pile-up and junction formation,
which depends more strongly on the crystal size than the ordinary
dislocation source operation.

Since the twin nucleation stress is higher than the twin propa-
gation stress, when a twin nucleates it subsequently propagates
down the pillar before another twin nucleates. As twin propagation
is governed by long range stresses whereas twin nucleation is
governed by the local stress state near the dislocation pile-up, the
size effect of twin propagation (n¼ 0.47) is not as pronounced as
that of twin nucleation (n¼ 0.70).

4.3. Effect of strain rate on the twin-mediated deformation

Deformation twinning is preferred in HCP metals at higher
strain rates because this can effectively raise the stress to the level
required for twin nucleation [66]. In the case of f1012g twinning in
Mg, a similar rate dependent behavior was reported, i.e. increasing
strain rate promotes f1012g twinning [35,36]. In addition to twin
nucleation, higher strain rates activate basal slip within the twin-
ned region at lower strain during twin propagation.

For the nucleation of a f1012g twin, as discussed in previous
sections, local stress concentration is required. At low strain rate,
the dislocation pile-up and dislocation junction act as local stress
concentrator for twin nucleation. At higher strain rate, before the
formation of a dislocation pile-up, individual dislocations can act as
local stress concentrator because glide of dislocations is kinetically
suppressed, which increases the perturbation of the local stress
states. This depends on the character of the dislocation and the
Peierls stress for each slip system, e.g. screw dislocations on the
prismatic plane have the highest Peierls stress and therefore are the
most probable local stress concentrator at high strain rates [45]. As
a result, the nucleation and transverse propagation of a f1012g
twin can be prevalent at high strain rate deformation.

The reason why increasing the strain rate subsequently pro-
motes the activation of basal slip within the twinned region is likely
related to the kinetics of the TB migration during the twin thick-
ening process. While transverse propagation of a f1012g twin oc-
curs quickly after twin nucleation, the twin thickening process is
relatively slow, driven by long range stress fields. We observed that
the TB is gradually deviating from the f1012g twin plane and be-
comes rugged during twin thickening (Fig. 10). This implies that BP
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transformation is likely to occur along the moving TB. When the TB
morphology consists of the BP interfaces and coherent TBs, the
twinning disconnection at the TB decomposes into climb and glide
components [67,68]. The movement of TBs can be kinetically sup-
pressed due to the alternating movement of climb and glide com-
ponents during twin thickening at high strain rates and, thus, the
activation of basal slip within the twinned region is preferred.

5. Conclusion

We have carried out in-situ microcompression of Mg ½2110�
pillars in SEM and TEM to investigate the size and strain rate effects
on the deformation behavior. It was observed that the nucleation
and growth of a single f1012g twin variant dominates the defor-
mation of pillars. The nucleation mechanism of f1012g twin
assessed by in-situ TEM directly showed that the pile-up of pris-
matic <a> dislocations acts as a local stress concentration for the
twin nucleation. The twin nucleus does not form directly from the
pile-up of prismatic <a> dislocations. Instead, the prismatic <a>
dislocations cross-slip to the basal plane and dissociate into partial
dislocations, one of which glides away and trails a SF behind. After
consecutive dislocation dissociation reactions, a twin nucleus
appeared at the junction between <a> dislocations and basal SFs.
The present in-situ TEM reveals that not only the dislocation pile-
up but also the dissociation reaction of <a> dislocations resulting
in the formation of SFs play critical roles in the nucleation of f1012g
twins in single crystal Mg pillars under compression. The twin
nucleation was very fast, resulting in the sudden appearance of a
finite sized twinned region, implying the existence of a stable nu-
cleus size.

The f1012g twinning exhibits a relatively strong size effect in
the twin nucleation stress (n¼ 0.7). As the length scale of disloca-
tion pile-up and also the following dislocation junction formation
scale with the crystal size, a larger stress is requiredwith a decrease
of the crystal size compared to that needed for the ordinary
dislocation source operation.

For the high strain rate deformation, as the rate of the axial
strain produced by the growth of f1012g twin is too low to
accommodate the applied strain at a given time, strain energy ac-
cumulates and increases with the applied strain. When the twin
grows to reach the required twin thickness for basal slip, this mode
promptly activates to release the accumulated strain energy and
swiftly catches up to the applied strain. However, at the strain rate
of 10�4 s�1, extensive prior dislocation activities, mostly prismatic
slip with sporadic activation of basal slip along the axial direction,
were observed up to 1% strain before the twin nucleation
commenced. It is evident that prismatic slip and f1012g twinning
can effectively accommodate the imposed strain at any given time
for the low strain rate deformation, so that the accumulation of
strain energy is not so significant. Although favored by the Schmid
factor, the activation of basal slip within the twinned region com-
petes with the twin propagation and is determined by the strain
energy accumulated within the twin as a consequence of rate-
limiting strain release by twin propagation.
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