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Basal slip and {0112} twinning are two major plastic deformation mechanisms in hexagonal closed-
packed magnesium. Here we quantify the critical stresses associated with basal slip and twinning in
single-crystal and bi-crystal magnesium samples by performing in situ compression of micropillars with
different diameters in a scanning electron microscope. The micropillars are designed to favor either slip
or twinning under uniaxial compression. Compression tests imply a negligible size effect related to basal
slip and twinning as pillar diameter is greater than 10 mm. The critical resolved shear stresses are
deduced to be 29 MPa for twinning and 6 MPa for basal slip from a series of micropillar compression
tests. Employing full-field elasto-visco-plastic simulations, we further interpret the experimental ob-
servations in terms of the local stress distribution associated with multiple twinning, twin nucleation,
and twin growth. Our simulation results suggest that the twinning features being studied should not be
close to the top surface of the micropillar because of local stress perturbations induced by the hard
indenter.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Magnesium (Mg) alloys have potential applications as structural
components in the transportation industry due to their high
strength-to-weight ratio [1]. Mg alloys have a hexagonal close-
packed (hcp) structure and deform primarily via slip on the basal
plane and {0112} tensile twinning [2e9]. Quantifying experimen-
tally the critical stresses associated with basal slip and twinning
(nucleation, growth and interactions) enables the prediction of the
mechanical response of Mg and Mg alloys [10e19]. For example,
recent cyclic studies reveal that twin junctions in single-crystal Mg
have a considerable impact on the critical stresses necessary for
twinning and detwinning, and can become a source of fracture
[19e23]. However, these twinning phenomena and their effects on
mechanical behavior are not well characterized or understood.
e@lanl.gov (C.N. Tom�e).
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More than a decade ago, the micrometer-scaled pillar (micro-
pillar) compression technique opened the possibility of exploring
mechanical properties of sub-micron and micro-sized microstruc-
tural features owing to its relatively simple stress-states compared
to other techniques such as micro/nano-indentation [24e29].
However, it is often observed that the mechanical strength in-
creases with decreasing micropillar diameter, similar to the
feature-size strengthening identified in nano-scale systems
[30e38]. This so-called size-scale effect is related to the pillar
surface-to-volume ratio. For face-centered cubic and body-
centered cubic metallic materials, a micropillar manifests bulk
mechanical behavior when the diameter is on the order of tens of
microns [24,27]. For hcp metals such as Mg, several in situ electron
and optical microscopy micropillar compression experiments have
shown an obvious size-effect for {0001} basal slip compared with
bulk single crystal results. Kelly and Hosford's plane-strain
compression on single-crystal bulk Mg measured the compres-
sion yield stress for basal slip to be 4 MPa [39]. Yu et al. stated that
the yield strength for basal slip could reach 2000 MPa when the
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pillar diameter is smaller than 0.1 mm [40]. Ye et al. measured the
yield strength for pillar diameters varying from 0.25 mm to 1.6 mm,
and reported results in the range of 300 MPa to 50 MPa [41].
Moreover, ex situ micropillar compression results (the onset of
yielding could not be determined) have provided some insights as
well. Byer and Ramesh reported that the response of single-crystal
Mg pillars oriented along (0001) are less sensitive to dislocation
density when the pillar diameter increased to 10 mm [42]. Prasad
et al. compared the size-effects of both basal slip and {0112}
twinning by compressing micropillars (3 mm) and macropillars
(3 mm). These results indicate a significant size-effect for basal slip
but a negligible size-effect for twinning [43].

In spite of these micropillar studies on single-crystal Mg, several
important questions remain unanswered. First, what is the critical
micropillar diameter that can reproduce similar yield strength for
basal slip as the bulk single crystal counterpart? Second, what is the
critical micropillar diameter associated with {0112} twinning?
Third, what are the critical stresses associated with basal slip and
twinning? To address these issues, we employ in situ scanning
electron microscopy (SEM) micropillar compression. We aim at
quantifying the critical stresses associated with basal slip and twin
growth (twin boundary migration). Twin nucleation could be
identified but the corresponding nucleation stress is related to
stochastic factors, especially local stress or strain concentration.
Corresponding to these goals, we design micropillars with specific
orientations and microstructures. The critical resolved shear stress
(CRSS) values deduced here for a 10 mm pillar are: twin boundary
migration (29 MPa) and basal slip (6 MPa). The CRSS ratio of twin
growth and basal slip in this study is estimated as 5, which is the
same as Kelly & Hosford plane-strain compression results and
comparable to various bulk measurements in the range of 2.5e4.4
in the literature [7]. The use of local plasticity simulations provides
us with insight about the non-homogeneous stress field inside the
pillar and allows us to understand the correlation between the
micropillar test conditions and the observed twinning configura-
tions in terms of local stress fields.

2. Experimental details

Mg single crystals were grown using the Bridgman method and
{0112} deformation twins were introduced by pre-loading in ten-
sion along the c-axis to a total strain of 1%. Standard metallographic
techniques were used to polish specimens. A solution of 10% HNO3
and 90% H2O was used to chemically polish each specimen to
remove any residual surface damage. An FEI XL30 with an accel-
erating voltage of 25 kV was used for electron backscatter diffrac-
tion (EBSD) to obtain crystal orientation for both parent and twin
phases. An FEI Helios 600 focused ion beam (FIB) with accelerating
voltage 30 kV was used to prepare micropillars. The length and
diameter of the micropillars were measured by FIB/SEM before and
after straining. The length-to-diameter ratio was 2.5-to-1 and the
taper angle is within 2-to-5�. Such geometrical dimensions ensure
uniform deformation [27]. In situ SEM analyses were conducted on
a FEI Magellan 400 and an FEI Helios 660 SEM with an accelerating
voltage of 1e2 kV (The low kV in secondary electron mode allows
better surface detail such as revealing slip steps.). In situmicropillar
compression was performed using a Hysitron PI-85 and PI-85 � R
SEM PicoIndenter. The micropillar compression tests were con-
ducted with a 20 mm flat punch tip at a strain rate of 1 � 10�3s�1.
During the in situ testing, the indenter was controlled to minimize
the misalignment between the tip and the top surface of the pillars,
and a minimum of 3 tests were performed for each type of pillar to
ensure the reproducibility of results. All of the micropillars were
compressed to a maximum of 10% of the pillar height and no ex situ
compression was performed. We plotted stress-strain curves to
showmechanical response. The stress was calculated by using a full
width at half maximum (FWHM) approach [44], where the diam-
eter in the middle of the pillar is estimated from known (1) top
surface diameter, (2) taper angle and (3) total length of the pillar.
The strain was estimated by displacement/height of the pillar. The
displacement is considered once the indenter contacts the pillar.
Postmortem transmission electron microscope (TEM) specimens
were prepared using an FEI DB235 dual-beam FIB with an accel-
erating voltage of 30 kV. An FEI Tecnai F30 field emission trans-
mission electron microscope with accelerating voltage of 300 kV
was used for TEM imaging.

3. Results and discussion

3.1. Micropillar design

Micropillar compression experiments were performed along
<2113> (basal slip favored) and <1010> (twinning favored)
orientation in single-crystal Mg, and also in bi-crystals that consist
of the previous parent orientation and a {0112} twin. Fig. 1 shows
EBSD images of pre-strained samples and reveals the crystal
orientation of both the single-crystal pillars (1 and 3) and bi-crystal
pillars (2 and 4). The three-dimensional (3D) geometry of the four
micropillars (1e4) determined from the EBSD analysis is sche-
matically illustrated in Fig. 2, together with the maximum Schmid
factors for basal slip (mb) and twinning (mt). Based on the Schmid
factors, pillars 1 and 2 favor basal slip while pillars 3 and 4 favor
twinning.

3.2. Micropillars with 10 mm diameter reproduce bulk single crystal
values

By varying the diameter of pillar 1 (basal slip preferred single-
crystal pillar with mb~0.49), we deduce that the minimum diam-
eter necessary to obtain a similar yield strength for basal slip to
bulkMg single crystal with similarmb is 10 mm. Fig. 3a shows an un-
deformed micropillar with slight tapering (the diameter difference
between the top surface and the base is less than 5%). The height of
all pillars is about 2.5 times the pillar diameter in order to avoid
barreling or buckling effects [27]. Postmortem SEM images of pillar
1 with diameters of 3 mm (Fig. 3b), 5 mm (Fig. 3c) and 10 mm (Fig. 3d)
reveal that obvious basal slip occurs at the upper edge of these
micropillars, and that it is repeatable. Fig. 3e compares the stress-
strain curves of these micropillars and shows multiple stress-
drops corresponding to multiple events of basal slip. The elastic
slope is affected by incomplete contact of the indenter with the top
of the pillar during the initial loading. The taper angle is within
2e5�. The true stress was estimated using the FWHMapproach. The
in situ nature of the experiment allows us to directly correlate a
discrete slip event with the corresponding load. We thus directly
calculate the local resolved shear stress for the slip event at the
corresponding load value (given by the in situ movie and snap-
shots). The corresponding stress is marked by stars on each curve in
Fig. 3e. We determine the yield strength bothwhen the stress starts
to deviate unambiguously from linearity and when slip traces are
detected. The yield strength for these micropillars manifests a clear
size-effect. Pillars with smaller diameter exhibit higher onset yield
strength. By comparingwith literature results for both ex situ and in
situ pillar compression with similar mb, we determine the critical
size that represents the mechanical responses of bulk Mg. Fig. 3f
(compared to ex situ literature) shows themeasured flow stress as a
function of pillar diameter compares well with ex situ micropillar
compression with similar pillar diameters [42]. Fig. 3g (compared
to in situ literature) shows the comparison of the onset yield
strength as a function of pillar diameter with other in situ
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transmission electron and optical microscopy compression results
[39,41]. We conclude that the micropillar with 10 mm diameter
from the present study well represents average bulk value for the
onset of basal slip.

It must be pointed out that the CRSSs associated with both
prismatic and pyramidal slip are an order of magnitude higher than
basal slip for Mg. It is extremely difficult to experimentally activate
these slip events. Even for <0001>-oriented single-crystal Mg,
basal slip can be activated though mb is nearly zero. This phe-
nomenon is attributed to surface damage, slight misalignment,
indenter friction, etc [42]. Consequently, we did not study the
critical size for prismatic and pyramidal slip in micropillar experi-
ments. However, it is doable to measure the critical stress associ-
ated with twin growth using micropillar tests. When the sample is
compressed along the direction perpendicular to the basal axis,
{0112} twinning can be activated while the corresponding Schmid
factor associated with basal slip is close to zero. In addition, me-
chanical tests for bulk Mg samples showed a relatively low CRSS
associated with {0112} twinning. Compared to the study of basal
slip, micropillar studies of twinning as a function of pillar diameter
are limited. Prasad et al. reported that the stress plateaus for {0112}
twinning of both micropillars (3 mm) and macropillars (3 mm) are
comparable and around 40 MPa. However, the 3 mm micropillar
data exhibits a stress spike (150 MPa) prior to the plateau, which is
attributed to twin nucleation from the free surface [43]. In addition,
Yu et al. reported an ultra-high twin nucleation stress of 800 MPa
when the pillar diameter is smaller than 0.1 mm [45]. On the other
hand, Liu et al. reported a lower nucleation stress of ~280 MPa
when dog-bone shaped micro/nano-pillars were tested in tension
along <0001> [9]. These results indicate that the stress corre-
sponding to twin nucleation is influenced by uncertain factors (in
other words, local stress/strain concentration). Thus, we focused on
the CRSS associated with twin growth or twin boundary migration.

By varying the diameter of pillar 3 (single-crystal pillar that
favors twinning; mt~0.49), we found that 10 mm diameter micro-
pillar gives a similar stress plateau associated with twin boundary
migration as bulk Mg single crystals with similar mt. Fig. 4a pre-
sents SEM micrographs of undeformed and deformed/twinned
5 mm diameter single-crystal micropillars that favor twinning
Fig. 1. Micropillars are designed to favor (a) basal slip and (b) twinning, respectively. The si
EBSD images of samples' top surface and the corresponding crystal structure observed from
(pillar 3). Twinning occurs at ~60 MPa, corresponding to a signifi-
cant stress drop at a strain of 0.02. The stress-plateau, ~60 MPa,
remains for the strain range 0.02e0.05, corresponding to twin
boundary migration. As a consequence, the pillar diameter expands
by a measurable 5e6%. Similar phenomena have been observed in
other pillars (details can be found in Supplementary Movie 1). The
stress-strain curves of micropillars with 3 mm, 5 mm and 10 mm
diameter in Fig. 4b show the first obvious stress drop (corre-
sponding to twin nucleation), and stress-plateau after that (corre-
sponding to twin boundary migration). The critical compression
stress to activate twin in Fig. 4c shows almost negligible size-effect.
Most importantly, the CRSS associated with twin boundary
migration does not show obvious size-effect when micropillars
have several micrometers diameter. It is worth mentioning that
twin growth stress did show size-effect as demonstrated in nano-
pillar tests [9]. This size effect was attributed to the change in
twinning mechanisms [46e48]. As a consequence, our study
demonstrates that 10 mm diameter micropillar can be used to
characterize mechanical behavior of bulk Mg as far as basal slip and
twinning are concerned.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2017.06.008.
3.3. Basal slip at 12 MPa (mb~0.49)

Fig. 5 presents in situ micropillar compression on pillar 2 with a
10 mmdiametermanifesting the onset compressive stress of 12MPa
for basal slip activation. A postmortem SEM image of pillar 2
(Fig. 5a) reveals multiple basal slip events in themiddle of the pillar
due to the confinement of the pre-existing twin in the upper part of
the pillar. No obvious migration of the twin boundary (marked by
white dash-lines) occurs during the deformation as is evident by
comparing the before (Fig. 5b) and after (Fig. 5c). Compared to
Fig. 5a, the SEM view in Fig. 5bec is rotated 90� clockwise in order
to better image the location of the pre-existing twin. As shown in
Fig. 5dee, the onset compressive yield stress for basal slip (man-
ifested by multiple stress-drops) of pillar 2 is 12 MPa, similar to the
one of single crystal pillar 1. (Fig. 5d is re-plotted from Fig. 3e).
Details of the formation of basal slip can be found in sequential in
ngle-crystal and bi-crystal counterpart with a {0112} twin are examined in this study.
the side view of the micropillars are presented.

http://dx.doi.org/10.1016/j.actamat.2017.06.008


Fig. 2. The structure and geometry of (a) basal slip and (b) twinning favored micropillars. Maximum Schmid factors of each variant for basal slip (mb) and twinning (mt) are shown.

Fig. 3. (a) An SEM micrograph of an un-deformed micropillar. SEM micrographs of deformed single-crystal pillars that favor basal slip (pillar 1) with diameters (b) 3 mm, (c) 5 mm
and (d) 10 mm reveal the activation of basal slip all from the edge of the top surface. (e) The stress-strain curve is estimated by FWHM approach, while the star on each curve
represent the direct estimation of the critical stress to activate a discrete slip event along with in situ movies and corresponding load values. The yield strength of these micropillars
reveals an obvious size-effect for basal slip, manifested by multiple stress-drops. By comparing with literature results on pillar diameter as a function of (f) ex situ 4% flow stress [42]
and (g) in situ onset yield stress [39,41], the micropillar with 10 mm diameter from the present study is considered to represent the mechanical responses of bulk Mg.
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situ SEM snapshots in Figs. 6 and 7. During the in situ compression
experiment the maximum viewing angle is 25� and the rim of the
crater prevents the viewing of the base. Therefore, the in situ
snapshots do not show the base due to the narrow width of the
trench. To overcome this limitation, the length and diameter are
measured by FIB/SEM before and after straining. Basal slip (indi-
cated by orange arrows) takes place in both the single-crystal pillar
1 as shown in Fig. 6 (details can be found in Supplementary Movie
2) and bi-crystal pillar 2 with the pre-existing twin boundary
marked in white dash lines in Fig. 7 (details can be found in Sup-
plementary Movie 3). Furthermore, postmortem bright field TEM
and select area diffraction (SAD) results on pillar 1 confirm basal
slip activity, as shown in Fig. 6d. We did not observe the twin
boundary (marked by white dash-lines) migrate during compres-
sion of the bi-crystal pillar (Fig. 7). The major plastic deformation is
associated with basal slip. In addition, the geometry of the parent/
twin in the bicrystal allows for basal slip to occur within the parent
without the basal dislocation needing to interact with the twin
boundary, essentially giving single crystal behavior.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2017.06.008.

3.4. Twin growth at 60 MPa (mt ~ 0.49)

Most of the volume of pillar 3 and pillar 4 with 10 mm diameters
has been completely twinned after compression, as shown by the
postmortem SEM image of pillar 3 in Fig. 8a. Twin nucleation and
twin boundary migration events can be found in both of these tests.
The stress-strain curve in Fig. 8b shows twin nucleation from the
free surface in pillar 3 at a higher stress (116MPa) accompanied by a
large stress-drop. Besides the twin nucleation in pillar 3, both pillar
3 (Fig. 8b) and pillar 4 (Fig. 8c) reveal similar stress plateaus at
60MPawithmultiple small magnitude stress-drops, corresponding
to the twin growth or twin boundary migration that are evidenced
by in situ snapshots in Figs. 9 and 10. Furthermore, postmortem
bright field TEM and SAD results on the single-crystal pillar 3 in
Fig. 8d confirm the formation of {0112} twins.

Sequential in situ SEM snapshots reveal the twin nucleation and
twin boundary migration in pillar 3 in Fig. 9 (details can be found in
Supplementary Movie 4) and pillar 4 in Fig. 10 (details can be found

http://dx.doi.org/10.1016/j.actamat.2017.06.008


Fig. 4. (a) SEMmicrographs of undeformed and fully twinned single-crystal micropillars of 5 mm diameter that favor twinning (pillar 3). Twinning occurs at ~60 MPa, corresponding
to a significant stress drop at a strain of 0.02. The stress-plateau, ~60 MPa, remains for the strain range 0.02e0.05, corresponding to twin boundary migration. As a consequence, the
pillar diameter expands about 5e6%. (Details can be found in Supplementary Movie 1). Similar phenomena have been observed in other pillars. (b) The stress-strain curves of
micropillars with 3 mm, 5 mm and 10 mm diameter are estimated by FWHM approach. The stress-plateaus start when the top of these micropillars start expanding, indicating the
activation of twinning. (c) Comparison of twinning stress, showing a negligible size-effect.

Y. Liu et al. / Acta Materialia 135 (2017) 411e421 415
in Supplementary Movie 5). For pillar 3, two fine twins (with
average thickness ~ 1 mm) nucleate and traverse the pillar as shown
in Fig. 9b (white and orange dash-lines indicate the lower boundary
of the two twins). The lower twin continuously grows to lower left
of the pillar at the applied stress plateau of ~60 MPa. Fig. 9ced
shows a migration of the lower twin boundary by about 2 mm and
5 mm, respectively. During this process, the upper twin (marked in
white) remains stable and does not grow, a feature that will be
discussed and explained in the following section. For pillar 4,
Fig. 5. (a) The deformed bi-crystal pillars that favor basal slip (pillar 2) with 10 mm diameter
view of the pillar (b) before and (c) after the deformation manifest no migration of the pre-ex
of (d) pillar 1 and (e) pillar 2 with 10 mm diameter confirm the critical stress for basal slip
similar stress plateaus and multiple small stress-drops were
observed, corresponding to jerky twin boundary migration. A new
twin nucleates (marked by orange dash-lines) below the pre-
existing twin (marked by white dash-lines) at 63s (Fig. 10b), and
the boundary continues migrating towards the lower left
(Fig. 10ced). The applied compressive stress for twin growth is
estimated to be 60 MPa (~29 MPa for the RSS) regardless of the
presence of a pre-existing twin. During this process, the upper pre-
existing twin (marked in white) remains stable and does not grow.
reveals the activation of basal slip from the middle of the pillar. The surface and the side
isting twin boundary (marked by white dash-lines). The similar yield strength (12 MPa)
in spite of the pre-exiting twin domain that does not favor basal slip.



Fig. 6. (aec) Sequential in situ SEM snapshots reveal basal slip (marked with orange arrows) in single-crystal pillar 1. The images at 32s, 68s, and 120s correspond to the true strain
of 0.01, 0.03 and 0.07, respectively. Details can be found in Supplementary Movie 2. (d) Postmortem bright field TEM and inserted SAD confirm the basal slip in single-crystal pillar 1.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (aec) Sequential in situ SEM snapshot reveal basal slip (marked with orange arrows) in bi-crystal pillar 2 with the pre-existing twin boundary (marked in white dash lines).
The images at 50s, 78s, and 106s correspond to the true strain of 0.02, 0.04 and 0.06, respectively. Details can be found in Supplementary Movie 3. No obvious twin boundary
migration is observed in pillar 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Y. Liu et al. / Acta Materialia 135 (2017) 411e421416
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2017.06.008.

A clear size-effect for twin nucleation is evident when
comparing the twin nucleation stress for a 10 mmpillar in this study
(116 MPa) with the reported values of 160 MPa for compression
testing of 3 mm pillar [43], 800 MPa for compression testing of
0.1 mm pillar [45], and 280 MPa for tension testing of 0.1e0.4 mm
pillar [9]. On the other hand, the compressive stress for twin
growth is relatively insensitive to the pillar size. The twin growth
stress (60 MPa) for 10 mm micropillars in this study shows similar
stress plateaus when compared to the ones of smaller micropillars
(3 mm) and macropillars (3 mm), reported to be 30e50 MPa [43].
Furthermore, Kelly and Hosford's plane-strain compression on
single-crystal bulk Mg revealed the CRSS for twinning to be 20 MPa
[39] giving a CRSS twin/basal ratio of 5. Considering the measured
compressive stresses for twin growth (60 MPa) and basal slip

http://dx.doi.org/10.1016/j.actamat.2017.06.008
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(12 MPa) with corresponding Schmid factors in this study, our CRSS
twin/basal ratio is the same as Kelly and Hosford's measurement
and is comparable to the literature estimates in the range of 2.5e4.4
[7].

For both pillar 3 and pillar 4, similar stress plateaus andmultiple
small stress-drops during twin growth were observed regardless of
the presence of a pre-existing twin boundary. Some interesting
twinning characteristics have drawn our attention. Both pillars 3
and 4 contain two twins, but only the twin that is farthest away
from both the indenter and the base exhibits continuous growth.
Only pillar 3, without a pre-existing twin, presents a high nucle-
ation stress from the free surface. Such evidence poses several
questions: (1) are there any indenter effects on twinning charac-
teristics? (2) Do pre-existing twins facilitate the nucleation of other
twins? (3) Which circumstances favor heterogeneous twin growth
during micropillar compression? In order to understand these
unique twinning characteristics in particular, and to improve our
interpretation of micropillar results related to twinning in general,
we have employed a full-field elasto-visco-plastic Fast Fourier
Transform (FFT) model to predicts the local stress distribution
associated with our twinning configurations [49].
Fig. 8. Single-crystal (pillar 3) and bi-crystal (pillar 4) that favor twinning with 10 mm diame
showcase of the deformed twinned pillar 3. The stress-strain curves of (b) pillar 3 and (c) pill
of the pre-exiting twin. The twin nucleation stress from the free surface in the single-cryst
{0112} twin relation in single-crystal pillar 3.
3.5. Indenter effects on twinning characteristics

We first discuss indenter effects on twin nucleation and growth.
A schematic representation of the FFT model setup is shown in
Fig. 11aeb, consisting of a Mg single grain with two hard phases
bounding it at top and bottom of the unit cell, meant to represent
the rigid flat diamond indenter and the pillar base, respectively. The
unit cell is loaded by displacing the hard phase (indenter) in the
simulation, and traction free conditions are enforced on the lateral
surfaces. In order to study indenter effects, we have placed a twin in
two different locations: in the first set of simulations, both twin tips
end at the free surface (Fig.11a) and in the second set of simulations
one twin tip ends at the free surface and the other at the boundary
with the hard phase (Fig. 11b). The position of the twin tip is
characterized by the separation parameters ‘g’ and ‘r’ from the hard
face and from the free surface, respectively.

For all of the simulations, the c-axis of the Mg grain is oriented
perpendicular to the compression direction (y-direction). The
imposed deformation and the twinning shear are accommodated
elastically and plastically in the hcp Mg, and the diamond hard
phase is assumed to only deform elastically. The plastic deforma-
tion of Mg is accommodated by basal, prismatic and pyramidal slip
ter shows that both pillars have nearly completely twinned after the compression. (a) A
ar 4 both reveal the stress necessary for twin boundary migration is 60 MPa, regardless
al pillar 3 is 116 MPa. (d) Postmortem bright field TEM and inserted SAD confirm the



Fig. 9. Sequential in situ SEM snapshots reveal twin nucleation and growth in single-crystal pillar 3. The images at 62s, 72s, and 80s correspond to the true strain of 0.05, 0.06 and
0.07, respectively. Details can be found in Supplementary Movie 4. (aeb) Two fine twins nucleate (white and orange dash-lines indicate the lower boundary of the two twins)
simultaneously from 62e63s. (ced) The lower twin (marked by orange) continuously grows with twin boundary migrating to lower left of the pillar. During this process, the upper
twin (marked in white) remains stable and does not migrate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 10. Sequential in situ SEM snapshots reveal twin nucleation and growth in bi-crystal pillar 4 with a pre-existing narrow twin (marked in white dash lines). The images at
60se69s correspond to the true strain of 0.05e0.06. Details can be found in Supplementary Movie 5. (aeb) A new twin nucleates below it (marked by orange dash-lines) and (ced)
grows towards the lower left, while the pre-existing twin (marked in white) remains stable and does not grow. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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systems, and its anisotropic elastic constants and the critical
resolved shear stresses are the same as in a previous study [49]. The
hard phase deforms by isotropic elasticity with a Young's modulus
of 1200 GPa and Poisson ratio of 0.2, corresponding to diamond.
Since the simulations involve small strains, we do not account for
lattice rotation or work hardening. The unit cell is discretized into
3 � 500 � 1500 voxels including a 10 voxels thickness for the hard
phase. The twin thickness in all the simulations is 9 voxels.

The FFT simulations of the numerical pillar experiments are
done in the following sequence. Initially, the unit cell is subjected to
compression along the z-direction, which gives a Schmid factor of
~0.49 for the {0112} tensile twin. After reaching the twin resolved
shear stress (TRSS) of ~20 MPa (CRSS value), the twin is introduced
at a preselected region by first reorienting the crystal according to
the twinning relationship and next by imposing the total twinning
shear (S ¼ 0.129) using 2000 small strain increments. As a conse-
quence, the FFT calculations provide the local stress distribution in
the unit cell under the indenter load, before and after twinning. To
understand the role of the surrounding medium on twinning we
calculate the average twin back-stress, which is the difference be-
tween the average TRSS in the twin after and before the twinning
process. The twin back-stress is always negative and we present
here the absolute value. The calculated back-stresses in the twin
region for both the free and the ‘hard’ surface cases as a function of
twin tips position are shown in Fig. 11c. The twin back-stress is
practically not affected by the separation of the twin from the ‘hard’
surface ‘g’ in the free surface case. But in the hard surface case the
twin back-stress is significantly affected depending on the position
of the twin tip ‘r’. It shows that if the shear at the twin tip is con-
strained by the hard phase, then a large back-stress is induced due
to lack of plastic accommodation. By comparing the twin back-
stress associated with each of these two cases we conclude that
twin growth for twins intersecting the free surface is more likely
than twin growth for twins entering in contact with the hard
indenter surface.

In addition to the average stress in the twin, there is also a
significant variation of TRSS along the twin interface. This depen-
dence is similar to the results presented in Ref. [49] for both cases.
Instead of showing the TRSS distribution everywhere in the twin,
we present here the TRSS at the tip of the twin (averaged over the
twin thickness) for the free surface case. The calculated average
TRSS at the twin tip as a function of the twin tip position ‘g’ is
shown in Fig. 11d. It can be seen that the average TRSS at twin tip A,
which is far from the hard phase, does not vary with twin tip po-
sition. However, the average TRSS at twin tip B, which is closer to
the hard phase, varies rapidly when the twin tip is close to the hard
phase and experiences a larger back-stress (and so less TRSS). This
is due to the perturbation of the stress field induced by the pres-
ence of the hard phase and its inability to accommodate plastic
deformation. From this simulation results, we speculate on two



Fig. 11. Schematic representation of the FFT simulation setup with (a) both twin tips at the free surface and (b) one twin tip at free surface and another at the hard phase material.
The hard phase represents the indenter with friction in the pillar experiments. The twin position is characterized by g for free surface case and r for hard phase case. (c) Average
twin backstress for different positions with respect to the hard phase for both the free surface and hard phase case. (d) Average TRSS at both the twin tips for the free surface case.
The average is performed in a small region in the twin at the tip with the region size of 9 voxels (same as twin thickness).
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important points. First, the differences in the TRSS at the twin tips
may lead to asymmetrical twin growth. Second, in the case of twins
located close to the hard indenter, the indenter significantly affects
the stress state by increasing the back-stress acting on the twin. As
a consequence, characterizing the stress state associated with the
activation of twinning or other twinning features, such as twin
junctions, should be done at a position removed from the indenter
or the base of the pillar, to avoid perturbations induced by the hard
‘phases’.

3.6. Local stress analysis on various scenarios of twin nucleation or
growth

In the micropillar experiments, we have observed the nucle-
ation of new twins at the pillar free surface. Moreover, the twin
nucleation stress is much higher in single-crystal pillar 3 compared
to pillar 4 with a pre-existing twin. To understand and explain this
feature we use the calculated stress distributions from the FFT
simulations. In Fig. 12aeb, we show the TRSS distribution along the
right pillar surface for both the free and the ‘hard’ surface cases. The
TRSS distribution is nearly constant along the free surface for most
of the region except at the interval spanned by the twin. In both
cases we observe a stress reversal in the TRSS due to twinning shear
accommodation, which is to be expected. At the same time, we
have observed an unexpected and fascinating stress concentration
at the pillar surface, which may facilitate new twin nucleation. This
local stress concentration can be explained using simple classical
mechanics. In Fig. 12c, we show schematically a twin inside a pillar
with a free surface at both twin tips. The marked twinning shear
associated with the twin (as shown in black arrows) is constrained
by the fact that the friction with the indenter prevents the lateral
displacement of the upper portion of the pillar. As a consequence
the surrounding matrix imposes an opposite shear to the twin as
shown in small red arrows in Fig. 12d and, then, to a shear stress
reversal in the twin and its vicinity. In addition, the reaction forces
induce a twisting moment about the out of plane direction which
tends to ‘bend’ the pillar and creates the shear stress concentration
at the twin free surface shown in the TRSS profile (Fig. 12aeb) from
FFT calculations. This local stress concentration may help to
nucleate another twin at the pillar surface, which is what we
observe experimentally in pillar 3 and 4. In principle, we expect this
process of twin nucleation and propagation to repeat itself at reg-
ular intervals.

Next, we analyze the case of two parallel twins present in a
pillar, and investigate if they will grow similarly or differently. We
have observed in pillar 4 that the lower twin (which is farther away
from the hard indenter) grows, while the upper twin (in contact
with the indenter) does not grow. Here we also employ FFT calcu-
lations with two twins to study their propensity for growth. The
simulation setup with two twins is shown schematically in Fig. 13a.
We have performed different simulations by varying the positions
of the twins. One tip of the upper twin is always in contact with the
‘hard’ surface, while for the other twin the tips always terminate at
the free surfaces. The position of the twin closer to the hard phase
(twin-2) is varied with a parameter, r, while the spacing between
the two twins is kept constant at s ¼ 100 voxels. Both twins are
introduced simultaneously after initial compression following the
procedure for two-twin FFT simulation presented in Ref. [50]. After
twinning, the TRSS distribution in the twin's domain is shown in
Fig. 13b, for the case r ¼ 200 voxels. From the TRSS distribution, we
observe that the stress reversal is severe in the twin that is closer to
the hard surface (twin-2) compared to the other one (twin-1). To



Fig. 12. TRSS profile along the right pillar surface for: (a) free surface case, and (b) ‘hard’ surface case. The profile shows a stress concentration in both cases that may act as a stress
riser for the nucleation of another twin. (ced) Schematic representation to explain and connect the local mechanics associated with twinning shear and the observed stress
concentration in pillar surface. Black arrows in (c) represent twinning shear direction, and all red arrows in (d) represent stress reversal direction. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. (a) Schematic representation of the FFT simulation setup with two twins characterized by r and s. (b) TRSS distribution in twin-1 and twin-2. The stress heterogeneity
within each twin and the stress difference between the twins is induced by the twinning shear and its accommodation by the surrounding material under the load-displacement
boundary conditions. (c) Average TRSS in both twins as a function of position, r.
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make it more quantitative, the average TRSS in twin-1 and twin-2 is
presented as a function of r in Fig. 13c. It shows that the average
TRSS is negative in both twins for all r-values. But the average TRSS
is relatively higher in twin-1 compared to twin-2. Moreover, the
variation in average TRSS with r-value is significant for twin-2 and
negligible for twin-1. The larger stress reversal in twin-2 is due to
less plastic accommodation by the presence of the hard phase
compared to twin-1. This average TRSS analysis explains why twin-
1 is more likely to grow compared to twin-2 under further
compression.

4. Conclusions

In summary, we have used in situ SEM micropillar compression
to examine the critical stress associated with basal slip and
twinning in single-crystal magnesium with and without pre-
existing {0112} deformation twins. Our results show that micro-
pillars with 10 mm diameters are representative of the mechanical
response of bulk single crystal samples. The critical compressive
stresses for twin growth and basal slip were then measured as
60 MPa and 12 MPa, corresponding to critical resolved shear
stresses of 29 MPa and 6 MPa, respectively. Moreover, our results
suggest that when using micropillar experiments for twinning
characterization one should make sure that the twinning features
being analyzed should not be close to the hard indenter surface in
order to avoid local stress effects. This study provides a validated
methodology on exploring mechanical and materials responses on
magnesium with complex microstructures by using micropillar
compression techniques.
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