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ABSTRACT

Quantification of dynamics of individual twin boundary (TB) migration such as the velocities and cor-
responding stresses, is of critical importance for understanding the deformation behavior of magnesium
alloys. By conducting in-situ cyclic loading experiments on submicron magnesium pillars inside trans-
mission electron microscope (TEM), the dynamics of individual TB migration and the associated
twinning-detwinning phenomena are systematically investigated. It is found that the TB can migrate
forward and backward under each cyclic loading paths, corresponding to the twinning-detwinning cy-
cles. The TB morphology changes constantly during its migration. Surprisingly, the stress required for TB
migration is found to be higher in compression than in tension, and the TB migration velocity in
compression is slower than in tension. Such asymmetry is proposed to be associated with different defect
environment on either side of TB and the TB structure per se. The considerable amount of energy
absorbed during the TB migration is believed to account for at least part of the good damping properties
of Mg. Our results are also expected to benefit the modeling of deformation twinning behavior in Mg and
other HCP metals.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In metals with hexagonal close packed (HCP) crystal structure,
deformation twinning (DT), besides dislocation slip, is an important
deformation mode that accommodates plastic deformation [1-3].
In magnesium (Mg), a typical lightweight HCP metal with prom-
ising applications in aerospace and automotive industries, the most
commonly observed DT mode is {1012} extension twinning [4].
The DT leads to creation of interfaces, called as twin boundaries
(TBs), between the parent matrix and twinned regions with a
definite crystallographic relation. The {1012} twins in Mg can grow
or shrink through the migration of TBs accommodating significant
amount of plastic strain by twinning shear [2] or unit cell recon-
struction [5,6]. Besides generating plastic strain, the migrating TBs
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also influences the work hardening behavior by interacting with
lattice dislocations, other twin lamellae, grain boundaries, and
second phase particles [7—16]. In addition, the forward and back-
ward migration of TBs also referred to as twinning and detwinning,
respectively, under cyclic loading are expected to be beneficial for
increasing the damping capacity of Mg alloys [17,18].

Since TB migration has a considerable influence on the plastic
deformation of Mg alloys, there is a pressing need for quantitative
description of dynamics of TB migration, such as the TB migration
velocities (Vtg) and corresponding stresses, for improved under-
standing of deformation behavior of Mg alloys and develop robust
plasticity models that can accurately capture the physics of defor-
mation. However, to authors’ knowledge, limited number of studies
have been performed in quantifying TB migration in Mg due to the
challenges associated with TB tracking and the determination of
stress needed for TB migration. In bulk scale samples, profuse twins
will be generated under mechanical loading and the twins can
interact with each other, which makes the tracking of individual
TBs and stress analysis very difficult [19—21]. Efforts have been
made to study the DT behavior in real time inside transmission
electron microscope (TEM), but stresses associated with TB
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migration were not quantified [22,23]. Recently, an in-situ tensile
test on polycrystalline Mg inside a scanning electron microscope
(SEM) has been performed to study the individual TB migration,
which reported a Vg of ~35 nm/s under an external applied stress
of about 35 MPa [24]. But such measured stress reflects the col-
lective mechanical response of several grains. Therefore, precise
determination of stress applied on a certain TB is difficult in such
polycrystalline sample. The in-situ TEM pillar compression tests on
Mg single crystals with specially designed orientation allow the
activation of a single twin variant, which enable the real time
observation of individual TB migration and measure corresponding
stresses [5,25,26]. However, such monotonic compression tests do
not allow to investigate the backward migration of TBs. In the
current study, we have systematically investigated the migration of
an individual {1012} TB in Mg pillars by performing in-situ TEM
cyclic loading experiments. The crystal orientations on either side
of the TB are chosen in such a way that the TB migration is the
predominant deformation mechanism under both tension and
compression.

2. Experimental methods
2.1. Sample fabrication

The material used in the present study was made from 99.99%
pure Mg single crystal disks (12mm in diameter and 1 mm in
thickness) obtained from GermanTech Co. Ltd. The disk was cut into
thin rectangular specimens using electrical discharge machining so
as to avoid the machining induced damage. The specimens were
further reduced to a thickness of about 100 um by gentle polishing
on high grit emery paper. One end of this rectangular specimen was
electrochemically polished to thickness of 5—10 pm. Submicron size
pillars with dog-bone shape were then fabricated using focused ion
beam (FIB) machining following the procedure adopted by Liu et al.
[5]. Extreme care was exercised to mitigate the damage due to
Gallium ions.

Since the objectives of the current study are to systematically
investigate the role of TB migration on the deformation under cyclic
loading conditions as well as to characterize the TB velocity, the
specimens were designed in such a way that the gauge section of
the specimen contains a single TB. There are two ways in which the
TB can be introduced in the gauge section of the specimen: In the
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first method, the submicron specimen can be loaded beyond the
yield limit to generate large number of twins (and hence TBs) [27],
but the twins introduced by this method are very random thus
defying the objective of this study. While in the second method,
submicron specimens can be fabricated around a pre-existing twin
that has already been introduced during the metallographic pol-
ishing stage (Note that due to low critical resolved shear stress
(CRSS), {1012} twins are always present in the as-polished samples
[24]). The latter method is advantageous as it facilitates the
observation of a single TB although it requires extensive and careful
survey of the entire specimen to locate the TB. Nevertheless, TB can
be identified using ion-induced secondary electron imaging mode
as it provides marked contrast between parent and twin lattices
due to the difference in crystal orientations [28].

Fig. 1a shows the contrast between two grains separated by a
twin boundary. Specimens are fabricated from the region indicated
in dotted line using FIB machining in such a way that the boundary
is in the gauge section. The TEM image of the dog-bone shaped
specimen and selected area electron diffraction patterns (SADPs)
acquired from the upper and lower grains are shown in Fig. 1b. The
zone axis (ZA) for the two grains are ~ (1213) and ~ (2110),
respectively. The prismatic {1100} plane of the upper grain is
approximately parallel to the basal {0002} plane of the lower grain.
This specific orientation relationship can be regarded as {1012}
twin orientation. Therefore, the boundary separating the two re-
gions should be a {1012} TB. The crystallographic orientations of
the twin and matrix are represented by the HCP unit cells in Fig. 1a.

2.2. In-situ mechanical testing

The sample is then taken to TEM for mechanical testing and a
schematic illustrating the loading configuration is shown in Fig. 2.
The in-situ mechanical testing is performed using a Hysitron
Picolndenter (PI95) inside a TEM (JEOL 2100F, 200 keV). One end of
the specimen is held by a diamond tensile grip or a diamond flat
punch in tension or compression test, respectively. All the experi-
ments are conducted under displacement control which yields a
strain rate of ~10~3/s for the given specimen dimensions. However,
due to thermal drift of loading device, the actual displacement rate
(measured from the in-situ videos) applied on samples slightly
deviates from the set value (as given in Table A1) leading to slight
variation in strain rate. This effect will be considered when
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Fig. 1. (a) Microstructure obtained using ion-induced secondary electron imaging clearly illustrating the contrast between the twin and matrix separated by a TB. The inset HCP
frames describe the crystal orientations of matrix and twin. The dog-bone shape pillar (highlighted by the dashed frame) with the TB lying in the gauge section is fabricated by FIB.
(b) TEM bright field image showing an as fabricated sample along with the SADPs acquired for the twin and matrix regions. The position of TB is marked by a pair of arrow heads.



416 B.-Y. Liu et al. / Acta Materialia 179 (2019) 414—423

Substrate

i TEM

i _monitor

< area
Matrix Matrix
Tension Compression

Fig. 2. Schematics illustrating the tension and compression loading setups.

discussing the Vg in section 4.4.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2019.08.043

The imaging condition during the deformation is key in clearly
demarcating the twin and matrix. Dark field imaging condition is
used throughout the in-situ mechanical testing, which illuminates
the matrix region (bright in contrast) while makes the twin region
appears as dark thereby highlighting the boundary between them as
shown in Fig. 3. A g vector {0110} 444 iS chosen to perform the dark
field imaging, because this diffracted spot appears only in the SADP
of matrix but not in twin, as marked by the dashed block in Fig. 1b.

During the tensile loading, the tensile grip moves downward i.e.,
along the (0001)y4ix, €Xerting a net tensile force on the TB which
causes it to move downward. While during the compression
loading, the diamond punch travels in the upward direction along
(1100)7,,in, resulting a net compressive force on the TB and causing
it to move upward. We refer the TB movement under tension (twin
growth) and compression (twin shrink) as twinning and detwin-
ning, respectively. The TB migration in the gauge portion is
continuously monitored by a Gatan 833 camera at a frame rate of 10
frames per second. The load is applied till the TB moves from one
end of the gauge length to the other end. Since the contrast of TB is
fuzzy near the end of the gauge part, it is difficult to precisely
decide when the loading should be terminated. Therefore, the
initial and final positions of the TB are different in each cycle. In
addition, the TEM observation is confined to sample gauge length,
while the contact between loading device and specimen is not
monitored. Therefore, the position of the loading device at the start
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of each cycle cannot be exactly the same, and the redundant
displacement of the indenter before it actually starts applying load
would be different in each cycle. These effects resulted in different
strain values during each cycle although the programmed
displacement is the same.

Four sets of experiments were performed to obtain repeatable
and reproducible results. In order to study if the loading sequence
would affect the Vg, we used two types loading sequences: For one
type, the cyclic loading started with tension first followed by the
compression and so on (i.e. tension, compression, tension ...);
while for the other type, the cyclic loading started with compres-
sion first followed by tension and so on (i.e. compression, tension,
compression ...), as shown in Table A1l. In all the experiments, the
cyclic loading test was terminated when TB was not clearly visible.
This could be due to the poor diffraction contrast arising because of
the out of plane deformation of the specimen. The yield stress and
V1p data for these loading cycles were not considered for subse-
quent analyses.

3. Results
3.1. Reversible TB migration under cyclic loading

Irrespective of the loading sequence, reversible migration of TB
is observed during cycling loading. Fig. 3 indicates the start and
finish positions of a TB on a sample subjected to cyclic loading in
the sequence of 1-Tension, 2-Compression, 3-Tension, 4-
Compression and 5-Tension (Sample #1). For the given loading
conditions, Schmid analysis suggests that, {1012} twinning is
favorable in the matrix region under tension, while under
compression it is favorable in the twin region. It is observed that the
plastic deformation occurs by the migration of existing TB rather
than nucleation of new twins. This could be due to the low TB
migration stress as compared to high twin nucleation stress. The
tensile loading caused downward migration of TB resulting in the
growth of twin region at the expense of matrix region. The region
through which the TB had migrated underwent a change in crys-
tallographic orientation of about 90° with respect to the initial
orientation. Therefore, in this reoriented lattice, the load reversal
(i.e. compression) will promote detwinning thereby causing the TB
to migrate upward. During the reverse TB migration, the matrix
region grew at the expense of twin region. The alternating tension-
compression loading cycles caused forward and reverse TB migra-
tion (also known as twinning and detwinning) due to the contin-
uous exchange of twin/matrix regions.

After
3-Tension

After
4-Compression

After
5-Tension

Fig. 3. TEM dark field images showing the position of TB in the (a) undeformed sample and (b—f) at the end of each loading cycle. The TB is marked by a pair of white arrow heads at
both the edges to guide the eye. The ZA for twin and matrix are ~ (1213) and ~ (2110), respectively. The g vector is {0110}, as marked by the dashed block in the SADP in

Fig. 1b.
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3.2. The mechanical response

The engineering stress, ¢ vs. engineering strain, ¢ curves shown
in Fig. 4 are characterized by initial elastic region, where the ¢
linearly varies with e, followed by a plateau region. This plateau
region is typically associated with TB migration. The yield strength
for each of the loading cases was identified as the value at which
stress unambiguously deviates from linearity in the ¢ vs. ¢ curve.
We found that 0.5% proof stress gave a reasonable estimate of this
as shown in Fig. 4 and listed in Table 1. Recent studies showed that
the formation of new twins usually accompanied by strain bursts
and stress drops [5,29]. Such strain burst and stress drops were not
noticed in the ¢ vs. e curves shown in Fig. 4, indicating that no new
twins have nucleated either during tension or compression, which
is also supported by the in-situ video. Note that in the 4-
Compression, the ¢ vs. e curve shows an abrupt increase in ¢ with
¢ after the plateau region. A careful examination of the in-situ video
revealed that during this loading, the TB moved out of the gauge
section and reached the grip section of the sample. After that, the
plasticity could only be accommodated by non-basal dislocation
slips that required high CRSS, thereby resulting in an abrupt in-
crease in do/de. Few other interesting observations could be noted
from the in-situ video and the corresponding ¢ vs. e curves: (i) At
the end of each loading, there is a slight recovery of the TB which
could be due to adhesive forces between the pillar surface and
loading device, or the relaxation of back stress (may be imposed by
the dislocations) ahead of the TB; (ii) TB starts to move, albeit small,
well before the yield stress suggesting that the local stresses near
the TB may be higher than the macroscopic stress; (iii) Sometimes
TB migration was characterized by jerky motion.

3.3. The morphology of migrating TB
Snapshots captured from in-situ video show typical morphol-

ogies of the migrating TB during each loading test (Fig. 5). At this
juncture it is important to assess the geometry of the TB: In a square

pillar with the geometry and crystallographic orientation described
in Fig. 1 (front surface and back surface are perpendicular to
(1213) i, and (2110Yp4erix» the pillar axial direction and loading
direction are parallel to (1100)7,;; and (0001)p.ix), the configu-
ration of a planar {1012} coherent TB (CTB) is shown in the
supplementary Fig. Al. For a planar CTB, the intersection between
TB and front and back surfaces should be two parallel straight lines.
When viewed along the zone axis of (1213, and (2110)a1ix (as
in Figs. 1, 3 and 5), the angle between such intersection lines and
horizontal line should be ~26.5°. In Figs. 3 and 5, the dark/bright
boundary should be the “Upper intersection” line because above this
line there should be no matrix volume. Therefore, if the TB is a
planar CTB, the bright/dark boundary should be a straight line with
26.5° inclined from the horizontal line. However, the boundary is
not straight but corrugated, and the shape of this boundary changes
continuously during its migration. It can be argued from the above
discussion as well from Fig. 5 that the TB is not planar but rugged in
nature, indicating that the TB observed here is not a perfect {1012}
CTB. Such non-planar TB morphology is frequently observed in Mg
[5,6,30,31], which could be attributed to the presence of profuse
prismatic-basal (PB), basal-prismatic (BP), and prismatic-prismatic
interfaces on the {1012} TB.

Another interesting observation from in-situ video is the
continuous change of TB morphology during its forward and
backward migration, which seems like flow of water through a
hollow tube. It also appears as some parts of the TB moves faster
than the others. The observed TB morphology evolution may be
influenced by local stress field, which needs further investigation.
This nature of TB motion may have a marked influence on the way
in which the TBs interact with different defects: It may allow
migrating TBs to easily surmount the short-range obstacles (e.g.
point defects and scattered dislocations) while encountering diffi-
culty in overcoming the long-range obstacles (e.g. planar defects
such as GB and TBs, volume defects such as precipitates, and forest
of dislocations). Liu et al. [ 16] found that TB can easily pass through
particle-shape or rod-shape precipitates, while a dense distribution
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Fig. 4. Engineering stress vs. strain curves of five consecutive loadings of Sample #1. (a) 1-Tension; (b) 2-Compression; (c) 3-Tension; (d) 4-Compression; (e) 5-Tension. The yield
stress is defined as the stress at 0.5% offset strain values, as indicated by the red line. A summary of all curves is plotted in (f) in the same axis for comparison. (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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Table 1
Mechanical data for each loading cycle of Sample #1.

Loading Yield stress (MPa) Strain hardening exponent, n Work hardening rate Energy dissipation ( x 10°]/m?)
(in the plateau region) (in the plateau region), do/de (MPa)

1-Tension 189 +09 0.12 834 +235 16.78

2-Compression 213 +£12 0.07 442 + 168 11.06

3-Tension 176 +08 0.11 823 +246 10.92

4-Compression 223+08 0.09 420+ 103 14.32

5-Tension 162+10 0.08 391+174 9.62

1-Tension

2-Compression

Twin

5-Tension

Fig. 5. Snapshots captured from the in-situ video at different time intervals clearly showing the non-planar morphology of the migrating TB in (a) 1-Tension, (b) 2-Compression, (c)
3-Tension, (d) 4-Compression and (e) 5-Tension, respectively. TB migration directions are indicated by white arrows. The zone axis and dark field imaging condition are same to

those used in Fig. 3.

of plate like precipitates offers more resistance for TBs, analogous to
regulation of water flow through a dam, resulting in an increase in
strength.

3.4. Determination of TB migration velocity Vg

The average Vi is obtained from the linear slope of TB
displacement vs. time plot following the procedure described in
Ref. [24]. Due to the non-planarity of the TB (as shown in Fig. 5), TB
displacement is measured at the left end, center point and right end
of the TB, and the average value is taken to calculate the V. The
V1g at each test are listed in Table A1l. Note that the Vg in tensile
loading (twinning) is higher than that in compressive loading
(detwinning). Such tension-compression asymmetry is discussed
in detail in later sections.

4. Discussion

The current experimental results provide important insights
into the role of TB migration on the deformation behavior of Mg as
the majority of the plastic flow occurs due to the migration of an
individual TB. This allows in better understanding of DT mediated
plasticity, kinetics of TB migration, tension-compression asymme-
try, and energy absorption characteristics associated with TB
migration.

4.1. Strain component analyses

In order to determine whether the plastic deformation of the
tested samples is mainly mediated by DT, we carried out the strain
component analysis [16] to evaluate the contribution of TB migra-
tion mediated strain to the total plastic strain. The total plastic
strain, ¢p is the sum of plastic strain due to TB migration, en and
dislocation slip, g, i.e. ep = emw + eg. The {1012} DT results in a
lattice reorientation, generating ~6.4% strain along the c-axis (the
axial direction of the dog-bone specimen). Therefore, the nominal
plastic strain due to DT can be estimated by multiplying 6.4% strain
with the volume through which the TB has migrated (fiw), etw =
ftw x 6.4%. Since the TEM image only provides 2D projection, the
volume fraction can be estimated by area fraction multiplied by
sample thickness. The dislocation slip mediated plasticity, ; can
then be obtained by subtracting eny from . The total plastic strain,

ep, can be obtained from the stress vs. strain curves (can also be
measured from the TEM images of the initial and deformed pillar).
The strain partitioning is plotted in Fig. 6 clearly indicates that the
majority of the contribution to ¢, comes from eny.

Although TB migration is the primary deformation mode, the
contribution from dislocation slip cannot be eliminated. The
contribution to e can come from interaction of pre-existing mobile
dislocations or activation of new dislocation slip systems. Possible
active dislocation slip systems can be estimated by performing
Schmid factor analysis, as described in detail in section 4.4.2. After
the entire gauge length is consumed by the twin, further plastic
strain is primarily accommodated by eg. In addition to the direct
contribution to plastic straining, dislocations can also influence the
plastic deformation by impeding the migrating TB. This may partly
account for the observed slight strain hardening in the plateau
region on stress vs. strain curves (Fig. 4).

4.2. Work hardening during TB migration
It is also important to examine the work hardening behavior in

the plateau region. The work hardening rate, do/de, and strain
hardening exponent, n, in the plateau regime are quantified using

10

] eew
sh (]

6F I 4

Plastic strain (%)

1 2 3 4 5

Fig. 6. Variation of plastic strain along with the contributions of plastic strain due to
twinning, ey and dislocation slip, &5 plotted against each loading cycle of Sample #1.
The figure confirms that the majority of the contribution to plastic flow is due to TB
migration.
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power law and presented in Table 1. A slightly higher do/ de is
observed in tension (at least for the first two cycles) compared to
the compression, suggesting an increased resistance to the TB
migration, or more dislocation multiplication and interaction. The
do/de is found to decrease with increasing number of cycles. This
can probably be attributed to the mechanical annealing observed
due to cyclic deformation according to which the dislocations near
the surface tend to move out of the pillar due to high image forces
[32]. The hardening rate during compression is a small value to
start with. Therefore the mechanical annealing will not have much
effect on the decrease in hardening rate. In general, the observed
strain hardening, albeit small, is presumably related to the inter-
action between TB and dislocations [33—37], and to the behaviors
of dislocations per se (e.g. dislocation nucleation from pillar surface
[29] or escape to pillar surface [32], and dislocations generated
from TB [38,39]). However, in the current stage, it is difficult to
simultaneously capture the dislocation activity and TB migration in
in-situ TEM mechanical testing. The real time TB-dislocation
interaction is definitely worth for further study.

4.3. TB migration rates

In our experiments, the samples are deformed under strain rate
of ~10~3/s and the measured Vg is in the range of 42—86 nm/s
(Table A1). This is higher than the Vg (~35nmy/s) reported in a
previous study conducted at a lower strain rate of ~10~%/s [24]. A
much higher Vi, about 12—30m/s (nine orders of magnitude
higher than the current experiments), is observed under high strain
rate (~103/s) deformation experiments [21]. This indicates the fact
that Vi increases with increasing strain rate. Such strain rate
dependence can be attributed to the following: The contribution of
DT to the plastic shearing rate , can be expressed as the product of
ftw X Yew» Where fy, and v, are the rate of evolution of twin vol-
ume fraction, and twinning shear, respectively. Since the vy, is
constant for a given twin system (0.129 for {1012} twinning [2]),
the ¥ is mainly controlled by the fm. An increase in y should be
accommodated by an increase in ftw. In the case of samples where
twin nucleation occurs easily, the increase in fm, is achieved by
nucleation of new twins [21]. However, in the current experiment a
TB is already present in the sample, and considering lower growth
stresses compared to high nucleation stress [40], the increase in f w
is only facilitated by an increase in Vg.

Further, it is important to understand the factors that control the
Vrp as the TB migration has considerable influence on the plastic
deformation of Mg alloys. Recent studies show that the precipitate
particles can serve as obstacles for TB migration, and the hindering
effect depends on the particle density, distribution, shape, and
orientation [14—16]. Therefore, Vg is expected to decrease when a
moving TB encounters such obstacles. We have carefully re-
examined the in-situ experiments of Liu et al. [16] and computed
the Vrg in Mg alloys. For a programed displacement rate of 10 nm/s
(twice the displacement rate used in the current study), the Vg in a
Mg alloy pillar with dense distribution of LPSO (long period
stacking ordered) lamellae is found to be only ~20 nm/s, much less
than the Vg observed in the current study. Owing to such low Vrg,
the plastic strain in Mg alloy pillars could not be accommodated by
DT alone, and dislocation slip is necessary [16].

In contrast to the smooth and slow migration of a pre-existing
TB in our study, recent experimental investigations indicate a
very rapid TB migration following twin nucleation. The formation
of twins in micropillars is manifested as pronounced strain bursts
which is attributed to rapid twin growth after twin nucleation
[5,25,26,29,40]. Sim et al. [29] observed that the magnitude of the
strain burst decreases with increasing pillar size, indicating the fact
that TB moves quite rapidly in micropillars than the bulk samples.

Such difference in Vrp can be attributed to the high nucleation
stresses observed in micropillars when compared to bulk samples
due to strong specimen size effect [41]. In sub-micron pillars, owing
to very high twin nucleation stress, the entire gauge part of the
sample can even be completely twinned within a single strain burst
just after twin nucleation, making it difficult to record the events
[5]. However, in our experiments we didn't witness such abrupt
twin migration as the specimen already contains a pre-existing TB
and no new twin is nucleated. Therefore, TB migration is more
controlled and thus enabling us to accurately measure the V.

4.4. Tension-compression asymmetry

4.4.1. Tension-compression asymmetry in yield stress and Vg

In all our experiments, it is observed that the yield stress in
tension, oy 1, is always lower than the yield stress in compression,
oy c. InFig. 7, we have plotted the average tensile and compressive
yield stresses (corresponding to twinning and detwinning stresses
in this case) against their respective Vg for sample #1. It is
interesting to note a higher Vi in tension compared to the
compression in spite of lower tensile yield stress compared to the
compression. The yield asymmetry, defined as the ratio between
the average tensile and compressive yield stresses, (oy1 /0y ) is
found to be about 0.8 (Fig. 8). Although yield asymmetry is a
commonly observed phenomenon in Mg, it is typically attributed
to the activation of different deformation mechanisms and the
differences in their CRSS. For example, tension along c-axis favors
the easy {1012} DT while compression along c-axis favors the
hard non-basal slips [42,43]. However, in current study, yield
asymmetry is present despite {1012} TB migration is the domi-
nant plastic deformation carrier under both tension and
compression.

Another interesting observation, apart from yield asymmetry;, is
the differences in Vg between the tension and compression. Since
Vg is sensitive to strain rate (as discussed in Section 4.3), in order to
compare the V1p in different tests, we have defined a normalized
Vg which is the ratio of Vrg and the actual displacement rate
(Table AT). The normalized Vg is plotted against the loading cycle
in Fig. 9. Interestingly, the normalized Vrp in tension is higher than
the compression and it is independent of the loading sequence. This
further confirms that {1012} TB, indeed, migrates faster under
tension than compression. We seek to explain this behavior in the
latter subsection with references to the defect environment on
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Fig. 7. Variation of average twin boundary velocity, Vg in tension and compression
plotted against the respective yield stress values (Sample #1). The differences clearly
highlight the differences in Vg during twinning and detwinning.
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either side of TB and to the TB structure per se.

4.4.2. Possible mechanism for tension-compression asymmetry

Two possible mechanisms are proposed to be responsible for the
observed tension-compression asymmetry (twinning-detwinning
asymmetry) in the current experiments. One is due to the differ-
ences in defect environment (dislocations, stacking faults (SFs)) on
either side of TB, i.e. in matrix and twin, and the other is to BP and
PB structures and their number density on TB. Both these mecha-
nisms are discussed below.

4.4.2.1. Defect environment in matrix and twin. Fig. 10a shows the
schematic describing the mechanism of CTB migration in a clean
crystal containing no defects (e.g. dislocations and SFs) in matrix
and twin. The TB migration is mediated by successive movement of
twinning dislocations. Under tensile loading, the TB moves towards
the matrix (twinning), while during compression it moves towards
the twin (detwinning). In both cases, TB migration is accomplished
by the movement of twinning dislocations of same kind along the
TB but in opposite directions, and no defect obstructs the TB
migration, therefore, no asymmetry in the velocity and stress is
expected.

Actually, the sample is not a clean crystal. Dislocations exist in
the sample and contribute to the plastic deformation (Fig. 6).
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Fig. 10. Schematics illustrating the possible origins of twinning-detwinning asym-
metry. (a) Migration of a TB in clean crystal with no defect in matrix and twin. (b)
Different defect environment in matrix and twin. (c—d) Migration of BP or PB interface
via the movement of a step.

However, the operative slip systems in matrix and twin are ex-
pected to be different owing to the differences in their crystallo-
graphic orientations. Schmid analysis suggests activation of
prismatic {(a) slip in the twin (Schmid factor, m ~0.43) and pyra-
midal (c + a) slip (m ~ 0.4) in both matrix and twin. Although basal
(a) slip has a negligible Schmid factor, a slight misalignment be-
tween the sample and grips can lead to its activation because of the
low CRSS. Pyramidal (c + a) slip requires very high activation stress
[44] thus are not supposed to be largely generated by deformation
in the current experiments. Besides plastic deformation, defects can
also be introduced associated with TB migration. (a) dislocations in
matrix can interact with TB and transform into (c + a) dislocations
in twin via dislocation transmutation [34]. Basal SFs can also be
generated in twin after TB sweeping away [34,39]. To summarize,
basal (a) dislocations can be generated in both matrix and twin,
while prismatic (a) dislocations, basal SFs and (c + a) dislocations
can be formed in twin (Fig. 10b). Such differences in defect envi-
ronment between the matrix and twin could be responsible for
the observed tension-compression (twinning-detwinning)
asymmetry.

4.4.2.2. TB structure. The {1012} TB is usually not a planar CTB but
is serrated due to the presence of BP and PB interfaces. The BP and
PB interfaces are highly mobile and can potentially influence the TB
migration [45—51]. A recent molecular dynamics (MD) simulation
study reveals that a BP or PB interface migrates through the motion
of a two layers step (corresponds to a HCP unit cell) [51]. Figs. 10c
and d represents the schematic of BP and PB interface with such
step, respectively. During twinning, BP interface migrates towards
matrix causing the transformation of prismatic plane of matrix to
basal plane of twin at the step (Fig. 10c) while the motion of PB
interface results in the transformation of basal plane of matrix to
the prismatic plane of twin at the step (Fig. 10d). During detwin-
ning, the interface migration and transformation of planes are
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opposite to those in twinning.

Since basal plane more closely-packed than the prismatic plane, it
is expected that the basal — prismatic transformation is difficult than
the reverse transformation, as observed in recent MD simulation
study [46]. Therefore, the motion of BP towards matrix (twinning) is
easier than it towards twin (detwinning); on the contrary, the motion
of PB towards twin (detwinning) is easier than it towards matrix
(twinning), as schematically illustrated in Fig. 10c and d. If BP in-
terfaces are more than the PB interfaces, the twinning is easier than
detwinning, vice versa. However, in the current experiments, we
cannot accurately obtain the relative proportions of BP and PB in-
terfaces on TB. Therefore, it is difficult to attribute the observed
tension-compression (twinning-detwinning) asymmetry completely
to the asymmetric nature of BP or PB motion. Moreover, recent MD
studies, on HCP Mg and Ti, show the transitory formation of face-
centered-cubic (FCC) region at the BP or PB interfaces [52—54].
Whether such FCC region will obstruct TB migration and lead to
twining-detwinning asymmetry are worth further investigation.

4.5. Energy absorption by TB migration

Recently experiments of Cui et al. [17,18] reveal that the
damping capacity of the Mg alloys can be enhanced by regulating
the density and stability of extension twins. They argued that for-
ward and backward motion of TBs absorbs considerable amount of
energy and the origins of this are attributed the atomic structure of
the TB. Although they emphasize the need to quantify Vg and
energy absorption characteristics for improved understanding of
the damping properties, they could not measure them due to the
limitations associated with the experiment and polycrystalline
nature of the specimens. We have computed the energy absorbed
due to the TB migration during the cyclic loading by integrating the
area under the ¢ vs. e curve (Fig. 4) and presented in Table 1. The
energy measurements reveal that TB migration can absorb
considerable amount of energy, in the order of magnitude of 107 J/
m?>, during both twinning and detwinning. The differences, albeit
small, observed in the energies between different tests is mainly
due to the differences in the total deformation experienced by the
samples. The stress obtained in our test is one order of magnitude
than the CRSS for {1012} twinning in bulk scale Mg samples [55].
Such high stresses required for TB migration in submicron pillars
can account for the obtained high energy dissipation. Our result
inspires the design of high-damping devices made by array of
submicron Mg fibers containing {1012} TBs.

Table A1

5. Summary

In-situ TEM cyclic loading experiments are carried out on sub-
micron Mg pillars with a focus to understand the dynamics of an
individual TB. The experimental results and subsequent analysis,
can be summarized as follows.

e The {1012} TB in Mg can migrate forward and backward under
cyclic loading, corresponding to the twinning and detwinning
processes.

e The TB morphology continuously changes during the TB
migration.

e The yield stress is found to be higher under compression than
tension. The Vg is found to be lower under compression than
tension. Such tension-compression (twinning-detwinning)
asymmetry is proposed to arise from the different defect envi-
ronment in matrix and twin and from the TB structure per se.

e The reciprocating TB migration in submicron Mg crystals can
absorb considerable energy of about 107 J/m?>,
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Appendix

4 sets of cyclic loading tests. For Sample #1 to #3, the first loading cycle is tension, while for Sample #4, the first loading cycle is compression. The programmed displacement
rate is 5 nm/s. The actual displacement rates applied on samples slightly deviate from the set value due to thermal drift of load device. Data used in Fig. 8 are collected from
Samples #1 to #3 (we didn't count the Sample #4 in that plot because the loading device is slightly misaligned so the yield stresses is a little sporadic).

Loadings Actual displacement rate (nm/s) Measured Vg (nmy/s) Normalized Vg
Sample #1 1-Tension 5.34 82.57 15.46
5 cycles 2-Compression 6.38 79.63 12.48
3-Tension 5.00 80.17 16.03
4-Compression 591 72.08 12.20
5-Tension 5.14 86.30 16.79
Sample #2 1-Tension 4.62 69.79 15.11
3 cycles 2-Compression 6.55 83.90 12.81
3-Tension 5.18 85.32 16.47
Sample #3 1-Tension 5.32 84.81 15.94
2 cycles 2-Compression 5.29 70.62 13.35
Sample #4 1-Compression 5.44 58.92 10.83
5 cycles 2-Tension 2.64 42.60 16.14
3-Compression 5.22 55.61 10.65
4-Tension 5.13 85.49 16.66
5-Compression 5.14 53.84 10.47
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