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In situ observation of the atomic shuffles
during the {11

--
21} twinning in hexagonal

close-packed rhenium

Yang He1, Zhengwu Fang1, Chongmin Wang 2 , Guofeng Wang 1 &
Scott X. Mao 1

Twinning, on par with dislocations, is critically required in plastic deformation
of hexagonal close-packed crystals at low temperatures. In contrast to that in
cubic-structured crystals, twinning in hexagonal close-packed crystals requires
atomic shuffles in addition to shear. Though the twinning shear that is carried
by twinning dislocations has been captured for decades, direct experimental
observation of the atomic shuffles, especially when the shuffling mode is not
unique and does not confine to the plane of shear, remains a formidable
challenge to date. Here, by using in-situ transmission electronmicroscopy, we
directly capture the atomic mechanism of the 11�21

� �
twinning in hexagonal

close packed rhenium nanocrystals. Results show that the 11�21
� �

twinning is
dominated by the (b1/2, h1/2) twinning disconnections. In contrast to conven-
tional expectations, the atomic shuffles accompanying the twinning dis-
connections proceed on alternative basal planes along 1/6 1�100

� �
, which may

be attributed to the free surface in nanocrystal samples, leading to a lack of
mirror symmetry across the 11�21

� �
twin boundary.

Due to a lack of easy slip systems, twinning is extensively activated and
plays a vital role in low-temperature deformation of hexagonal close-
packed (HCP) metals, typically such as magnesium1. Therefore, the
alloy design and processing of HCPmetals inevitably need to consider
twinning, drawing intense interest in the fundamental mechanisms of
twinning in HCP crystals.

In contrast to the face-centered cubic structures, which contain
only one atom at each Bravais lattice point, the HCP structure has two
atoms at each lattice point; as such, in addition to the homogeneous
shear, angstrom-scale shuffles of atoms are also needed to move both
atoms in the motif of the parent crystal to their corresponding posi-
tions in the twin. As such, twinning disconnections with both steps and
dislocations features are generally accepted to describe the interfacial
defects on twin boundaries in HCP crystals. This intrinsic complexity
poses significant challenges to the experimental resolution of the
twinningmechanism, especiallywhen the shufflingmode is not unique
and is not confined to the plane of shear. Theoretical works in this

regard are largely based on topological analysis and atomistic
simulations2–4; the results of which can vary significantly depending on
the interatomicpotentials andboundary conditions5,6, leading tomany
controversies, for instances, on the 10�12

� �
twinning and the 11�22

� �
twinning mechanisms7–11. Previous experimental investigations on the
twinning mechanism, as have been done in face-centered cubic
metals12, largely focus on imaging the twinning dislocations13–16 on the
plane of shear, which normally is not sufficient to discern the atomic
shuffles.

A typical example is the 11�21
� �

twinning which, on par with the
10�12

� �
twinning, is a common tension twinning mode in HCP crystals

and plays a significant role in the mechanical behaviors of Ti17, Zr18,
Co19, and Re20. Different from the most prevalent 10�12

� �
twinning

wherein the required atomic shuffles proceed on the plane of
shear7,16,21,22, the atomic shuffles accompanying the 11�21

� �
twinning

likely proceed perpendicular to the plane of shear2,4; it has been
reported by A. Serra et al. in several works that molecular dynamics
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simulations indicate that the most likely directions of shuffle in 11�21
� �

twinning are actually not in the plane of shear but on the twinning
plane and perpendicular to the twinning shear direction. Therefore,
characterizing the twinning dislocations cannot pinpoint the exact
shuffling mode14,15.

As shown in the dichromatic complex in Fig. 1a and b, the
homogeneous shear during the 11�21

� �
twinning changes the ABAB

stacking sequence of the basal planes; and restoring the correct
stacking sequence of the basal planes requires atomic shuffles
according to one of the four shuffling modes4,23. As illustrated in
Fig. 1b, the light blue arrows indicate that alternative basal planes
shuffle along 1/6 11�20

� �
which can be captured by imaging the process

on the plane of shear. The other three shuffling modes require atoms
to move along the 1�100

� �
direction, i.e., perpendicular to the plane of

shear. Specifically, the yellow arrows indicate alternative basal planes
shuffle along 1/6 1�100

� �
. The blue arrows denote neighboring basal

planes shuffle in opposite directions along 1/12 1�100
� �

and 1/12 �1100
� �

,
respectively. The red arrows denote alternative basal planes shuffle
along 1/2 1�100

� �
. Unfortunately, due to the difficulty in detecting the

angstrom-scale process in the complexHCP structure, the key features
of the dominant twinning dislocation along with the atomic shuffles in
11�21

� �
twinning remain theoretical conjectures to date.

Here, by using advanced in-situ aberration-corrected transmis-
sion electron microscopy (TEM) and delicate crystal manipulation
techniques14,24, the active twinning disconnections and shuffling mode
in the 11�21

� �
twinning process are explicitly unveiled. We show that

11�21
� �

twinning in HCP rhenium nanocrystals is dominated by the (b1/

2, h1/2) twinning disconnections, and corresponding atomic shuffles
proceed on every other basal plane along 1/6 1�100

� �
, resulting in a lack

of mirror symmetry across the 11�21
� �

twin boundary. This work pro-
vides a viable route to study the complex and angstrom-scale atomic
shuffles in HCP crystals.

Results
In-situ observation of 11�21

� �
twinning on the plane of shear

A Re single crystal is initially oriented along the 1�100
� �

direction.
Tension is applied along the 11�213

� �
direction such that the 11�21

� �
twinning shear has a much larger Schmid factor than the competing
deformation mode of basal slip. Consequently, plastic deformation of
the Re crystal is primarily mediated by the 11�21

� �
twinning (Fig. 2a–c).

During twin growth, the basal surface facets of the parent crystal are
transformed into basal surface facets of the twin (see red arrows in
Fig. 2a–c), indicating that the basal plane is the conjugate twinning
plane. Basedon the attendant surface inclination (Fig. 2c), the twinning
shear is calculated to be ~0.65 along the �1�126

� �
direction. Above all, the

twinning elements here are K1 11�21
� �

, K2 0001ð Þ, η1 �1�126
� �

, η2 11�20
� �

,
which are consistent with those of the classical 11�21

� �
twinning. The

interfacial defects that have mediated the twin boundary migration in
both twinning (Fig. 2a-c) and detwinning (Fig. 2d, e and Video 1) show a
universal step height of 1/2 11�21

� �
plane, indicating that they are (b1/2,

h1/2) twinning disconnections (see Fig. 2f). Moreover, no evident
atomic shuffle is detected in this observation. Therefore, the shuffling
mode within the plane of shear can be excluded, and the atomic
shuffles associated with the 11�21

� �
twinning here should be along the

1�100
� �

direction4.

In-situ observation of 11�21
� �

twinning along the 11�2�3
� �

direction
Figure 3 and Video 2 show the high-resolution 1�213

� �
-view of the

11�21
� �

twinning process in another Re nanocrystal. Compressive
loading is directed along the �651�1

� �
direction of the crystal to activate

the 11�21
� 	

twinning. As shown in Fig. 3a–f, the twin boundary propa-
gates in a layer-by-layer manner, implying that the dominating twin-
ning disconnection should have a step height of 1 or 1/2 11�21

� �
layer. It

should be noted that the (b1, h1), if present, would dissociate into two

Fig. 1 | Topological analysis of the potential twinning shuffles in 11
--
21

n o
twin-

ning of the HCPmetals. a Dichromatic pattern for the 11�21
� 	

twinning viewed
along the 1�100

� �
direction. The filled gray circles and squares represent

atoms in the matrix; the open red circles and squares represent atoms in the
twin. Solid circles, dash circles, solid squares, and dash squares indicate
atoms of different levels along the 1�100

� �
direction. Stacking sequence of

basal planes in the matrix AmBmAmBm changes to AtB’tAtB’t after the homo-
geneous shear (cyan arrows). b AtB’tAtB’t stacking sequence of the basal
planes viewed along the 0001½ � direction of the twin. Arrows with the same
color indicate one shuffling mode; there are a total of four shuffling modes.
c The 11�21

� 	
plane (green-colored) in a HCP unit cell. Atoms belong to two

22�42
� 	

sub-planes and are colored blue with solid outlines and dash outlines,
respectively.
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(b1/2, h1/2) disconnections since the dissociation can effectively reduce
the long-range elastic strain energy2,25. Additionally, since no twinning
disconnection with a step height of one 11�21

� �
layer is directly cap-

tured throughout the observation, the dominant twinning dis-
connections are more likely the (b1/2, h1/2). This finding is consistent
with the prior observations (see Fig. 2f).

Pin-point the shuffling mode
To further identify the atomic shuffles along the �1100

� �
direction,

quantitative analysis was carried out on the TEM snapshot of the
11�21

� �
twin boundary during its propagation. As shown in Fig. 4,

atomic structures of the 11�21
� �

twin are constructed based on dif-
ferent shuffling mechanisms as shown in Fig. 1: Model a involves no
shuffle, wherein the atomic structure after the homogeneous shear is
not an HCP structure (i.e., not in ABAB… stacking sequence); Model
b represents the shuffle of alternative basal planes along 1=6 11�20

� �
,

which moves corresponding atoms away from the twin boundary
and causes the hollow areas as reflected by the observation from the
�1100
� �

view; Models c and d have the same net magnitude of shuffle,
i.e., 1=6 1�100

� �

 

, which both change the ABAB… stacking sequence in
the matrix into the ACAC… sequence in the twin, and cause the lack
of mirror symmetry on the 11�21

� �
twin boundary from the 11�2�6

� �
view; Model e involves large shuffle of alternative basal planes along

1/2 1�100
� �

without breaking the mirror symmetry on 11�21
� �

twin
boundary. Then, these atomic structures are used as input for
simulating high resolution TEM (HRTEM) images of the twin viewed
along the 1�213

� �
direction and the �1100

� �
direction. Note that we

employ a multi-slicing method for the TEM image simulation, and all
parameters used for the simulation are reasonable estimations of the
experiment. Specifically, the TEM accelerating voltage is 300 kV,
spherical aberration is 20 nm, defocus is 25 nm, and the thickness of
the sample is 12 nm. The simulated HRTEM images are then com-
pared with the enlarged experimental HRTEM snapshots in Figs. 2, 3.

First of all, the simulated HRTEM image of the projection view
along the �1100

� �
direction in Fig. 4b is obviously different from the

experimental image, as shown in Fig. 2, evidencing that the shuffling
mechanism wherein every other basal plane shuffle 1=6 11�20

� �
is not

active. Note that based on the simulated HRTEM images for �1100
� �

projection view, shuffling mechanisms along the �1100
� �

direction
cannot be determined. Referring to the projection view along the
1�213
� �

direction, if the atomic shuffles proceed as those shown in
Fig. 4a–c and e, the edges of the prismatic planes in thematrix and the
twin (as marked by the yellow lines in these panels) should intersect
exactly at the twin boundary. By contrast, the in-situ HRTEM obser-
vations in Fig. 3 clearly show otherwise (see the enlarged image in
Fig. 5a); the prismatic planes in thematrix and the twin donot intersect

d + 3se

a + 5sb a + 9s

Matrix

Twin
38o

c

f

Step height 
1/2(1121)

Matrix

Twin

a

Twin

Matrix

[1120][1100]

[0002]
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[1120] [0002]
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A
C A
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Fig. 2 | In-situ atomic resolution TEM observation of the f11--21g twinning and
detwinning processes on the plane of shear. The Re crystal was under
h11213i-oriented tension and compression during the twinning and detwinning,
respectively. a–c Sequential TEM snapshots showing the twinning process. Orange-
colored solid lines indicate the 11�21

� 	
twin boundary. White lines indicate the ori-

ginal position of the twin boundary. Red arrows indicate the surface facets' evo-
lution during the twinning process. Inset in (b) shows the FFT of the twinning
region, showing an orientation relation that is consistent with that of a 11�21

� �
twin;

therein, the pink and cyan squares indicate the reciprocal lattices of the twin and
matrix, respectively. d and e Sequential TEM snapshots showing the detwinning
process. Sections of the 11�21

� 	
twin boundaries are indicated by lines with different

colors. White arrows in a–e indicate the migration direction of steps (twinning
disconnections) on the twin boundary. f Enlarged atomic resolution image of a
twinning dislocation. The white circle indicates the twinning disconnection. Inset
shows the unit cells of the matrix and the twin. Scale bar: a–c 500pm, d, e 1 nm,
f 500pm.
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a + 1s
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a + 5s
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6 layers
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Matrix
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[1212]

[1213]

[1010]a

Fig. 3 | In-situ high-resolution TEM observation of the 11
--
21

n o
detwinning

processes in the 1
--
213

D E
direction. a–f Sequential TEM snapshots of the process.

Red arrows indicate the reference point. Solid cyan lines indicate the 11�21
� 	

twin
boundary. Dash cyan lines inb–f indicate the original position of the twin boundary
in panel (a). Inset in (a) shows the FFT of the twinning region, showing an

orientation relation that is consistent with that of a 11�21
� �

twin; therein, the pink
and cyan squares indicate the reciprocal lattices of the twin and matrix, respec-
tively. The yellow lines in panel (f) mark the edges of the prismatic planes in the
matrix and twin. Scale bar: 1 nm.

At

B’t

Shuffle Mode Simulated HRTEM
[1 -2 1 3] view

[1 -2 1 3] 
view

[1 0 -1 0] 
view

Simulated HRTEM
[1 0 -1 0] view

[1 1 -2 -6] 
view

At

B’t

At

B’t

At

B’t

At

B’t

a

b

c

d

e

Fig. 4 | Atomic models constructed based on different shuffling mechanisms
and corresponding simulated HRTEM images showing projection views along
the 1

--
213

h i
and

--
1100
h i

directions. a No shuffle is applied after the homogeneous
shear. b Shuffle proceeds on every other basal plane along 1/6 11�20

� �
(light blue

arrows). c The conventional shuffling mechanism wherein adjacent basal planes
shuffle in opposite directions along 1/12 1�100

� �
(blue arrows). d The observed

shuffling mechanism wherein every other basal plane shuffle 1/6 1�100
� �

(yellow
arrows). e Shuffling mechanism in which every other basal plane shuffle 1/2 1�100

� �
(red arrows). The red lines in the simulated HRTEM images indicate the f11�21g twin
boundaries. The yellow lines mark the edges of the prismatic planes in the matrix
and twin. Scale bar: 200pm.
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exactly at the 11�21
� �

twin boundary. As shown in Fig. 5, by comparing
the experimental snapshots (Fig. 5a and b) with the simulated HRTEM
images along the 1�213

� �
direction (Fig. 5c or 4d) and the �1100

� �
direction (Fig. 5d or 4d), the quantitative match between the experi-
mental and simulated HRTEM images is found, evidencing that the
alternate basal planes shuffle 0.8 Å along the 1�100

� �
direction, i.e., 1/6

1�100
� �

. Viewing along the 1�21�3
� �

direction, this atomic shuffle should
have a projected value of ~0.7 Å along the �4313

� �
direction, which is

quantitatively consistent with the measurement from the in-situ TEM
snapshot. On the other hand, as evidenced by the obvious difference
between the experimental HRTEM image in Fig. 5a and the simulated
HRTEM image in Fig. 5e, the conventional shuffling mechanism, in
which adjacent basal planes shuffle in opposite directions along 1/12
1�100
� �

and 1/12 �1100
� �

, is apparently notwhat hasbeenobserved inour
in-situ experiments.

Discussion
The above observations directly captured the atomic shuffles in the
11�21

� �
twinning. Note that classical twinning theory indicates that

twinning disconnection on the 11�21
� �

plane should have a step height
of one 11�21

� �
layer1,26. Molecular dynamics simulations show that such

dislocation tends to decompose into two dislocations with an identical
step height of 1/2 11�21

� �
layer and expanded cores2,4,25. Our observa-

tion here provides direct evidence of the simulation results.
The observed shuffling mode is different from the simulation

results wherein atomic shuffles have minimum magnitude (i.e. neigh-
boring basal planes shuffle in the opposite directions, along ∓1/
12 1�100
� �

)2,27. This difference may be attributed to the different
boundary conditions in simulations and in experiments. When the

twinning disconnection is nucleated from the side surface, the surface
tension may restrain the prismatic surface facet from bending, and
thereafter, the neighboring prismatic plane right beneath the surface
facet has to shuffle 1/6 1�100

� �
(as indicated by the yellow arrows in

Fig. 1b). On the other hand, the shuffling scheme in the previous
simulations27, though entails smaller shuffle magnitude, introduces a
bendingdistortion of the crystal surface. The competition between the
relatively large shuffle magnitude and the surface distortion in the
actual twinning process apparently has favored the former in our
experimental observations. For the shuffling mode in simulation to
work in the confined environment in the interior of a bulk sample,
strain accommodation mechanisms such as the deformation of the
adjacent grains20 are required. In other words, if such strain accom-
modation mechanism on-site is harder to activate than the observed
shufflingmode, it is reasonable to expect the observed shufflingmode
that does not generate additional strain on the prismatic plane in the
interior of the bulk samples. Additionally, though our finding is based
on Re, itmaybe reasonably extended to other bulk HCPmetals such as
Ti17 andCo19. Re has beendemonstrated tobe a suitablemodelmaterial
for the study of twinning in HCP metals14,20, wherein the 11�21

� �
twin-

ning plays a significant role in deformation. The c/a ratio of Re (1.615) is
very close to that of Ti (1.588); and hence it is reasonable to expect a
similar deformation mode in them28. Nevertheless, further works are
needed to validate the atomic shuffle mechanism in other and bulk
HCP metals. As has been demonstrated in this work, this could be
achieved by in situ atomic-scale observations (with possibly thin foil
samples) of the twinning process on the two deliberately chosen
viewing directions, i.e., 1�21�3

� �
and �1100

� �
. Also, it should be noted

that the peculiar 11�21
� �

twinning in Zr, involving an abnormal
twinning shear18 and associated mechanisms3,29, are far beyond the
findings here.

In retrospect, this study demonstrates a viable route to study
atomic shuffles in the twinning of HCP crystals by integrating in-situ
TEM and delicate crystal manipulation techniques. Atomic shuffles
during the 11�21

� �
twinning process of HCP crystals are unambiguously

revealed. The results demonstrate that, though the twinning elements
and the dominant twinning disconnections are consistent with classi-
cal expectations, the atomic shuffles in rhenium nanocrystals are
totally different from previous expectations2,25. An interesting infer-
enceof the observed shufflingmode is that the atomic shuffles that are
carried by the (b1/2, h1/2) twinning disconnections may vary; when one
twinning disconnection carries the shuffle of 1/6 �1100

� �
, the following

twinning disconnection will not entail any atomic shuffles. To confirm
this point and its prevalence in other materials and bulk counterparts,
further simulations and/or experiments on the exact structure of the
twin boundary are needed. Moreover, the shuffling mode leads to a
lack of mirror symmetry on the 11�21

� �
twin boundary (as illustrated in

Fig. 4d), which may have an impact on the segregation of alloying
elements on the twin boundary30; thereby, alloying may interfere with
the kinetics of the observed twinning mechanism.

Methods
Materials and sample processing
Re nanocrystals are used as model materials throughout this
study20,31–33. The advantagesofusingnanocrystals are that high stresses
and dislocation-free samples can be attained to trigger the desired
deformation mode without interference from the other deformation
carriers34. In addition, Re is a crucial structural material for high-
temperature applications35, and has a typical HCP structure that is
stable at room temperature in air and highly resistant to 300 keV
electron beam irradiation36,37. Commercial Re metal (99.98% purity,
0.25mm-thick plate) is acquired from Sigma-Aldrich (MO, USA). The
Re plate was cut into small rods, which were mechanically polished to
remove surface oxides, rinsed in ethanol alcohol, and plasma-cleaned
to remove contamination on the surface. Then, the Re rod was cut to

HRTEM
[ ] view

HRTEM
[ ] view

~0.7Å

~0.7Å

(1121)

[4313]
a

c

e

b

d

f

Experimental

Simulated

Simulated

Fig. 5 | Quantitative comparison between the in-situ experimental HRTEM
images (a, b) and the simulatedHRTEM images (c–f) basedonstructuremodels
derived from the observed shuffling mechanism (c, d) and the shuffling
mechanism commonly referred to in literature23,34 (e, f), to determine the
shuffling mechanism. The red lines in the simulated HRTEM images indicate the
11�21

� �
twin boundaries. The yellow lines mark the edges of the prismatic planes in

the matrix and twin. These lines are just for illustration purpose, and their position
are determined by using the intensity peaks of atom columns within the referred
planes. Scale bar: 200pm.
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reveal a fresh surface. Two rods were loaded onto the fixed-end and
piezo-end of a Nanofactory-STM holder. The nanotips on the fresh
surface were adjusted to the preferred zone axis, manipulated to
contact each other, and welded to form bi-crystals. Note that to reveal
possible atomic shuffles within and perpendicular to the plane of
shear, high-resolution observations on the 11�21

� �
twinning process are

carried out along the �1100
� �

direction and the 1�21�3
� �

direction,
respectively. Note that both 1�21�3

� �
and 11�2�6

� �
directions have non-

trivial projections along the �1100
� �

direction (see Fig. 1c); the 1�21�3
� �

view is better than the 11�2�6
� �

view since it offers 2-dimensional lattice
images while the 11�2�6

� �
view only offers 1-dimensional fringe images.

In-situ TEM experimental procedures
Tensile and compression experimentswere accomplished byusing the
piezo-electrical system on the Nanofactory-STM holder at controlled
strain rates of ~10−3/s. FEI 80–300 Titan ETEM was used for the in-situ
TEM experiments. The TEM was equipped with an imaging lens
spherical-aberration corrector and had a ~0.10 nm point-to-point
resolution at 300 keV after aberration-correction, which was much
smaller than the minimum distances between atoms columns in the
shear plane projection (~1.38Å). Moreover, the aberration-correction
minimized the “delocalization” effect in the TEM observation, making
the TEM perfect for imaging the twin boundaries. During the in-situ
straining, the deformation was recorded by using a charge-coupled
device at 2 frames per second.

Data availability
All data needed to evaluate the findings in the paper are present in the
paper. Additional data that support the findings of this study are
available from the corresponding author upon request.

References
1. Christian, J. W. & Mahajan, S. Deformation twinning. Prog. Mater.

Sci. 39, 1–157 (1995).
2. Khater, H. A., Serra, A. & Pond, R. C. Atomic shearing and shuffling

accompanying themotion of twinning disconnections in zirconium.
Philos. Mag. 93, 1279–1298 (2013).

3. Crocker, A. G. {11-21} twinning. Philos. Mag. 8, 1077–1081 (1963).
4. Minonishi, Y., Ishioka, S., Koiwa, M. & Morozumi, S. The structure of

{11-21} twin boundaries in H.C.P. crystals. Phys. Stat. Sol. (a) 71,
253–258 (1982).

5. Beyerlein, I. J., Zhang, X. & Misra, A. Growth twins and deformation
twins in metals. Annu. Rev. Mater. Res. 44, 329–363 (2014).

6. Barrett, C. D., El Kadiri, H. & Tschopp, M. A. Breakdown of the
Schmid law in homogeneous and heterogeneous nucleation events
of slip and twinning in magnesium. J. Mech. Phys. Solids 60,
2084–2099 (2012).

7. Li, B. & Ma, E. Atomic shuffling dominated mechanism for defor-
mation twinning in magnesium. Phys. Rev. Lett. 103,
035503 (2009).

8. Serra, A., Bacon, D. J. & Pond, R. C. Comment on “atomic shuffling
dominated mechanism for deformation twinning in magnesium”.
Phys. Rev. Lett. 104, 029603 (2010).

9. El Kadiri, H. & Barrett, C. D. Comments on “extended zonal dis-
locations mediating twinning in titanium”. Philos. Mag. 93,
3491–3494 (2013).

10. Serra, A., Bacon, D. J. & Pond, R. C. A comment on B. Li, H. El Kadiri
and M.F. Horstemeyer ‘Extended zonal dislocations mediating
twinning in titanium’. Philos. Mag. 93, 3495–3503 (2013).

11. Li, B., El Kadiri, H. & Horstemeyer, M. F. Extended zonal dislocations
mediating twinning in titanium. Philos. Mag. 92, 1006–1022 (2012).

12. Zhu, Y. T., Liao, X. Z. & Wu, X. L. Deformation twinning in nano-
crystalline materials. Prog. Mater. Sci. 57, 1–62 (2012).

13. Kou, Z. et al. Observing the dynamic 10-11 twining process in pure Ti
at atomic resolution. Scr. Mater. 139, 139–143 (2017).

14. He, Y., Li, B., Wang, C. M. & Mao, S. X. Direct observation of dual-
step twinning nucleation in hexagonal close-packed crystals. Nat.
Commun. 11, 2483 (2020).

15. Liu, B. Y. et al. Twinning-like lattice reorientation without a crystal-
lographic twinning plane. Nat. Commun. 5, 3297 (2014).

16. Braisaz, T., Ruterana, P., Nouet, G. & Pond, R. C. Investigation of
{1012} twins in Zn using high-resolution electron microscopy:
Interfacial defects and interactions. Philos. Mag. A 75,
1075–1095 (1997).

17. Wang, L., Barabash, R., Bieler, T., Liu, W. & Eisenlohr, P. Study of {11-
21} twinning inα-Ti by EBSDand lauemicrodiffraction.Metall.Mater.
Trans. A 44, 3664–3674 (2013).

18. Rapperport, E. J. Room temperature deformation process in zirco-
nium. Acta Mater. 7, 254–260 (1959).

19. Vaidya, S. & Mahajan, S. Accommodation and formation of {11-21}
twins in Co single crystals. Acta Met. 28, 1123–1131 (1980).

20. Kacher, J. & Minor, A. M. Twin boundary interactions with grain
boundaries investigated in pure rhenium.ActaMater.81, 1–8 (2014).

21. Pond, R. C., Hirth, J. P., Serra, A. & Bacon, D. J. Atomic displace-
ments accompanying deformation twinning: shears and shuffles.
Mater. Res. Lett. 4, 185–190 (2016).

22. El Kadiri, H., Barrett, C. D., Wang, J. & Tomé, C. N. Why are {10-12}
twins profuse in magnesium? Acta Mater. 85, 354–361 (2015).

23. Serra, A. & Bacon, D. J. Computer simulation of twin boundaries in
the h.c.p. metals. Philos. Mag. A 54, 793–804 (1986).

24. Zhang, X. et al. Direction-specific van de Waals attraction between
rutile TiO2 nanocrystals. Science 356, 434–437 (2017).

25. Serra, A., Bacon, D. J. & Pond, R. C. The crystallography and core
structure of twinning dislocations in H.C.P. metals. Acta Metall. 36,
3183–3203 (1988).

26. Christian, J. W. & Crocker, A. G. Dislocations in Solids Vol. 3 (North-
Holland Publ. Co., 1980).

27. Serra, A., Pond, R. C. & Bacon, D. J. Computer simulation of the
structure and mobility of twinning disclocations in H.C.P. metals.
Acta Metall. Mater. 39, 1469–1480 (1991).

28. Yoo, M. H. Slip, twinning, and fracture in hexagonal close-packed
metals. Met. Trans. A 12A, 409–418 (1981).

29. Westlake, D. G. Twinning in zirconium. Acta Met. 9, 327–331 (1961).
30. Nie, J. F., Zhu, Y. M., Liu, J. Z. & Fang, X. Y. Periodic segregation of

solute atoms in fully coherent twin boundaries. Science 340,
957–960 (2013).

31. Jeffery, R. A. & Smith, E. Work-hardening and ductility of rhenium
and their relation to the behaviours of other metals having a hex-
agonal structure. Nature 187, 52–53 (1960).

32. de Jong, M. et al. Electronic origins of anomalous twin boundary
energies in hexagonal close packed transition metals. Phys. Rev.
Lett. 115, 065501 (2015).

33. Steinle-Neumann, G., Stixrude, L. & Cohen, R. E. First-principle
elastic constants for the hcp transitionmetals Fe, Co, andRe at high
pressure. Phys. Rev. B 60, 791–800 (1999).

34. Liu, B. Y. et al. Large plasticity inmagnesiummediatedbypyramidal
dislocations. Science 365, 73–75 (2019).

35. Carlen, J. C. & Bryskin, B. D. Rhenium—a unique rare metal. Mater.
Manuf. Process. 9, 1087–1104 (1994).

36. Egerton, R. F., Li, P. & Malac, M. Radiation damage in the TEM and
SEM. Micron 35, 399–409 (2004).

37. Sims, C. T., Craighead, C. M. & Jaffee, R. I. Physical andmechanical
properties of rhenium. JOM 7, 168–179 (1955).

Acknowledgements
S.X.M. acknowledges support from the National Science Foundation
(NSF CMMI 1808046 and CMMI-1760916) through the University of
Pittsburgh. C.M.W. was supported by the PNNL LDRD program. This
work was performed, in part, at the William R. Wiley Environmental
Molecular Sciences Laboratory, a national scientific user facility

Article https://doi.org/10.1038/s41467-024-47343-z

Nature Communications |         (2024) 15:2994 6



sponsored by the U.S. Department of Energy, Office of Biological and
Environmental Research, and located at PNNL. PNNL is operated by
Battelle for the U.S. Department of Energy under contract DE-AC05-
76RLO1830. The authorswould like to thankDr. Bin Li from theUniversity
of Nevada Reno for valuable discussions.

Author contributions
S.X.M. and Y.H. conceived the project. Y.H. designed and carried out the
TEM experiments, analyzed the results, and drafted the paper under the
direction of S.X.M. and C.M.W. Z.F. and G.W. contributed to the paper
drafting and revision. All authors contributed to the discussion of the
results and revision of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Chongmin Wang or Scott X. Mao.

Peer review information Nature Communications thanks Jian-Feng Nie,
Nicole Stanford and the other, anonymous, reviewer for their
contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-47343-z

Nature Communications |         (2024) 15:2994 7

http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Outline placeholder
	Results
	In-situ observation of 1121112¯1 twinning on the plane of�shear
	In-situ observation of 1121112¯1 twinning along the  1123112¯3¯ direction
	Pin-point the shuffling�mode

	Discussion
	Methods
	Materials and sample processing
	In-situ TEM experimental procedures

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




