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Significance 

 Our results demonstrate that  
extreme stress states accessible  
in nanocrystals, together with  
favorable energetic conditions,  
can activate deformation modes  
that are inaccessible in bulk  
materials and absent from  
existing twinning theories. This  
finding expands the known space  
of crystallographic twinning  
mechanisms and reveals a  
previously unrecognized route for  
accommodating large plastic  
strains in hexagonal close-packed  
(HCP) metals. More broadly, the  
identified ultra-high-shear  
twinning mechanism suggests  
opportunities for enhancing the  
ductility and formability of HCP  
materials through microstructural  
and size-scale design. 

Twinning is  a critical  deformation mechanism  that can signifcantly  enhance the mechan-
ical performance of materials. Predicting active twinning modes has long been a fun-
damental challenge. It is generally believed that active twinning modes should exhibit 
low to moderate shear strains to minimize the associated strain energy. Here, using 
in situ atomic -scale straining exper iments, we identify an unconventional twinning 
mode in hexagonal close- packed (HCP) rhenium nanocrystals, characterized by an 
extraordinarily large shear strain of ~1.2, the highest reported for HCP crystals to date. 
Remarkably, this twinning process proceeds via pure lattice shear without the atomic 
shufing typically required for conventional HCP twinning. Our results indicate that 
high stress states attainable in nanocrystals, together with favorable energetics, enable 
activation of this mode. This ultra-high - shear twinning mechanism holds signifcant 
potential for enhancing the formability and ductility of HCP metals. 

hexagonal close-packed crystal  | atomistic twinning | lattice shear 

T winning, along with dislocation slip, is a fundamental deformation mode of crystal 
deformation that enables the simultaneous enhancement of strength and ductility in 
materials ranging from metals to biominerals (1–4). Identifying the active twinning mode 
for the mechanical deformation of a material is therefore essential for understanding and 
tailoring its properties. Traditionally, a twinning mode is characterized by four crystallo-
graphic elements: the twinning plane K 1 , the conjugate twinning plane K 2 , the twinning 
shear direction η 1 , and the conjugate twinning shear direction η 2 (Fig. 1 A). It is generally 
accepted that the preferred twinning mode on a twinning plane involves a small to mod-
erate  shear,  which  minimizes the  mismatch  between  the  twin  and  matrix  and,  consequently,  
reduces the associated strain energy (5–7). Although this principle has been extensively 
validated in bulk materials, it remains largely untested in nanoscale crystals, particularly 
those with complex lattice structures containing multiple atoms per unit cell, where 
twinning involves not only lattice shear but also atomic shuffing (5, 8). 

I n principle, the deconfined geometry of nanocrystals truncates the shear strain field 
ahead of a growing twin tip (as schematically illustrated in Figs. 1  B  and  C), thereby 
reducing the energy barrier for twinning shear (9). In crystals with complex lattice struc-
tures, however, this effect has minimal influence on atomic shuffing, which does not 
contribute to macroscopic deformation. In addition, reducing crystal size enables the 
attainment of high stress levels (10), resulting in large resolved shear stresses on the twin 
plane along the twinning shear direction. This condition can significantly lower the energy  
barrier for twinning modes with large shear (11). Consequently, unconventional twinning  
modes with minimum atomic shuffing and large twinning shear may become energetically  
favorable in nanoscale crystals. 

 Here, using in  situ high-resolution transmission electron microscopy (HRTEM) com-
bined with advanced crystal manipulation techniques, we directly observed a twinning 
mode with atomic process in hexagonal close-packed (HCP) rhenium (Re) nanocrystals 
(Fig. 1 D). In contrast to conventional expectations, this mode exhibits largest possible 
twinning shear along with minimum atomic shuffing. These findings demonstrate that 
active twinning in nanoscale crystals can fundamentally differ from that in their bulk 
counterparts. 

 Fig. 2  A−D show sequential HRTEM snapshots of a 
{

1122
}

     twinning process in a  
˜

 1010
°

 -oriented HCP Re nanocrystal. This nanocrystal, free of preexisting defects, was fab-
ricated inside the TEM (Methods). A tensile load was applied  along the axial direction of  
approximately  

˜

1216
°

     , generating a large, resolved shear stress on the  
˜

1212 
°˛

1213 
˝

twinning 
system (Schmid factor ~0.495). Note that the Schmid factor is larger than those of competing  
twinning systems of 

˜

1102 
°˛

1101 
˝

(Schmid factor ~0.411) and 
˜

1211 
°˛

1216 
˝

(Schmid 
factor ~0.466). Twinning on the  

˜

1212
°

  plane was dir  ectly observed during deformation,  D
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Fig. 1.     
˜

1122

°

  twinning in an HCP nanocrystal. (A) Schematic illustrating the elements of twinning. (B  and C) Conceptual diagrams showing the size-dependent   
twinning behavior in bulk (B) and nanoscale (C) HCP crystals. (D) Representative HRTEM image capturing the formation of a 

˜

1122

°

  twin in a Re nanocrystal 
during in situ tensile deformation. 

as evidenced by the lattice pattern with mirror symmetry across  
coherent twin boundaries (CTBs) in Figs. 1 D  and 2B. 

The obser ved twinning mode is distinct from the conventional 
˜

 1122
°

     twinning reported in bulk HCP crystals (9, 12, 13). First,  
the observed  

˜

1122
°

     twinning produces a tension twin, accom-
modating applied tensile strain along the <c> axis of the HCP   
crystal. In contrast, the conventional  

˜

1122
°

 twinning creates a 
contraction twin. Second, K2  plane of the  observed twinning is 
the (0001)     basal plane, rather than the 

˜

1124 
°

plane associated 
with conventional  

˜

1122
°

     twinning. This identification is sup-
ported by our in-situ observations (Fig. 2  E  and  F), which show 
that the basal surface facet of the parent crystal transformed into 
the basal surface facet of the twin, indicating that  (0001) serves 
as the K2  plane. A dditionally, by tracking atomic movements dur-
ing the twinning process, we found that the matrix  

˜

1214
°

 plane 
transformed to the 

˜

1218
°

     plane in the twin, confirming that the 
˜

 1124
°

     plane is not the conjugate twining plane in this mode. 
Third, based on the twinning-induced surface tilt (Fig.  2 E  and  F),  
the twinning shear strain is estimated to be ~1.2, substantially 
larger than the ~0.25 shear strain associated with the conventional  
˜

 1122
°

      twinning in Re (5, 12, 14). This exceptionally large twin-
ning shear is further corroborated by direct measurements of 
atom-columns movements from sequential in  situ HRTEM 
images (SI A ppendix, Fig. S1 ). 

 We used the dichromatic map (Fig. 2 G) to identify the twin-
ning elements of the observed mode. There are six possible twin-
ning modes on the 

˜

 1122
°

      plane. Based on the observed K 2 plane 
and the measured twinning shear, the twinning elements are deter-
mined as K1  

˜

1122
°

 , K (0001), η 
˜

11232 1  
°

, and η 2 
˜

1120
°

 . The 
theoretical shear strain for this mode is 2/γ (γ=c/a; c and a are 
lattice constants), giving a value of about 1.2—matching the 

 
 

 

 
 

 
 

 
 

 

 

  

experimental measurement. This twinning mode requires no 
atomic shuffing, consistent with the minimal internal atomic 
displacements within unit cells observed. An additional unique 
feature of this twinning mode comes from the behavior of twin-
ning dislocations (TDs). Since the lattice repeats every two units 
along η 2 , the TD is expected to produce a step height of one 
˜

 1122
°

 layer (5, 15). This is exactly what we observed: in Fig.  2 
C  and  D, a TD with a single-layer step moves from the upper-right  
to the lower-left, adding one 

˜

 1122
°

     layer to the twin. Such TDs 
are also responsible for the layer-by-layer growth of the  

˜

1122
°

 
twin during twinning and detwinning (SI A ppendix, Fig. S1 ). In 
contrast, conventional  

˜

1122
°

 twinning involves TDs with 
three-layer steps. The single-layer TD we observed would be unsta-
ble in any other 

˜

1122
°

    twinning modes, as it would create mis-
match twin boundaries, further confirming the uniqueness of 
this mode. 

 The observed twinning mode has not been previously reported 
in experiments and is generally considered unlikely due to its 
exceptionally larg e twinning  shear. More favorable twinning 
modes on the 

˜

1012
°

 and 
˜

1121
°

     planes are typically available 
to accommodate applied tensile strain along the <c  > axis (16–18).  
This raises a question: why does this high-shear twinning mode 
becomes active, prevaili ng over conv entional low and moderate 
shear modes on the 

˜

1012
°

 and 
˜

1121
°

 planes? While the high 
stress levels attainable in nanoscale crystals likely play a critical 
role (10, 19, 20), we further evaluate the observed twinning shear 
mode by comparing its energetics with those of competing twin-
ning modes on the same twinning plane. 

As sho wn in Fig. 2 , where the possible K 2 planes ar e plotted, the  
observed  b 1   TD is the least plausible according to classical twinning  
theory that favors small twinning shear (5). This TD directly shears  
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Fig. 2.     In situ atomic-resolution  observation of 
˜

1122

°

   twinning in a Re nanocrystal during in situ tensile deformation. (A–D) Sequential HRTEM snapshots 
showing the formation of a 

˜

1122

°

   twin. The inset in (A) shows a schematic of the HCP unit cell. The arrow in (C  and D) indicates the gliding direction of a 
b1  twinning dislocation (TD). (E  and F) Sequential HRTEM images highlighting the evolution of the surface facet during twinning. Color- coded arrows mark 
individual basal planes; the green dashed line outlines the basal surface facet; the yellow line traces the 

˜

1212 
°

  twin boundary; and white lines indicate the 
corresponding matrix plane 

˜

1214

°

 . (G) Dichromatic map illustrating the 
˜

1122

°

   twinning system, showing all topologically possible K2  planes (dotted lines)   
and the Burgers vectors of candidate twinning dislocations (red arrows). The K   planes corresponding to b , b , b , b , b , b   modes are    (0001)2 1 2 3 4 5 7 , 

˜

1122

°

 , 
˜

1124

°

 , 
˜

1126

°

 , 
˜

1128

°

 , 
˜

1125

°

 , respectively. The black and red dotted lines indicate K2  planes of the matrix and twin, respectively. Black lines indicate the Frank loop  
for the twinning dislocation. The observed twinning mode follows the b1  dislocation, which produces the largest twinning shear, while the conventional 

˜

1122

°

  
twinning corresponds to b3. [Scale bar in (A–F), 1 nm.] 

 
  

 

 

 

 

 

  
 

 
 

all atoms in the parent lattice into twin positions without requiring  
additional atomic shuffes. In contrast, for all other twinning modes  
with different K2  planes, substantial atomic shuffes ar e necessary  
to accomplish the twinning process. The magnitude and complex-
ity of these shuffes depend strongly on the specific K2  plane. I n  
general, a smaller twinning shear is associated with more complex  
shuffing. Classical twinning theory predicts the  

˜

1124
°

 plane to 
be the most plausible K2  plane ( SI A ppendix, Fig. S2 ), largely  
because the experimentally measured twinning shear in Ti and Zr  
closely matches the value with this plane (12). In contrast, our  
in  situ atomic-scale observations unambiguously show that the  
operative K2  plane is the (0001)  basal plane, and that the nominal  
twinning shear exceeds 1.0, previously thought “impossi-
ble.”  Although an analysis for alternative K2  planes and static atomic - 
scale observations suggest highly complex atomic shuffes (21), the  
underlying energetic origin of the alternative twinning mode has  
remained unresolved. To address this discrepancy, we perform an  
energetic analysis to explain why the experimentally observed K2  
plane, despite appearing least favorable under classical criteria, is  
the preferred choice for this twinning mode. 

F ig. 2  and SI A ppendix, Fig. S3  further indicate that the b3  TD 
corresponds to a zonal TD comprising shear on three consecutive  
˜

 1122
°

 twinning planes. O   ur analysis extends the concept of “gen-
eralized planar fault energy” (GPFE) (22–24). In this framework, a  
twin in an HCP crystal is treated as a stack of planar stacking faults  
on consecutive close-packed planes, where each stacking fault is gen-
erated by homogeneous shear associated with a partial Burgers vector.  
For the b 3   TD, the total shear is decomposed into three partial  
Burgers vectors acting on three consecutive 

˜

 1122
°

 planes, each 
carrying 1/3 of the total the b3   magnitude on each twinning plane. 

N otably, the shear direction of the b 1  and the b 3   TDs are opposite,  
if the designation of “twin” and “matrix” is ignored. This motivates  
evaluation of the full energy landscape along the  1 ˜

1123
°

 
3 direction, 

corresponding to a full pyramidal dislocation. The resulting energy  
profile is shown in Fig. 3 A. The curve exhibits two distinct peaks: a  
smaller peak corresponding to homogeneous shear along the b1  TD, 
and a much larger peak associated with shear in the opposite direc-
tion corresponding to the b 3   TD. Because the b 3   TD involves shear  
on three consecutive twinning planes, we further calculated the  
energy profile for each individual plane, as shown in Fig. 3 B. While  
the first shear stress for the b 3   TD has a relatively low energy barrier,  
the second and the third shear encounter substantially higher energy  
barriers. This result demonstrates that the b 3   TD is energetically  
unfavorable despite its small nominal shear.       

 By contrast, although the b1    TD produces a nominal shear 
greater than 1.0, its associated energy barrier is significantly lower 
than that of the b 3   TD. This energetic preference is consistent with  
the mobility observed in our atomistic simulations (SI A ppendix, 
Fig. S4 ). The constructed b3    TD remains immobile under increas-
ing applied shear strain, whereas the b1    TD is highly mobile, and 
ultimately glides out to the free surface. 

The abo ve theoretical analysis indicates that, independent of  
loading direction, b3  intrinsically has a lo wer mobility relative to b1 . 
While the loading direction dependence exists in principle, the  
actual twinning behavior may also be influenced by crystal sizes   
(8, 25), surface energy (26), and composition (27). Notably, surface  
energy minimization also governs twinning behavior in HCP nano-
crystals (26). In stark contrast to the new twinning mode, the  (0001)
basal plane will transition into the 

˜

1121 
°

plane for the conven-
tional 

˜

1122
°

   twin mode, and lead to the higher  surface energy  
(3.77  J/m2  for (0001)plane, and 4.43 J/m2  for 

˜

1121 
°

plane in Re) 
(28). For all the other options of K2  (Fig.  2G), the preexisting  
low-energy basal surface also must transform into high-index facets  
during twinning and substantially raise the surface energy. Therefore,  
it is energetically favorable that the surface basal plane is the K2  plane 
during the twinning process in nanocrystals. 

PNAS  2026 Vol. 123 No. 34 e2607072123 https://doi.org/10.1073/pnas.2607072123 3 of 6 
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Fig. 3.     Modeling of twinning shear. (A) GPFE profiles when twinning shear is along the b1  and b3  twinning Burgers vectors. Shearing along the b3  direction 
encounters a much higher energy barrier, and no metastable state exists along the shear path. (B) Comparison of the GPFE for shear along b1  (the blue curve) 
and b3  (the dashed curve). For the b3  case, the GPFE was calculated by the same amount of shear on three consecutive { 1122 } twinning planes, corresponding 
to a three- layer zonal twinning dislocation (see b3 in Fig. 2). The energy barrier for the b3 configuration is prohibitively high. 

 

Although the { 1122    } twinning mode is favored in nanoscale  
crystals, it may also be activated in bulk HCP metals through a  
double twinning mechanism.  Fig.  4 shows the process of sequential  

{1121    } twinning, leading to the emergence of a {1122} twin (29).  
As shown in Fig. 4  A–C, tensile loading leads to the formation of  
the first {1121    } twin, rotating the basal plane of the matrix by about  

Fig. 4.     In situ atomic-resolution  observation of {1122} twinning through a double twinning process. (A–C) HRTEM snapshots showing the formation of a {1122} 
twin (marked as T2) through two sequential {

 
1121} twinning events (T1) in a 

˜

1100 
°

-oriented  Re nanocrystal under tensile straining approximately along the <c> 
axis. White lines and arrows indicate the progressive rotation of the basal (K2) planes across the twin boundaries. Note that the basal plane is the K2  plane for 
both {1121} and {1122} twinning. (D–F) The sequence of double twinning leads to a threefold twin structure, whose evolution is revealed in the HRTEM snapshots. 
Insets in (D) show HCP unit cells. (G) Geometrical analysis of the process in (D–F), demonstrating that a Burgers vector b1  TD on the {1122} twin plane transforms 
into three b1/2 TDs on the {1121} twin plane as it glides through the triple junction. [Scale bar in (A–C), 2 nm and (D–F), 500 pm.] 
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Table 1.    Summary of twinning modes and corresponding  
twinning shear strains in common crystal structures: hex-
agonal close-packed  (HCP), body-centered  cubic (BCC),  
and face-centered cubic (FCC)  
Crystal  
structure 

Twinning mode 
(K1/K2) Twinning shear (s) s for Re 

HCP {1012}/{1012} 
{1011}/{1013} 

{11 2 1}/(0001) 

{1122}/{1124} 

{1122}/(0001) 

|γ2  − 3  |/(γ√3) 
(4γ2  − 9)/(4γ√3) 

1/γ 

2(γ2  − 2)/(3γ) 

2/γ 

0.14 
0.13 

0.62 

0.26 

1.23 
BCC {112}/{112} 

Anti-twin 

1/√2 

√2 

– 

– 

FCC {111}/{111} 1/√2 – 
The parameter γ denotes the c/a ratio of the HCP structure, which is 1.615 for pure Re. 

35°. Upon further tensile straining, a second { 1121} twin forms  
within the initial one, adding another 35° rotation. Together, these  
two twinning events result in a cumulative 69° rotation of basal  
planes, consistent with the crystallographic orientation of a { 1122} 
twin. The {1122    } twin then grows as the second { 1121} twinning  
step proceeds (SI A ppendix, Fig. S5 ). The transformation of the  
twin boundaries occurs through the movement of a three-fold twin  
junction. As shown in Fig. 4  D–F, this junction advances upward  
as the {1122}    twin (T2) expands and the { 1121} twin (T1) con-
tracts. This transformation is governed by the twinning geometry,  

as schematically illustrated in Fig. 4 G): the TD on the  {1122}
plane decomposes into three TDs on the { 1121} plane. This process 
is reversible, as the { 1122 } twin can either absorb or emit {  1121} 
twins depending on whether the loading is tensile or compressive.  
Similar reversible behavior was repeatedly observed (SI A ppendix, 
Fig. S5 ). Moreover, the new twinning mode could be activated  
during the severe plastic deformation of bulk HCP metals. For  
instance, nanotwinned titanium with ultrahigh strength and duc-
tility was recently obtained via the multiaxial cryoforging process-
ing (30), where { 1122  } twins, along with { 1012} twins, are 
predominant in the nanotwinned structure.       

The twinning mode holds str ong potential for improving 
mechanical properties of HCP metals. First, as shown in Table 1 , 
it exhibits the highest twinning shear among all major twinning 
modes in HCP crystals, which may significantly enhance the 
deformability of these metals. Second, the conventional { 1122} 
twinning is typically detrimental to ductility, as gliding basal dis-
locations are blocked and transmuted upon encountering the twin  
boundary (31, 32). In contrast, the new { 1122} twinning mode 
only temporarily pin active basal dislocations in the matrix. With 
assistance of a TD, these basal dislocations can penetrate the twin 
boundary and reemerge as basal dislocations within the twin 
(Fig. 5 ). In this way, the new {1122} twinning mode enhances 
strength without compromising the availability of plastic defor-
mation carriers within the material.       

 To conclude, we identified a twinning process mode with the  
largest  twinning shear  and  zero atomic shuffing, offering  promising  
potential to enhance both strength and ductility in Re. Since Re  
has a similar c/a  ratio compared with Mg and Ti, the findings may  

 

Fig. 5.     Interaction of a matrix basal dislocation with the {1122} twinning. (A–C) Sequential atomic resolution TEM images showing a basal dislocation emission 
from the side surface, glides in the matrix, stops at the twin boundary, and then keeps gliding as a basal dislocation in the twin. (D) Enlarged TEM image of the 
basal dislocation with illustration of the half-plane  feature of the edge dislocation. The white circuit is the Burgers circuit with yellow arrows as the projection of 
the Burgers vector on the viewing plane. (E–G) Topological analysis of the dislocation reactions when the basal dislocation passes through the twin boundary. 
Note that a twinning dislocation is consumed during this process. [Scale bar in (A–C), 1 nm and (D), 500 pm.] 
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be broadly applied in these critical HCP metals which warrants  
further exploration. More fundamentally, this finding indicates  
that reducing crystal size can induce unconventional, high-shear  
twinning modes wherein minimal atomic shuffes are preferred  
over minimal twinning shear, markedly different from those in  
bulk crystals. This finding points to a potentially another profound  
shift in deformation mechanisms in materials with decreasing sizes  
(10, 19, 33). 

Methods 

In Situ HRTEM. Rhenium (Re) is widely used as a structure material in jet engines  
(34),  due to its outstanding mechanical properties and excellent oxidation resist-
ances at high temperatures. Moreover, it is resistant to electron irradiation (35), mak-
ing it a suitable model material for in situ TEM investigations. Re rods with 99.999%  
purity (ESPI metals) were used in this study.  The rods were rinsed in acetone and  
then cleaned in a plasma cleaner to remove surface organic contaminants.  Then,  
they were fractured and loaded onto both the fixed- end and the piezo- end of the  
Nanofactory TEM-S TM holder. Note that when the Re rod was fractured, many nano-
tips or burrs formed on the fractured surface. The nanotips were then brought into  
contact and melt- quenched using an electrical pulse to form defect- free nanocrys-
tals inside the high vacuum (~10−8 mbar) of the TEM. Mechanical deformation was  
applied by tensile straining at a controlled rate of 10−3 to 10−4 /s. All in situ HRTEM  
experiments were conducted using an FEI 80-300  Titan microscopy equipped with a  
spherical aberration corrected imaging lens. A charge- coupled device (CCD) camera  
was used to record images and videos at a rate of 2 frames per second. 

Simulation.  The embedded atom method (EAM) (36) potential for Re- W binary  
system developed by Setyawan et al. (37) was employed for the simulations in  
this study. Within the EAM formalism, the total energy of the system is written  

 
as    1  
E = F (˜ ) 

∑

 +
∑

≠
° (total i i i i j  ij r )2 ij  , where the host electron density at atom  

i  is ˜
∑

(i = j≠i fj r )ij  .  Here Fi  is the embedding energy,  ˜ij  is the pair potential  
between atoms i and j separated by rij ,  and fj 

˜

rij
°

 is the electron density con-
tributed by atom j at the site of atom i.  Atomistic simulations were performed  
using the Large-scale  Atomic/Molecular Massively Parallel Simulator (LAMMPS)  
(38). Atomsk (39) was used to construct the twin crystals. An edge b1 twinning  
dislocation was constructed by inserting a dislocation at the twin boundary. For  
the b3 zonal twinning dislocation that contains three 

˜

1122
°

 planes, atomic  
layers were selectively  removed from both the parent and twin to form a three- 
layer step. Both b1 and b3 configurations were relaxed at 300  K for 230  ps  
using the NVT ensemble (40).  The system contains approximately 1.5 million  
atoms within a simulation cell of dimensions 25 × 30 × 30 nm3. Free surfaces  
were applied in all three directions.  To study the gliding behaviors of  b1 and  
b3 twinning dislocations, atoms in the top and bottom four atomic layers were  
fixed.  A shear strain was generated by displacing the top fixed region along  

the 
˜

12  twinning direction at a constant rate of  ̊13
°

0.1A /ps, corresponding to a  

strain rate of 3.39 × 108 s−1. To visualize the dislocation line, von Mises stresses  
were calculated and the data were used to highlight atoms at the dislocation  
core. OVITO (41) was used to display the simulation results. Common neighbor  
analysis (CNA) (42) was also used to identify crystal structure and lattice defects. 

Data, Materials, and Software Availability.  Study data are included in the 
article and/or SI Appendix. 
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