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ABSTRACT

Anomalous shear is an unusual mode of plastic deformation in body-centered cubic (BCC) metals,
traditionally associated only with dislocation slip. Here, we show it can also arise from deforma-
tion twinning. Using in situ transmission electron microscopy straining and atomistic simulations,
we find twins on {112} planes at low resolved shear stresses nearly half those for the primary sys-
tems. These anomalous twins originate from screw dislocation transformations and are dominant
when sheared in the anti-twinning direction. They promote dislocation emission, enable relaxation-
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induced detwinning, and substantially enhance deformability. Our findings establish anomalous TEM
twinning as a previously unrecognized plasticity mechanism in BCC metals.
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Two directions reveal a previously unrecognized
anomalous twinning deformation mechanism in
body-centered cubic metals.

1. Introduction

Anomalous shear has been studied for over fifty years in
the deformation of body-centered cubic (BCC) metals
[1-4]. First reported in niobium [5], it was later rec-
ognized as a common phenomenon across most BCC
metals [6-9]. Anomalous shear refers to plastic deforma-
tion occurring predominantly on planes with much lower

resolved shear stresses compared to the primary systems
[8]. This unusual deformation mode typically involves
the glide of screw dislocations at low temperatures, as
high lattice resistance slows their motion [1,10-12]. It has
been attributed to mechanisms such as surface-enhanced
kink nucleation and elimination [9,13], and cooperative
dislocation motion, either through multiple dislocations
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moving together [14-17] or through multi-junction pro-
cesses [1,4]. These studies have advanced our under-
standing of BCC metal deformation. Until now, anoma-
lous shear has been associated only with dislocation
activity. However, in BCC nanostructures, where much
higher stresses can be achieved, plastic shear may shift
from dislocation slip to deformation twinning, even at
room temperature and low strain rates [18-20]. While
such twins have been observed to form on planes with
high resolved shear stresses, the possibility of twins form-
ing on planes with low resolved shear stresses — termed
anomalous twinning — has not been considered in BCC
metals.

The deformation mode of BCC metals strongly
depends on the shear direction [18,19,21,22]. When
the {112} twin plane is sheared in the twinning sense,
deformation twinning typically dominates plasticity
[18,23-25]. In contrast, shearing in the anti-twinning
sense encounters a high energy barrier for twin for-
mation [26]. As a result, anti-twinning can only be
activated under extreme conditions, such as very high
applied stresses [27,28], and typically gives way to dis-
location plasticity [18,29-31]. Recent experiments have
shown that deformation twins in BCC metals form
through 1/2 <111 > screw dislocations, each con-
verting into three 1/6 < 111 > twinning partials on
adjacent {112} twin planes [19,32]. This close relation-
ship between dislocation and twin activity, combined
with the high stress levels achievable in BCC crystals
that promote anomalous shear [2,9], suggests the pos-
sibility of anomalous twinning in BCC metals — a new
deformation mechanism worth further exploration.

In this work, using in situ nanomechanical tests from
multiple viewing directions, we clearly identify the active
twinning systems and directly observe anomalous twin-
ning in BCC metals. Under < 110 > tension, which
provides the largest resolved shear stress on the primary
{112} twin plane in the anti-twinning direction, anoma-
lous twinning becomes the dominant deformation mode
on the secondary {112} twin plane in the twinning direc-
tion with low resolved shear stress. The measured twin
nucleation stresses are comparable to those for disloca-
tion activity. The anomalous twins undergo detwinning
during later stages of deformation and promote disloca-
tion emission, improving material deformability. Molec-
ular dynamics (MD) simulations provide atomic-scale
insights into the anomalous twinning and subsequent
detwinning processes. These findings expand the under-
standing of anomalous shear mechanisms and highlight
the potential of exploiting twinning-induced plasticity to
enhance mechanical properties.

2. Results
2.1. Anomalous twinning in BCC crystals

To enable real-time atomic-scale observation and quan-
titative mechanical testing, a custom atomic force
microscope (AFM) cantilever was integrated into an
in situ nanomechanical testing platform (Figure 1(a),
Experimental). Twinning-dominated deformation was
observed during both [110] compression (Figure 1(b))
and tension (Figure 1(c)) of W nanowires with diameters
of ~20.0nm and ~16.1 nm, respectively. Fast Fourier
Transform (FFT) patterns (insets in Figure 1(b,c)) and
magnified TEM images (Figure 1(d,e)) confirm that the
atomic configurations exhibit mirror symmetry about
the (112) plane. In BCC metals, it is well known that
[110] compression promotes twinning on the (112) plane
due to a large resolved shear stress along the twin-
ning direction, leading to twinning-dominated defor-
mation in nanoscale W [18]. In contrast, [110] ten-
sion reverses the resolved shear stress direction on the
(112) plane, and thus promotes anti-twinning. How-
ever, because of the different atomic arrangements along
the twinning and anti-twinning shear pathways, the lat-
ter faces much higher resistance and requires a higher
activation stress — for example, tensile loading above
26.2 GPa [27]. Surprisingly, our quantitative measure-
ments show the opposite trend: the twin nucleation stress
under [110] compression is approximately 1.72 times
higher than under [110] tension (Figure 1(f)). Multiple
tests confirmed this behavior (Figure $3). These findings
contradict the conventional anti-twinning mechanism.
Furthermore, they cannot be explained by previously
reported tension—compression asymmetries caused by
transitions between twinning and dislocation slip [24,33]
or by the effects of non-glide stresses on dislocation
motion [34-37]. Therefore, our observation of twinning
during [110] tension suggests a previously unrecognized
deformation mechanism.

The twin structure in Figure 1(c) is traditionally
indexed as a [111](112) twin. However, because of the
three-fold rotational symmetry along the <111 >
direction in cubic structures, each < 111 > twinning
direction is shared by three {112} twin planes. For exam-
ple, [111] serves as the common twinning direction for
twins on the (112), (211), and (121) planes. Since the
(211) and (121) twin planes are equivalent under the
current loading and viewing conditions, only the (211)
plane is schematically shown in Figure 2(a) and con-
sidered in the following discussion. Twins on the (112)
and (211) planes produce identical twin-matrix sym-
metry when viewed along the [110] direction (Figure
2(b,c)). Due to their different orientations, the (112)
plane appears edge-on, while the (211) plane appears
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Figure 1. Twinning behavior and yield stress in [110] — oriented W nanowires under compression and tension. (a) Schematic illustration
of the in situ straining experiment. (b, ¢) Deformation twinning in [110]-oriented W nanowires under compression (b) and tension (c).
Twins are outlined by yellow dotted lines. Insets in (b) and (c) show the fast Fourier transform patterns of the twin. (d, e) Magnified TEM
images of the dashed boxes in (b) and (c), respectively. Twin boundaries (TBs) are indicated by red dot-dash lines. Both twinned regions
are filled with Moiré fringes. (f) Yield stress of W nanowires under [110] compression and tension. Scale bars are 20, 2 nm (a), 5 nm (b, ),

and 1nm (d, e).

inclined when viewed along the [110] direction. When
the twin boundary (TB) is parallel to the twin plane, the
only difference between the [110] views of the [111](112)
and [111](211) twins appears in the projected TB region:
the former shows a sharp interface (indicated by a red
dotted line in Figure 2(b)), while the latter exhibits a tran-
sition region (outlined by two parallel red dotted lines
in Figure 2(c)) with Moiré fringes caused by the over-
lap of twin and matrix lattices. However, deformation
twins in BCC metals typically form multi-faceted shapes,
with boundaries not perfectly parallel to the twin planes,
resulting in widespread Moiré fringes across the twinned
region [19,32,38,39]. This characteristic produces Moiré
fringes in the [110] projection regardless of the twin-
ning system, making it difficult to distinguish between
[111](112) and [111](211) twins based on [110] images
alone. Therefore, the twin symmetry observed along
[110] with abundant Moiré fringes (e.g. Figure 1 and S4)

cannot unambiguously determine the specific twinning
system of < 111 > {112} twins in BCC structures.

To distinguish between the [111](112) (Figure 2(b))
and [111](211) (Figure 2(c)) twinning systems, the twin
structures were rotated 90° about the loading direction
to the [001] viewing direction of the matrix (Figure
2(d-g), Movies S1 and S2). The two types of twins
exhibit different twin-matrix configurations, correspond-
ing to horizontal (Figure 2(f)) and tilted TB projec-
tions (Figure 2(g)) in the simulated images. Based on
this analysis, we experimentally rotated the as-formed
twins about the loading direction from the [110] to
the [001] viewing direction, and observed in all cases
tilted TB projections under [110] tension (Figure 2(h-i),
and S5), while horizontal TB projections were observed
under compression (Figure S6). The slight deviation of
experimentally observed TB projections and simulation



1184 H.LIET AL.
a =
T pih N

[110] [001] 3 -%
----- |
] |
838383
83838338
egdadai ‘
-0 -0 ® (112) -
oMo o [001] - |
o0 0 - [110] () \
[110]
| ' ° l’
\‘ '? /o o0 :
\ A ‘Boeoe ! s
N 5 f o0 o0 &
Beam \“ “‘ - Mt .
direction \ aad $o00 3
XN TN °op 00 .t..
eoeooboodo 8s000 X
eo0 %(1)® A2 .t..
eMe [110] 3Ae [001] 3 .
000 gV [001] ¢ 00 otIIIo] ’ .
00 S ) 4
i 45 45__
°

ents
w
o
Ing

N
\‘
)
.
N
~

i
©

The probability of twinn

T
©

Number of experim
-—
o 2

- (002)
(A10)y fe...| (1T

<1T'm‘,‘
[001]
2= v & (T10)
[110] \lul)tﬁ ‘

[110]

. ~—"
I L36
0

10 20 30 40
Diameter (nm)

I
o

.47 (002) ' [001]

(1 m}T

(110 {A10] oou] Ty

Figure 2. Anomalous twinning under [110] tension. (a) Schematic illustration of the [T11](112) and [111](211) twinning systems under
[110] tension. (b, ¢) Atomic structures of the [111](112) and [111](211) twins viewed along the [110] direction of the matrix. Both struc-
tures exhibit the same twin-matrix symmetry. Atoms in the matrix, twin, and TB are colored in blue, yellow and red, respectively. Insets
in (b) and (c) schematically show [110] projections of the (112) and (211) planes within a unit cell, respectively. (d-g) Atomic structures
(d, e) and simulated high-resolution TEM images (f, h) of the [111](112) and [111]1(211) twins after a 90° rotation about the [110] axis of
the matrix (i.e. the loading direction) to a viewing direction of [001]. The 111101 TZ) twin exhibits a horizontal TB projection (d, f), while
the [111](211) twin demonstrates a tilted TB projection (e, g). Insets in (d) and (e) show [001] projections of the (112) and (211) twin
planes, respectively. Yellow and blue dotted patterns in (f, g) indicate the atomic arrangements in the twin and matrix. (h, i) TEM images
of the same [110] tension twin in a W nanocrystal viewed along the [110] (h) and [001] (i) directions, in good agreement with projections
of the [111](211) twin structure. Insets in (h) and (i) show the selected area electron diffraction patterns. (j) Dependence of anomalous
twinning probability on the diameter of W nanocrystals. Red dot-dash lines in (b-h) indicate the direction of TB projections. Scale bars
are 5nm (h, i).

results is likely due to the TBs not being perfectly par-
allel to the (211) twin plane [19,39,40]. These observa-
tions unambiguously show that conventional [111](112)
twins form under [110] compression, while unexpected
[111](211) twins develop under [110] tension. In addi-
tion, an edge-on twin plane can occasionally be identified
in local regions of the [110] tension TB viewed along the
[113] direction, further corroborating the presence of a
[111](211) twin structure (Figure S7). It is worth noting

that the Schmid factor of the [111](211) twinning sys-
tem is only 0.236, much smaller than 0.41 for dislocation
slip on the primary slip system (Table S1), thus reveal-
ing an anomalous twinning mechanism. This behavior
was consistently observed in both in situ experiments and
MD simulations under [110] tension (Movies S3 and $4,
Figure S8). A statistical study further shows that the prob-
ability of anomalous twinning in W nanowires under
[110] tension rapidly increases with decreasing nanowire



diameter and reaches approximately 40% in the sub-
20 nm regime (Figure 2(j)). As such, anomalous twinning
becomes one of the major deformation modes in BCC W.

2.2. Dislocation-assisted anomalous twinning

Although the [111](211) anomalous twin under [110]
tension experiences about half the resolved shear stress
of the [111](112) ordinary twin under [110] compres-
sion, its nucleation stress is significantly lower. In fact, the
nucleation stress for an anomalous twin is comparable to
that of dislocation nucleation under [110] tension (Figure
1(f)), suggesting a close connection between these two
deformation modes. To understand the dynamic process
of anomalous twinning, MD simulations were conducted
on single-crystal W nanowires (Experimental). Figure
3(a) shows a dislocation nucleating at the nanowire sur-
face and gliding into its interior. Under a high resolved
shear stress (~ 2.8 GPa), the screw segment of the dis-
location line begins to transform into a twin embryo on
the (211) plane (Figure 3(b), Movie S5). Within the twin
layers, this embryo grows both along and perpendicu-
lar to the [111] direction, referred to as the length and
width directions, respectively (Figure 3(c-f)). While a
similar MD-observed dislocation-to-twin transition on
a primary twin plane has been previously reported [41],
our simulations reveal the transition on a secondary twin
plane with a low Schmid factor. The dislocation-to-twin
transition has been shown to involve a substantially lower
energy barrier than direct surface nucleation of defor-
mation twins [19], providing an energetically favorable
pathway for anomalous twin formation in BCC struc-
tures. The inset of Figure 3(c) shows the blue-dashed
(111) cross-section of the twin embryo, revealing the for-
mation of three twin layers bounded by coherent (211)
TBs at the top and bottom. Figure 3(d,e) displays the twin
thickening process, where twin partials nucleate from the
nanowire surface and move inward along a (211) TB,
thickening the twin embryo layer by layer. After the for-
mation of twin partials on three consecutive layers, a
curved dislocation line emits from the twin tip according
to the reaction 3 x 1/6M11] = 1/211], and contin-
ues the shearing process by gliding toward the opposite
surface. The insets of Figure 3(d,e) show the (111) cross-
sections of the twin embryo with six and nine twin layers,
following two sequential dislocation emissions. During
the twin thickening and dislocation emission processes,
a side coherent (1 12) TB forms, indicated by the red lines
in Figure 3(c-e).

MATER. RES. LETT. 1185

2.3. Detwinning under continued loading

Because of the low resolved shear stress on the anoma-
lous twinning system and the confinement from the
surrounding matrix, further twin growth is suppressed
shortly after twin nucleation. The anomalous twins are
unstable and undergo detwinning during continued ten-
sile straining (Figure 4(a-d) and S9, Movie S3), resulting
in a transition to dislocation-dominated deformation.
Figure 4(e-h) shows the detwinning process and asso-
ciated dislocation activity in the MD simulation. Figure
4(i) provides a close-up view of the atomistic detwin-
ning process (Note S2). Detwinning leads to a gradual
decrease in twin width (see the retracted red line at the
twin tip in the insets of Figure 3(c-e)). This process
continues until the entire twin disappears (Figure 4(i)
[-III). Specifically, along the (112) TB at the twin tip,
atoms are sheared along the detwinning direction. This
shearing causes the twin to retract in the width direc-
tion, and thus detwinning occurs along the side (112)
TB even before significant stress relaxation. This MD
result aligns with the experimental observation that the
twin structure struggles to grow through the nanowire
(Figure 1(c)). Meanwhile, the twin continues to emit
dislocations (Figure 3(c-e)), which relives stress. Since
high stress is necessary to maintain the twin configura-
tion, stress relief triggers detwinning along the (211) TB
via detwinning partials —1/6[111], causing retraction in
the length direction as the expanding dislocation lines
accommodate the applied strain load (Figure 4(i) IV, V,
S10 and Note S2). Thus, both the twinning (Figure 3)
and detwinning (Figure 4) processes are accompanied
by the escape of dislocations from the surface, consis-
tent with the experimental observations of surface step
formations (insets in Figure 4(b,c)). The detwinning pro-
cesses on the (112) (211) TBsare schematically illustrated
in Figure 4(j), showing retractions along the width and
length directions, respectively. Overall, the MD simula-
tions match well with experimental observations.

3. Discussion

The above results reveal dynamic competition and coop-
eration between dislocation slip and anomalous twinning
during deformation. Surface dislocation nucleation dom-
inates at relatively low stresses, whereas screw disloca-
tion segments transform into anomalous twin embryos
once the applied stress exceeds a critical level. Notably,
this surface nucleation mechanism remains unaffected
by surface defects, which only involve changes in height
and steps [19]. As anomalous twins grow and thicken,
dislocations are repeatedly emitted from the twin tips,
partially relaxing the local stress and destabilizing the
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Figure 3. MD simulation of anomalous twinning behavior in a W nanowire under [110] tension. To clearly visualize the internal defor-
mation structures, the nanowire is sectioned along the dashed plane in (a); atoms in dislocation cores and twin layers are shown in black,
and surface atoms are shown in gray. (a) An edge dislocation nucleates from the surface of the nanowire and subsequently glides into
the interior. (b) The screw segment of the dislocation line begins to transform into a twin embryo on the (211) plane. As the dislocation
glides, it drives twin growth. (c—e) The twin thickening process and the associated dislocation activities are revealed as the twin extends
along its length direction (indicated by the red arrow in c). Twin partials nucleate from the surface, causing stepwise thickening of the
twin. After accumulation of three consecutive twin layers, a dislocation with a Burgers vector of 1/2[111] emits from the twin tip by reac-
tion of three 1/6[111] twin partials, and travels toward the opposite surface. The insets in (a-c) show cross-sectional views on the blue
dashed (111) plane, revealing the twin thickness evolution. Red lines mark the change in the twin tip position. (f) Schematic illustration
of the twin on the (211) plane, showing its length, width and thickness directions.

twin. The subsequent detwinning process is accompa-
nied by further dislocation activity and eventually leads
to dislocation-dominated deformation. This interplay
between dislocation activity and anomalous twinning-
detwinning provides an effective pathway for accom-
modating plastic strain [42], thereby enhancing the
deformability of BCC crystals.

To assess how anomalous twinning affects mechanical
properties, we measured stress-strain responses during
in situ straining experiments (Figure 5). As shown in
Figure 5(a), a 10.7-nm-diameter W nanowire yields via
anomalous twin nucleation at ~ 12 GPa (blue arrow),
followed by a strain burst that causes a sudden stress
drop to ~7GPa. At this lower stress, the anomalous
twin is unstable and undergoes spontaneous detwinning
during further loading (red arrows). The detwinning pro-
cess triggers dislocation activity (insets in Figure 4(b,c)),
resulting in a sawtooth stress—strain curve marked by
repeated stress drops. The increasing dislocation activity

lowers the flow stress and accelerates complete detwin-
ning, after which deformation becomes dislocation-
dominated. This anomalous-twin-mediated dislocation
plasticity improves the ductility of W nanowires. Figure
5(b) compares stress—strain curves for nanowires exhibit-
ing anomalous twinning (blue) and those deforming
via pure dislocation slip (red). Across samples of simi-
lar diameters and loading conditions, anomalous twin-
ning consistently increases the failure strain, especially
in smaller nanowires. This improvement arises from two
factors: (1) anomalous twins provide additional disloca-
tion sources beyond the surface, increasing dislocation
density in otherwise dislocation-scarce nanowires and
thus promoting deformability [43], and (2) detwinning
removes TBs, eliminating potential fracture sites associ-
ated with stress concentration or strain incompatibility, a
main failure mode in twinned BCC metals [23,44].
Anomalous twins have previously been identified in
hexagonal metals as accommodation twins, which form



5 AT Al

: ‘Detwinning

Anomalos
Twinning

5 i

MATER. RES. LETT. 1187

Detwinning

e T &

5 i & i
.Detwinning .
* completed %

N 3

% SRR
o

&
s

i y
s SR
i ey

- . Dislocation-: ; : LR
s = o R i
i
Thickness
Width
)
2
%

(112)

Figure 4. Detwinning processin a W nanowire under continuous loading. (a—d) Sequential TEM images showing the detwinning process
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indicated in i (I). (j) Schematics of the detwinning process. Red and blue arrows indicate the retraction of the (1 TZ) and (211) TBs. All

scale bars are 2 nm (a—d).

to relieve geometric incompatibilities between neigh-
boring grains [45,46]. In contrast, the anomalous twins
observed in this study are mechanical twins that actively
contribute to deformation along the loading direction.
Our analysis of plastic anisotropy reveals that the occur-
rence of anomalous twinning strongly depends on both
the loading direction and the applied stress level. Under
[110] tension, the primary twin plane (112) has a large
Schmid factor of 0.471 but is sheared in the anti-twinning
sense. Many Density Functional Theory (DFT) studies
[27,28,32,47-49] have consistently shown that the gen-
eralized stacking-fault energy (GSFE) barrier for anti-
twinning in BCC metals is exceptionally high compared
with that for ordinary twinning. In W, the resistance to

anti-twinning shear is predicted to be nearly insurmount-
able under conventional deformation conditions [27]. In
addition, our MD simulations and analysis reveal that
these anomalous twins nucleate through a dislocation-
to-twin transition, a pathway with a substantially lower
energy barrier than direct twin nucleation. As a result,
all deformation twins observed in this study are anoma-
lous, forming through dislocation-to-twin transitions on
either the (211) or (121) twin planes, which have a low
Schmid factor of 0.236 (Figures 2, 3, S4 and S5). In con-
trast, under [110] compression, where the primary twin
plane (112) is sheared in the twinning direction, only
conventional twins of the [111](112) twin system are
observed (Figure 1(a), (c) and S4). This trend persists



1188 (&) H.LIETAL

—#— Anomalous twinning —@— Dislocation

=
o
I

a b
g 124 &< Anomalous twinning ?D“_‘ : 13:3 :2
= < 041
Detwinning » 104 173
% 9 v 8 M : S
G ® 04
g) 6 \ Detwinning (o)) 104
E i N completed é : lgg ::
bt G \ ® F\%\. .
g 34 ég—i\ 2 0
gu §§\§\ 210+ —=—226nm
w L —e—22.3nm
0 T r T T r - 0 T T T T
0 10 20 30 40 50 60 0 16 32 48 64 80

Strain (%)

Strain (%)

Figure 5. Impact of anomalous twinning on the mechanical properties of W nanowires. (a) Stress-strain response of a 10.7-nm-diameter
nanowire exhibiting anomalous twinning. The stress rises to ~ 12 GPa upon anomalous twin nucleation (indicated by a blue arrow), fol-
lowed by a sharpdropto ~ 7 GPa, triggering spontaneous complete detwinning (indicated by two red arrows). This twinning-detwinning
process stimulates extensive dislocation activities, as indicated by repeated stress drops in the stress-strain curve. (b) Comparison of
mechanical responses between deformation mediated by anomalous twinning (blue curves) and by dislocation slip (red curves). To
reduce size effect, each pairwise comparison is made between nanowires of similar diameters.

under other loading orientations. For example, under
[112] tension, the primary twin planes (121) and (211),
with a Schmid factor of 0.393, are also sheared in the
anti-twinning sense, and deformation twins form on the
(112), (112) and (1 12) planes, which have lower Schmid
factors of 0.314 (Figure S11). Similar to the case of
<110 > tension, these anomalous twins detwin during
further deformation, accompanied by dislocation emis-
sion, stimulating plastic deformation. MD simulations
also capture anomalous twinning under < 001 > com-
pressionand < 111 > tension (Figure S12). A summary
of the orientation dependence of anomalous twin forma-
tion is provided in Table S2. These findings, together with
the high twinning propensity in nanoscale BCC metals,
demonstrate that anomalous-twinning-mediated plastic-
ity becomes a dominant deformation mode when pri-
mary twin planes are sheared in the anti-twinning sense.
Notably, this mechanism is not unique to W but is also
observed in other BCC metals such as Ta (Figure S13),
indicating that anomalous twinning is a general plasticity
mechanism in BCC metals.

Based on results from this study and prior work
[19,32], both conventional and anomalous twinning
exhibit a strong interplay with dislocation activity. Since
high stress levels are known to trigger dislocation-to-
twin transitions [18,19,32,50], it is plausible that similar
stress conditions can also drive the transition from dis-
location motion to anomalous twinning, provided that
the primary twin planes are sheared in the anti-twinning
direction. Indeed, in situ observations show that pre-
existing dislocations in nanowires escape through the
free surface during the initial stages of loading at rela-
tively low stress levels (Figures S3 and S14). This behavior
is further supported by MD simulations, which reveal
that dislocations initially escape under low stresses but

subsequently transform into anomalous twins once the
applied stress exceeds a critical threshold (~9.2 GPa,
Figure S14), with the exact value depending on the
nanowire diameter (Figure 1(f)). These results align well
with previous measurements of the dislocation-to-twin
transition [18,19,32]. In specimens with larger diameters,
anomalous twinning is suppressed during the early and
intermediate stages of deformation, when the yield and
flow stresses are comparatively low. However, it becomes
active in the later stages as the true stress progressively
increases due to decreasing diameter, further corroborat-
ing the role of stress in anomalous twin formation (Figure
S15). As a result, the observed ‘smaller is stronger’ trend
(Figure 1f) leads to a monotonic increase in the proba-
bility for anomalous twinning with decreasing nanowire
diameter (Figure 2(j)). Anomalous twinning originates
from surface-nucleated dislocations that transform into
twins under high stress, requiring both a free surface
and sufficiently high local stress — conditions naturally
satisfied in nanoscale samples. In bulk or micron-sized
BCC metals, such stress levels are generally unattainable
except under extreme dynamic loading [38,51]. There-
fore, anomalous twinning could, in principle, be activated
in bulk materials under extreme conditions. Neverthe-
less, because anomalous twins are unstable and tend to
detwin upon stress relaxation, they may easily disappear
before post-mortem characterization, making them dif-
ficult to detect in conventional ex situ experiments. The
high yield and flow stresses inherent in nanoscale BCC
metals thus promote anomalous twinning as a dominant
deformation mechanism.

In conclusion, we uncover a previously unrecognized
anomalous twinning mechanism in BCC metals, which
occurs on twin planes under resolved shear stresses



far lower than those required for primary slip. Orig-
inating from stress-driven dislocation transformations
under high anti-twinning shear, this transient deforma-
tion mode markedly enhances deformability, offering a
new pathway to overcome the strength-ductility trade-off
in refractory BCC metallic materials.
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