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Atomic-scale observation of nucleation- and
growth-controlled deformation twinning in
body-centered cubic nanocrystals

Li Zhong1,2, Yin Zhang 3, Xiang Wang 1, Ting Zhu 3 & Scott X. Mao 1

Twinning is an essential mode of plastic deformation for achieving superior
strength and ductility in metallic nanostructures. It has been generally
believed that twinning-induced plasticity in body-centered cubic (BCC)metals
is controlled by twin nucleation, but facilitated by rapid twin growth once the
nucleation energy barrier is overcome. By performing in situ atomic-scale
transmission electron microscopy straining experiments and atomistic simu-
lations, we find that deformation twinning in BCC Ta nanocrystals larger than
15 nm in diameter proceeds by reluctant twin growth, resulting from slow
advancement of twinning partials along the boundaries of finite-sized twin
structures. In contrast, reluctant twin growth can be obviated by reducing the
nanocrystal diameter to below 15 nm. As a result, the nucleated twin structure
penetrates quickly through the cross section of nanocrystals, enabling fast
twin growth via facile migration of twin boundaries leading to large uniform
plastic deformation. The present work reveals a size-dependent transition in
the nucleation- and growth-controlled twinning mechanism in BCC metals,
and provides insights for exploiting twinning-induced plasticity and breaking
strength-ductility limits in nanostructured BCC metals.

Themechanical properties of crystalline solids have beenwidely found
to benefit from the formation of twins during plastic deformation1–3.
However, plastic deformation in body-centered cubic (BCC) metals is
usually governed by screw dislocations with high lattice resistance, as
shown either in nanowires/nanopillars4–11 with diameters as small as
~100 nm or bulk counterparts with grain/crystal sizes varying from
dozens of nanometers to micrometers12–17. Deformation twinning in
BCC metals is reported primarily under extreme deformation condi-
tions such as low temperature and high strain rate18–20. BCC metallic
nanostructures undergoing prevalent dislocation plasticity usually
exhibit high yield strength but limited ductility due to their strong
tendency to shear localization12,17,21–23. Recently, deformation twinning
was observed to dominate the plastic deformation of sub-50-nm-
diameter BCC nanocrystals under room temperature and low strain
rate24,25. These studies suggest opportunities of harnessing the

twinning-induced plasticity in BCC nanostructures toward high
mechanical performance, and thus underscore the importance of
atomic-scale understanding on twin nucleation and growth, which
have relied almost exclusively on computer simulations26–33 and the-
oretical models34,35 to date.

Deformation twinning in BCC metals is generally believed to be
nucleation-controlled, as the energy barrier for twin nucleation is
significantly higher compared to that for twin growth through migra-
tion of twin boundaries28,36. As a result, twin growth is expected to
proceed rapidly once a twin embryo is formed29,30,37, which effectively
accommodates plastic strain and reduces shear stress, thus decreasing
the probability of twinning events in its vicinity. However, incipient
deformation twins in BCCmetals were frequently found in the form of
a high density of parallel twin islands aligned within slip bands38,39. In
addition, a recent experiment revealed the formation of nanoscale
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twins during deformation of coarse-grained BCC metals under room
temperature and low strain rate40. This result indicates that the limited
twinning deformation in BCC metals could be attributed to not only
the high critical stress required for twin nucleation, but also the even
higher stress needed for twin growth (i.e., thickening and lateral
expansion of a twin embryo). These observations call into question the
conventional wisdom of nucleation-controlled deformation twinning
in BCC metals.

In this work, we perform in situ atomic-scale TEM observations of
plastic deformation in nanoscale single-crystalline BCC Ta, and find
distinctive modes of reluctant versus facile twin growth depending on
the diameter of nanocrystals. The sample elongation produced by
twinning is in good agreement with the theoretical value of 41.4%. The
size-dependent twinning modes result in different mechanical beha-
vior of Ta nanocrystals, and are closely related to the twin boundary
structures as well as to the competition between twin growth and
dislocation plasticity. These findings provide insights into the twin
growth mechanisms in BCC metals, and highlight the potential of
exploiting deformation twinning to achieve high strength and ductility
in BCC nanostructures.

Results
Growth-controlled twinning in a 23-nm-diameter Ta nanocrystal
Figure 1 and Supplementary Movie 1 show the twin nucleation and
growth processes in a 23-nm-diameter single-crystal Ta nanobridge
(Fig. 1a and its inset) under [001] tension, viewed along ½1�10�. Plastic
yielding occurred at a tensile strain of ~3.2% by nucleation of a twin
embryo from the left surface of the nanocrystal (Fig. 1b). The corre-
sponding yield stress (i.e., twin nucleation stress) is ~4.6GPa, as esti-
mated with the elastic constant41. A close-up view reveals that the
slender twin embryo (inset in Fig. 1b) has a total length of 8 nm and a
sharp twin tipwith a local thickness of 0.8 nm. At the twin tip, the upper
(112) coherent twin boundary (CTB) consists of two bunches of atomic
steps. Each bunch has a thickness of ~0.4 nm and involves three suc-
cessive atomic steps, which correspond to three (112) twinning partials.
The preferred bunching of three twinning partials on the CTB is also
observed in our atomistic simulations (Supplementary Fig. 1). Such step
bunching at the CTB was observed during subsequent twin growth
(Fig. 1c–e). It is generally recognized that the crystallographic slip by a
1/2 < 111> screwdislocation on a {110} plane is equivalent to that by three
1/6 < 111> twinning partials on successive {112} planes. Hence, the above
observation provides evidence in favor of the view that twin nucleation
and growth are mediated by screw dislocations in BCC metals35,38.

Contrary to the common view of rapid twin growth after
nucleation28–30,37, the twin embryo was observed to grow slowly by
thickening and lateral expansion under increasing load (Fig. 1c–h and
Supplementary Fig. 2). The twinned region (Fig. 1c–g) exhibits a Moiré
pattern (indicated by a parallelogram of cyan dots in the inset of
Fig. 1d), which is produced by interference between the overlapping
matrix and twin lattices along the viewing direction (Supplementary
Fig. 3a, b). The region with Moiré fringes appears with an approxi-
mately elliptical shape (outlined by a cyan dotted ellipse in Fig. 1c–g).
This shapematches the projection of an inclined twin boundary inside
the nanocrystal, given a nearly circular cross section of nanocrystals
resulting from our synthesis approach24. The above analysis of twin
shape is corroborated by a curved lower twin boundary in the TEM
image (Fig. 1c–e; indicated by yellow dotted curves), which results
from the intersection between an inclined twin boundary and the side
surface of the Ta nanocrystal. As the twin grew, another region with
Moiré fringes appeared close to the upper-left twin boundary (outlined
by amagenta dotted ellipse in Fig. 1f, g; Supplementary Fig. 3c, d). The
twin growth process from in situ TEM observations and the corre-
sponding evolution of Moiré fringes in Fig. 1 are illustrated in Sup-
plementary Fig. 4. An explanation of twin growth accounting for such
observations is given in Discussion section.

The twin growth process was accompanied by a significant
amount of local lattice straining, as indicated by the lattice contrast
formed due to lattice bending and distortion in the vicinity of the
growing twin structure (marked by red arrow heads in Fig. 1c–g). As a
result, a misalignment angle up to 12° (Fig. 1g) was produced between
the matrix above and below the twin structure. Due to lattice bending
and distortion, (002) lattice planes were not clear enough to measure
the lattice strain and thus tensile stress during twin growth. However,
by tracking the overall nanocrystal elongation, we found no appreci-
able strain burst after twin nucleation, in stark contrast to the occur-
rence of a major strain burst at the yield point in sub-15-nm-diameter
Ta nanocrystals (see below). The plot of tensile strain against time
(magenta curve) in Supplementary Fig. 5 confirms that no marked
discontinuity in loading occurred upon twin nucleation. Instead, the
tensile strain and accordingly flow stress increased continuously dur-
ing twin growth, evading the common instability of nanocrystals at the
yield point29,37. The growing twin structure finally penetrated through
the cross section of the nanocrystal under increasing load, giving rise
to an abrupt elongation (~4%) (Fig. 1h). As a result, the region with
Moiré fringes shrunk (Fig. 1i) and a clear fast Fourier transform (FFT)
pattern appeared, indicative of formation of a 1/6[11�1](112) twin (inset
in Fig. 1h). Hence, Fig. 1 demonstrates a dynamic process of growth-
controlled deformation twinningwithout discontinuous strain burst in
a nanocrystal of BCC Ta.

Facile twin boundary propagation in sub-15-nm-diameter Ta
nanocrystals
Figure 2 and Supplementary Movies 2-3 show twin growth in two sub-
15-nm-diameter Ta nanocrystals under [001] tension, which features
the facile migration of twin boundaries. In Fig. 2a–d, deformation
twinning occurred in a 10-nm-diameter Ta nanocrystal, viewed along
[1�10]. Plastic yielding occurred in this nanocrystal at a higher stress of
~6.8 GPa (as opposed to ~4.6GPa in Fig. 1) by nucleation of a defor-
mation twin in one of the two equivalent twinning systems 1/6[�111](1�12)
or 1/6[1�11](�112). Twin nucleation was accompanied by a major strain
burst of ~9% (Fig. 2c, see the dark cyan curve in Supplementary Fig. 5b,
Supplementary Dataset 1) and further followed by a uniform elonga-
tion up to ~40% (Fig. 2d). Since the twinning direction is either [�111] or
[1�11], its in-plane projection in Fig. 2a–d is parallel to the loading
direction of [001] (indicated by a blue arrow in Fig. 2c). As a result, the
twinning process produced only elongation along [001] with no
change in length along [110], i.e., giving no change of the projected
diameter of this nanocrystal. Furthermore, since the twinning plane,
either (1�12) or (�112), is not edge-on from the [1�10] viewing direction, an
atomically-resolved image of a twin lamella bounded by two CTBs
could not be obtained from the current viewing direction. However, as
schematically shown in Fig. 2g, the twinning process resulted in a
reorientation of the nanocrystal from [001] to [�110] in the loading
direction, as well as a simultaneous reorientation of [1�10] to [001] in
the viewing direction, as previously demonstrated by MD
simulations29,37. Such lattice reorientations are clearly shown in Fig. 2d
where twinning in the nanocrystal has completed (see the corre-
sponding diffraction analysis in Fig. 2e, f). The 40% elongation in
Fig. 2d is also in good agreement with the theoretical value of 41.4%
produced by twinning-induced crystal reorientation (with the corre-
sponding twinning shear strain ofp2=2 = 70.7%). The fact that the twin
growth stress ismuch lower than the twinnucleation stress (Fig. 2h and
Supplementary Dataset 1) in the 10-nm-diameter nanocrystal demon-
strates a nucleation-controlled twinning process, which is fundamen-
tally different from the reluctant twin growth observed in the 23-nm-
diameter Ta nanocrystal (Fig. 1 and Supplementary Fig. 2).

In order to directly observe twin boundary migration, Fig. 2i–l
shows the deformation twinning process in a different nanocrystal
with a diameter of 12 nm under [001] tension. In this case, the
viewing direction is [100], as opposed to [1�10] in Fig. 2a–d; the two
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viewing directions differ by a rotation of 45° around the tensile
loading direction of [001]. In Fig. 2i, the two (1�12) CTBs are close to
an edge-on configuration. Movements of the two (1�12) CTBs (Fig. 2j,
m) were directly observed upon plastic yielding that featured the
formation of a twin segment through the diameter of the nano-
crystal with a strain burst to 15%. After this process, the subsequent

deformation involved facile migration of CTBs to an overall elon-
gation of ~37% (Fig. 2k–l), similar to the twinning process in
Fig. 2a–d. The drastic differences in the twin geometry and growth
mode between Figs. 1 and 2 clearly indicate a size-dependent tran-
sition from the growth to nucleation-controlled twinning mechan-
ism in BCC Ta.
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Fig. 1 | Reluctant twin growth in a 23-nm-diameter Ta nanocrystal. a An as-
formed 23-nm-diameter Ta nanocrystal under [001] tension (σ) at a strain rate of
approximately 10−3 s−1. The viewing direction is [1�10] (inset in a).bNucleation of a 1/
6[11�1](112) deformation twin at the left-side surface of the Ta nanocrystal. A close-
up view of the twin embryo (inset in b) shows a minimum thickness of six (112)
layers at the twin tip and a width of 8 nm. The twin boundary consists of bunched
steps; each bunch has three atomic-sized steps and a height of 0.4 nm.
c–h Sequential images showing slow growth of a finite-sized deformation twin. The
twin boundaries are tracked by yellow dotted lines. The twin tip reached the right-
side surface of the nanocrystal (indicated by an orange arrow in e) when the twin
hasgrown to a thickness of 5 nm.While the upper twin boundary is aCTBconsisting
of0.4-nm-thick stepbunches (inset ind), the lower twinboundary is inclined,which
exhibits a curvature formed by intersecting the side surface of the Ta nanocrystal.

As a result,most regions of the twin lamella exhibitedMoiré fringes (representedby
cyan dots in the inset in d). The Moiré-fringed regions developed into shapes that
match the projection of inclined interfaces (outlined by cyan and magenta dotted
curves). Dark contrasts (indicated by red arrow heads) and a misorientation
between the parent crystals sandwiching the twin indicate significant lattice dis-
tortion and bending near the twin, which was relieved after the twin finally pene-
trated through the diameter of the nanocrystal in h. The red dotted curves outline
the nanocrystal shape one second earlier in g for comparison. The FFT (inset in h)
demonstrates the diffraction pattern of a {112} twin. iHigh resolution TEM image of
the deformation twin containing a high density of dislocations. Moiré fringes were
found atboth the top andbottomtwinboundaries (indicated by cyan arrowheads).
All scale bars are 5 nm.
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Dislocation-mediated deformation when sheared in an anti-
twinning sense
The asymmetry in twinning and anti-twinning is known to contribute
significantly to the anisotropic mechanical properties of bulk BCC
metals10,30,42,43. Here, we demonstrate that the asymmetry is an intrinsic
property independent of size effect and thus plays an important role in
the competition between dislocation plasticity and deformation
twinning in BCC nanocrystals. While <001> tensile loading generates
lattice shear along the normal “twinning” direction on the {112} twin

plane (Figs. 1 and 2), <110> or <112> tensile loading produces lattice
shear on the {112} plane with the highest Schmid factor in an “anti-
twinning” sense. However, anti-twinning experiences higher resistance
than twinning and thus tends to give way to dislocation plasticity6,42,43

(Fig. 3 and Supplementary Fig. 6). As shown in Fig. 3 for a 17-nm-
diameter Ta nanocrystal under [112] tensile loading, dislocation plas-
ticity predominated. The events of dislocation slip were discrete,
leading to a series of abrupt increases in the thickness of surface steps
(e.g., two surface steps are tracked by red and blue arrows in Fig. 3b,
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Fig. 2 | Large ductility via facile twin thickening in sub-15-nm Ta nanocrystals.
a, b A 10.4-nm-diameter Ta nanocrystal under [001] tensile loading at an average
strain rate of ~5 × 10−3 s−1. The viewing direction is [1�10]. The nanocrystal was elas-
tically stretched to a strain of ~4.7% before yielding b. The red arrows in a denote
two reference points for tracking the elongation and the cyan dash line marks a
grain boundary (GB) between the nanocrystal and the substrate. c Nucleation of a
deformation twin with a twinning system of either 1/6[�111](1�12) or 1/6[1�11](�112),
which is accompanied by a strain burst to 14%. The direction of the projected
twinning Burgers vector is as indicated by a green arrow. d The nanocrystal finally
reached an elongation of ~40%. e, f High resolution TEM image and FFT of the
nanocrystal after deformation demonstrating twinning-induced reorientation.
g Schematic illustration of the deformation process shown in a–d with a viewing
direction along the [110] zone axis (indicated by a purple arrow ina). One of the two
possible equivalent twinning directions—1/6[�111](1�12)—was selected.
h Corresponding stress–strain curve demonstrating a significantly lower stress for
twin growth compared to those for nucleation of twin and dislocations. The stress

is estimated based on the lattice strain along the loading direction measured from
the high resolution TEM images and their FFTs, while the overall strain is measured
from the elongation of the nanocrystal. Error bars represent standard deviations in
the lattice strains measured from different locations of a nanocrystal. The red
arrows mark the data points obtained from b, c. Source data are provided as a
Source Data file. i–l Deformation twinning in a 12-nm-diameter Ta nanocrystal
under [001] tensile loading with a viewing direction of [100]. The red arrows in
i denote two reference points for strain measurement. Plastic deformation began
with the nucleation of a deformation twin in j, followed by rapid migration of both
twin boundaries tracked by twopairs of blue arrowheads ink. The twin boundaries
are parallel to the [021] direction. The elongation reached ~37% as the two
boundaries swept the whole nanocrystal in l. m Projection of the (1�12) plane in a
[001]-oriented nanocrystal viewed from [100] direction, which lies along the [021]
direction, confirming that the twinboundaries observed in j–k are (1�12) twin planes.
The scale bars are 5 nm a–d, i–l and 1 nm e.
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respectively). Owing to the lack of surface diffusion to maintain a
smooth surface contour, dislocation plasticity in nanoscale metals
gives rise to localized slip44, which leads to the formation of thick
surface steps (indicated by purple arrows in Fig. 3c) and subsequent
plastic instability due to shear localization (Fig. 3d). Compared to the
terraced surfaces generated by dislocation-mediated slip (Fig. 3c),
deformation twinning yields relatively smooth surfaces and is more
resistant against shear localization. As dislocation plasticity prevails,
increasing the aspect ratio of tensile samples further promotes loca-
lized slip and aggravates plastic instability45, as observed in relatively
long Ta nanocrystals under <112> and <110> tensile loading (Supple-
mentary Fig. 6). Such “brittle” behavior largely limits the tensile duc-
tility of BCC nanostructures and highlights a need to promote the
twinning-induced plasticity for enhancing their ductility.

Discussion
Understanding the atomistic mechanism of deformation twinning in
BCC metals has largely relied on theoretical studies in the
past26,28,32,34,35. Direct atomic-scale observation of deformation twin-
ning was only made possible by recent advances in experimental
techniques suchas in situTEM24,40. Here, our in situ observations reveal
a dynamic process of growth-controlled deformation twinning that
features the Moiré fringes resulting from inclined twin boundaries,
which are associated with the formation of a finite-sized twin structure
in relatively large Ta nanocrystals (Fig. 1). This twinning mode con-
trasts the nucleation-controlled deformation twinning in relatively
small Ta nanocrystals, where a twin segment between two parallel
CTBs penetrates through the diameter of Ta nanocrystals, producing
homogeneous deformation across the twin plane (i.e., diameter)
(Fig. 2). In the former case, a finite-sized twin structure generates
highly strained regions in its vicinity (Fig. 1c–g; schematically shown in
Supplementary Fig. 4d). The geometrical confinement from thematrix

in turn raises the driving stress needed for twin thickening (magenta
curve in Supplementary Fig. 5b, Supplementary Dataset 1) to a level
that is sufficient to activate dislocation plasticity, as evidenced by
dislocations observed in the twinned lattice (Fig. 1i). In addition, due to
the lack of a CTB at the lower inclined twin boundary, twin growth
mainly proceeds one-sided at the upper CTB (Fig. 1b–g and Supple-
mentary Figs. 4b–d). This is because thickening downwards requires
nucleation of another CTB ormigration of the inclined twin boundary.
These processes are slow, but can gradually build up high lattice
strains and thus strain energies to overcome the energy barrier of twin
growth (Fig. 1g). Once the energy barrier is overcome, thickening
downwards at the inclined twin boundary leads to traversing of the
twin across the nanocrystal diameter for releasing geometrical con-
finements, and therefore proceeds rapidly (within 1 s in Fig. 1g, h).

To understand the reluctant growth of a finite-sized twin confined
by the matrix, Fig. 4 and Supplementary Movies 4 and 5 show the
results ofmolecular dynamics (MD) simulations of twin nucleation and
growth mediated by cross-slip of screw dislocations in BCC Ta. While
the suggestion of screw-mediated deformation twinning was found in
the literature32, achieving this through atomistic simulations has been
challenging, due to a lack of in-depth understanding of the atomic-
scale processes involved. Inspired by the present in situ TEM
observations, we conducted MD simulations to realize the
continued migration of a twin boundary mediated by screw disloca-
tions. Figure 4a shows an array of 1/2 < 111 > {110} screw dislocations in
a simulation cell of single-crystal Ta. Under an increasing anti-plane
shear load, this array of screw dislocations glided to the left. However,
the mobility of screw dislocations was not high enough to accom-
modate the increasing applied strain. Consequently, the stress
increased, triggering the transformation of the leading screw disloca-
tion into three 1/6 < 111 > {112} twinning partials on successive {112}
layers, thus producing a twin embryo (Fig. 4a). Subsequent twin
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Fig. 3 | Dislocation-mediated localized slip in Ta nanocrystals under < 112>
tensile loading. a Tensile straining of a 17-nm-diameter Ta nanocrystal in the [112]
direction at an average strain rate of ~10−3 s−1. b Sequential zoom-in images showing
the thickness evolutionof two surface steps (trackedby red andblue arrows) due to

slip by nucleation and escape of 1/2[�111](101) dislocations. c, d Localized slip steps
led to the formation of a terraced surface profile (marked by purple arrows in c),
which promoted the onset of shear localization in d. The scale bars are 5 nm
a, c, d and 1 nm b.
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growth occurred through the cross-slip of follow-up 1/2 < 111 > {110}
screw dislocations onto the CTBs of the twin embryo (Fig. 4b, c).
Similar to twin nucleation, each cross-slipped screw dislocation
became three twinning partials on successive {112} layers on a CTB,
resulting in the thickening of the twin embryo, as schematically illu-
strated in Fig. 4d. The leading edge of this growing twin embryo
consists of twinning partials aligned on successive planes, forming an
incoherent twin boundary (ITB). Propagation of the ITB and accord-
ingly lateral expansion of the twin embryo occurred through the
movements of these twinning partials into the surrounding matrix,
which required a continued increase of applied load, reflecting the
reluctant twin growth confined by the matrix. The nucleation of screw
dislocations was not simulated by MD, as they were considered to
nucleate from nearby sources with relatively low energy barriers, such
as on the free surface of Ta nanocrystals.

The aboveMDprocesses of dislocation-mediated twin growth are
believed tounderlie the in situ observations of reluctant twin growth in
relatively large Ta nanocrystals. Since the applied load was not suffi-
ciently high, the supply of twinning partials for twin growth relied on
the continued nucleation and cross-slip of screw dislocations. Hence,
the twin growthmediatedby screwdislocationswas reluctant, because
the increasing load was necessary for the continued nucleation and
cross-slip of these screw dislocations. To extend the above MD results
obtained in a quasi-two-dimensional setup, Fig. 4e illustrates a similar
three-dimensional process of nucleation and growth of a finite-sized
twin structure inside a Ta nanocrystal. The key unit process still
involves the cross-slip of a screw dislocation that dissociates into three
twinning partials on the CTB. Several ITBs and CTBs form to enclose
the finite-sized twin structure, and their movements also require an
increasing load, thus reflecting the reluctant twin growth confined by
the matrix. Meanwhile, dislocation segments that have not cross-
slipped can continue to glide on their original slip planes near the
growing twin. This response is consistent with the common observa-
tions of dislocations close to deformation twins35.

As the diameter of Ta nanocrystals was reduced to sub-15 nm, the
dislocation nucleation stress was likely elevated due to the well-
recognized effect of “smaller being stronger”. As a result, a high load

could be attained to trigger the formation of a twin segment that
penetrates through the diameter of small Ta nanocrystals. This twin
segment facilitates the facile migration of CTBs without the need for
screw dislocations. In these relatively small Ta nanocrystals (Fig. 5a),
the formation of a twin segment that penetrates through the sample
diameter may benefit from an increasing tendency for twinning par-
tials to cross the nanocrystal as its size decreases. Hence, in sub-15-nm-
diameter Ta nanocrystals, the high yield stress (Supplementary Fig. 7
and Supplementary Dataset 1) drives the nucleated twinning partials to
quickly glide through the nanocrystal. Once the twinning partials
approach the opposite surface, the image force46 further facilitates
lateral twin expansion, resulting in the formation of a twin segment
bounded by two CTBs (Fig. 2j). Without the matrix confinement, the
stress required for growth of the twin segment is much lower com-
pared to those for the nucleation of twins and dislocations, as shown in
Fig. 2h. As a result, twin thickening proceeds via rapid migration of
both CTBs (Fig. 2j–l), in stark contrast to reluctant twin growth in
relatively large Ta nanocrystals (Fig. 1b–g). This size-dependent com-
petition between twin growth and dislocation plasticity is schemati-
cally shown in Fig. 5b.

To compare the twinning behavior in nanocrystals of different
lattice structures, the present BCC Ta nanocrystals exhibit a size-
dependent transition from the growth- to nucleation-controlled twin-
ning mechanism. This is largely because the continued supply of
twinning partials is difficult, and themovement of twinning partials on
twin boundaries is slow for twin growth in large Ta nanocrystals. As a
result, the applied load has to continuously increase to nucleate dis-
locations, drive cross-slip, and move twinning partials. For FCC crys-
tals, such a size-dependent transition from growth- to nucleation-
controlled deformation twinning is absent in various experimental
studies47–49, indicating that twin growth is lessdifficult once the applied
load has reached the critical value for twin nucleation. On the other
hand, for HCP crystals, a different size-dependent twinning behavior
was observed50. As the size of an HCP Ti alloy is reduced to below one
micrometer, dislocation slip replaces twinning to dominate plastic
deformation. A ‘stimulated slip’ model was used to explain this size
dependence of deformation twinning.

3rd1st screw 2nd

3 twin partials

3rd

Twin thickening

a

b

c

d e

CTB

CTB

Fig. 4 | Atomistic mechanism of nucleation and growth of deformation twins
mediated by screwdislocations in BCC Ta. aMD image showing an array of three
gliding 1/2 < 111 > {110} screw dislocations under an applied anti-plane shear stress;
nucleation of a twin embryo occurs through dissociation of a 1/2 < 111 > {110} screw
dislocation into three 1/6 < 111 > {112} twinning partials on successive {112} layers.
b, c MD images showing twin growth through cross-slip of 1/2 < 111 > {110} screw
dislocations onto the CTB of the twin embryo. Each cross-slipped 1/2 < 111 > {110}
screw dislocation becomes three 1/6 < 111 > {112} twinning partials at the CTB, as
indicated in b. Atoms are colored by the central symmetry parameter showing the
dislocation core and twin boundary. d Schematic of twin nucleation and growth
through cross-slip of 1/2 < 111 > {110} screw dislocations; each cross-slipped screw

dislocation (represented by three adjacent red symbols ⊥) is transformed into
three twinning partials (represented by pink symbols ⊥) on successive {112} layers
at the CTB, resulting in twin growth, The leading edge of the growing twin embryo
consists of aligned twinning partials on successive {112} layers, forming an ITB.
e Schematic of a corresponding three-dimensional process of nucleation and
growth of a finite-sized twin structure inside a strained Ta nanocrystal. A unit
process of twin growth still involves the cross-slip of a screw dislocation that dis-
sociates into three twinning partials (pink lines) on the CTB. Several ITBs and CTBs
form to enclose the finite-sized twin structure. Dislocation segments (red lines) that
have not cross-slipped can continue to glide on their original slip planes near the
finite-sized twin structure.

Article https://doi.org/10.1038/s41467-024-44837-8

Nature Communications |          (2024) 15:560 6



Moiré fringes associated with the twinned region have been fre-
quently observed in BCC metals from sub-100-nm nanocrystals to
coarse-grained bulk counterparts over a wide range of strain rates and
temperatures19,24,40,51 (Fig. 5a). These Moiré fringes suggest that the
formation of inclined twin boundaries associated with finite-sized twin
structures is a common phenomenon that limits the incipient
twin growth in BCCmetals. Inclined twin boundaries were observed in
almost all samples tested24 and the associated geometrical confine-
ment contributes to slow twin thickening and a tendency for detwin-
ning upon unloading52 (see an example in a W nanocrystal in
Supplementary Fig. 8). Several recent observations of nanoscale
deformation twins with inclined twin boundaries in coarse-grained Ta
and Nb under room temperature and low strain rates40—conditions
that have been known to suppress deformation twinning—provide
examples of correlating the limited deformation twinning processes
with reluctant twin growth. Contrary to the dislocation starvation in
nanocrystals, the growth-controlled twinning provides an opportunity
to prevent the abrupt deformation instability after plastic yielding,
rendering the small-sized materials to gain stable strain hardening.
Note that the dependence of twin boundary type on size is also
observed in other BCCmetals such asNb51 (Fig. 5a), suggesting that the
size-dependent deformation mechanism of Ta (Fig. 5b) may be gen-
erally applicable to nanoscale BCCmetals. In addition, considering the
similar roles played by small crystal size47,48 and grain size26,53 in facil-
itating deformation twinning, facile twin growth may also contribute
to the ductility of bulk nanocrystalline BCC metals with grain sizes in
the nucleation-controlled regime of deformation twinning (Fig. 5b). As
a result, the present work reveals the critical role of crystal size in the
deformation mechanisms and mechanical properties of BCC metals,
and thus sheds light on strategies of exploiting twinning-induced
plasticity to enhance the strength and ductility of nanostructured BCC
metals.

Methods
In situ straining experiment
High purity Ta (99.98%) andW (99.98%) provided by ESPI Metals were
used for mechanical testing in the present work. In situ straining tests
were performed with a Nanofactory scanning tunneling microscope
(STM) holder inside an FEI Tecnai F30 TEM. Two sharp Ta nano-tips at

the fracture edge of Ta substrates were brought into contact and
welded together by applying either an electric pulse54 or a constant
voltage24, thus producing a Ta nanocrystal that bridges two Ta sub-
strates for mechanical testing. The same approach was used to per-
form in situ straining tests onnanoscaleW. Specimensprepared via the
above approach are found to have a near-circular cross-section (Sup-
plementary Fig. 9) with comparable geometries and surface defect
characteristics (Supplementary Fig. 10). During in situ straining tests,
the nanocrystalswere viewed along low-index zone axes, such as <110>
and <111> , to achieve atomically resolved observation on deformation
twinning and dislocation processes. The strain rates were controlled
by adjusting the retracting speed of the piezo-manipulator (i.e., piezo-
head in Supplementary Fig. 5a) of the STM holder in the range of
0.001−0.005 s−1.

Atomistic simulation
We performed MD simulations of the nucleation and growth of
deformation twins in single-crystal Ta using LAMMPS with an angular-
dependent potential55. The simulation cell in Fig. 4 has the geometry of
37.6 nm× 33.1 nm× 3.5 nm. A periodic boundary condition was
imposed along the Z/[111] direction. Three screw dislocations of the
1/2 < 111 > {110} type were embedded in the central region of the Ta
crystal by imposing their analytical displacement field. To apply an
anti-plane shear load, we moved a boundary layer of atoms at the top
surface of the simulation cell, while fixing a boundary layer of atoms at
the bottom surface. The system’s energy was minimized through the
conjugated gradient method to mimic MD at low temperatures of
~10K. We obtained similar results of screw-mediated twin nucleation
and growth using simulation cells with different initial dislocation
positions. The central symmetry coloring scheme is used to visualize
the dislocation core, CTB, and twinning partial, unless specified
otherwise. In addition, dissociation of a screw dislocation into three
twinning partials at the CTB was simulated in a Ta nanowire with a
diameter of 16 nm and a length of 40 nm, as shown in Supplemen-
tary Fig. 1.

Data availability
Data supporting the findings of this study are included within the
article and Supplementary Information files. Source data are provided
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Crystal (grian) size (nm)
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Fig. 5 | Size-dependent deformation twinning in Ta nanocrystals. a Summary of
results from the present and past experiments showing a close relationship
between twin boundary types and crystal/grain size. Solid and hollow data points,
respectively, represent the existence and absence of Moiré fringes in the twinned
region. No transition in twin boundary type is observed in W, indicating that the
critical crystal size forWmay be extremely small. b Size-dependent twin growth of
BCC Ta in the size regime where plastic deformation is mainly mediated by twin-
ning (very likely in the sub-100-nm regime based on previous results). The colored

region represents the distribution of the twin nucleation stress along various
loading directions, with the lower and upper bounds corresponding to the twin
nucleation stresses under loading conditions thatmostly favor slips in the twinning
and anti-twinning directions, respectively. “dcr” represents the critical diameter
above which twin growth is frustrated by the increasing flow stress required for
sustained twin propagation due to slow lateral twin expansion and formation of
inclined twin boundaries. As a result, twin growth can be overwhelmed by dis-
location plasticity above dcr, which limits twinning-induced plasticity.
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with this paper. Additional data related to the current study are
available from the corresponding authors upon request.

Code availability
The code is available from the corresponding authors upon request.

References
1. Zhang, Z. et al. Dislocation mechanisms and 3D twin architectures

generate exceptional strength-ductility-toughness combination in
CrCoNi medium-entropy alloy. Nat. Commun. 8, 14390 (2017).

2. Zhu, Q. et al. Hierarchical twinning governed by defective twin
boundary in metallic materials. Sci. Adv. 8, eabn8299 (2022).

3. Wang, Z. et al. High stress twinning in a compositionally complex
steel of very high stacking fault energy. Nat. Commun. 13,
3598 (2022).

4. Huang, L. et al. A new regime for mechanical annealing and strong
sample-size strengthening in body centred cubic molybdenum.
Nat. Commun. 2, 547 (2011).

5. Schneider, A. S. et al. Correlation between critical temperature and
strength of small-scale bcc pillars. Phys. Rev. Lett. 103, 105501
(2009).

6. Kim, J. Y., Jang, D. C. & Greer, J. R. Crystallographic orientation and
size dependence of tension-compression asymmetry in molybde-
num nano-pillars. Int J. Plast. 28, 46–52 (2012).

7. Chisholm, C. et al. Dislocation starvation and exhaustion hardening
in Mo alloy nanofibers. Acta Mater. 60, 2258–2264 (2012).

8. Schneider, A. S., Clark, B. G., Frick, C. P., Gruber, P. A. & Arzt, E.
Effect of orientation and loading rate on compression behavior of
small-scale Mo pillars. Mater. Sci. Eng. A-Struct. 508, 241–246
(2009).

9. Brinckmann, S., Kim, J. Y. & Greer, J. R. Fundamental differences in
mechanical behavior between two types of crystals at the nanos-
cale. Phys. Rev. Lett. 100, 155502 (2008).

10. Kim, J. Y., Jong, D. C. & Greer, J. R. Tensile and compressive beha-
vior of tungsten, molybdenum, tantalum and niobium at the
nanoscale. Acta Mater. 58, 2355–2363 (2010).

11. Kaufmann, D., Monig, R., Volkert, C. A. & Kraft, O. Size dependent
mechanical behaviour of tantalum. Int J. Plast. 27, 470–478 (2011).

12. Jia, D., Ramesh, K. T. &Ma, E. Effects of nanocrystalline and ultrafine
grain sizes on constitutive behavior and shear bands in iron. Acta
Mater. 51, 3495–3509 (2003).

13. Wei, Q., Jia, D., Ramesh, K. T. & Ma, E. Evolution andmicrostructure
of shear bands in nanostructured Fe. Appl Phys. Lett. 81,
1240–1242 (2002).

14. Meyers, M. A., Mishra, A. & Benson, D. J. Mechanical properties of
nanocrystalline materials. Prog. Mater. Sci. 51, 427–556 (2006).

15. Caillard, D. TEM in situ straining experiments in Fe at low tem-
perature. Philos. Mag. Lett. 89, 517–526 (2009).

16. Hoge, K. G. & Mukherjee, A. K. Temperature and strain rate
dependence of flow-stress of tantalum. J. Mater. Sci. 12,
1666–1672 (1977).

17. Ligda, J. P., Schuster, B. E. & Wei, Q. Transition in the deformation
mode of nanocrystalline tantalum processed by high-pressure
torsion. Scr. Mater. 67, 253–256 (2012).

18. Florando, J. N., Barton, N. R., El-Dasher, B. S., McNaney, J. M. &
Kumar, M. Analysis of deformation twinning in tantalum single
crystals under shock loading conditions. J. Appl Phys. 113,
083522 (2013).

19. Chen, C.Q., Florando, J. N., Kumar,M., Ramesh, K. T. &Hemker, K. J.
Incipient deformation twinning in dynamically sheared bcc tanta-
lum. Acta Mater. 69, 114–125 (2014).

20. Livescu, V., Bingert, J. F. & Mason, T. A. Deformation twinning in
explosively-driven tantalum. Mater. Sci. Eng. A-Struct. 556,
155–163 (2012).

21. Wei, Q., Cheng, S., Ramesh, K. T. & Ma, E. Effect of nanocrystalline
and ultrafine grain sizes on the strain rate sensitivity and activation
volume: fcc versus bcc metals. Mater. Sci. Eng. A-Struct. 381,
71–79 (2004).

22. Wei, Q. et al. Plastic flow localization in bulk-tungsten with ultrafine
microstructure. Appl Phys. Lett. 86, 101907 (2005).

23. Malow, T. R. & Koch, C. C. Mechanical properties in tension of
mechanically attrited nanocrystalline iron by the use of the minia-
turized disk bend test. Acta Mater. 46, 6459–6473 (1998).

24. Wang, J. W. et al. In situ atomic-scale observation of twinning-
dominated deformation in nanoscale body-centred cubic tungsten.
Nat. Mater. 14, 594–600 (2015).

25. Zhao, L. et al. Strong size effect on deformation twin-mediated
plasticity in body-centered-cubic iron. J. Mater. Sci. Technol. 144,
235–242 (2023).

26. Zhang, Y. F., Millett, P. C., Tonks, M. & Biner, S. B. Deformation twins
in nanocrystalline body-centered cubic Mo as predicted by mole-
cular dynamics simulations. Acta Mater. 60, 6421–6428 (2012).

27. Xu, D. S. et al. Dislocation slip or deformation twinning: confining
pressure makes a difference. Mater. Sci. Eng. A-Struct. 387,
840–844 (2004).

28. Ogata, S., Li, J. & Yip, S. Energy landscape of deformation twinning
in bcc and fcc metals. Phys. Rev. B 71, 224102 (2005).

29. Wang, P. et al. Molecular dynamics simulation on deformation
mechanisms in body-centered-cubic molybdenum nanowires. J.
Appl. Phys. 110, 093521 (2011).

30. Healy, C. J. & Ackland, G. J. Molecular dynamics simulations of
compression tension asymmetry in plasticity of Fe nanopillars. Acta
Mater. 70, 105–112 (2014).

31. Zepeda-Ruiz, L. A., Stukowski, A., Oppelstrup, T. & Bulatov, V. V.
Probing the limits of metal plasticity with molecular dynamics
simulations. Nature 550, 492–495 (2017).

32. Marian, J., Cai, W. & Bulatov, V. V. Dynamic transitions from smooth
to rough to twinning in dislocation motion. Nat. Mater. 3,
158–163 (2004).

33. Xiao, J. et al. Unveiling deformation twin nucleation and growth
mechanisms in BCC transition metals and alloys. Mater. Today 65,
90–99 (2023).

34. Lagerlof, K. P. D. On deformation twinning in bcc metals. Acta Met.
Mater. 41, 2143–2151 (1993).

35. Sleeswyk, A. W. 1/2 <111> screw dislocations and the nucleation of
{112}<111> twins in the b.c.c. lattice. Philos. Mag. 8, 1467–1486
(1963).

36. Ojha, A. & Sehitoglu, H. Twinning stress prediction in bcc metals
and alloys. Philos. Mag. Lett. 94, 647–657 (2014).

37. Li, S. Z. et al. Superelasticity in bcc nanowires by a reversible
twinning mechanism. Phys. Rev. B 82, 205435 (2010).

38. Mahajan, S.Nucleation andgrowthof deformation twins inMo-35 at
% Re alloy. Philos. Mag. 26, 161–171 (1972).

39. Mahajan, S. Interrelationship between slip and twinning in bcc
crystals. Acta Met. 23, 671–684 (1975).

40. Jiang, B. et al. Direct observation of deformation twinning under
stress gradient in body-centered cubic metals. Acta Mater. 155,
56–68 (2018).

41. Meyers M. A., Chawla K. K. Mechanical Behavior of Materials, 2nd
edn. Cambridge University Press (2009).

42. Dezerald, L., Rodney, D., Clouet, E., Ventelon, L. & Willaime, F.
Plastic anisotropy and dislocation trajectory in BCC metals. Nat.
Commun. 7, 11695 (2016).

43. Duesbery, M. S. & Vitek, V. Plastic anisotropy in bcc transition
metals. Acta Mater. 46, 1481–1492 (1998).

44. Zhong, L. et al. Slip-activated surface creepwith room-temperature
super-elongation in metallic nanocrystals. Nat. Mater. 16,
439–445 (2017).

Article https://doi.org/10.1038/s41467-024-44837-8

Nature Communications |          (2024) 15:560 8



45. Wu, Z. X., Zhang, Y. W., Jhon, M. H., Gao, H. J. & Srolovitz, D. J.
Nanowire failure: long = brittle and short = ductile. Nano Lett. 12,
910–914 (2012).

46. Weertman J. & Weertman J. R. Elementary Dislocation Theory.
Oxford University Press (1992).

47. Zheng, H. et al. Discrete plasticity in sub-10-nm-sized gold crystals.
Nat. Commun. 1, 144 (2010).

48. Seo, J. H. et al. Superplastic deformation of defect-free Au nano-
wires via coherent twin propagation. Nano Lett. 11, 3499–3502
(2011).

49. Lee, S. et al. Reversible cyclic deformation mechanism of gold
nanowires by twinning-detwinning transition evidenced from in situ
TEM. Nat. Commun. 5, 10 (2014).

50. Yu, Q. et al. Strong crystal size effect on deformation twinning.
Nature 463, 335–338 (2010).

51. Wang, Q., Wang, J., Li, J., Zhang, Z. & Mao, S. X. Consecutive
crystallographic reorientations and superplasticity in body-
centered cubic niobium nanowires. Sci. Adv. 4, eaas8850 (2018).

52. Wang, X. et al. Unstable twin in body-centered cubic tungsten
nanocrystals. Nat. Commun. 11, 2497 (2020).

53. Yamakov, V., Wolf, D., Phillpot, S. R., Mukherjee, A. K. & Gleiter, H.
Dislocation processes in the deformation of nanocrystalline alumi-
nium by molecular-dynamics simulation. Nat. Mater. 1,
45–49 (2002).

54. Zhong, L., Wang, J. W., Sheng, H. W., Zhang, Z. & Mao, S. X. For-
mation of monatomic metallic glasses through ultrafast liquid
quenching. Nature 512, 177–180 (2014).

55. Purja Pun, G. P., Darling, K. A., Kecskes, L. J. & Mishin, Y. Angular-
dependent interatomic potential for the Cu–Ta system and its
application to structural stability of nano-crystalline alloys. Acta
Mater. 100, 377–391 (2015).

Acknowledgements
S.X.M. acknowledges support from NSF CMMI 1760916 through Uni-
versity of Pittsburgh. T.Z. acknowledges support from NSF CMMI
1762511 and DMR 2004412 .

Author contributions
L.Z. and S.X.M. conceived and designed the experiments. L.Z. per-
formed the in situ TEM experiments and wrote the manuscript. Y.Z. and

T.Z. carried out computer simulations. X. W, T.Z. and S.X.M. revised the
manuscript. All authors contributed to discussion of the results.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-44837-8.

Correspondence and requests for materials should be addressed to
Ting Zhu or Scott X. Mao.

Peer review information Nature Communications thanks Kelvin Xie, G
Sainath and theother, anonymous, reviewers for their contribution to the
peer review of this work. A peer review file is available.

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

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional 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/s41467-024-44837-8

Nature Communications |          (2024) 15:560 9

https://doi.org/10.1038/s41467-024-44837-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Atomic-scale observation of nucleation- and growth-controlled deformation twinning in body-centered cubic nanocrystals
	Results
	Growth-controlled twinning in a 23-nm-diameter Ta nanocrystal
	Facile twin boundary propagation in sub-15-nm-diameter Ta nanocrystals
	Dislocation-mediated deformation when sheared in an anti-twinning�sense

	Discussion
	Methods
	In situ straining experiment
	Atomistic simulation

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




