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In situ atomic-scale observation of twinning-
dominated deformation in nanoscale
body-centred cubic tungsten

Jiangwei Wang', Zhi Zeng?, Christopher R. Weinberger>**, Ze Zhang®, Ting Zhu*®*

and Scott X. Mao™”*

Twinning is a fundamental deformation mode that competes against dislocation slip in crystalline solids. In metallic
nanostructures, plastic deformation requires higher stresses than those needed in their bulk counterparts, resulting in the
‘smaller is stronger' phenomenon. Such high stresses are thought to favour twinning over dislocation slip. Deformation
twinning has been well documented in face-centred cubic (FCC) nanoscale crystals. However, it remains unexplored in
body-centred cubic (BCC) nanoscale crystals. Here, by using in situ high-resolution transmission electron microscopy and
atomistic simulations, we show that twinning is the dominant deformation mechanism in nanoscale crystals of BCC tungsten.
Such deformation twinning is pseudoelastic, manifested through reversible detwinning during unloading. We find that the
competition between twinning and dislocation slip can be mediated by loading orientation, which is attributed to the competing
nucleation mechanism of defects in nanoscale BCC crystals. Our work provides direct observations of deformation twinning
as well as new insights into the deformation mechanism in BCC nanostructures.

of mechanical properties and deformation mechanisms in

metallic nanostructures'. In this field, one prominent ap-
5-12

_|_ he past decade has witnessed a marked increase in the study

proach is to conduct in situ mechanical testing of nanostructures
These real-time experiments have revealed a wealth of novel defor-
mation behaviours and size effects in various kinds of nanoscale
crystals, including dislocation starvation'?, mechanical annealing?,
surface-dislocation-controlled yielding®’, twinning-dominated de-
formation'™® and surface-diffusion-mediated pseudoelasticity'.
However, the majority of those results are obtained for FCC nanos-
tructures. Given the widespread use of bulk BCC metals, BCC
nanostructures are expected to play significant roles in future nan-
otechnologies'®*". Hence it is natural to ask to what degree these
phenomena and size effects in nanoscale FCC crystals still hold in
nanoscale BCC crystals.

One fundamental question regarding the deformation mech-
anism of metallic nanostructures is whether or not the material
will deform via twinning*~*. Deformation twinning is commonly
observed in hexagonal-close packed (HCP) crystals®”***, but is
much less common in bulk FCC and BCC crystals. Deformation
twinning in these materials usually occurs under high strain rates
or low temperatures”?’, conditions that lead to high stresses. High
stresses are readily achieved in nanoscale crystals'?, resulting from
the starvation of plastic deformation carriers in these small crystals
due to their large surface area to volume ratio. Such high stresses
are thought to favour twinning even at room temperature and
low strain rates, which can critically affect mechanical proper-
ties such as strength and ductility of metallic nanostructures*'.

Recently, both in situ and ex situ nanomechanical experiments have
revealed deformation twinning in FCC nanostructures, including
Au nanowhiskers'* and Cu nanowires'. In contrast, the mechanical
testing of small-volume BCC crystals has reported only dislocation-
mediated plasticity, for example, in single-crystalline W, Mo, Ta, Nb,
V and Fe nanowires or nanopillars'®'**>! and Mo alloy nanofi-
bres®. In mechanical testing experiments where TEM analysis was
not used, and thus dislocations were not observed, the deformation
is still attributed to dislocation plasticity****. Deformation twinning
was reported in nanocrystalline Ta (ref. 35); however a close ex-
amination of this experiment shows that the observed twinning
probably occurred in small grains of FCC Ta, instead of BCC Ta
(see Supplementary Discussion 1).

In bulk BCC metals, deformation at room temperature is usually
controlled by dislocations with high lattice resistances'>****. In
small-scale BCC crystals, the large surface area tends to destabilize
bulk dislocation sources. As a result, nucleation of defects from
the surface, including dislocations and twins, becomes a competing
deformation mode at room temperature and low strain rates;
twinning could dominate when its nucleation from the surface is
easier than that of a dislocation.

To understand the controlling deformation mechanisms in
small-scale BCC metals, here we investigate nanoscale BCC
tungsten (W) crystals using in situ nanomechanical testing with
high-resolution TEM (HRTEM). To achieve this, we develop an
in situ welding process to fabricate the W nanowires (Methods). This
method overcomes the difficulties of synthesizing sub-100 nm BCC
samples without pre-existing defects, in contrast to the commonly
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Figure 1| Deformation twinning in a W bicrystal nanowire under [110] compression. a-c, Sequential TEM images showing deformation twinning in a W

bicrystal nanowire (15 nm in diameter) at room temperature under a strain rate of 1073 s

~1 which is loaded along [110] and viewed along [110]. Scale bars,

5nm. d,e, Fast Fourier transform pattern of the pristine W bicrystal and the deformation twin, respectively. f, Magnified TEM image showing the
deformation twin. Scale bar, Tnm. g, MD snapshot and zoomed-in image showing the nucleation of a deformation twin embryo in a W single-crystal
nanowire. h, Schematic of the lateral expansion and vertical thickening of a twin band. i,j, MD snapshots showing the lateral expansion and vertical
thickening of a deformation twin. k, Nucleation and thickening of a deformation twin in a W bicrystal nanowire. The crystal orientation is the same as that

in Supplementary Fig. 2.

used sample preparation by the focused ion beam method, which
tends to create feature sizes larger than 100nm as well as
surface damage®”'>*. Using these in situ fabricated samples, we
demonstrate that twinning is the dominant deformation mechanism
in nanoscale W crystals at room temperature and low strain rates.
Such mechanical twinning is pseudoelastic, as evidenced by the
reversible detwinning during unloading. We further find that the
loading orientation governs the competition between twinning and
dislocation slip. Atomistic simulations are performed to provide
insights into the twinning-dominated deformation mechanism in
those nanoscale BCC crystals.

Figure 1 and Supplementary Movie 1 show the in situ uniaxial
compression of a W bicrystal nanowire at room temperature under
a strain rate of ~107* s~'. This sample contains a large single crystal
whose [110] direction is aligned with the overall axial direction of
the bicrystal nanowire. Since the deformation events are primarily
observed in this large crystal, the bicrystal sample is referred to
as a [110]-oriented nanowire. TEM imaging is aligned with the
transverse [110] direction (Fig. 1a). On compressive loading, the
nanowire initially undergoes elastic deformation. As the lattice
strain in the relatively large [110]-oriented crystal accumulates to
around 4.9% (Supplementary Fig. 1), a small twin embryo nucleates
from the intersection between the grain boundary and free surface,
and transverses the entire sample under continued loading (Fig. 1b).
Figure 1d-f confirms that the observed deformation band in the
[110]-oriented crystal is a twin band with the active twinning system
of [111](112), as evidenced by the Fast Fourier transform pattern
(Fig. 1d-e) and zoomed-in image (Fig. 1f). At the onset of twinning,
the resolved shear stress on the (112) plane on which the twin
forms is estimated to be about 9 GPa, based on the lattice strain

(Supplementary Fig. 1). After a complete twin band forms, the lattice
strain is released to about 1.3% (Supplementary Fig. 1). A further
increase in the applied load causes thickening of the twin band,
thus producing an increased amount of inelastic strain (Fig. 1c).
Moreover, we observe that the grain boundary alone can serve
as the effective nucleation site for deformation twins (Twin 2 in
Supplementary Fig. 2 and Supplementary Movie 2).

To understand the twinning mechanism in nanoscale W crystals,
we performed molecular dynamics (MD) simulations of both
single-crystal and bicrystal W nanowires (Fig. 1g-k). In the [110]-
oriented single crystal, a twin embryo initially forms from the
surface (Fig. 1g) and expands laterally to penetrate the whole
nanowire (Fig. 1h,i). Then the twin band thickens through layer-
by-layer vertical growth at the twin boundary via sequential
nucleation of 1/6[111] twinning dislocations on adjacent (112)
planes (Fig. 1j). The resolved shear stress on the (112) plane
for twin formation in MD is about 8 GPa, which is of the same
order as the experimental estimate. The bicrystal nanowire in
MD exhibits twin nucleation and thickening from the intersection
between grain boundary and free surface (Fig. 1k), which penetrates
into both crystals, similar to the observations in some of our
experiments (Twin 1 in Supplementary Fig. 2). These atomistic
studies also show that deformation twinning in nanoscale W
crystals is controlled by surface nucleation. Irrespective of types
of surface sites and shear modes used in simulations, the twin
embryo is always able to nucleate from the free surface and
expand into a twin band in a [110]-oriented W nanowire at the
characteristic load level measured in experiments (Supplementary
Discussion 2). Overall, these MD results compare favourably with
our experimental observations.
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Figure 2 | Reversible deformation twinning and detwinning processes in a W bicrystal nanowire under cyclic loading. a, Pristine W bicrystal nanowire
with a diameter 14.7 nm as viewed along [110] and loaded along [110]. b,g, Under compression, the deformation twin nucleates and expands to about 4 nm
in thickness. ¢ h, A layer-by-layer detwinning process occurs on unloading (also see Supplementary Movie 3). d,i, After complete detwinning, the W
bicrystal recovers its original shape. e, A deformation twin nucleates at the same place in subsequent deformation cycles. f, Fast Fourier transform pattern
of the deformation twin. j, Stress versus strain curve during compressive loading and unloading, showing the pseudoelastic response. The stress is
estimated on the basis of the lattice strain and the overall compressive strain is measured from the change of the nanowire length. The error bars represent
the variations of the estimated stresses at different locations of the nanowire. k, MD snapshots showing the twinning-detwinning process similar to TEM

observations. All scale bars, 5 nm.

Deformation twinning in W bicrystals is pseudoelastic, as
manifested in experiments through reversible detwinning on
unloading. That is, during compressive loading, the W bicrystal
experiences large deformation via the formation of a deformation
twin (Fig. 2a,b,f,g), the thickness of which is about 4nm just
before unloading (Fig. 2g). However, on unloading, deformation
mainly occurs at the twin boundary via a process of layer-
by-layer detwinning (Fig. 2c,h and Supplementary Movie 3).
Namely, detwinning proceeds in the same fashion as twinning
through the nucleation and propagation of twinning dislocations,
but in the reverse direction. As a result, the twin thickness is
gradually reduced, returning the bicrystal to its original shape
without apparent defects after a complete unloading (Fig. 2d.i).
Pseudoelasticity is also manifested in the stress—strain curve, which
demonstrates the recovery of the initial zero stress and strain
values after a loading/unloading cycle (Fig. 2j). During multiple
loading/unloading cycles, the deformation twin is always observed
to nucleate at the same location (Fig. 2e). Such pseudoelastic
twinning is also observed in our MD simulations. Figure 2k shows
MD snapshots of a detwinning process during unloading, which
occurs layer-by-layer at the twin boundary via 1/6[111] detwinning
dislocations nucleated on adjacent (112) planes, consistent with
TEM observations. Detwinning in experiments can be attributed
to the interplay between the unloading and the deformation

incompatibility at the intersection between grain boundary and twin
band. Specifically, a twin forms under the applied compressive load
and thickens as the nanowire is further compressed. In other words,
a twin thickens because the driving force of axial compression
(giving the resolved shear stress on the twinning system) is able to
overcome the twinning resistance, such as the back stress arising
from the deformation incompatibility at the intersection between
twin band and grain boundary. When the applied compression is
reduced during unloading, detwinning occurs since the resolved
shear stress for twinning becomes less than the back stress for
detwinning. Such back stress can cause the formation of 1/6[111]
detwinning dislocations near the grain boundary, whose glide along
the (112) twin boundary leads to the thinning of the twin band. This
grain-boundary-mediated detwinning process has been observed in
our MD simulations (Supplementary Fig. 3).

In addition to the (110) loading, we observe that deformation
twinning dominates for several other loading orientations tested,
including (100) tension and (111) compression (Supplementary
Fig. 4). However, we find that dislocation slip prevails under (112)
loading, for both tension and compression (Fig. 3 and Supple-
mentary Figs 5-7). Figure 3 and Supplementary Movie 4 show
the dislocation-mediated plastic deformation of a W bicrystal un-
der [112] compression. Initially, the bicrystal is nearly pristine,
without observable dislocations (Supplementary Fig. 5a). Under
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Figure 3 | Dislocation dynamics inside a W bicrystal nanowire under [112] compression. a-c, Sequential TEM images showing the deformation of a W
bicrystal nanowire (21 nm in diameter) under [112] compression, as viewed along [111], exhibiting the nucleation of dislocations and the formation of a shear
band. Dislocations are marked by an upside-down ‘T". d, Analysis of the Burgers vector, b, of a dislocation nucleated from the side surface indicates a
1/2(111)-type mixed dislocation. e f, Sequential TEM images showing the nucleation and expansion of a dislocation dipole under [112] compression.

g, The dislocation density versus the compressive strain; blue arrows indicate the states of deformation shown in the TEM images of a-c. The error bars
represent the variations of dislocation density from repeated measurements. Scale bars in a-¢, 5nm; d-f, 2 nm.

compressive loading, dislocations nucleate simultaneously from
multiple sources, with the estimated shear stress of about 7.2 GPa
on the (101) slip plane (Fig. 3a,b), leading to the yielding of this W
bicrystal. Most dislocations seem to nucleate as dipoles (Fig. 3b),
which are probably half dislocation loops on (101) planes. These
dislocation dipoles are mobile, resulting in their expansion on
the (101) slip planes after nucleation (Fig. 3e,f). Further defor-
mation causes the formation and thickening of a shear band on
the (101) plane, within which the dislocation density is as high as
~2 % 10" m~?, thus generating a large local plastic strain (Fig. 3c,g
and Supplementary Figs 5-6). Incidentally, it has been notoriously
difficult to determine the operative dislocation slip planes in BCC
metals**, and the commonly used visual inspection of slip traces
often caused confusion as to the {110} versus {112} slip*'. In contrast,
our in situ HRTEM experiments enable a direct unambiguous deter-
mination of the active slip plane in BCC crystals—that is, a specific
{110} plane whose activation is presumably due to the large resolved
shear stress. While the recent work by Caillard reported TEM obser-
vations of {110} slip in iron®, our method provides a way to directly
view the active slip planes and is a complementary technique to that
used by Caillard for the determination of slip planes in BCC metals.

To understand the competition between deformation twinning
and dislocation slip, we perform atomistic studies of W single
crystals under (112) loading. In our direct MD simulations, either
tension or compression, deformation is dominated by dislocation
slip, including the nucleation of dislocations from the surface, their
subsequent glide inside the crystal and entanglement with each
other; some dislocations eventually escape from other parts of the
surface under continued loading (Supplementary Fig. 8). While
MD simulations are consistent with experimental observations, one

might still question why dislocation slip is the active deformation
mode under (112) loading, while twinning dominates under other
loading orientations tested, including (110), (100) and (111).

To further investigate the competition between twinning and
dislocation slip, we note that a surface-emanated defect in small
BCC crystals can experience large resistances concurrently from
both the surface and lattice. As a result, even if a surface defect
such as a twin embryo has been emanated at some favourable
surface site, its expansion in the nucleation process, as schematically
shown in Fig. 1h, still has to compete with other modes of defect
nucleation. To explore such competition of nucleation, we create
a twin embryo near the surface of a [112]-oriented W crystal
(Fig. 4a). This embryo belongs to the [111](211) twin system, which
is subjected to the largest resolved shear stress among all possible
twinning systems under [112] compression. During molecular
statics relaxations under various applied stresses, we always observe
the nucleation of individual dislocation loops from the edge of
the twin embryo rather than the expansion of the twin embryo
itself. Similar dislocation-dominated responses are observed when
a twin embryo is created at other surface locations (for example,
Fig. 4b). These results demonstrate that the nucleation of the twin
embryo can be limited by lateral expansion during its nucleation
process under [112] compression. In contrast, for other loading
orientations studied, the twin embryo created at the surface always
forms a complete twin band and then thickens through layer-
by-layer migration of the twin boundary, as seen during [110]
compression (Supplementary Discussion 2). These atomistic studies
clearly demonstrate the surface-nucleation-controlled deformation
mechanisms in nanoscale BCC W crystals; and during (112)
compression, the surface-emanated twin embryos cannot expand
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Figure 4 | Atomistic simulations of the competition between twinning and dislocation slip in a W nanowire under [112] compression. a, Sequential

snapshots (from the left to right) showing the nucleation and expansion of a dislocation loop from the edge of a pre-embedded twin embryo, whose edge is
predominantly perpendicular to the twin shear direction (pink arrow). Atoms are coloured by central symmetry parameters, and those in the perfect lattice
are removed for clarity. b, Similar to a, except that the dominant edge of the twin embryo is parallel to the twin shear direction. In both cases, the expansion
of the twin embryo is suppressed due to the competing nucleation of a dislocation that accommodates the load and results in shrinkage of the twin embryo.

due to the competition of dislocation nucleation. These MD results
also reinforce the notion of a twinning-dominated deformation
mechanism in BCC W nanostructures, except for (112) loading.

Further insights into the competition between deformation
twinning and dislocation slip are gained by an analysis of the
resolved shear stress on the respective twin and slip systems. At
present, there is a lack of established criteria for selecting the
active mode of deformation twinning or dislocation slip in BCC
metals. However, one expects that the resolved shear stress should
play an important role. Table 1 lists the largest Schmid factors
of twinning and dislocation slip for each of the four loading
orientations tested. Under (110), (100) and (111) axial loadings,
the corresponding Schmid factors of twinning are larger by a
finite margin than those of dislocation slip. This is consistent
with the observed twinning-dominated deformation mechanism
in the experiments. However, for (112) axial loading, the Schmid
factors of twinning and dislocation slip are very close, which
implies similar resolved shear stresses to drive twin formation
and dislocation nucleation. In this case, the atomistic simulations
shown in Fig. 4 suggest that the dislocation nucleation is favoured,
possibly due to the difficulty of lateral expansion of the twin embryo.
Nevertheless, a mechanistically based, quantitative criterion for
selecting the deformation twinning versus dislocation slip warrants
further research in the future.

It is worthwhile comparing and contrasting the deformation
mechanisms of FCC and BCC nanostructures. First, mechanical
twinning can become the dominant deformation mechanism in
both BCC and FCC nanoscale crystals at room temperature and
low strain rates. While deformation twinning has been well doc-
umented in FCC nanostructures®*~'¢, our work provides the first
direct experimental evidence of a twinning-dominated deformation
mechanism in BCC W nanostructures. The twinning dominance in
nanoscale FCC and BCC metals arises due to prevalent high stresses
that favour twinning over dislocation slip. However, unlike FCC
metals, twin nucleation in BCC metals is subject to large surface
and lattice resistances. Our atomistic simulations suggest that the

nucleation of twin embryos can be limited by their lateral expansion
under (112) compression, while the vertical twin thickening is rela-
tively easy as it involves the glide of twin interface dislocations with
low energy barriers*. As a result, dislocation slip can dominate over
twinning for certain loading conditions, such as (112) tension and
compression in W nanostructures. Second, dislocation starvation
is typical in FCC nanostructures®, but not always observed in the
BCC W nanostructures. In BCC nanoscale crystals under (112)
loading, numerous nucleation events can occur simultaneously, and
a gradual increase in dislocation density occurs during continual
straining. This difference may play a role in the observed different
strengthening trends in small-scale FCC and BCC single crystals
when dislocations dominate the deformation®®*. Third, deforma-
tion twinning can be pseudoelastic in elemental BCC nanoscale
crystals during loading and unloading, as shown in the present
work. In contrast, while the deformation-induced twinning has been
experimentally observed in FCC nanowires'*', the detwinning
and pseudoelasticity have not been reported so far. It is also of
interest to note that the pseudoelastic deformation has been re-
cently observed in nanoscale shape-memory alloys* and ceramics®.
Pseudoelasticity could allow reversible inelastic deformation, su-
perelasticity, large actuation, energy storage and mechanical damp-
ing in micro/nanodevices under high-load conditions'"***®. Finally,
we comment that the in situ welding technique developed in this
work provides a relatively simple and yet effective means of sample
preparation to facilitate the in situ atomic-scale mechanical testing
of nanostructures. Our work also demonstrates the advantage of in
situ HRTEM deformation experiments that allow the unambiguous
determination of active systems of dislocation slip, which has been
a challenge for BCC crystals'**.

In conclusion, the combined in situ TEM experiments and atom-
istic simulations have revealed that deformation twinning is the
dominant deformation mode in BCC W nanoscale crystals at room
temperature and low strain rates, when loaded along (100), (110)
and (111) directions. Under cyclic loads, deformation twinning
is pseudoelastic. Our in situ TEM experiments also reveal that
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Table 1| Largest Schmid factors on the dislocation slip and deformation twinning systems for the four loading orientations tested

in BCC W nanowires.

Loading orientation Dislocation Twinning Dominant mechanism in experiment
Slip system Schmid factor Twin system Schmid factor

[110] 1/2[111](101) 0.41 1/6[1111(112) 047 Twinning

[112] 1/2[111]1(101) 0.41 1/6[117](211) 0.39 Dislocation slip

[100] 1/2[117]1(170) 0.41 1/6[117](211) 0.47 Twinning

(111 1/2[111](101) 0.27 1/6[111](112) 0.31 Twinning

dislocation plasticity is the primary mode of deformation for (112)  10. Marichal, C., Van Swygenhoven, H., Van Petegem, S. & Borca, C. {110} Slip
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is attributed to the competing nucleation mechanism of defects in 11. Li, L. & Ortiz, C. Pervasive nanoscale deformation twinning as a catalyst for

small-scale BCC crystals. Broadly, our work demonstrates that the ngia;g;i;gr% dissipation in a bioceramic armour. Nature Mater. 13,

combined in situ HRTEM nanomechanical testing and atomistic 12. Huang, L. et al. A new regime for mechanical annealing and strong sample-size
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