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Nanoscale

Abstract: Nanostructured body-centered cubic (BCC) metals exhibit
remarkable mechanical properties under various stress fields, making
them promising candidates for novel micro/nanoelectromechanical
systems (M/NEMS). A deep understanding of their mechanical behaviors,
particularly at the atomic scale, is essential for optimizing their properties
and expanding their applications at the nanoscale. Newly developed
nanomechanical testing techniques inside the transmission electron
microscopes (TEM) provide powerful tools for uncovering the atomic-
scale microstructural evolution of nanostructured BCC materials under
external forces. This article reviews recent progresses in the experimental
methods used in the in situ TEM nanomechanical testing, and the
achievements of these techniques in understanding the deformation
mechanisms of BCC nanomaterials. By outlining the current challenges
and future research directions, this review aims to inspire continued
exploration in the nanomechanics of BCC metals, contributing to the
development of advanced BCC nanomaterials with tailored mechanical
properties.

Keywords: nanostructured BCC materials; nanomechanics; in situ TEM;
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1. Introduction

BCC metals are of great significance in engineering materials and
high-temperature applications, due to their exceptional strength and
thermal stability!. Given the phenomenon of “smaller is stronger”,
nanosized BCC metals are anticipated to outperform their bulk
counterparts in mechanical properties® 7. It has been identified that
nanosized BCC metals have shown excellent performance in
micro/nanoelectromechanical devices and integrated circuits (ICs)®!3. For
example, nanocrystalline tantalum (Ta) has been successfully integrated
into MEMS thermal actuators, where it demonstrates exceptional
performance for mechanical property measurements'!: 14 15 Additionally,
molybdenum (Mo) is being explored as a promising alternative to copper
(Cu) for metal interconnect materials'> '3, However, as the dimensions of
BCC metals decrease, surface and size effects become increasingly
pronounced, leading to deformation mechanisms distinct from those
observed in bulk BCC metals. Specifically, plastic deformation in bulk
BCC metals is predominantly governed by the motion of screw
dislocations!® 17, In contrast, nanosized BCC metals exhibit additional
deformation mechanisms, such as twinning and phase transformation!'s: 1°.
Gaining a deeper understanding of the mechanical behavior of BCC

nanostructured materials, especially at the atomic level, is essential for
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enhancing their properties and expanding their applications in
nanomaterials and devices. However, in BCC metals, such as vanadium
(V), a-iron (a-Fe), niobium (Nb), Mo, Ta, and tungsten (W), the intrinsic
high lattice resistance!® 2° and non-planar core structure of 1/2<111>
screw dislocations give rise to strong temperature and strain rate
sensitivity of the yield strength?!-2°. Furthermore, the outstanding features
of the slip geometry may spread into several planes of the <111> zone?’.
These factors make experimental characterization of BCC metals
extremely challenging. The unique deformation characteristics of BCC
metals, including a limited number of slip systems, low-temperature
brittleness, pronounced strain hardening, and a tendency for cross-slip?*
28,29 further complicate experimental analysis. Molecular dynamics (MD)
simulations dominated the mechanistic insights into atomic-scale
deformation behaviors of BCC nanomaterials for a long time?! 30-38,
Although informative, MD simulations face several limitations, including
the use of excessively high strain rates®®, lack of accurate inter-atomic
potentials®®, and the inability to fully represent veritable crystal
structures*!. To solve these inadequacies, there is an urgent need to
acquire real-time atomic-scale experiments to validate the discoveries,
thereby posing a higher challenge to the development of nanotechnology.

In the recent decade, facilitated by the development of TEM imaging

techniques and nanofabrication technologies, in situ TEM!® 4250 has
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become capable of simultaneous real-time atomic-scale imaging and
quantitative mechanical testing®'-**. In situ TEM provides an intuitive
dynamic process of deformation and it is also possible to tune the
microstructure by using electrical®®, thermal®, and stress fields®’,
improving the understanding of the deformation mechanisms. It has been
found that dislocation, twinning, and phase transformation are key
deformation mechanisms in metallic materials. While there is competition
between various deformation modes, such as between dislocation motion
and twinning at different scales®® >°, these mechanisms are also closely
interconnected. For example, both phase transformation and twinning are
fundamentally influenced by dislocation activity®-%3. Additionally, phase
transformation can facilitate twinning deformation® ¢, and dislocations
can transform into twins>® 667 etc. However, some mechanisms have not
yet been discovered by experiments, such as whether twin or phase
transformation can be transformed to dislocation. Thus, it is necessary to
understand these deformation modes in depth, and reveal the correlations
at atomic scale. This article provides a comprehensive review of the
mechanical testing of BCC metals using in situ TEM, highlighting the
available experimental techniques and summarizing recent progress in
understanding the deformation mechanisms of nanosized BCC metals,
including dislocation behavior, twinning deformation, and phase

transformation (Fig. 1). In addition, future research directions and the
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challenge of in situ TEM studies on nanostructured materials are

discussed.
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Fig. 1 Schematic summary of deformation mechanisms and their

interrelationships in BCC metals by situ TEM.

2. In situ TEM nanomechanical testing techniques

In situ TEM nanomechanical testing involves utilizing functional
holders to perform loading on nanoscale samples while employing TEM
to observe their behave under loading in real-time. TEM holders provide
stable platforms for sample loading or other operations. Nowadays,
various types of holders have been designed for mechanical testing,
ranging from simple motorized holder to those equipped with elaborate
grips. The advanced equipment and technique offer unprecedented

insights into the behavior of materials at nanoscale, which is critical for
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improving their mechanical performances. Here are the most commonly
used techniques:
2.1 Classical tensile technique

The classic tension holder primarily consists of a straining substrate
prepared from a commercially available copper (Cu) film. Samples are
attached to the substrate and then fixed to a pair of pins (Fig. 2a). The
loading is controlled by an electric motor outside the TEM instrument®®.
This technique has a wide range of applicability, allowing the study of
various thin or thinned samples®-’!. In addition to in situ straining at
room temperature, heating or cooling equipment can be incorporated
during loading*. Despite the extreme versatility of this technique, it is
exemplified by observations of dislocation motion’? and grain boundary
(GB) activities’”> 7 that the precision of motor movements is
comparatively insufficient to realize atomic-scale observations of the
microstructural evolution. The classic tension holder commonly uses
twin-jet electropolishing as a sample preparation method. In sample
preparation, selecting an appropriate twin-jet electrolyte and maintaining
an optimal preparation temperature, as well as determining the stress area
for TEM observation are crucial.
2.2 Nanoindentation technique

The in situ TEM nanoindentation technique was first proposed in

1995 and initially applied to investigate the deformation behavior of

7



Nanoscale

silicon (Si) single crystal in 19987°. Nanoindentation is a technique used
to measure the mechanical properties of materials on a micro/nanometer
scale. The basic principle involves pressing an indenter, typically made of
diamond, into the surface of a material while recording the applied force
and the corresponding indentation depth. By analyzing the load-
displacement data, key mechanical properties such as hardness, elastic
modulus, and plastic deformation can be determined’¢-’8. Nanoindenters
are often equipped with load sensors that can complement real-time load-
displacement curves for structural evolution®*, providing more
quantitative data for in situ experiments and analysis. Nowadays,
commercial nanoindenters are widely used to deform metals and
plasticity mechanisms> 7 8 (Fig. 2b). Taking advantage of the
development in sample preparation via focused ion beam (FIB), more
flexible designs of samples have been successfully incorporated into the
in situ nanoindentation experiments, such as nanopillars®!, wedges®, or
H-bars®? (Fig. 2c). However, FIB milling has limitations in sample
preparation, as it can introduce defects like vacancies, interstitials, or
dislocations, potentially impacting experimental results. Annealing can
help minimize these effects®4. In addition to the diverse sample designs,
the shape of the nanoindenter can also be customized to cater to different
loading modes, such as tensile loading® (Fig. 2d).

2.3 MEMS-based techniques
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MEMS-based platforms are widely used in nanomechanical testing®®
87 owing to their capabilities of precise control actuation, independent
load sensing and measurement, while simultaneously allowing
observation at atomic-scale®® . Zhu and Espinosa”® were among the first
to develop a MEMS platform for in situ nanomechanical testing, which is
integrated with the Si platform that is elastically deformable in strain and
a pair of facing pads to attach samples®' (Fig. 2¢). The use of advanced
nanofabrication techniques allows the creation of diverse geometries®: °!-
2 for mechanical testing with high accuracy, which is beneficial for
nanostructure samples with different scales, especially for creating tests
with boundary conditions. However, observing structural evolution at the
atomic scale at high temperature remains challenging. Recently, Han et
al.”? developed a novel MEMS-based high-temperature mechanical
testing stage (Fig. 2f), which allows mechanical testing under temperature
approaching 1560 K and atomic-scale observation. Such multi-field
coupling platform based on MEMS offers opportunities for a more
comprehensive understanding of mechanical properties. However, most
of these MEMS platforms are highly dependent on fairly complex setups,
making their implementation and operation both challenging and costly.
Therefore, avoiding damage to the MEMS structure during transfer and
processing is essential.

2.4 Sequential fabrication-testing technique



Nanoscale

The sequential fabrication-testing technique is based on scanning
tunneling microscopy (STM)-TEM holder (Fig. 2g), where the probe can
be driven by electrostatic deflection or mechanical resonance, enabling
the realization of deformation (tension, compression, bending, or shear)
by effectively manipulating the nanostructures with different sizes*? 3! %4
%, and geometries'® 37 °7 with the atomic resolution. Specifically, the
probe with a piezo-controller as one side of the stage, a bulk metal rod
with nanoscale surface edges'®, semi-copper mesh®®, a gold wire with
nanoscale samples®, a sample fabricated by FIB!®, or atomic force
microscopy (AFM) cantilever’! as the other side of the TEM stage (Fig.
2h). By connecting the sample and probe through the controller via
electric pulse welding'”' or potential-introduced welding!®, various
nanostructures can be fabricated, including single*?, bi-crystal®, and
nanotwinned samples!?? with different sizes and orientations'8. This
technique makes it feasible to study the effects of various material and
geometrical factors on the deformation of nanostructured materials. In
addition to the limitation that the crystal orientation can only be adjusted
in one dimension, the challenges of this technique lie in the pre-
preparation of the sample and the process parameters, for example,
modulation of current voltage for the preparation of single or bi-crystal
nanowires.

2.5 Thermal-bimetallic-based technique

10
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Han et al.!9 developed a novel in situ strain device for TEM (Fig.
21), which can slowly and gently deform single or polycrystalline
materials while retaining the double-tilt capability for performing in situ
atomic-scale observations!®+1%7. This method can even measure regular
samples, including thin-films!® 106 108-110° papnowiress 1. 1127 and
nanoflake!!3-116 assisted by FIB fabrication. The key to this device is
bimetallic strips with different thermal expansion coefficients'%® 7. The
two plates are fixed on a TEM Cu-ring grid, which can be arranged to
bend slowly in opposite directions. As the bimetallic are fixed on the Cu-

ring grid with superglue, the operation temperature is usually below ~

200 °C to avoid superglue evaporation*s.
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Fig. 2 (a) The picture of Gatan model 654 single-tilt straining holder and
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the Cu plate. Reproduced with permission from ref. [46], Copyright 2014,
Elsevier Masson. (b) A Hysitron Picolndenter (P195) holder, the pillar
was compressed by a diamond indenter with a flat punch by the inset.
Reproduced with permission from ref. [53], Copyright 2019, American
Association for the Advancement of Science. (¢) Sketch of the various
types of straining configurations used in the nanoindentation holders,
Reproduced with permission from ref. [46], Copyright 2014, Elsevier
Masson. (d) The microfabricated bridge samples and corresponding
tensile gripper. Reproduced with permission from ref. [85], Copyright
2021, American Association for the Advancement of Science. (e) A
typical MEMS tension device and a secured nanowire. Reproduced with
permission from ref. [87], Copyright 2015, Springer Nature. (f) The
custom-designed in situ thermomechanical TEM sample holder,
Reproduced with permission from ref. [93], Copyright 2021, Springer
Nature. (g) A TEM-STM holder. (h) The illustrations are different types
of samples. (i) A Gatan double-tilt heating holder with two thermal
bimetallic strips tension device installed. Reproduced with permission

from ref. [107], Copyright 2018, Chinese Society of Metals.

The above are the commonly used in situ TEM mechanical testing
techniques, which can be selected for different materials and

experimental purposes. Table 1 provides an intuitive comparison of these
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Table 1 Comparison between different techniques

Loading Common Temperatur Spatial Sample Sample FIB Quantifi-
conditions loading rate e range resolution size type assist cation
Classical tensile . 0.01~1 RT, heating sub- thin ﬁl'm depends
s tensile . nano-scale . nanowire on the no
technique pum/s or cooling micron
nanoplate sample
. sub-
. . tensile .
Nanoindentation sub- micron
o compress 1 ~10 nm/s RT nano-scale . . yes yes
technique . . micron pillar
indentation
nanoplate
MEMS-based tensile 1074~1072 atomic- nano- nanowire
. 0 RT-1200 °C scale, sub- yes yes
techniques compress nm/s scale . nanoplate
micron
Sequential tensile .
AR 4 102 . nano- nanowire depends
fabrication- compress 104~10 atomic- . no
. : RT scale, sub-  nanopillar on the
testing bending or nm/s scale . AFM/yes
P micron nanoplate  sample
technique shear
Thermal- 4 103 . nano- thin film  depends
bimetallic-based tensile 107~10 <80°C atomic- scale, sub-  nanowire on the no
. 106 nm/s scale .
technique micron nanoplate sample

3. Dislocation behaviors in BCC nanocrystals

Dislocation plays a crucial role in the plastic deformation of BCC

materials'?%-122) which effect plasticity in many aspects, including

mechanical responses!®: 123, plastic morphology!?* 125, and plastic

deformation mechanisms!8. Since the mechanical behaviors at small

scales exhibits size-dependent deviations from the classic theories!?®, it is

critical to explore the underlying deformation mechanisms to fully

understand the mechanical properties at small scales. Nonetheless, the

dynamic processes of deformation and failure of nanosized BCC metals

remain poorly understood. In situ TEM mechanical testing provides an

opportunity to directly capture the dynamic dislocation behaviors in the

small-sized samples and thus uncover new deformation mechanisms or
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behaviors that are fundamentally different from bulk metals.
3.1 Dislocation starvation in BCC nanocrystals

Theoretical and experimental studies have indicated that mechanical
size effects are related to dislocation mechanisms and the consequence of
increased surface-to-volume ratios at the nanoscale’* '27. The large
surface-to-volume ratio can facilitate dislocation escape from the free
surface before entanglement. It has been shown that in small volume
face-centered cubic (FCC) metals, mobile dislocations can easily escape
from the free surface, leading to source exhaustion and dislocation
starvation!?%132 Although exhaustion and starvation have been suggested
to exist in BCC metals!'?* 133, they have not yet been observed. When the
diameters decrease to hundreds of nanometers, significant mechanical
annealing occurs in BCC materials'**. Minor et al.!'"” used in situ TEM
nanoindentation to investigate that Mo-alloy nanofibers with preexisting
defects could be mechanically annealed to a dislocation-free state under
tensile loading. By correlating the TEM and stress-strain data, it can be
seen that the first dislocation escaped from the fiber under tension loading
(Fig. 3a), corresponding to a stress of 297 MPa (Fig. 3b), while the
remaining dislocations annihilated at subsequent loading. This result
shows that dislocation starvation occurs in the BCC materials. In
addition, the same behavior has also been observed in compression of q-

Fe (Fig. 3¢, d), Mo and V nanopillars'3#+13¢, As the dislocation starvation
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increases and dislocation sources are exhausted, the flow stress of the
sample increases, leading to hardening. Once dislocation starvation is
complete, the samples yielded catastrophically!'!® 127, However, some
findings suggest that, in BCC pillars, dislocations undergo self-
multiplication rather than annihilation'?”> 137, This is a significant
difference between the dislocation behaviors of BCC and FCC metals. In
FCC metals, dislocations typically nucleate and then escape the pillar. In
contrast, BCC metals can generate multiple new dislocations!3®. Ryu et
al.'* pointed out that there is a competition between dislocation
multiplication and depletion in micropillars, which is related to the strain
rates. Monavari et al.'* showed that both processes are associated with
changes in the volume density of dislocation loops: dislocation
annihilation needs to be envisaged in terms of the merging of dislocation
loops, while conversely dislocation multiplication is associated with the
generation of new loops. These understandings, however, are based on

simulations and need further experimental confirmation.
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Fig. 3 Mechanical annealing behavior in BCC metals. (a) Time series of a
Mo-alloy fiber tilted to the [100] zone axis and loaded at a displacement
rate of 2 nm/s under <001> direction, the dislocations escape from the
fiber. (b) Engineering stress-strain curve of an intermediate dislocation
density fiber that displays both exhaustion hardening and dislocation
starvation. Reproduced with permission from ref. [119], Copyright 2012,
Elsevier Ltd. (c) Still bright-field TEM images showing the deformation
behavior from the in situ nanocompression test on a high dislocation
density with clusters pillar 150 nm in diameter at a rate of 5 nm/s along
the [325] direction displaying the process of mechanical annealing. (d)
Measured stress-time data; the individual still images are indicated.

Reproduced with permission from ref. [134], Copyright 2013, Elsevier
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3.2 Surface-mediated dislocation nucleation

With further reduction of crystal size, the free surface becomes an
effective nucleation site for dislocations in BCC metals!® 113 127. 141 Wang
et al.'® prepared high quality nanowires using sequential fabrication-
testing technique and reported that 1/2<111> -type mixed dislocations
nucleate simultaneously from multiple surface sites with the estimated
shear stress about 7.2 GPa on the (101) slip planes when the BCC W
nanowires are loaded along the <112> direction (Fig. 4a). They pointed
out that most of these dislocations seem to as dipoles (Fig. 4c), which are
probably the half dislocation loops on (101) planes. Dislocations in
dipoles can expand on their slip planes under further loading (Fig. 4d),
contributing to plastic deformation (Fig. 4e, f). Under high strain, the
multiple dislocation nucleation sites changed from the (101) plane to the
(111) plane'#!, forming a preferential dislocation nucleation region and
leading to discrete thickening of the shear band (Fig. 4g-j). The interface-
dominated deformation and thickening mechanism of the shear band may
have been applied to understand the deformation of the other nanosized
structures. In addition, in nanowires of relatively large samples (~45 nm),
Wang et al.'#? directly observed a half-dislocation loop with the Burgers

vector of 1/2<111>{110} was nucleated from the free surface and then
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expanded into the nanowire. The surface intersection point of the
expanding dislocation loop could act as an effective pinning point for
dragging dislocation motion, causing slow rotation of the dislocation line
around the pinning point and escape from the surface under further

straining (Fig. 4k-0).

Fig. 4 Dislocation dynamics inside W nanowires at room temperature
under a strain rate of 10~ s!. (a-f) 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”. (b) Analysis of the Burgers vector indicates a

18
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1/2<111> -type mixed dislocation. (c, d) Sequential TEM images
showing the nucleation and expansion of a dislocation dipole under [112]
compression. Reproduced with permission from ref. [18], Copyright
2015, Springer Nature. (g) Initial morphology of the shear band with
sharp interfaces and atomic-scale steps. (h) Further compression results in
a shear region and surface steps (pointed by the red arrow in (h)). (i) A
dislocation nucleates from the side surface at the shear region interface
(pointed out by the red arrow) and propagates into the crystal. (j) The
propagation of dislocations finally induces a new and stable shear band
interface, leading to the thickening of shear band. The red arrow indicates
the enlargement of surface steps at upper shear band interface.
Reproduced with permission from ref. [141], Copyright 2018, Springer
Nature. (k-o) Dislocation-dominated plasticity in a 45-nm W nanowire
under [110] tension. Under tensile loading, a half-dislocation loop with
the Burgers vector of 1/2<111>{110} was emitted from the surface and
propagated into the nanowire (m), further loading causes the rotation of
the dislocation line around the surface pinning point (n), the dislocation
escaped from the surface of the nanowire (o). Reproduced with
permission from ref. [142], Copyright 2020, American Association for

the Advancement of Science.

3.3 Dislocation-mediated superplastic deformation
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Dislocation-mediated superplasticity has been demonstrated in FCC
metals via mechanisms such as dislocation slip-activated surface creep*?
and dislocation slip on multiple equivalent slip planes!®. In contrast,
BCC metals typically exhibit high lattice resistance and cross-slip,
making these mechanisms difficult to occur!** 145, The above section
reveals that dislocations can nucleate at the surface and escape under
stress. When this phenomenon is sustained, unique phenomena emerge,
such as superplastic elongation on BCC nanocrystals'!3 114, For example,
Lu et al.''® demonstrated that the superplastic elongation strain of BCC
Mo single-crystal nanowires exceeds 127% using thermal-bimetallic-
based technique (Fig. 5a). They proposed a novel plasticity mechanism of
dislocation bubble-like effect, which involves a continuous and
homogeneous dislocation nucleation and annihilation. This superplastic
behavior is highly related to the size and aspect ratio of the nanowires
(Fig. 5b, c). Specifically, they noted that nanowires with diameters
greater than 300 nm exhibit poor plastic elongation, while those with
diameters less than 300 nm demonstrate improve plasticity, particularly
as the aspect ratio decreases (Fig. 5b). In addition, a similar phenomenon
was found in the tensile deformation of Ta nanoplates'!'* (Fig. 5d, e).
These results show that optimizing the structure of BCC metals can

effectively enhance their tensile ductility.
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Fig. 5 The super-plastic deformation in BCC nanowires with a strain rate
of ~10 s! at temperatures below ~60 °C. (a) A continuous series of
bright-field TEM images show the in situ tensile process of a single
crystal Mo nanowire that is 135 nm in diameter with an aspect ratio of
~1:1. The tensile strain is nearly along the [100] direction. (b, c¢) Size
effect and aspect ratio on the plastic strain of Mo nanowires. Reproduced
with permission from ref. [113], Copyright 2016, Springer Nature. (d, )
A series of TEM images of Ta nanowire exhibits as large as 63%
homogenous tensile strain, both the dislocation nucleation and escape
process are detected in (e). Reproduced with permission from ref. [114],

Copyright 2017, American Institute of Physics.

3.4 Dislocation-mediated ductile fracture
Low fracture toughness has long been a widespread limitation of

BCC metals!6 146, 147 which severely limits their practical applications.
y p pp
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Although many theoretical calculations have investigated the relationship
between dislocations and the fracture process'¥-15° to enhance the
fundamental understanding of toughness and brittleness. However, due to
the lack of evidence at the atomic scale, the mechanism of the dynamic
interactions between dislocations and crack propagation is unclear.
Recently, Lu et al'>! performed in situ atomic-resolution observations of
nanoscale fracture in single crystals of BCC Mo using thermal-bimetallic-
based technique. They found that the crack growth process involves the
nucleation, motion, and interaction of dislocation on multiple 1/2<111 >{
110} slip system at the crack tip, resulting ductile deformation (Fig. 6a-g)
rather than brittle cleavage fracture. They pointed out that the dislocation
nucleation at crack tip and the 3D Burgers vector b=1/2[111]{110} or
1/2[111]{110} (Fig. 6d). In addition, crack-tip dislocations can react with
each other to form a dislocation lock with a Burgers vector b=[010](100)
(Fig. 6e). Fig. 6h show the schematic illustration of two 3D-curved
dislocation lines nucleated from the crack tip. These dislocation activities
alternately produce crack tip plastic shearing, leading to crack blunting,
and localized segregation perpendicular to the crack plane, causing crack
extension and sharpening. This result provides insights into the
dislocation-mediated mechanisms of the ductile to brittle transition in

BCC refractory metals.
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Fig. 6 HRTEM observations of the blunting and growth of a crack due to
crack tip dislocation emission at the temperature below 50 °C. (a-g) A
time series of in situ HRTEM images showing crack growth in a Mo
nanocrystal, dislocations nucleation, motion and interaction at crack tip,
which give rise to an alternation sequence of crack tip plastic shearing.
(h) Schematic illustration of two 3D-curved dislocation lines nucleated
from the crack tip. The two branches of the pink dislocation line are on
slip planes I and III and share the common slip direction [111]. The two
branches of the red dislocation line are on slip planes II and III and share
the common slip direction [111]. Reproduced with permission from ref.

[151], Copyright 2023, Springer Nature.

4. Twinning deformation in BCC nanocrystals
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Deformation twinning is an effective way to achieve ultrahigh
strength>!- 152 good ductility'>, and fatigue resistance'**, etc. However,
deformation twinning in BCC crystals usually occurs under high strain
rates'> or low temperature!>® 57 in bulk materials. Although numerous
theoretical and experimental studies have made progress on the
understanding of BCC deformation twinning!*%-190 the atomic-scale
analysis is still lacking. In small-scale BCC crystals, dislocations and
twins become competing deformation modes at room temperature and
low strain rates. Twinning could dominate when its nucleation from the
surface is easier than that of a dislocation. Based on the sequential
fabrication-testing technique, Wang et al.!® reported the first direct
observation of deformation twinning in W nanocrystals with diameters
below 20 nm during in situ compression along the <110> direction (Fig.
7a-f). The twin embryo nucleates from the GB or surface, the shear stress
is about 9 GPa on the {112} plane. Such deformation twinning is
pseudoelastic, and detwinning occurs during unloading. Statistical
investigations revealed an evident orientation, size and loading direction
dependence of the competition between deformation twinning and
dislocation-dominated plasticity>* 8 144,161,162 The formation of twinning
leads to a change in structural orientation, which can have a significant
change on the properties of the metals, such as electro-conductivity>4.

The researcher found that the twin deformation itself is also affected

24
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by size, in addition to the size-mediated transformation of the
deformation mode. Zhong et al.® revealed the emergence of nucleation-
and growth-controlled twinning deformation at different sizes. When the
sample is larger than 15 nm in diameter, the deformation exhibits the
reluctant twin growth, i.e., the twin growth requires a further increase in
stress to achieve twinning, exhibiting growth-controlled deformation
twinning (Fig. 7g-j). In contrast, decreasing the diameter below 15 nm
avoids reluctant twin growth and leads to nucleation-controlled growth
(Fig. 7k-m). The twin structure can quickly get through the cross section
of nanocrystals, enabling fast twin growth via the facile migration of the
twin boundary (TB). This deformation model difference is associated
with the formation of a finite-sized twin structure in relatively large
nanocrystals. The screw dislocation-mediated twin nucleation and growth
process is further revealed by MD, which shows that screw dislocation
can transform into three 1/6<111 >{112} twinning partials on successive
{112} layers when stress increased (Fig. 7h). After the twin embryo is
produced, the cross-slipped dislocation became three twinning partials on
successive {112} layers on a coherent twin boundary (CTB)*, resulting
in the thickening of the twin. This result reveals a close correlation
between dislocations and twins. The leading edge of this growing twin
embryo consists of twinning partials aligned on successive planes,

forming an inclined TB. The formation of inclined TB also leads to the
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creation of large amounts of Moir¢ fringes (MF) in the nanowire (Fig. 7).
The formation of dominant inclined TB with respect to the twinning
plane is also a distinguishing feature in BCC metals compared to FCC!®3
164 One possible reason is the double cross-slip-assisted twinning
mechanism'>®. Additionally, unlike high glide velocity of twinning
partials in FCC metals, the propagation of twinning partials in BCC
metals is very slow, which may also play a key role in formation of the
inclined TB. It has been found that the presence of such inclined TB with
high interfacial energy that provides the driving force for spontaneous
detwinning after stress unloading>* 16>,

Geometric analysis further suggests an anti-twinning mechanism
under the reversed loading along the <110> direction'#?, the unit slip on
the (112) plane along 1/3[111] dislocation (Fig. 7n-r). This discovery fills
a gap in the academic knowledge of anti-twinning behavior and breaks
the inherent perception of the plastic deformation behavior of BCC
metals. In addition, twinning deformation has also been studied at
atomically resolved in coarse BCC materials. The twin lamellae were
observed growing inside crystal grains by extruding out of and then
expanding with bulges on coherent {112} TBs!%. Since the entire growth
process occurs within crystal grains, the influence of the free surface is
effectively eliminated. The twin growth process can be described by a

self-thickening mechanism driven by dislocation reactions. This growth
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process provides insights into deformation twinning in bulk BCC metals.

Fig. 7 Mechanistic insight into the deformation mechanism in BCC
metallic nanocrystals at room temperature under a strain rate of 103 s!.
(a-c) Sequential TEM images showing deformation twinning in a W
bicrystal nanowire (15 nm in diameter), which is loaded along [110] and
viewed along [110]. (d, ) Fast Fourier transform pattern of the pristine W
bicrystal and the deformation twin. (f) Magnified TEM image showing

the deformation twin. Reproduced with permission from ref. [18],
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Copyright 2015, Springer Nature. (g-j) Reluctant twin growth in a 23-nm-
diameter Ta nanocrystal, twin embryo (inset in h) shows a minimum
thickness of six (112) layers at the twin tip. HRTEM image of the
deformation twin containing a high density of dislocations. MF were
found at both the top and bottom TB (j). (k-m) Large ductility via facile
twin thickening in sub-15-nm Ta nanocrystals. Reproduced with
permission from ref. [66], Copyright 2024, Springer Nature. (n-r) TEM
images showing the deformation-induced anti-twinning in a W bicrystal
nanowire (~16 nm in diameter) under [110] tension. Reproduced with
permission from ref. [142], Copyright 2018, American Association for

the Advancement of Science.

5. Phase transformation mediated deformation

In BCC materials, phase transformation plays a critical role in
mediating deformation under various stress conditions!'®> 167 168 This
transformation mechanism enables the material to effectively
accommodate external loads, particularly under some extreme conditions.
For example, omega (®) phase transformations and hexagonal
(a")/orthorhombic (") martensitic transformations have been observed in
BCC alloys under shock loading®» 1, In addition, several phase
transformation paths have been predicted, such as BCC-to-FCC!4% 170, 171

BCC-to-hexagonal close-packed (HCP)!7> 173 BCC-to-face-centered
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tetragonal (FCT)!74, BCC-to-face-centered orthogonal (FCO)!'®. Phase
transformations lead to fundamental structure changes and may
dramatically affect the mechanical properties of metals. In recent years,
phase transformation has been experimentally validated at the atomic
scale during mechanical loading in BCC nanostructures. Wang et al.!®
showed a sequential phase transformation process at a crack tip of Mo
thin film at room temperature using a Gatan model 654 straining holder.
At the crack tip, the structural transformation was accompanied by shear
deformation from an original <Q(01> -oriented BCC structure to a
<110> -oriented FCC lattice, and then reverted into <111> -oriented
BCC domains (Fig. 8a-f). There were two main reasons for the
transformation, on one hand, the extremely high applied shear stress (>7
GPa) could drive the lower energy-state BCC Mo into the high-energy-
state FCC Mo; on the other hand, the crack occurred in (010)< 001>, and
avoided the twinning relationship in (112)<111>. This phase
transformation is often observed during deformation of nanosized BCC
metals!'!3 115 14 Such sequential phase transformation can induce
significant lattice rotation to accommodate the plastic deformation of
BCC metals. Recently, a new transformation for BCC-FCO has been
revealed at room temperature using thermal-bimetallic-based
technique!'S. It is pointed out that phase transformation can be achieved

via lattice shearing and shuffling. Although phase transformations are
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activated under high stresses, and the loading orientation can influence
the transition path and resulting phase type. The authors showed that the
FCO-structured Mo is a stable phase with a relatively low energy barrier
when shear stress is applied along the <110> direction. In contrast, FCC
Mo has a high energy barrier, making phase transformation challenging
to achieve even under the appropriate loading orientation. With advances
in high-temperature in situ nanomechanical testing techniques, Han’s
group”® captured the phase transformation process of BCC W at a
temperature of 973 K using MEMS-based techniques with a strain
resolution of ~107%. Atomically resolved images of the crack tip
successfully confirmed a new insight into the [100]gcc — [110]rcc
transformation path (Fig. 8g-m). Up to now, many other phase
transformations have not been directly verified experimentally. In
particular, phase transformation of BCC materials under extreme
conditions, such as cryogenic®, may need to rely on more advanced
experimental techniques. At the same time, the fundamental
understanding and better control of deformation-induced structure
transition are essential to improve the mechanical performances of BCC

nanomaterials.

30

Page 30 of 49



Page 31 of 49

Nanoscale

{ 1?;!)::02. &
Yin X

(110)
(AT

(000)

. BCC [001]
FCO [401]

1] =@

= [100] L_. [071]

L
c
o 0 0 O o
c
o

BCC — FCC

o
FCC

®--0---0
o o L] (4] [
i Vs e

[110] I_.[ﬁz] °
Fig. 8 Phase transformations in BCC nanocrystals. (a) Atomic-resolution
HAADF-STEM image showing regions I, II, and III with different crystal
structures or orientations. Atoms adjacent to the boundaries between the
regions are represented using different colors: blue for the original
<001> -BCCI region, red for the <110> -FCC region, and green for the
<111>-BCC2 region. (b) The electron nano diffraction patterns from
regions I, II, and III, respectively. Reproduced with permission from ref.

[19], Copyright 2014, Springer Nature. (¢, d) HRTEM characterization of

FCO lattice and the corresponding FFT pattern. (e¢) The three and two-
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dimensional atomic models corresponding to the initial BCC structure,
two transition structures, and the final FCO structure of Mo. Reproduced
with permission from ref. [116], Copyright 2020, Taylor and Francis Ltd.
(g) A TEM bright-field image of the sample at the moment when a crack
was initiated upon tensile deformation at 973 K. (h) A HRTEM image of
the region around the crack tip. (i-1) Time-resolved HRTEM images of
the region within the white box in b showing BCC-FCC phase
transformation at the crack tip. (m) A crystallographic schematic of the
BCC-FCC phase transformation by habit plane shear of the lattice.
Reproduced with permission from ref. [93], Copyright 2021, Springer

Nature.

6. Multiple modes mediated deformation

It has been found that all these deformation modes mentioned above
are correlated with each other. On the other hand, due to the change of
nanowire orientation by dislocation slip, twinning or phase
transformation, which can excite other deformation modes during
subsequent deformations. Therefore, the deformation process tends to be
a coordinated deformation of multiple modes rather than a single
deformation mode. Using sequential fabrication-testing technique, Wang
et al.!* uncovered a unique deformation mode on Nb nanowires that can

activate phase transformation, deformation twinning, and dislocation slip
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under stress (Fig. 9). The occurrence of the phase transformation (Fig. 9b)
leads to a change in the orientation of the nanowires, and the newly
obtained orientation produces twin deformation upon further loading
(Fig. 9¢). The dislocation slip-induced change in orientation enables more
uniform elongation of the nanowires (Fig. 9d-f). The synergistic effect of
these deformation modes leads to a remarkable elongation of more than

269% before fracture in Nb nanowire (Fig. 9g).

Fig. 9 Deformation-induced multiple reorientations and superplastic
deformation in an Nb nanowire at room temperature with a strain rate of
1073 s'1. (a) The pristine Nb nanowire with a diameter of ~13.7 nm and a

length of ~13.9 nm. We applied tensile loading along the nanowire axis
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of the [031] direction. (b) Phase transformation induced reorientation via
a two-step BCC-FCC-BCC transition pathway, resulting in a change of
the zone axis from [100] to [111] and the nanowire axis from [031] to [12
1]. (c) Twinning-mediated second reorientation of the Nb nanowire,
resulting in a change of the nanowire axis from [121] to [011]. (d-f)
Correlated reorientations via the slip-induced crystal rotations in the
subsequent deformation. (g) After multiple reorientations, the length of
the nanowire elongated from 13.9 to 51.3 nm before necking localization,
corresponding to a uniform elongation of ~269%. Reproduced with
permission from ref. [144], Copyright 2018, American Association for

the Advancement of Science.

7. Summary and prospects

This review provides a comprehensive overview of in situ TEM
nanomechanical testing techniques and their application in uncovering the
deformation mechanisms of BCC nanocrystals. The discussion begins
with key nanomechanical testing methods, including classical tensile
techniques, nanoindentation, MEMS-based approaches, sequential
fabrication-testing techniques, and thermal-bimetallic methods, each
offering unique insights into material behavior under different conditions.
Then, key deformation mechanisms in BCC nanocrystals, including

dislocation activities, twinning deformation, phase transformation-
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mediated deformation and the complex interplay between different
mechanisms are concluded, emphasizing how in situ TEM has captured
their dynamic evolution at atomic resolution. In the following, we will
further discuss future challenges and potential opportunities for
advancing in situ TEM techniques and their application in studying
nanomaterials.

1. The recent advance in TEM techniques, more importantly, ultrahigh-
resolution imaging TEM!7> and event-responsive TEM!76, have made
it possible to observe the internal structure of different materials,
including beam-sensitive materials, at a much higher resolution, and
thus relate the properties of the material to the individual atoms!”> 177,
The ultrafast camera for electron detection and data recording is also a
key technique!”® 7. The combination of these techniques is expected
to push the limit of the in situ experimental mechanics to the sub-
angstrom and millisecond scales, providing new opportunities to
capture the ultrafast defect motion in nanostructured materials.
However, the use of these technologies has meant an eruption of data
in in situ TEM experiments. It is expected that Artificial intelligence
(AI), machine learning and deep learning, can automate feature
detection, classification, and tracking in TEM data!8°

2. Environment TEM provides a new opportunity to simulate the

environment to study the deformation of materials under different
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conditions'®!- 182 such as controlled temperature!83 134 atmosphere!8>
186 etc. For example, Shan et al. have done extensive research on the
behavior of metals in different atmospheres!'#6-1%, At the same time,
under high temperatures, the dynamic activities are always affected by
thermal perturbations at elevated temperatures!®’, especially, the effect
of hot electrons and thermal drift preventing atomic-scale observation
and imaging. Thus, the testing platforms need higher capabilities
including high-temperature accurate heating components, mechanical
test systems, displacement drives, and multichannel signal
transmission'®!> 192, Low-temperature environments, typically achieved
by cooling to liquid helium or liquid nitrogen temperatures, are widely
used in classical tensile techniques to study dislocation behaviors!'?®
193 Consistent with room temperature conditions, nanoscale BCC
metals may be more susceptible to twinning and phase transitions at
low temperatures due to elevated stress levels. The interaction of these
mechanisms may enhance the strength and ductility of BCC metals at
low temperatures.

. Three-dimensional (3D) technology, such as electron tomography, has
a huge advantage over two-dimensional (2D) projections on
characterization for dislocations, domains, phase structures, and
amorphous structures>® 14 195, Especially in the last two decades, the

development of advanced recording devices and aberration-corrected
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electron microscopy, pushes the resolution of electron tomography to
the atomic level'®. This is of great significance for the
characterization of some structured materials, such as TB1>4 197199 and
GB%. 200202 Recently, Huang et al.?®® tracked the rotations of
individual grains in nanograined nickel by using 3D orientation
mapping in TEM before and after in situ nanomechanical testing.
They found that many of the larger-size grains underwent unexpected
lattice rotations. These results provide insights into the fundamental
deformation mechanisms of nanograined metals and will help to guide

strategies for material design and engineering applications.

. Crystal structures have a great influence on mechanical properties®!

204" 50, understanding the deformation of different structures is of
certain guiding significance for the controllable preparation of
nanomaterials with special structures. For nanotwinned materials, such
as twin-twin intersection mechanical behavior'®? and 3D nanotwins?%
showed high strength coupled with high ductility and continuous
strain hardening. Besides, structural materials adopted in practical
applications usually take advantage of a combination of multiple
elements (such as alloys?%% 2°7) and complex microstructures (such as
multiple phases?®®, hierarchical structures'¢* 2%, and metallic glass?!?).
Therefore, revealing the deformation process of materials with

different nanocrystal structures can help to design materials with
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excellent mechanical properties.

5. Quantitative measurement of nanoscale mechanical properties is
challenging. Currently, most reported mechanical properties are
achieved from MD simulations'® '°, which lack experimental data.
Although AFM cantilever have been integrated into MEMS?!!, the
transfer process can introduce damage or surface contamination!3# 212,
Therefore, machining customized AFM cantilevers is beneficial for
achieving accurate testing of mechanical properties. For instance,
employing a sequential fabrication-testing technique to customize
cantilevers from various materials enables both high-quality nanowire
preparation and accurate measurement of mechanical properties.

6. In addition, some emerging fields such as nanotribology urgently need
to understand the characterization of interfaces through in situ TEM?!3-
215, Wang et al.?!* unveiled the atomic-scale friction of a single W
asperity in real time through the HRTEM investigation of a
nanocontact in countermotion. Compared to macroscopic tribology,
the construction of these in situ experiments to elucidate the dynamics
of atomic friction not only helps to explain friction mechanisms on an

atomic scale but also guides in atomic-scale manufacturing.

In conclusion, in situ TEM nanomechanical testing have achieved

important results in revealing the deformation mechanism of nanosized
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BCC materials, which is of great significance in enriching the study of
metal deformation mechanisms. These in situ investigations in turn
provide valuable guidance for the realization of high-quality
nanostructures and M/NEMS by inducing structural design in a controlled
manner. In the near future, we believe that the in situ mechanical TEM
method will continue to evolve, offering unprecedented capabilities to
resolve dynamic processes in advanced materials in more realistic
environments. Thus, it can offer promising possibilities for practical
applications, which is more in line with the importance of scientific

research.
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