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Abstract

Characterizing the mechanical properties of nanomaterials (NMs) has always been a challenge for researchers due
to their size effect and the difficulty of sample manipulation. In recent years, researchers have integrated scanning
tunneling microscopy, atomic force microscopy and other techniques into transmission electron microscopy
(TEM); thereby, advanced in-situ TEM nanomechanical measurement techniques for NMs have emerged. The
study of mechanical properties using in-situ TEM allows a direct correlation among mechanical properties, atomic
structures, and their dynamic processes. However, systematic reviews on these in-situ TEM measurement
techniques, their working principles, and the corresponding results obtained by these methods are still limited. This
review introduces the basic principles of recently developed in-situ TEM techniques (including TEM-atomic force
microscopy and TEM-microelectromechanical systems), the features of these measurement techniques, the
research progress in characterizing the mechanical properties and deformation behaviors of NMs by the in-situ
TEM, and the influence of surface effects and defects on the mechanical properties of NMs. In perspective, several
challenges regarding improving the in-situ TEM technique and analyzing the in-situ TEM data are addressed.

Keywords: Nanomaterials, in-situ transmission electron microscopy, mechanical properties, plasticity, Young's
modulus
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INTRODUCTION

Nanomaterials (NMs), as the fundamental building blocks of the future nanoscience and nanotechnology,
have attracted much attention"”. They usually exhibit unique and novel physical and chemical properties
such as excellent electrical and thermal conductivity, controllable magnetic, optical and catalytic properties,
etc., which endows them promising potentials as nanoscale interconnects and active elements in various
applications such as optical electronics and micro/nanoelectromechanical systems (MEMS/NEMS)®*.

Among these physical and chemical attributes, the mechanical characteristics of NMs have attracted
particular interest due to the inevitable external forces and deformations during their applications.
Furthermore, since these features could be modulated by the strain, understanding the mechanical
properties of NMs is crucial for the optimal design, expected performance, and reliability of
nanodevices"**. Due to the ultra-small size and large surface-to-volume ratio of NMs, surface effects and
quantum confinement appeared, and thus, the mechanical properties of NMs are much different from their
bulk counterparts, and many unexpected behaviors have emerged”*”. The study of nanomechanics has also
been one of the hot topics of research.

At early stages, the computational and theoretical approaches were mainly applied to explore the
mechanical properties of NMs due to the limitations of the experimental equipment*. Although the
theoretical result shows that they have unique mechanical properties, this issue remains unclarified. For
example, the Young's modulus of face-centered cubic (FCC) metals (e.g., gold (Au) and copper (Cu)) has
been reported to increase with decreasing size at 0 K, whereas it declines with size reduction at room
temperature”’. Molecular-dynamics (MD) simulations and first-principles calculations can predict the NM
deformation process by obtaining stress-strain curves; for instance, the transformation of atomic
configuration of ultrafine Au nanowires with a cross-section of seven atoms is predicted to be related to the
stretching direction during plastic deformation®. However, the calculated results strongly depended on the
chosen parameters, such as the exchange-correlation functional or quasi-potentials, thus sometimes
inducing contradictory results. For example, Zhou et al. investigated the size effect on the Young’s modulus
of Cu by using a combination of molecular statics and ab initio calculations; however, they obtained the
different behaviors when using the different potentials. Specifically, as the size decreases, the materials
become stiffer when using embedded atom method (EAM) potential but get softer when choosing the
Lennard-Jones potential®’.

With the continuous development of advanced microscopy techniques, including experiments using
scanning tunneling microscopy (STM)"”, atomic force microscopy (AFM)*"*”, and scanning electron
microscopy (SEM)", experiments have been designed to investigate the special mechanical properties of
NMs. Wu et al. reported that the Young’s modulus of Au nanowires is independent of the diameter when in
the range of 40-250 nm using an AFM-based method"”*. The mechanical properties were measured using a
cantilever to bend Au nanowires at the middle, with both ends of the nanowire fixed. Hoffmann et al.
measured the average strength of silicon (Si) nanowires with diameters between 100 and 200 nm before
breaking by integrating an AFM setup inside a SEM, which is 12 GPa (about 6% of the Young’s modulus of
Si along the nanowire direction)™. Frequency modulation methods have been developed to investigate the
mechanical properties of NMs, such as the gradient of force (force constant or so-called spring constant)
which can be measured from the shift of the resonance frequency of the force sensor**®. In addition, a
mechanically controllable break junction (MCBJ) system combined with a tuning fork as a force sensor can
also be used to investigate the mechanical properties of platinum (Pt) nanocontacts and atomic chains by
Shiota et al.”. However, obtaining structural information of the NMs, such as the crystal orientation, defect
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and atomic arrangement, is challenging for these methods. Therefore, the elucidation of the
nanomechanics, which strongly depends on the atomic configurations, is blocked. In addition, the dynamic
processes of structural evolution and atomic migration, which are crucial for the plastic deformation and
fracture processes of materials, are also difficult to detect with the above methods.

In recent years, in-situ transmission electron microscopy (TEM) techniques have attracted much attention
due to their ability to easily manipulate NMs and directly observe their mechanical behavior at the atomic
level. The advantages of this novel approach allow it to be used to investigate the crystal structure-
dependent mechanical properties of materials at the nanoscale and further underlying mechanisms of
related devices"**. Meanwhile, the various modes of in-situ nanomechanical testing of NMs, including
bending”, uniaxial loading*”, nanoindentation'*, etc., have been developed. Although NMs possess small
sizes, the in-situ TEM technique has shown its advantages in establishing their property-structure
relationships from their basic behaviors to atomic-level mechanisms. Figure 1 illustrates the in-situ TEM
methods including TEM-STM, TEM-AFM, strain devices, MEMS, and nanoindentation & gripper',
which are used to study the mechanical properties and the main research targets such as the elasticity,
plasticity and friction of the NMs!***"=4,

In this review, we will survey the recent advanced research progress on the mechanical properties of NMs
using in-situ TEM methods. Section "TECHNIQUES FOR in-SITU NANOMECHANICAL
MEASUREMENT" describes the basic principles of different in-situ TEM mechanical testing techniques
and their characteristics in measuring nanomechanics. Section "MECHANICAL PROPERTIES OF
NANOMATERIALS" reviews the main mechanical properties and behaviors of NMs that can be studied
using the above mentioned in-situ TEM techniques. Section "FACTORS INFLUENCING THE
MECHANICAL PROPERTIES OF NANOMATERIALS" summarizes the factors affecting the mechanical
properties of NMs such as surface effects and defects. Section "SUMMARY AND OUTLOOK" provides a
brief summary and outlook on future research directions.

TECHNIQUES FOR /IN-SITU NANOMECHANICAL MEASUREMENT

With the rapid development of experimental instruments, people have begun to explore the mechanical
properties of NMs based on new testing techniques. Various measurement instruments, such as STM, AFM,
MEMS, etc., have been integrated into TEM sample holders. The suitability of different techniques was
organized in Table 1, and the detailed information such as the advantages and limitations of the related
techniques for the mechanical measurement of NMs are introduced later.

TEM-STM

As shown in Figure 2A, STM" is an instrument based on the tunneling effect between an atomically sharp
metal tip and a sample surface, which can record images from 100 pm to a few nanometers. A metal tip,
whose position was adjusted by a piezoelectric actuator, was scanned across the sample surface. A feedback
loop adjusted the voltage applied to the piezoelectric actuator to keep the tunneling current constant and
record the height to obtain the image. Researchers incorporated the STM probes and piezoelectric actuators
into the TEM holders for studying the mechanical properties of NMs. Since the position of the STM probe
can be precisely controlled by the piezoelectric ceramics down to the picometer scale, it is possible to
deform the material by compression, bending, etc., with the STM probe. The material structure during
deformation is analyzed with TEM images or diffraction patterns. In addition, since a current can be applied
to the sample through the STM probe, the TEM-STM technique can also be used to analyze the relationship
between the electrical or electromechanical properties of a material.
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Table 1. The introduction of various in-situ TEM methods in major mechanical loading mode, advantage and disadvantages, suitable
sample size, and major study target

In-situ TEM Major loading Advantages and disadvantages Suitable sample size Major study
method mode target
TEM-STM Tensile, compress, Simple sample preparation, multiple loading From a few nanometers to  Plastic
shea'r, complex methods, cannot obtain force signal, difficulty in several hundred properties
loading tilting the sample nanometers
TEM-AFM Tensile, compress, Multiple loading methods, could obtain force From a few nanometersto  Plastic
shear, complex signal, difficulty in tilting the sample, data analysis several hundred properties
loading difficulty nanometers Elastic
properties
Strain device Tensile Simple sample preparation, double tilt, less loading From tens nanometers to Plastic
mode, cannot obtain force signal micrometers properties
TEM-MEMS Tensile, compress, Multiple loading methods, could obtain force From hundreds of Plastic
shear, complex signal, double tilt, complex sample preparation nanometers to micrometers properties
loading Elastic
properties
Nanoindentation & Tensile, compress Simple sample preparation, could obtain force From hundreds of Plastic
tensile gripper signal, less loading mode, difficulty in tilting the nanometers to micrometers  properties
sample Elastic A
properties

Note: the italic and bold fonts in the table reveal the disadvantages of various in-situ TEM methods.
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Figure 1. Current advanced in-situ TEM nanomechanical testing setups include TEM-STM, TEM-AFM, strain device, MEMS, and
nanoindentation & grippert*®*”. The main research targets such as the elasticity, plasticity and friction of the NMs could be performed
using the above methods™®*"**. Reproduced with permission from 2011 ACS publications'*”,2021 Springer Nature™®,2021 The
American Association for the Advancement of Science™”’, 2019 Elsevier™®®’, 2011 ACS publications[491,2016 Elsevier™ 201 Wiley-VCH
GmbH™",2019 ACS publications™”, 2022 Springer Nature™, and 2015 Springer Nature™.

To facilitate sample mounting, the movement of the STM probe usually consists of a coarse motion part and
a fine motion part. Figure 2B shows a common design of the TEM-STM holder, which consists of a
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Figure 2. (A) The working principle of STM. Reproduced with permission[SSJ.Copyright 2004, Elsevier. (B) Schematic illustration of the
side-entry holder and its STM head with a three-dimensional coarse motion mechanism. The inset shows the in-situ selectively
approaching process of a gold tip to a carbon nanotube with 20 nm in diameter. Reproduced with permission™. Copyright 2003, AIP
publications. (C) Top view of an optical image of a two-probe STM holder consisting of chromel and constantan piezo-driven probes and
a thinned TEM specimen supported on a tungsten base. Reproduced with permission[sﬂ.Copyright 2018, Elsevier. (D and E) Photograph
of the new STM holder designed for UHVTEM (JEM-2000VF) and the electronic circuit used for the conductance measurement.
Reproduced with permission™®. Copyright 2003, Elsevier. (F) Photographs and schematics showing the design of the double-tilt in-situ
TEM holder. Reproduced with permission'®”. Copyright 2018, Elsevier.

sapphire ball fixed to a tube piezo, and the STM probe was connected to the sapphire ball by the springs.
The probe can perform coarse motion in three dimensions, which is based on the stick-slip principle and is
realized by applying sawtooth voltage pulses to the tube piezo". Based on such a holder, some other
holders with diverse functions have been developed, as shown in Figure 2C, which has two STM probes for
multifunctional applications”””. As shown in Figure 2D and E, Oshima et al. have designed a miniature STM
system that was combined into TEM* to achieve high-resolution images at ultra-high vacuum TEM
(UHV-TEM, JEM-2000VF). A metal wire was placed in an intermediate position between the electrodes of
the STM holder and then slowly stretched by a piezo actuator until the wire broke in the etched area and
formed two metal electrodes. Electron beam irradiation was further employed to thin the suspended
nanowires"”. Conductivity measurements were made by source measure unit, and synchronization between
the TEM and conductivity measurements was achieved using a personal computer clock. Xu et al. have
developed a seal-bearing double-tilt TEM-STM holder in which the coarse motion of the STM probe is
controlled by a long rod and the fine motion is regulated by a piezoelectric tube piezo [Figure 2F].

Due to its simple structure, easy manipulation and sample preparation, TEM-STM is widely used to explore
the mechanical properties of NMs. The development of multifunctional TEM-STM holders has also greatly
extended their application possibilities. The biggest challenge of this method is that the force signal during
deformation of a material cannot be measured using the current strategy. Therefore, it is difficult to conduct
quantitative analysis on the mechanical properties of the NMs such as the Young’s modulus and yielding
point, etc.
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TEM-AFM

AFM, which enables the detection of the force between the probe and the sample at the pico-Newton level,
is one of the most important tools for characterizing the material properties. Depending on the mode of
operation, it is usually classified into contact- and non-contact modes. The working principle of the contact
mode AFM" is to detect the force by measuring the deformation amount of a cantilever beam when the
probe is attached to the free end. As shown in Figure 3A, the most common technique currently used to
measure the amount of bending is the optical lever method. According to Hooke's law, the force magnitude
acting between the probe and the sample is proportional to the deformation amount of the cantilever beam.
The AFM microcantilever, which is made of single-crystal Si or Si,N, and has a conical tip near its free end,
is used for probing the sample surface through intermolecular forces. It can be used for lateral bending of
the sample and determining the elasticity constants and thicknesses of thin films*’. When contact mode
AFM is combined with TEM, the amount of deformation of the cantilever beam is usually determined from
observations in the TEM, as shown in Figure 3B"*. Furthermore, some researchers have mounted a self-
sensing cantilever AFM probe into a TEM holder, where the self-sensing of the AFM cantilever probe is
realized by a Wheatstone bridge [Figure 3C].

In contrast to the contact mode described above, non-contact mode AFM, typically working with the probe
separated from the sample, has also been used to investigate the mechanical properties of NMs. Different
from the contact mode AFM that can directly measure the force, the non-contact mode AFM obtains the
force gradient (so-called spring constant), which could be calculated from the shift of the resonant
frequency of the sensor'®. Since the force response was obtained by modulating resonant frequency, non-
contact mode AFM is also called frequency-modulated AFM (FM-AFM)'’. Four types of sensors are
commonly used in FM-AFM: cantilever, tuning fork, Q-plus, and length extension resonator (LER)"**. The
sensor works on the principle of the piezoelectric effect, where strain is generated when the sensor vibrates.
The surface charge generated by the strain is collected by a metal electrode. The induced charge is converted
into a voltage by a charge amplifier to provide information such as phase and amplitude to determine the
resonant frequency of the sensor, as shown in Figure 3D. Based on a quartz tuning fork (QTF), the Q-plus
sensor is a further development. As shown in Figure 3E, Q-plus is a quartz cantilever with a larger size than
micromachined silicon cantilevers, which is suitable for mounting with various tips'*”. Recently, an in-situ
TEM holder using a quartz LER as a force sensor has been developed by Zhang et al. to study the size/crystal
orientation-dependent mechanical properties of various NMs*”, The LER is a kind of non-contact mode
AFM sensor with high stiffness, which can reduce the oscillation amplitude, enabling researchers to obtain
atomic resolution TEM images during the force measurement. The used in-situ TEM holder is shown in
Figure 3F. Employing it makes it possible to observe the atomic structure of NMs by TEM and precisely
measure the mechanical response using force sensors simultaneously.

In summary, contact mode AFM can directly measure the applied force on nanocontacts, whereas the non-
contact mode AFM provides the force gradient (spring constant). The choice of AFM modes depends on
the measurement requirement and sample condition. For example, contact mode AFM is convenient for
studying the plastic deformation properties and it is possible to measure the yield or fracture stress of the
NMs by directly measuring the force. Conversely, non-contact mode AFM is more suitable for investigating
the elastic properties due to the easy evaluation of elastic response from directly measured spring constant
and elastic constant. To quantitively analyze the elastic or plastic properties of the materials, the force signal
should be combined with the captured structure evolution of the NMs. These structural evolutions are
usually recorded in high-resolution videos and require frame by frame analysis, leading to a heavy work of
data analysis.



Liu et al. Microstructures 2024;4:2024055 | https://dx.doi.org/10.20517/microstructures.2023.109 Page 7 of 30

AL B

j \
[ — 2 0.3mm 32600 32620 32640 32660 32680 32700 32720 32740
pogo-block / positioning & f(Hz)
y o
U R—a .
FoRlre@Ery 4 b
[¢]
LI k\ ) z — . wmonchipresistors Charge
v o-tit ~ Amplifier
| sample i =
holder rame 555" Signal amplifying i
; D —
- |I;c/1ronlcs > Iy A/D,D/A
- e P, Current | convertor
e . - : = —~ b Amplifier |

PC
(LabVIEW)

. TEM image

Figure 3. (A) Schematic of the lateral bending test of a fixed wire with an AFM tip. Reproduced with permission[34].Copyright 2005,
Springer Nature. (B) Low magnification TEM images of the experimental setup. The spring constant of the AFM cantilever is
0.02 nN/nm. Reproduced with permission™®. Copyright 2021, Springer Nature. (C) The TEM holder with self-sensing AFM tips.
Reproduced with permission™®®. Copyright 2008, IEEE publications. (D) Left: Optical microscopy image of the used QTF. Right: Function
between the driving frequency f and the amplitude of the current I, flowing through a QTF driven by a sinusoidal voltage with amplitude
V,, =10 mV. Inset shows the equivalent circuit diagram of a piezoelectrical resonator. Reproduced with permission®?. Copyright 2015,
Elsevier. (E) Photograph of a Q-Plus sensor - a cantilever made from a QTF. Reproduced with permission[GS].Copyright 2020, American
Physical Society publications. (F) Photographs showing the self-developed TEM holder and an illustration of the measurement system.
Inset shows the sample stage at the head of this holder. Reproduced with permission™. Copyright 2020, IOP publications.

Strain device

Researchers have designed various devices in TEM holders for straining samples. Liu et al. designed a TEM
tensile actuator to study the deformation process of NMs!*?. The schematic in Figure 4A shows a pair of
thermally actuated bimetallic arms attached to opposite locations on the TEM copper grid as a TEM tension
actuator. Each arm comprises two layers of different materials, which have widely distinct thermal
expansion coefficients, so that they can deflect considerably even at relatively low operating temperatures.
The sample was first bridged between these two bimetallic arms, and then the TEM tension actuator was
placed into a heating sample holder for observation. When the TEM tension actuator is heated, the different
thermal expansion coefficients of the bimetals cause the arms to deform, thereby stretching the material.
With this device, atomic resolution images can be obtained during the stretching of the sample, allowing the
deformation mechanism of the material to be analyzed at the atomic scale!”*”. As shown in Figure 4B,
Wang et al. developed an atomic-scale in-situ bending method for individual nanowires'*”. We should
notice that the condition of the sample is more complicated than the uniaxial loading, as it involved the
coexistence of the zero strain, tensile strains and compressive strains within it. Considering such complex
internal stress conditions, the analysis of elastic properties or deformation mechanisms should also be more
cautious. Combining first-principles calculations and MD simulations may be an effective way for the data
analysis. The nanowires were dispersed on a TEM grid covered by a pre-disrupted colloidal thin film. The
dispersed nanowires are then controllably bent or stretched at low strain rates by the expansion or
contraction of the colloidal thin film under the irradiation of the electron beam. With this method, the
specimen can be tilted by a large angle in two orthogonal directions without the special mechanical tensile
attachments. Thus, the deformation processes of bending or uniaxial stretching of a single nanowire can be
recorded at the atomic scale. To study the mechanical properties of NMs, a strain device was used, which
contains a copper straining grid and a silicon frame [Figure 4C]"*”. The samples were fixed to the silicon
frame glued to a copper grid. By stretching the copper grid, the silicon frame was deformed and the sample
was stretched. In-situ TEM experiments realize the application of controlled displacements along the film
and the measurement of dynamic response during stress relaxation. Strain was assessed by the measured
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Figure 4. (A) Schematic of in-situ atomic-scale tensile testing of a nanoporous gold film using a home-built TEM strain actuator.
Reproduced with permissionm].Copyright 2019, Elsevier. (B) Left side: A schematic view shows that the scattered Ni nanowires on a
TEM grid covered by previously fractured colloidal thin film. Right side: Low magnification and enlarged (red framed region) TEM
images show the deformation process of a single Ni nanowire by tensile stress induced by the under electron-beam irradiation.
Reproduced with permission™?. Copyright 2013, Springer Nature. (C) Experimental setup with a TEM grid, where a dog-bone-shaped
Al thin film was held on a MEMS. Reproduced with permission[e'g].Copyright 2015, Elsevier. (D) Diagram of the stretching TEM holder
and the optical image of MoS, layers across the trench of the Si/Si;N, substrate. Reproduced with permission’’®’. Copyright 2022,
Elsevier.

change in gauge length of individual films. Xie et al. have developed an in-situ strain device to observe
atomic resolution images of two-dimensional (2D) materials during their deformation, as shown in
Figure 4D". Additionally, 2D material nanosheets are transferred and suspended between the gaps in the
silicon chip, which is fixed to a specially shaped titanium plate. A piezo actuator is mounted on the end of
the titanium plate. By applying a bias voltage to the piezo actuator, the piezo actuator pushes the titanium
plate to deform, causing the gap of the silicon chip to become wider due to the deformation. As the width of
the gap increases in proportion to the bias voltage applied to the piezo actuator, the 2D material will be
stretched.

These strain devices usually have a simple construction, resulting in low maintenance costs and ease of use.
These devices usually have very high stability to obtain atomic resolution TEM images due to the simple
contractions. High-resolution TEM (HRTEM) images can also be acquired more easily by double-tilt
sample holders. Similar to the TEM-STM method, the force signals are usually unavailable with these
devices. Therefore, these devices can only attain dynamic processes during material deformation. In
addition, the method tends to only stretch the material uniaxially and does not allow for compression,
shear, or complex deformation.

TEM-MEMS
As micro-/nano-fabrication technology and MEMS/NEMS develop, researchers have designed and
fabricated various mechanical test chips to measure the mechanical properties of NMs. Due to the small size
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of the chip, it can be easily placed in a TEM sample holder to test the mechanical properties while
performing TEM observation. The most common MEMS chip for mechanical measurement is a push-to-
pull (PTP) device combined with TEM nanoindentation, which is used to stretch materials and study their
mechanical properties. The SEM image in Figure 5A shows a typical PTP device consisting of a semicircular
end and a specially designed cutout®. The sample across the gap is subjected to uniaxial stretching by
elongating the gap in the middle of the device when a diamond indenter pushes on the semicircular end.
The nanoindentation device also simultaneously records the force and displacement of the nanoindentation
punch. Its stiffness could be obtained by calculating the slope of the curve of the force applied to the PTP
device versus the distance traveled by the nanoindentation indenter. The force-displacement curve of the
sample is corrected after subtracting the force response of the devices. This in-situ tensile testing device can
study the strain-induced microstructural evolution and mechanical properties of NMs.

Another TEM-MEMS device developed by Zhu et al. to study the mechanical properties of NMs, consisting
of an actuator and a load sensor™, is shown in Figure 5B. The thermal actuators comprised of inclined
beams can provide forces of up to tens of milli-Newtons and displacements of tens of micrometers. One end
of the beam is connected to the shuttle and the other is fixed to the substrate. When applying a voltage to
the inclined beam, the current induces Joule heating and thermal expansion, resulting in displacement of
the actuator. The ensemble model of the load sensor is made up of two serially connected capacitors. The
displacement of the shuttle causes capacitance change, thereby measuring the load applied to the material.
Another mechanically tested MEMS device has been developed by Sato et al.”>”. It consists of tips
suspended by the soft springs and a two-degree-of-freedom electrostatic actuator that realizes longitudinal
and lateral movements of the tip, as shown in Figure 5C. The movement of the tips was realized by
adjusting the voltage applied on the electrode. Different from the above two MEMS devices, this device can
apply not only axial but also shear loads. The shear force is calculated as the product of the arm
stiffness and the displacement. Recently, Zhang et al. developed a state-of-the-art technique to realize in-
situ deformation at temperatures up to 1,556 K with atomic resolution observation inside a TEM using a
custom-designed device, as shown in Figure 5D". The TEM holder simultaneously tilts and deforms
the sample at elevated temperatures while performing atomic resolution TEM imaging. Tensile samples
are prepared by precisely transferring a block sample with a predetermined crystal orientation to the push-
pull unit using a probe in the focused ion beam (FIB). The displacement of the sample is controlled with
high accuracy by applying a voltage to the actuator during this process.

The structure of these MEMS chips is often exquisitely designed to enable mechanical testing. Combined
with a double-tilt TEM sample holder, atomic resolution TEM images can be obtained very well”. The
force response and dynamic processes during sample deformation can be recorded simultaneously. In
addition, multifunctional testing can be realized through more sophisticated designs, such as electrical,
mechanical and thermal properties, etc. The sample preparation for this method is a little bit complicated
and usually requires a FIB to cut the sample to a suitable size and shape, as well as fix it to the specified
position for in-situ TEM observation. Some samples that are easily damaged by the ion beam are also
difficult to measure through this method.

Nanoindentation & tensile gripper

Nanoindentation techniques and tensile fixtures are widely used in mechanical testing of bulk materials. In
recent years, some researchers have miniaturized and integrated these devices into TEM sample holders to
measure the mechanical properties of materials. Figure 6A shows a photograph of the common commercial
Hysitron PI 95 TEM picoindenter and schematic illustration of the working mechanism"™. To perform a
uniaxial compression test on a single nanowire using the holder, a substrate with vertically oriented
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Reproduced with permissionm.Copyright 2005, PANS publications. (C) Schematic of the silicon-based NEMS device and a series of
TEM images of a single asperity sliding experiment. Reproduced with permission’?”®. Copyright 2022, Springer Nature. (D) A custom-
designed double-tilt TEM holder with a high-temperature mechanical testing system, including the temperature control and the in-situ
deformation components. Reproduced with permission’*’. Copyright 2021, Springer Nature.

nanowires is carefully fixed to the holder so that the axial direction of the nanowires will be perpendicular to
the diamond punch surface. A compressive load is then applied to the nanowire in a loading direction
parallel to the nanowire axis, which is achieved by moving the punch toward the nanowires. The movement
of the punch is controlled by a piezo. As the compressive load is gradually increased, the nanowire buckles
before fracture. The force applied on the sample and punch movement are obtained simultaneously when
the sample is deformed. In this case, the fracture strength and critical buckling load of nanowires would be
easily determined from the stress-strain curve. As shown in Figure 6B, Nie et al. performed in-situ bending
experiments using the XNano in-situ TEM sample holder*”. The sample was placed on a nano-
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manipulator with four degrees of freedom (three dimensions positioning plus self-rotation), and the
motions are precisely controlled by the piezo actuators with an accuracy of about 0.1 nm. A diamond
indenter was installed on the stage, and the samples were pushed against the indenter by the nano-
manipulator.

Based on the nanoindentation device, materials can be sculpted into the shape of a "dog bone" for tensile
testing using a FIB, as shown in Figure 6C. A gripper sculpted by FIB is fixed to the punch to clamp and
stretch the sample. The excellent resolution of TEM provides enables highly accurate alignment of in-plane
orientations. After aligning the height of the tensile specimen to the top of the gripper by means of the focus
of TEM, the specimen is then lowered to the middle of the gripper using the piezo actuator. The gripper is
then moved backward to stretch the specimen. These methods are usually used to measure samples in large
sizes (several hundred nanometers). However, the large sample size may cause significant drift during the
stretching process, making it difficult to obtain atomic resolution images during the tensile process.

MECHANICAL PROPERTIES OF NANOMATERIALS

Elastic properties

Young's modulus is defined as the ratio of uniaxial stress to the amount of deformation within the range of
application of Hooke's law. The stiffness of a material is indicated by the magnitude of its Young's modulus;
the greater the Young's modulus, the less likely the material is to deform. Young's modulus is a commonly
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used parameter in engineering and technical design, and its accurate determination is very important for
studying the mechanical properties of various materials such as metals/semiconductors, optical materials,
NMs, polymers, ceramics, rubbers, etc. It can also be used in designing mechanical components,
biomechanics, geology, and other fields”. For atomic-scale materials, the magnitude of Young's modulus
reflects the strength of interatomic forces between neighboring atoms or ions, which vary depending on the
type of bonding in the material. For bulk materials, it is an intrinsic property and is independent of the
material size. In contrast, for nanoscale materials, theoretical studies have shown that it is related to the
material size due to the surface effect’”””". The in-situ TEM technique is regarded as a powerful tool for
measuring the Young's modulus of a material because the dimensions, atomic-scale structures and
deformation could be obtained by TEM. By combining high-precision mechanical sensors, the elastic
properties of samples with a specific structure can be accurately obtained. The influence mechanism of
Young's modulus can also be analyzed at the atomic scale.

When materials are scaled down to the nanoscale, their Young's modulus is also different from that of the
bulk material due to the surface effect, quantum confinement effect, and so on. The Young's modulus of a
material is usually associated with its size. However, researchers are still exploring whether smaller is stiffer
or smaller is weaker. As shown in Figure 7A, Dai et al. characterized the Young's modulus of gallium nitride
(GaN) nanowires with different structures using in-situ electron microscopy”. Using the electric field-
induced resonance method, it was found that the Young's modulus of single-crystal GaN nanowires along
the [120] direction was similar to the bulk value for diameters of 92-110 nm, and there was no size-
dependent Young's modulus for diameters of 98-171 nm. Chen et al. investigated the elasticity of defect-free
single crystal and high density stacking fault (SF) gallium arsenide (GaAs) nanowires using in-situ TEM
compression combined with finite element analysis [Figure 7B]". They found that the presence of a high
density of SFs increased the modulus of elasticity by 13% and that the Young's modulus of the same
structured nanowires increased with diameter reduction which indicates “smaller is stiffer”. Wang et al.
reported that size has a significant effect on the mechanical properties of GaAs nanowires, with the Young's
modulus of the nanowires increasing with decreasing size, as shown in Figure 8A. Nanowires with
diameters of 50-150 nm have an elastic strain of 11%, and those with diameters < 25 nm have significant
plastic deformation. The Young's modulus of GaAs nanowires is more than twice that of the bulk™.
Liu et al. find that the Young’s modulus of molybdenum disulfide (MoS,) nanoribbons also increase as the
size declines!™!.

For the metal case, it is reported that the Young's modulus of Au nanowires shows size independence with
diameter in the range of 50-200 nm®*, whereas the yield strength rises with diminishing nanowire diameter.
As the nanocontact diameter decreases below 2 nm, the Young’s modulus progressively decreases from 80
to 30 GPa due to surface softening. Furthermore, the monoatomic chains and bonding stiffness can also be
achieved using in-situ TEM. As shown in Figure 8B, Zhang et al. use a LER as the force sensor to measure
the elastic properties of Au nanocontacts. They found that the Young’s modulus of Au nanocontacts
reduced with decreasing diameter, showing that “smaller is softer”??. They propose that the surface atoms
have a low Young's modulus, while the core atoms have a Young's modulus similar to the bulk one.

Despite no consensus on the relationship between size and Young's modulus, more experimental results
indicate that smaller covalently bonded materials are stiffer, and smaller metallic materials are softer.
Previous theoretical studies have pointed out that the size effect of Young's modulus is determined by the
competition between the weakening caused by the lower coordination number of surface atoms and the
hardening caused by the redistribution of surface electrons. Thus, different chemical bonds can lead to
distinct size effects™>>*>**.
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In addition to the Young’s modulus, elastic strain is another important parameter of elastic properties of a
material, defining the maximum strain that a material can withstand before it undergoes plastic
deformation or brittle fracture. NMs tend to exhibit elastic strains close to the theoretical limit due to their
smaller size and, therefore, fewer defects. Through in-situ TEM technology, Nie et al. found that the
diamond nanoneedle had a huge reversible elastic deformation, which depended on the diameter and
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orientation of the nanoneedle [Figure 9A]". The highest elastic tensile strain (13.4%) and tensile strength
(125 GPa) were successfully measured from a 60 nm diameter <100> oriented nanoneedle. By cutting
diamond into nanorods with FIB, Dang et al. found that the elastic strain of nanodiamond reached 9.7%.
They predict that the transition of indirect-direct bandgap may occur when the tensile strain is larger than
9% [Figure 9B]"". Zhang et al. found that the elastic strain of ~100 nm diameter single-crystal Si nanowires
could reach 16% at room temperature, which is close to the theoretical elastic limit of silicon (17% to 20%).
The fracture stresses were estimated up to about 20 GPa [Figure 9C]". Zhang et al. found that the bond
stiffness between the two atoms in the middle of one-dimensional Pt monoatomic chains was measured to
be about 25 N/m and the maximum elastic strain of a single Pt-Pt bond was about 249%*.

Plastic properties

The plasticity of bulk materials is usually related to dislocations and the interaction between dislocations
and grain boundaries (GBs). Numerous experimental results show that the deformation mechanism of NMs
is much different from that of their bulk counterparts.

For example, dislocation density in coarse-grained metals will increase with plastic deformation due to the
dislocation accumulation, whereas for nano metallic materials, dislocation starvation caused by deformation
has been predicted and observed because dislocations will disappear at the free surface. As shown in
Figure 10A, Sun et al. found that silver (Ag) nanowires with a diameter of 5 nm were plastically deformed
under tension through partial dislocation activity, leading to twinning and uniform elongation of the
nanowires, while surface atomic diffusion reduced the width of the nanowires"*”. Finally, the axial direction
of the nanowires ultimately changes from its original <112> to <110>. In addition, Li et al. discovered that
the deformation modes of nanosized metals can be predicted from the ratio of the energy barriers of the
FCC to the hexagonal close-packed (HCP) phase transition (AyH) and the deformation twin nucleation
(AyT), which differ from those of the theoretical modes of relatively large-sized metals'*. Surface atomic
diffusion begins with a surface step introduced by partial dislocation activity, leading to nanowire fracture.
Plastic deformation dominated by incomplete dislocations is also observed in palladium (Pd) nanowires.
The deformation behavior of NMs of different sizes also varies; for example, Si nanowires with diameters of
310-400 nm show a brittle to ductile transition in the compression experiment®”. Wang et al. found that
due to dislocation nucleation, movement, and interaction and amorphization, Si nanowires with diameters
of 60-100 nm exhibit large plastic strains at room temperature'®’. Recently, researchers have found that the
thickness and strain are the key factors that can effectively modulate the phases of 2D In,Se,. The reversible
antiferroelectric and out-of-plane ferroelectric phase transitions in 2D In,Se, were controlled by the strain
control inside a TEM®..

For single-crystal Au nanowires, Liu et al. used an aberration-corrected TEM to observe the deformation
process of nanoporous gold and proposed an atomic mechanism for nanopore-induced embrittlement of
ductile metals", as shown in Figure 10B. They found that the brittle deformation of the nanoporous gold
arises from the interplay of the dislocation plasticity and the stress-driven surface diffusion. Seo et al.
reported the coherent twin propagation induced superplastic deformation of Au nanowires®". The initial
[110] oriented nanowire was converted to a [100] oriented one. Chu et al. combined in-situ TEM and
Monte Carlo simulations and found that in nanocrystals, edge dislocation climbing occurs by stress-induced
reconfiguration of two adjacent atomic columns at the edges of an additional half-atomic plane in the
dislocation core [Figure 10C]®". This differs from the conventional view that dislocation climbing occurs by
destruction or reconstitution of individual atomic columns in the dislocation core. In addition to observing
the plastic behavior of NMs by various in-situ techniques, as shown in Figure 10D, Wang et al.
demonstrated that Au nanowires containing twin crystals with a thickness of 0.7 nm had tensile strengths of
up to 3.12 GPa, which is close to the ideal limit, and showed a significant toughness-brittleness transition
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Figure 9. (A) Orientation and size-dependent fracture of diamond nanoneedles. Reproduced with permission™*. Copyright 2019,
Springer Nature. (B) Top: Elastic loading-unloading deformation process of the diamond along the [101] direction and the
corresponding FEM simulations. Middle: The statistical tensile results of diamonds oriented along [100], [101] and [111] directions.
Bottom: The relationship of uniaxial strain and calculated bandgap values along [111] direction shows that indirect-to-direct bandgap
transition occurs around ~9% tensile strain. Reproduced with permission™”’. Copyright 2020, The American Association for the
Advancement of Science. (C) In-situ SEM tensile tests and postmortem TEM analysis of a single Si nanowire. Reproduced with
permission™®. Copyright 2016, Science Advances.

A Tensile Partial

dislocation

Surface
diffusion

| Semibrittie

—e— Bimodal
14 ——LDTs

34567 g

Engineering stress (GPa)

Engineering strain (%)

Figure 10. (A) Sequential in-situ HRTEM images during the tensile deformation process of an Ag nanowire. Reproduced with
permission®?. Copyright 2019, ACS publications. (B) Left: Slip-activated surface diffusion occurring with the formation of stacking faults
in nanoporous gold. Right: Schematic illustration of the thinning process of gold nanowire, which is through the slip and slip-activated
surface diffusion. Reproduced with permission'*®’. Copyright 2019, Elsevier. (C) In-situ HRTEM images of dislocation climb at a high-
angle grain boundary at room temperature and the corresponding reconstructed atomic models. Reproduced with permission[gﬂ.
Copyright 2022, Springer Nature. (D) TEM images and stress-strain curves of ultra-twinned Au nanowires from in-situ TEM-AFM
experiments. Reproduced with permission®”. Copyright 2013, Springer Nature.
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with decreasing twin size®”. They propose that ultra-high density twins cause homogeneous dislocation
nucleation and plastic shear localization, in contrast to the heterogeneous slip mechanisms observed in
single crystals or low density twinned nanowires. Zhu et al. proposed that custom-designed low-angle GBs
with controllable misorientation can be endowed with long-lasting cyclic deformability of metal biocrystals
via GB migration to achieve controllable plasticity reversibility of metal nanocrystals*”. This reversible
deformation is preserved in a large class of low stacking energy FCC metals when the GB structure, external
geometry and loading conditions are extensively tuned. Both in-situ nanomechanical testing and atomistic
simulation have demonstrated that the custom-designed low angle GB has controllable misorientation. This
completely reversible plasticity is mainly controlled by the conservative motion of Schockley partial
dislocation pairs, fundamentally suppressing damage accumulation and maintaining structural stability. The
alloys feature different mechanical properties compared to the pure metals, mainly due to the chemical
composition inhomogeneity. For example, Yang et al. found that AuCu alloy nanowires exhibit ~260%
ultra-high plasticity and ~6 GPa ultra-high strength, which is due to the generation of HCP phase, reversible
FCC-HCP phase transition, and zigzag-like nanotwins®*. Fu et al. found the AuAg alloy has three types of
detwinning mechanisms, which is different with pure metals"”.

For NMs, the role of surface atoms and defects such as dislocations on plastic deformation becomes more
pronounced. With the atomic-scale resolution of TEM and advanced in-situ mechanical testing technology,
the effect of these defects and surfaces on plastic deformation can be well studied. In the future, studying the
effect of atomic-scale structure on the mechanical elasticity of NMs will remain an issue of great interest to
scientists.

Viscoelastic properties

Viscoelasticity is one of the important mechanical properties of materials that dissipate energy during
deformation. Although both plastic and viscoelastic deformation can be used for molding and result in
energy dissipation, they are significantly different when unloaded to zero stress. A plastic part will always
maintain its deformed shape because it has no fixed shape memory, whereas a viscoelastic part will always
return to a certain shape regardless of its previous deformation history. In single-crystal materials,
viscoelastic behavior is usually very small or negligible at the macroscopic scale. However, it becomes more
significant when the size is at the nanometer scale. For example, Cheng et al. observed viscoelasticity in
single-crystal ZnO nanowires and P-doped Si that is four orders of magnitude greater than the maximum
viscoelasticity in bulk materials [Figure 11A]". As shown in Figure 11B, Chen et al. observed the
viscoelasticity of small-diameter GaAs nanowires®. Further studies revealed that the observed
viscoelasticity was sensitive to the diameter of the nanowires and was significantly affected by the
amorphous/crystalline interface on the nanowire surface. In addition, viscoelastic behavior is also observed
in twinned copper oxide (CuO) nanowires of 17 nm, which may be related to the movement of atoms near

97]

the twin boundary"”.

Viscoelasticity at the nanoscale is usually associated with the migration and recovery of defects. Through
in-situ TEM techniques, Sun et al. have observed the viscoelastic deformation of sub-10 nm Ag nanowires,
as shown in Figure 12A"". By compression, the Ag nanocontact undergoes drastic deformation during
which their external morphology undergoes a droplet-like change. Then, it surprisingly begins to regain its
original shape by stretching and the basal diameter decreases from 14.3 to 9.5 nm in the first stage and then
decreases to 9.2 nm, indicating a viscoelastic deformation process. Surface diffusion, rather than the
dislocation slip normally expected at room temperature, is the atomic mechanism behind this shape
evolution. For body-centered cubic (BCC) tungsten nanocrystals, Wang et al. demonstrated that twinning is
the main deformation mechanism using in-situ HRTEM and atomistic simulations, as shown in
Figure 12B®. Such deformation twins are viscoelastic and exhibit reversible deconvolution during
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unloading. In nanoscale BCC crystals, twinning and dislocation slip competition can be modulated by the
orientation of the load, which could be attributed to the competitive nucleation mechanism of defects.
Li et al. found that the stress-induced reversible migration of oxygen vacancies results in unexpected
viscoelastic deformation of CuO nanowires at room temperature [Figure 12C]"*). The viscoelastic strain is
related to the nucleation of the oxygen-deficient CuO, phase, and after the stress is released, a gradual
recovery of the nanowire shape is observed with the transformations from CuO, back to CuO. The
viscoelasticity found in NMs opens up the prospect of using NMs in nanoscale damping systems such as
advanced micro/nanodevices.

For the viscoelasticity of materials, the in-situ TEM technique not only records important information such
as the amount of deformation and the recovery time of the material but also analyzes the structure and
compositional distribution of the material through atomic resolution images and spectrum. Thus, the
fundamental mechanism of the emergence of viscoelastic behavior of nanoscale materials can be revealed.

Fracture

Fracture behavior is an important research area that is of great significance to understanding the strength
and stability of materials, and it can provide an important reference for the design and engineering
application of materials. Studying fracture behavior involves the fracture mechanics of materials, the causes
and mechanisms of fracture, and the morphology of the fracture surface after fracture. Investigating fracture
behavior and its mechanism is important for applying NMs in nanoscale electromechanical devices. During
the measurement, a force sensor was used to measure the force applied to the sample and the fracture
strength. Lu et al. investigated the mechanical behavior of Au nanowires below 20 nm under uniaxial tensile
loading by HRTEM"". There are two modes of fracture, including ductile fracture and the unexpected
brittle fracture in the single-crystalline sub-20 nm ultrathin Au nanowires, whose fracture behavior is
closely related to the observed twin-crystal structure and surface dislocation nucleation and propagation
[Figure 13A]. They also found that sub-10nm <111> Au nanowires have ultra-high yield and fracture
strengths (~7 GPa) that are close to the theoretical limits (~8 GPa), which may be caused by the surface
dislocation nucleation. The fracture strength of amorphous carbon was measured to be ~15 GPa at the
corresponding tensile strain of ~10% under the homogeneous plastic deformation. These values are close to
the theoretical ones.

Beyond fracture strength, in-situ TEM can also observe the fracture surfaces of NMs at the sub-nanometer
resolution, thus providing atomic-scale information for analyzing the fracture mechanisms of materials.
Due to the smaller size of the NMs, many peculiar fracture phenomena have been observed. For example,
the atomic-scale fracture process of 2D rhenium disulfide (ReS,), MoS, and graphene was obtained using
in-situ aberration-corrected scanning TEM (STEM). The brittle fracture of 2D ReS, with non-blunted crack
tips and the perfect healing of cracks was observed"*. It has been reported that the fracture mechanism of
MosS, can be changed from brittle to ductile by migration of S vacancies in the strain fields into networks as
the defect density is increased"”. In addition, the fracture toughness and failure of 2D materials such as
MoS, and graphene have also been reported to be related to the introduction of random distribution of
atomic-scale defects"'*. As shown in Figure 13B, Qiu et al. found that the fractured nanodiamond
composites exhibited self-healing behavior at room temperature””. Quantitative analysis showed that the
self-healing characteristics of the composites originated both from the formation of nanoscale diamond
osteoblasts consisting of sp* and sp® hybridized carbon atoms on the fracture surfaces. Such self-healing
behavior also results from the change of atomic interactions from repulsion to attraction when two fracture
surfaces were getting close to each other. The self-healing process resulted in a significant recovery of ~34%
in its tensile strength. Furthermore, the extraordinarily large viscoelasticity of the fracture surfaces of the
nanogold crystals was also revealed by in-situ TEM experiments, as shown in Figure 13C. The liquid-drop-
like viscoelastic strain varied from 31.4% to 81% after fracture!

21]
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Figure 13. (A) Typical brittle fracture (top) and ductile fracture (bottom) of long gold nanowires during In-situ tensile tests. Reproduced
with permission®”. Copyright 2011, Wiley-VCH GmbH. (B) Top: In-situ TEM observation of two fracture surfaces with diamond
osteoblast protrusions during healing process. Bottom: The healing efficiency versus multiple fracture and healing durations of three
~200 nm wide nanotwinned diamond composite nanobeam samples. Reproduced with permission'®*". Copyright 2023, Springer Nature.
(C) Top: Typical example of a fractured gold nanowire with a retractable strain of 46.9%. Bottom: Statistical results of the retractable
strain of gold nanowires with different diameters. Reproduced with permission'". Copyright 2019, ACS publications.

In summary, NMs tend to exhibit peculiar fracture behavior due to their smaller size and larger specific
surface area. The in-situ TEM technique with mechanical sensors allows not only quantitative
measurements of fracture strength but also atomic-scale analysis of fracture surfaces. It has an irreplaceable
position in the study of fracture behavior of NMs.

Friction

Friction is detrimental to the functioning of mechanical components of a product and is a major cause of
equipment failure and unintended energy dissipation"*'”. Many nanoscale friction phenomena, such as in
ceramics, metals and 2D materials, have been identified using AFM-based techniques""*'**. However, much
of the current understanding of the friction phenomena lacks direct observation of the atomic-scale
structure of the friction surfaces, and thus the relationship between the interface structure and friction
mechanism has not been fully elucidated. In-situ TEM techniques, which enable us to measure the friction
force while observing the friction behavior, are a powerful solution for these problems. Taking metal
materials as an example, Wang ef al. observed the friction process of tungsten single-asperity by HRTEM, as
shown in Figure 14A. They found that the top layer of tungsten asperity showed a stick-slip motion
behavior, and the evolution of the strain energy was explored by MD simulations™. During friction, there is
an asynchronous accumulation and release of strain energy at the friction interface and a non-uniform
motion of the interfacial atoms. The contact area may play a more important role in atomic friction than the
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Figure 14. (A) In-situ TEM observation of stick-slip behavior between single tungsten asperity nanocontacts at the atomic scale.
Reproduced with permission™®. Copyright 2022, Springer Nature. (B) A series of HRTEM images of a loosely packed interfacial layer
(IL) induced low friction process between upper tungsten and lower gold asperities under tensile stress and statistics of the friction
behaviors with and without an IL. Reproduced with permission*®’. Copyright 2021, Springer Nature. (C) Sequential TEM images
showing the high reversibility of cleaved monolayer MoS,, which could be readily restacked onto the surface of the ‘mother’ crystal.
Reproduced with permission™™. Copyright 2014, Springer Nature.

normal load. He et al. found that a loose interfacial layer was formed between two metal tips [Figure 14B].
The loose interfacial layer was formed by atomic diffusion under tensile stress, which acts as a lubricant
between the counter-sliding surfaces, resulting in ultra-low friction*. Such phenomena were confirmed by
MD simulations. In addition, friction process and mechanism of silver was also studied using TEM and
electrostatic actuators in MEMS devices. The observed high strength and low separation forces are useful
for understanding the frictional interactions”. Lu et al. observed the frictional behavior of the silver-
tungsten interface by means of TEM and Lorentz force-driven quantitative friction testing methods and
found that the relative motion begins with plastic deformation of the silver, which will then transfer from
static friction to dynamic friction"*.

For the friction between covalently bonded materials, Hu et al. tested single-crystal Si, amorphous carbon
and sp® nanocrystalline carbon through in-situ TEM nano-friction experiments and observed the formation
of transfer films, which were found to stabilize the sliding process by decreasing the difference in stick-slip
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friction coefficients"”. As shown in Figure 14C, by cleaving the atomic layers of MoS,, the force between
the layers was studied by the in-situ TEM technique'®. They found that the independent MoS, layers can
easily slide and interlayer sliding may be limited by interactions with the probe. The ease of sliding was
attributed to the low shear strength, which was reported to be only about 0.1 GPa. The superplastic behavior
between Si asperities was also found by a TEM-MEMS technique induced by plastic deformation,
decrystallization and atomic diffusion at the asperity interface.

Through in-situ TEM technology, the atomic structure of two surfaces can be observed and mechanical
signals can be synchronously measured when friction occurs. The friction mechanism can be clarified at the
atomic scale by analyzing the initial structure of the surface and the atomic movement paths during friction.
In addition, by correlating the observed dynamic processes with the mechanical signals, it offers the
possibility to quantitatively reveal the nature of the friction behavior.

FACTORS INFLUENCING THE MECHANICAL PROPERTIES OF NANOMATERIALS

Surface effect

As the size of the material shrinks, the surface area also increases, which greatly influences the mechanical
properties of the material because the surface atoms have higher energies and lower coordination numbers.
Typically, in terms of the elastic properties of a surface, whether it is stiffer or softer depends on the
competition between hardening caused by the redistribution electrons of surface atoms and weakening due
to the decrease in the coordination number on surface atoms™*. The influence of the surface on the elastic
properties of a material is usually quantitatively analyzed by a core-shell model. For the plastic properties,
the high surface energy makes it easier for defects such as dislocations to arise and escape during material
deformation. Furthermore, recent studies have shown that surface atomic diffusion plays a non-negligible
role in the plastic deformation of NMs.

To investigate the surface effect on Young's modulus of NMs with only a few nanometers thickness, a TEM
experiment based on in-situ compression was used. As shown in Figure 15A, a significant increase in the
Young's modulus was found for a sub-5nm thick amorphous Al,O, layer, which is due to the reconstruction
of the material's surface bonding and an increase in the surface-to-volume ratio with increasing nanoscale
size"”. Similar to ALO,, the Young's modulus of ZnO nanowires was found to increase with reducing size.
Analysis by the core-shell model indicates that the surface layer has a higher Young’s modulus, causing the
size effect of the Young's modulus of the ZnO nanowires™>"".

In the case of metals, surface diffusion-assisted dislocation nucleation has been found by in-situ TEM
techniques to lead to a transition in the strength-size dependence of Ag nanocrystals from a normal state to
a Hall-Petch-like inversion"". In addition, surface creep leads to anomalous softening of the Ag
nanocrystals as the flow stress decreases with size, which is in contrast to the classical “alternating
dislocation starvation” behavior of Pt nanocrystals [Figure 15B]. This study contributes to a deeper
understanding of the mechanisms of diffusion-mediated atomic-scale deformation in nanoscale materials.
Another competing factor affecting the deformation mechanism of single-crystal FCC metal nanowires, the
shape of the cross-section, is reported by in-situ TEM tensile tests and MD simulations. In experiment, it is
observed that twinning transfer to localized dislocation slip as the extent of truncation increases. Theoretical
results also confirm the relationships between the twinning\dislocation slip energy barriers and the cross-
sectional shape of the crystal. The energy barrier for twinning is proportional to the surface energy change
caused by twinning. Therefore, the transition in the deformation mode is due to the change in surface
energy, which is a function of the cross-sectional shape*”. Surface atom diffusion is also considered to be
the key factor in reducing the Young’ s modulus of Au surface atoms, which reduced the total Young’ s

[22]

modulus of Au nanocrystals”*.



Page 22 of 30 Liu et al. Microstructures 2024;4:2024055 | https://dx.doi.org/10.20517/microstructures.2023.109

800 o NWwith a-AlO, shell
GaAs NW . o %
o NW with native oxide shell
= o
Q. 600+
e
3
o 400+
—
o o
w
200 o o - o
0 5 10 15 20 25

Shell Thickness (nm)

'il(l] e \ v s
=\ "" ®{{hE : o - 25
b VR [EEE)s A )
™ i F 2l v 4

20}

B sl 4
<) £/
2 kl/
g /
E10F : /
@® d| & I 1
/0 c h| ]
05k
b
0'0 1 L 1 1 1
0.0 1.5 3.0 4.5 6.0 75
Strain (%)

Figure 15. (A) Left: A series of microscopy images of a GaAs nanowire with a-Al,O; shell before compression (A1), beginning of
buckling (A2) and fracture point (A3 and A4). Right: Young's modulus of a-Al,O5 as a function of shell thickness. Reproduced with
permission""!. Copyright 2015, ACS publications. (B) In-situ TEM study of surface diffusion-assisted dislocation nucleation in a Ag
nanowire. Reproduced with permission™™. Copyright 2021, Springer Nature.

Defects

Defects, including point, line and surface defects, display an important role in the mechanical properties
especially for NMs. For nanoscale materials, due to their small size, defect generation will significantly
increase the defect density compared to bulk materials. The elastic modulus of 2D materials is reported to
depend on defect concentration. In 2014, LOpez-Polin et al. investigated the relationships between elasticity
and strength of graphene versus defect concentration"”". They found the in-plane Young’s modulus
increases with increasing defect density up to almost twice the initial value for a vacancy content of ~0.2%,
while for a higher density of vacancies, the elastic modulus decreases with defect inclusions. In addition, the
fracture mechanism and strength of NMs is also related to the defects. The fracture process of nanoscale Mo
single crystals, a BCC structure, contains the crack growth through the nucleation, motion, and interaction
of dislocations on multiple 1/2 <111> {110} slip systems at the crack tip"*?. These dislocations resulted in the
crack blunting, and localized segregation led to the crack extension and sharpening. Atomic simulations
reveal the effects of temperature and strain rate on these alternating crack growth processes, providing
insight into the mechanism of dislocation-mediated ductile-to-brittle transition in BCC metals. The
movement of defects is also considered to be the driving force of the emerging viscoelastic behavior in
NMs®. Moreover, the influence of defects on the fracture strength of SiC nanowires from a few nanometres
up to ~60 nm was also investigated by in-situ tensile tests. During experiment, the linear and elastic
deformation process up to brittle fracture was observed. Figure 16A shows the occurrence of SF and twins
in SiC nanowires during stretching. The fracture strength of SiC nanowires increased with decreasing
nanowire diameter to more than 25 GPa, which is attributed to the dependence of size on defect density
rather than to the main surface effect of single-crystal nanowires"*".
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Figure 16. (A) TEM images of an individual SiC nanowire with SF and high-defective structures (nanotwins, intrinsic SFl, and extrinsic
SFII). Reproduced with permission™'?*’. Copyright 2014, ACS publications. (B) Atomic-scale sliding of an asymmetric tilt grain boundary
in a Pt bicrystal. Reproduced with permissionmg].Copyright 2022, The American Association for the Advancement of Science.

For metallic materials widely used in energy harvesting and storage, nanoelectromechanical devices, etc.,
understanding how defects affect the deformation mechanism of metallic materials is also very
important™"**'**), In-situ tensile experiments under TEM revealed that Ag nanowires with a fivefold twin
structure exhibit different behavior compared to single-crystalline ones. Upon loading, Ag nanowires with a
fivefold twin structure undergo stress relaxation and then fully recover the plastic strain, which is not
observed in single-crystal ones'**. For small crystals, plastic deformation is usually controlled by dislocation
slip (full dislocation, partial dislocation, or winding). Yue et al. found that when the size of single-crystal
nanowires is decreased to below 150 nm, the normal full dislocation slip is replaced by partial dislocation-
mediated plasticity"””. Wang et al. found that for Pt nanocrystal sizes larger than 6 nm, the plastic
deformation is mainly dislocation-dominated, but for sizes smaller than ~2 nm, dislocation-free plastic
deformation dominates and a size dependence of dislocation activities was found"**.

The in-situ TEM mechanics technique can also reflect the atomic-scale mechanisms of mechanical
properties in bulk materials by observing the defect motion of the material at the atomic scale and guide the
preparation of bulk materials. As shown in Figure 16B, recent in-situ atomic resolution TEM studies have
shown that the dynamic deformation process at GBs is mainly accomplished by either direct sliding along
the GBs at the atomic scale or sliding in the boundary plane as the atoms migrate*. The atom transfer
process is a previously unrecognized mode of GB sliding and atom plane transfer coupling. Bylinskii et al.
measured the spring constant and sliding dissipation energy of Au nanocontacts with diameters of a few
nanometres and estimated the critical shear stress (CSS) along the [112] direction using a quartz LER as the
FM-AFM force sensor in both the elastic and plastic regions. Results show a relationship between the spring
constant of the Au nanocontact and the amplitude of the LER; the value of CSS is measured to be about
0.94 GPa"*l,

Electric field

The external electric field may strongly affect the mechanical properties of NMs. The atoms may migrate
under the external electrical field, driven by the electron wind force!*". Using in-situ TEM-STM
techniques, Zhong et al. found that under an ultrafast electric pulse, the pure tantalum was successfully
vitrified to form metallic glasses, as shown in Figure 17A"*). The cooling rate was estimated to be 1,014 K/s,
which is considered to be the main factor of vitrification. The formation of monatomic metallic glasses
provides novel opportunities for investigating its structural dependence of electrical, rheological and
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Figure 17. (A) A series of TEM images which show a vitrification-crystallization cycle in a tantalum sample when applying two electrical
pulses with different voltages. Reproduced with permission'®”. Copyright 2014, Springer Nature. (B) The surface annihilation of £3{112}
1TB in Au nanocrystal under the continuous electrical pulses. Reproduced with permission' ™. Copyright 2022, Springer Nature.

mechanical properties. Recently, a similar phenomenon of electric pulse-induced vitrification has been
found in nanoscale zirconium and iridium"*>"*?. As shown in Figure 17B, Li et al. investigated the defect
dynamics in Au nanocrystals under the electric pulse. Upon electropulsing, £3{112} incoherent twin
boundaries (ITBs) were stimulated to migrate and the migration was independent of the electron direction.
This is in contrast to the widely-held belief of directional atom migration under an external electric field.
They demonstrate that the non-directional migration of ITBs was mainly affected by the interaction
between electrons and dislocations instead of being driven by electron wind force"*”. In-situ TEM tensile
tests with a PTP device were performed on the single-crystal nickel nanowires by Li et al., and the influence
of applied mechanical and electrical fields on their nanostructure was observed"*”. Based on their
observations, the application of electric pulse results in a more homogeneous deformation than purely
mechanically induced plasticity. They suggest that the electron wind force-induced enhancement of surface
nucleation is more likely than Joule heating to account for the observed uniform plasticity during electrical
pulsing"*. Gao et al. used in-situ TEM to quantitatively analyze the sensing mechanism of the graphite
flakes. Their results demonstrate the critical roles played by the intrinsic deformation-induced current
change of graphite flakes in enhancing the sensitivity. Their advanced in-situ electromechanical
characterization of graphite flakes and experiment on devices reveals that the graphite flakes could be used
in wearable sensors"*”.

SUMMARY AND OUTLOOK

Our review shows that in-situ TEM technology plays an irreplaceable role in studying the mechanical
properties of materials due to its atomic-scale resolution and abundant information in the reciprocal space
and energy space. In recent years, in-situ TEM technology has considerably developed, attributed to the
recent advances in TEM imaging techniques, such as the development of aberration correctors, which have
improved the spatial resolution of TEM"7¥. In addition, continually improving in-situ technologies are
essential for obtaining high-quality TEM images and mechanical data. Various advanced mechanical
structures and MEMS-based devices have been developed. They not only improve the stability of the
sample, which could enhance the imaging resolution, but also enable the mechanical signal measurement.

It should be noted that mechanical testing with in-situ TEM is developing rapidly. The current in-situ
mechanical TEM techniques still have great potential for further enhancement. (I) Although current in-situ
TEM techniques and devices can well observe the deformation process of NMs and can measure the force
signals during the deformation process, there is still potential to improve the resolution and accuracy of the
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currently measured force signals, which can be achieved using more advanced mechanical sensors and more
optimized circuit designs®*°. Better quality force signals will allow researchers to conduct more precise
quantitative analyses that can quantify the mechanical behavior of a material during deformation, such as
the force and energy required to deform the material; (II) Compared to the excellent spatial resolution of
spherical aberration TEM, the temporal resolution of in-situ TEM techniques is limited, especially in the
case of in-situ three-dimension dislocation observation of NMs, which are severely constrained by the
necessary mechanical tilting and the complexity of the autofocusing and tracking process. Employing a
direct electronic detection camera or combining MD simulation results may be a possible way to solve the
above problem; (ITI) Besides, during the deformation of some alloys and compounds, the evolution of the
chemical composition and structure will occur simultaneously. Energy dispersive X-ray spectroscopy (EDS)
and electron energy loss spectroscopy (EELS) are two important techniques used to capture chemical
information"**"”. Simultaneously detecting structural and chemical evolution during in-situ TEM
deformation requires concurrent image capture and analysis of chemical composition. Advanced EDS and
EELS detectors will facilitate the simultaneous acquisition of images and spectral data under in-situ
deformation conditions; (IV) In addition, in-situ TEM results typically generate a large amount of data,
especially videos taken during in-situ studies and mechanical signals corresponding to the material structure
in the video. Scientists need to correlate the structural information with the corresponding force
information to find the intrinsic connection, which undoubtedly requires a lot of efforts. Machine learning
or artificial intelligence will provide crucial help in processing such large amounts of data, which is still little
explored in the field; (V) Furthermore, some scientists have attempted to apply the results of in-situ TEM
mechanical tests to the mechanical behavior of bulk materials. However, the specimens used in in-situ TEM
deformation were at the micron or nanoscale, and the influence of crystal structure, orientation and surface
conditions of the samples on defect nucleation and defect migration only applies to materials at the
nanoscale. Therefore, relating the microscopic properties observed by in-situ TEM to the actual mechanical
properties in bulk specimens remains to be urgently addressed; (VI) Current in-situ TEM techniques can
only apply one or two external fields (e.g., force and electric fields), while the actual working environment
of materials is often more complex. Therefore, it is often necessary to couple multiple external fields to
simulate the actual working conditions of the material, in order to better combine the measured results with
the reality. As the space for TEM samples is very limited, introducing multiple composite external fields
(e.g., optical, electric, thermal, etc.) into the narrow space of TEM to investigate the mechanical properties
of materials under complex external field conditions has attracted extensive interest from researchers.
Future multi-field coupled in situ TEM technology may require not only special in-situ TEM holders but
also the transformation of TEM columns to meet the purpose of multi-field measurement; and (VII)
Measuring the mechanical properties at low temperatures is still very challenging even in the liquid nitrogen
temperature range.

In conclusion, studying the mechanical properties of NMs by in-situ TEM will provide new insights into the
structure-property-mechanism interactions of materials. By exploiting the high spatial resolution of TEM,
in-situ TEM will provide an irreplaceable capability to reveal the atomic-scale dynamic processes of
materials under deformation. In addition, the high energy resolution of TEM can be utilized to obtain
important information on the elemental and compositional distribution of materials through EDS and EELS
techniques. We believe that as in-situ TEM continues to develop, an increasing number of important
nanomechanics results will be discovered.
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