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1. Introduction

The properties of functional materials are 
strongly determined by the underlying 
microstructure, which is usually sensitive  
to the operating conditions during specific 
applications. Observing and characterizing 
the dynamic process of the microstruc-
ture is therefore key to understanding the 
structure–property relationship.[1–7] It is 
also possible to tune the microstructure 
of a material by using electrical, mag-
netic, thermal, and stress fields, leading 
to significant property improvements.[8–17] 
Among them, high-stress load is proved 
to be an attractive and challenging one. 
Under very high pressure (stress), many 
unexpected amazing performances have 

been recently found out of the well-known materials, such as 
the very-high-temperature superconductive phase transition 
and metallic hydrogen under high stress.[18–20] Also, high stress 
can introduce extremely small microstructures into mate-
rials,[21–26] as well as cause complex across-scale local micro-
structure evolutions,[8,21,24,27–33] showing great potentials for 
novel functional micro-/nanodevice applications.

Therefore probing microstructure evolution and defect 
motion in functional materials under high stress is a topic 
of great interest, which is one of the best ways to reveal the 
mechanism of functional property tuning and material failure 
by mechanical loading. Encouragingly, the recent advances 
in in situ electron microscope has enabled us to perform real 
time probing on the complex microstructures, from atomic to 
micrometer scales under quantitatively loaded high stress.[34–40]  
With the new generation of aberration-corrected (scanning) trans-
mission electron microscopes (STEM/TEM) that are equipped 
with a fast direct detect device (DDD) camera,[2,40] we are able 
to conduct atomic-resolution low-dose imaging[41] with unprec-
edented clarity. Features as small as interstitials, substitutional 
atoms, and even vacancies are visible in matters.[1,42,43] And real-
time nanobeam electron diffraction (NBED) mapping in in situ 
STEM (also called 4D-STEM) is available,[40] where the read-out 
speed of TEM camera has been greatly improved by the devel-
opments of both fast DDD cameras and software for treatment 
of big data.[44–48] As known, for conventional postmortem TEM 
and STEM observations, various information is extracted by alter-
nating the imaging conditions. Therefore in the case of in situ 

The operating conditions of functional materials usually involve varying stress 
fields, resulting in structural changes, whether intentional or undesirable. 
Complex multiscale microstructures including defects, domains, and new 
phases, can be induced by mechanical loading in functional materials, 
providing fundamental insight into the deformation process of the involved 
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introduction into some newly developed multichannel experimental capabilities 
to demonstrate the impact of these techniques.
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mechanical test, TEM observation is usually restrained to a cer-
tain imaging condition, leading to poor multiscale and multicon-
trast imaging of dynamical process. Now, 4D-STEM has the capa-
bility to monitor the complete local diffraction information with a 
spatial resolution down to a unit cell. More, as the fabrication of 
micro-electro-mechanical system (MEMS) devices comes to matu-
rity, it has been widely integrated into in situ TEM to measure 
properties of functional materials which are under stress loads.[49–

52] Many MEMS devices with built-in actuators and sensors have 
developed to locally conduct the on-chip tests.[53] It provides an 
extraordinary way to explore the relationship between the func-
tional properties and the stress-induced local microstructures.

Herein, several examples of current progress regarding in 
situ mechanical TEM/STEM techniques have been addressed, 
which allow real-time probing of local microstructures (from 
atomic to micrometer scales) in functional materials that are 
under high stress loads. The advancements of these state-of-
the-art techniques make it come true to study the materials 
behavior with unprecedented temporal and spatial resolution, 
yielding new insights into phenomena that are unable to be 
probed by conventional methods.

2. Probing of Functional Materials by Using 
In Situ Mechanical TEM

The in situ TEM/STEM observation during mechanical loading 
was originally used to study structural materials, such as the 
deformation behaviors and defect motions.[54–60] For example,  
the mechanical TEM holder with an actuation system, as well 
as the device made of two materials which have various thermal 
expansion coefficients, have been used to strain thin materials in 
in situ TEM.[34,61–63] Taking advantage of the accurate positioning 
capability of piezoelectric stacks and tubes, nanoindentation tip 
has been lately integrated into the in situ TEM, allowing not only 
accurate moving of the indenter, but also precision measuring of 
the load.[57–59,61,63,64] In addition, a variety of punch tips, sample 
stages, and in situ chips being mounted on the sample stages 
have been integrated into in situ nanomechanical system, to 
induce more and more functions.[65–69] Encouragingly, besides 
structural materials, many functional materials have also been 
well studied by the in situ mechanical TEM/STEM, showing the 
promising stress/strain-dependent functional properties.[70–72] 
Here, we describe a few examples of recent progress in in situ 
probing of local structure in functional materials under high 
stress/strain. The local structures from atomic to micrometer 
scales can be precisely probed in real time under the high stress 
of 0.1–1 GPa level. The stress level is strongly correlated with the 
mechanical-performance requirement of most functional mate-
rials. It is also widely used to introduce microstructure evolu-
tions (e.g., phase transition and domain switching) in functional 
materials for the stress-dependent property tuning.[71,72]

2.1. In Situ Functionality Measurement under Mechanical 
Loading

Ferroelectrics are a widely used class of functional mate-
rials, which mostly perform simutaneously ferroelectric and 

ferroelastic properties. High stress can therefore effectively 
alter their electrical properties through the stress-induced 
domain evolution or phase transformation. As shown in 
Figure 1, a stress-induced insulating-to-conductive domain 
structure evolution in an individual BaTiO3 nanopillar has 
been revealed via in situ TEM observation. The pillar originally 
displays a herringbone domain structure, which can change 
into a common (head-to-tail) 180°domain structure under 
axial tension or a head-to-head charged 180° domain struc-
ture under axial compression.[73] The strongly charged head-
to-head 180° domain wall presents in fact a free-electron gas 
structure, exhibiting metallic-type conductivity that is 109 times 
higher than the parent BaTiO3 crystal.[74,75] But it is unstable at 
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the natural status due to its higher energy.[74] Here the struc-
ture is formed while the compression load reaches 280 MPa 
(Figure 1a). A steady conductivity between the pillar substrate 
and the boron-doped nanoindentation tip has been detected 
(Figure 1b). Notably, we found that the stress-induced charged 
head-to-head domain wall (i.e., the free-electron gas struc-
ture) was not through the entire nanopillar at first, however 
showing a “deflecting growth” which avoids approaching the 
top electrode of the pillar, until a 4 V voltage has been applied 
(Figure 1c). The behavior is theoretically predicted (it needs to 
overcome a barrier before the head-to-head domain wall con-
necting the electrodes and subsequently enabling current),[74] 
but rarely reported via direct experimental observation. It is 
worth mentioned that unlike heterogeneous interfaces, domain 
walls in ferroelectrics can be created, displaced, annihilated and 
recreated, therefore triggering the reversible tuning of the func-
tional properties through mechanical ways.

An ongoing pursuit of mechanical in situ TEM experimental 
systems is the integration of multifield measurement during 
the loading process. Examples are the application and the 
measurement of electrical[70,72] and thermal[34,51] properties, 
while applying a mechanical load on the sample. Here, 
precision electrical detection system, e.g., a four-point-
contacting one, can be installed in the nanoindentation TEM 
holder. The diamond nanoindentation tip (doped with boron 
for good conductivity) and the TEM sample grid (made of 
metal) can service as top and bottom electrodes of the sample, 
as the mechanical loading is being performed. In addition, 

controllable thermal loading is available via electrical heating 
or electron-beam heating, as the electrical actuator or thermal 
expansion effect introducing the stress loading. The meas-
ured properties, direct observations, and quantitative loadings 
are therefore corresponding, providing critical evidences for 
mechanism studies.

2.2. High-Throughput In Situ 4D-STEM

4D-STEM (i.e., a nanobeam electron diffraction mapping) com-
bines a high spatial resolution (≈1 nm) with a large field of view 
(≈1 µm).[76–79] To acquire a 4D-STEM dataset, one need to work 
in the STEM mode, where the electron probe scan through the 
interested area and the diffraction pattern can be recorded at 
each scanning position. Namely 4D-STEM dataset outputs 2D 
real space and 2D reciprocal-space information simultane-
ously, resulting in a 4D form.[78] Therefore, one data acquisition 
could be used for virtual-aperture diffraction contrast bright-
field/dark-field (BF/DF) imaging,[39] orientation mapping,[80] 
large-field-of-view strain mapping,[78] and even ordering map-
ping.[81] The operating principle of 4D-STEM is demonstrated 
in Figure 2a along with an experimental example of a SrTiO3/
PbTiO3 multilayer heterojunction by a multiple-channel acqui-
sition on composition, strain, and polarization mapping.[82] 
Here, combining nanobeam electron diffraction mapping 
with in situ mechanical TEM observation allows extraction 
of multichannel information. The 4D-STEM application has 
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Figure 1. a) The domain evolutions in a single-crystal BaTiO3 nanopillar under quantitative compression loading: from a herringbone domain struc-
ture to a charged head-to-head 180° domain structure. b) The dramatically enhanced conductivity related to the domain structure changing, i.e., the 
conductivity induced by a free-electron gas structure. c) The head-to-head 180° domain wall has not reached to the pillar-top electrodes, until a 4 V 
electric field between the top and bottom electrodes has been applied. The scale bar in (a) is 100 nm.
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been significantly improved recently attributing to the deploy-
ment of fast DDD camera with frame rate up to ≈1000 fps level 
(at its highest pixels).[76,77,83] The fast readout speed induces a 

tremendous impact on high-throughput in situ STEM/TEM 
studies.[78,82,84,85] However, there are still challenges on large 
field-of-view and high resolution (e.g., unit cell scale) strain 
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Figure 2. The in situ probing by high-throughput 4D-STEM. a) The principle of the high-throughput multichannel 4D-STEM mapping, with a case of a 
SrTiO3/PbTiO3 multilayer heterojunction structure. Reproduced with permission.[82] Copyright 2016, Microscopy Society of America. b) Another case 
of a planar slip event in structural and functional materials of stainless steel, probed in situ by 4D-STEM. Reproduced with permission.[84] Copyright 
2017, Elsevier. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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maps for the in situ mechanical TEM, owing to such as sample 
drifting, sample bending, and scan noise. Many efforts are kept 
focusing on the field, for further technology breakthrough.

Figure 2b further exhibits an application of mechanical in 
situ 4D-STEM experiments on stainless steel (a structural and 
functional material). Pekin et al.[84] mapped the transient strains 
in the process of a dislocation slip event. It is found that the 
leading dislocation of a planar slip moves from the left to the 
right and the strain in the (200) direction increases behind it. 
However, strain in the perpendicular (02-2) direction remains 
unchanged, showing clear directionality when it comes to the 
lattice expansion. The color-coded line profiles from between 
the arrows in the expansion maps are also shown. Pekin 
et al.[85] developed a 4D-STEM method to probe the evolution 
of local structural ordering in the amorphous metallic glass and 
find the origin of the formation of shear bands.

In the near future, it is believable that the mechanical in 
situ 4D-STEM technique can be prominently enhanced, owing 
to the rapid development of high-speed DDD camera and the 
big data retreatment hardware/software (e.g., the machine 
learning). Besides local strains and the “common” microstruc-
tures such as dislocation, phase boundary and domain, the sen-
sitive in situ 4D-STEM (equipped with energy filter and special 
designed apertures) is also capable to explore the local chemical 
short-range ordering structure and oxygen vacancy distribution. 
Much more robust data analysis will certainly promote the 
functional materials investigation.

2.3. In Situ Atomic-Resolution Observation under High Stress 
Loading

One recent trend of utilizing mechanical in situ STEM/TEM 
system is to approach extremely high stress to introduce as 
many microstructure evolutions as possible. Comparing with 
tensile load, compression and shearing load can provide much 
higher stress (without triggering catastrophically sample 
cracking, which terminates the experiment).[86] So far, high 
stress up to 1 GPa level is achievable in mechanical in situ 
STEM/TEM, mostly through shearing way (i.e., the extremely 
high stress is achieved locally). For most materials of interest, 
1 GPa level stress is enough to trigger most microstructure 
evolutions including domain evolution, strain-driven phase 
transition, and defect nucleation.[86–88] Certainly, we need to 
measure the highly inhomogeneous local strain/stress distri-
bution, since the simply measured average values cannot sup-
port the quantitative analysis. The novel 4D-STEM technique 
mentioned above allows us to depict the local strain at unit-cell 
resolution.[76–78] More, the growing availability of aberration 
corrected STEM/TEM[4,35] has promoted the in situ mechanical 
study at atomic resolution. Therefore, the atomic resolution in 
situ investigation of functional materials subjected to ultrahigh 
stress is attracting more and more research interests in recent 
years.

Figure 3a shows an in situ HRTEM study on a stress-
induced amorphization process in crystalline silicon[89] where 

Adv. Mater. 2020, 32, 1906105

Figure 3. In situ atomic-resolution observations on dislocation nucleation under high stress loading. a) In situ TEM setup and observation of disloca-
tion nucleation under heavy shearing (≈6 Pa), which leads to amorphization in single-crystal silicon. Reproduced with permission.[89] Copyright 2016, 
Springer Nature. b) The dislocation nucleation at a 90° domain wall in single-crystal BaTiO3 nanopillar under high shearing (≈2 GPa), which however 
leads to cracking. Here, we highlight the sharp 90° domain wall with a single white dot line, and the broadened domain wall under heavy shearing with 
two white dot lines, respectively. Reproduced with permission.[91] Copyright 2019, Acta Materialia Inc. Published by Elsevier Ltd.
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a 6 GPa shear stress has been gradually 
loaded on the single-crystalline Si sample, 
introducing large number of dislocations 
and eventually leading to full amorphiza-
tion.[89,90] With real-time atomic-resolution 
observation, the dislocation nucleation, the 
local lattice disrupting, and amorphous Si 
nanodomain have been observed, clearly 
revealing the deformation and crystal-amor-
phous transformation mechanism. Figure 3b 
presents another in situ atomic resolution 
observation of crystalline BaTiO3 nano-
pillar under the similar slow large shearing 
load. It is found that dislocation nucleated 
in the BaTiO3 nanopillar at a 90° domain 
wall, as the local shearing stress goes up to  
≈2 GPa. However, the dislocation nucleation 
triggered a catastrophic cracking along the  
domain wall, leading to a completely dif-
ferent result comparing with the above Si 
case. The various dislocation growth mecha-
nism in BaTiO3 is explained as follows:[91] 
1) For stress releasing, the 90° domain wall 
is easily induced in BaTiO3 (as the stress 
reaches 10 MPa level). 2) Mobile point 
defects (mainly oxygen vacancy in BaTiO3

[14]) 
then accumulate at the domain walls, pro-
viding the dislocation nucleation sites.[14,31,32] 
3) As the stress further increased to ≈2 GPa, 
more and more dislocations nucleate at 90° 
domain wall, subsequently triggering the 
cracking along the domain wall.[73,91] With 
the atomic resolution direct observation, 
many critical evidences have been revealed 
through the mechanical in situ STEM/TEM 
probing, which will greatly promote the 
deformation mechanism study and enrich 
our understanding of materials science 
under extreme condition.

2.4. MEMS-Based In Situ Mechanical TEM

To prompt the in situ STEM/TEM probing 
under high-stress load and multiple-load 
including high-stress one, one promising way 
is the application of the MEMS chips, which 
can well stabilize sample on good zone axis, 
limit sample vibration amplitude, and add 
multiple fields simultaneously in situ, while 
performing the atomic-resolution observa-
tion.[92–96] For example, Figure 4a displays 
a simple passive PtP device, consisting of a 
θ-shaped Si frame.[51,97] The local phase transi-
tion of the VO2 nanowire under heating has 
been probed by electron diffraction and dark-
field observation (Figure 4b). Owing to volume change caused 
by the phase transition, there are corresponding strain and 
stress generated inside the sample. By using the PtP device, 

the respond speed and the stress output have been measured in 
situ (Figure 4c), evidently proving that the nanowire sample in 
fact has a potential application for actuator.

Adv. Mater. 2020, 32, 1906105

Figure 4. The strain and force output of a VO2 nanowire under electron beam heating, being 
measured in situ by using a MEMS PtP chip. a) The PtP device and the VO2 nanowire on it. 
The local phase transformation under heating causes a strain and force output, which can be 
well detected by the in situ mechanical TEM system with PtP device. b) The in situ dark-field 
observations of the nanowire, displaying local phase transition during a heating-and-cooling 
process. c) The force output depending on the local phase transformation. a) Adapted with 
permission.[51] Copyright 2013, AIP Publishing LLC. b,c) Reproduced with permission.[51]  
Copyright 2013, AIP Publishing LLC.
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Recently, more and more different kinds of chips (i.e., 
testing platforms) which can be mounted on the sample stage 
of in situ TEM holder, including the e-PtP (with simultaneous 
electrical and mechanical systems),[93–95] and the in situ TEM 
tensile device based on a thermally actuated bimetallic strips,[34] 
have been developed. As known, the pole piece of TEM is typi-
cally no more than a few millimeters, seriously limiting the 
space for installing in situ equipment. Therefore the highly 
integrated chip device will be a solution for the next-generation 
mechanical in situ TEM/STEM technique, which means more 
functions, lower cost, and easier control.

2.5. 3D Observation in In Situ Mechanical TEM

Direct observation of defect motion and microstructure evo-
lution under stress loading is critical for understanding the 
deformation mechanism of functional materials. Oftentimes, 
a 2D projection is not enough, since there are always complex 
microstructures evolutions under high stress, such as hier-
archical domain/phase structures and dislocation/planer-
defect which in fact interact with each other.[27,46] For example, 
Figure 5b shows a 3D self-similar nested bundle domain 
structure[25] in a BaTiO3 micropillar under compression. It is in 
fact a hierarchical twinned architecture which is very efficient in 
releasing high stress,[91] displaying a “merged-bundle” front view 
and a “displaced-bundle” side view.[29] Here, simple 3D observa-
tion (i.e., taking "front" and "side" observations under the exact 
compression loading, respectively) can be well performed now. 
As in Figure 5a,c, we simply investigated a twinning domain 
evolution in a BaTiO3 pillar under compression in 3D. How-

ever, through the strictly professional tomography way[63,98,99] 
it is still challenging to conduct mechanical in situ study. Now 
the in situ mechanical TEM holder still means a limited rota-
tion range and a not-so-precision 3D tilting, as well as a not-
so-stable sample. Nevertheless, under high stress the 3D defect 
motion and microstructure evolution in functional materials 
remains to be an attractive topic. Recently more and more 
efforts have been made on tomography techniques.[63] In near 
future, such efforts can significantly impose our understanding 
of functional materials under high stress.

2.6. In Situ Functional Micro-/Nanodevice Testing under  
Service Condition

The trend of “ultrasmall device with ultralow energy consump-
tion” makes many integrated devices becoming increasingly 
miniaturized, down to sub-micrometer or even nanometer 
size.[93,100,101] To directly “see” their performances or find the 
failure mechanism of the ultrasmall devices (beyond the reso-
lution range of optical microscope) under service condition, in 
situ mechanical SEM/TEM testing platforms (with multiple-
field functions including the stress one) are used in more 
industrial fields.[93,102] They can simultaneously detect the 
functional properties (as mentioned above in 2.1 and 2.4) and 
measure the strain/stress responses. Notably, the developing 
of automatic control now allows us to perform complex testing 
such as cycling and aging by very simple programming.

Figure 6a describes the cycling test of a vanadium dioxide 
nanowire-based thermometer, which monitors electron beam 
heating effect.[97] Its very reliable metal–insulator transition 

Adv. Mater. 2020, 32, 1906105

Figure 5. Simple 3D in situ observations of a BaTiO3 single-crystal nanopillar under stress loading. a) Setup of the in situ mechanical TEM system.  
b) 3D observation of a BaTiO3 nanopillar with self-similar nested bundle domain structure, being induced by cycling compression. c) 3D in situ 
observation of a simple twinning domain evolution in a BaTiO3 nanopillar, under a compression. The scale bars in (a) and (b) are both 100 nm. The 
two SEM images in (b) and the three right most “front-view” TEM images in (c): Reproduced with permission.[91] Copyright 2019, Acta Materialia Inc. 
Published by Elsevier Ltd.
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(MIT) temperature (68 °C) and precision strain output are 
crucial for the quantitative evaluation. The in situ testing for 
100 heating/cooling cycles (by allowing/blocking beam) ensure 
the reliability of the device. More, Figure 6b shows a multiple-
domain-structured BaTiO3 nanopillar, which can work as a 
piezoelectric actuator. Interestingly, it shows an enhanced 
strain output after a mechanical aging. Here, many nano-
domains have been introduced into the nanopillar under com-
pression load and then stabilized by a time-dependent point 
defect pinning effect,[10,33,91] resulting in a typical “domain 
engineering” effect[12,13] which improves the piezoelectric 
property.

Thanks to the recent development of environmental in 
situ TEM techniques, more service conditions can be applied 
(e.g., the gas environment for hydrogen embrittlement study) 
simultaneously with external fields.[93] For the service-condition 
testing, the in situ mechanical SEM/TEM system provides great 
opportunity, since it can work as both actuator and detector.

3. Summary and Prospects

We have highlighted the recent progress of in situ mechanical 
SEM/TEM for functional materials study. Now we can directly 
observe and multiple-channel measure the local domain evo-
lution and phase transition, as well as defect motions, which 
are critical for understanding the materials property changing 
under high stress. We believe that the combination using of 
multiple fields in situ, such as the mechanical, electrical and 
thermal ones, as well as the programmed automatically testing, 
can pave the road in functional materials researches.

An important trend of utilizing mechanical in situ SEM/
TEM is to combine experimental approach with novel atom-
istic simulation. There are extensive reports that deployed this 
strategy. Instead of elaborating all, several representative cases 
have been raised here. Sun et al.[103] conducted in situ TEM 
compression experiments and reported a theoretically pre-
dicted liquid-like metal nanoparticles. They observed atomic 

Figure 6. a) A VO2-nanowire-based nano-thermometer which can quantitatively evaluate the temperature increasing by electron beam local heating. 
Its setup (by SEM observation, see upper inset), working principle (see middle three insets), and in situ TEM observation of the strain outputs under 
electron beam heating/cooling cycling (before and after MIT for the first cycle, and after MIT for the 100th cycle. See three lower insets). Adapted with 
permission.[97] Copyright 2014, Springer Nature. (The image for “100 Cycle” is a new image). b) The in situ observation of a BaTiO3 nanopillar under 
a mechanical aging (i.e., under a compression for 100 min. See upper inset.) and the piezoelectric performance of the BaTiO3 pillar (the electric field 
is applied between the diamond tip and bottom electrode. See three lower insets.) after the aging. The scale bar is 100 nm.
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layer growth during compression, which can be explained by 
a surface-diffusion-dominated Coble mechanism. Molecular 
dynamics (MD) simulations corroborated such a process by 
providing the detailed mass transportation route. The same 
methodology can also be widely applied to study other mate-
rial systems. Yu et al.[102] conducted in situ TEM nanopillar 
compression experiments on Ti-O alloys with varying oxygen 
content (Ti-0.1 wt% O, Ti-0.2 wt% O, and Ti-0.3 wt% O) and 
observed a potent hardening effect with increasing oxygen 
content, which cannot be fully explained by elasticity theory. 
First-principles calculations revealed that during the dislocation 
slip event, the oxygen atom would experience a “mechanical 
shuffle” among different interstitial sites. This strong interac-
tion provided a strong pinning effect of dislocation motions.

In the near future, we believe that in situ mechanical SEM/
TEM methods would continue to further evolve in the many 
aspects: 1) Incorporation with more in situ capabilities such as 
magnetic field control and measurement, laser pump-probe, 
and environmental atmosphere, etc. 2) Improved temporal 
resolution with the development of faster electron detector and 
novel dynamic TEM techniques. 3) Strong and standardized 
data analysis tools (with the machine learning software[104,105]) 
to work with high-throughput raw data associated with high 
spatial/temporal resolution or information-rich characteriza-
tions such as 4D-STEM.
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