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Abstract
In terms of physical actions inside electron microscopes, such as
scanning electron microscope (SEM), focused ion beam (FIB), and
transmission electron microscope (TEM), manipulation enables to conduct
micro- and nano-scale positioning, assembly, and handling, which means
series of process in approaching, aligning, and contacting to an object by a
certain tool linked with a manipulator. With the increased attention to the insitu measurement and observation of the properties of micro- and nano-scale
materials, and the manipulation of these materials into working distance,
micro- and nano-manipulating system has become increasingly important
and is still a challenging task in the field of material engineering.
Among a variety of manipulation tools in use, grippers could be
useful for manipulating micro- and nano-scale materials, which allow the
materials to be applied to larger and opposing forces making pick-up easier
and manipulate more readily without electron beam deposition leading to
contamination or damage for the materials. Up to now, various grippers have
been fabricated with different specifications and abilities by research groups,
while most are designed for picking up objects with sized from a few tens to
a few hundreds of microns. This means the grippers are for SEM-based
analysis, not compatible with TEM.
In this study, we developed two kinds of manipulation tools. First, a
XYZ-axis manipulation system capable of fine-positioning was built inside
SEM, which is consisted of manual axis-stages and pico-motorized piezoactuators.
Second, based on the home-made in-situ electrical probing TEM
holder and the simple and compact gripping-tensile stage, we developed a
novel in-situ nano-gripping TEM holder which is compatible to ordinary
i

TEMs. This holder fulfills functions in gripping a nano-sized material as
well as applying tensile or compressive force to the material. One piezotube
and two piezostacks were used as actuators responsible for all movements of
the gripper. The gripper tip was made from W (tungsten) wire and its tipends (end-effectors) was manufactured by electrochemical etching and FIB
processing.
In order to confirm the applicability of these manipulation tools,
experiments to measure the mechanical characteristics of a steel material
were conducted inside SEM and TEM. The XYZ-axis manipulation system
was utilized as in-situ bending test system. Measurement of Young’s
modulus from single crystalline cementite along [100] and [001] orientations
was carried out inside SEM. Experimentally measured modulus showed
some deviation from theoretically calculated modulus by the reported elastic
constants.
The in-situ nano-gripping TEM holder was applied to in-situ tensile
test of pearlitic microstructure consisted of ferrite and cementite layers in
order to investigate its fracture behavior. We observed that the fracture of the
pearlitic microstructure by uniaxial tensile strain was occurred by slip plane
formation and subsequent necking in ferrite layer.
By applying the manufactured manipulation tools to actual
experiments for measurement of the mechanical properties, the stability and
functionality of the operation of the tools were verified. In the case of the
XYZ-axis manipulation system, it is considered that its usability is further
increased through the combination of additional measurable or manipulating
tools. Development of the in-situ nano-gripping TEM holder is the first
attempt not existing previously and we believe that it is new meaningful
result in that the functions capable of gripping, pushing, and pulling a nanoscale object are implemented in the TEM environment.
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Chapter 1. Introduction
1. 1. Background

1. 1. 1. Manipulation system inside electron microscope
A manipulation technology allows us to control small objects locally
and individually. For industrial applications, manipulation systems are
important to improve efficiency for the creation of large-scale objects from
small scale components based on various manipulation techniques and tools.
Micro- and nano-manipulation systems involve the handling, modification,
and connection of low-dimensional materials, which has been received more
attention because it is an effective technique for the property characterizations
of individual micro- and nano-scale materials.
In terms of actions inside electron microscopes (EMs), manipulation
refers to handling of objects which have dimensions from tens of millimeters
to several nanometers with handling accuracy down to nanometers.
Manipulation systems enable manipulator tools to conduct micro- and nanoscale positioning, assembly, and handling objects, which mean a moving and
approaching to a specific location, contacting to an object and controlling an
object inside EMs. With the ongoing interest in the properties of micro- and
nano-scale objects and the manipulation of these objects into working distance,
micro- and nano-manipulation inside scanning electron microscope (SEM),
transmission electron microscope (TEM), and focused ion beam (FIB) have
become increasingly important and challenging task.
Figure 1.1.1 shows the strategies of manipulations with various kinds
of microscopes [1]. Among them, especially in order to manipulate nano-scale
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objects, it is required to observe them with a resolution higher than nano-scale
or equivalent at least. Hence, a manipulation system and an observation
system, EMs in general, are essential for nano-manipulations. EMs provides
atomic scale resolution with electron beam and is divided mainly two types as
SEM (or FIB) and TEM. In general, SEM and FIB images give us only the
surface information with nano-scale resolution. Interior space inside SEM and
FIB is enough to install and operate multifunctional manipulators. TEM-based
analysis is useful for observation, measurement, and evaluation of nano-scale
objects. In addition, TEM has advantages of a high resolution with sub-nm
scale and various analytical techniques by using electron-beam diffraction,
and its additional equipment such as EDS, EELS, and STEM are available for
chemical quantitative and qualitative analysis. Therefore, the availability of a
manipulation system could be maximized when the system is utilized in TEM.
However, the specimen chamber and observation area, a pole piece gap, of
TEM are too narrow to install the manipulators with various functions. In
other words, there is a spatial constraint for applications to TEM. In order to
overcome, special sample preparation methods and modified specimen
holders which are designed with nano-scale positioning resolution are needed.
Microactuators are the essential devices which can precisely position
and manipulate nano-scale objects. There are several actuation principles such
as optically driven, magnetically driven, piezo devices, fluidics driven,
bacteria driven, and electric forces driven. These actuators can perform
various operations such as gripping, pushing, pulling, positioning, orienting,
and bending with nanometer precision. For micro- and nano-manipulation
systems, the piezo driven mechanism are widely used because of their good
performance in the positioning accuracy.
However, the development of tools capable of precisely positioning
and manipulating nano-scale objects inside EMs is still in its embryonic and
developing stage. Manufacturing nano-scale structures, devices, and systems
２

requires a variey of tools that can provide highly repeatable and precisely
controlled sensing, assembling, and positioning of an object at the nano-scale.

３

1. 1. 2. Grippers
Of a variety of manipulation tools in use, grippers could be useful for
manipulating objects and preferred due to their flexibility to grip different
shaped objects with high accuracy and low cost as well as without electron
beam deposition leading to contamination or damage for objects. ‘Single
ended’ tip has been used in scanning probe microscopy (SPM) such as the
scanning tunneling microscope (STM) and atomic force microscope (AFM).
However, the ‘single ended’ tip limits the ability of these tools to manipulate
objects and measure physical properties. A ‘double ended’ gripper could have
better control over the applied forces, as well as clear mechanical grip on the
object because grippers allow larger and opposing forces to be applied to the
object making pick-up easier. Also, unnecessary rotating movement will be
limited by the gripper geometry. It is possible to make direct electrical and
mechanical measurement on the gripped object if the gripper arms are a
conductive material and can provide a force feedback signal.
In normally open grippers, as shown in Figure 1.1.2 (a), the gap is
maximum state, and by applying the actuation force, the gap distance
decreases until the object is gripped. In this type, the actuation force must be
kept during gripping. Precision control of the gripping force is an advantage
of this type, and consuming energy during the operation is its disadvantage. In
normally closed types, as shown in Figure 1.1.2 (b), the gap distance increases
equivalent to the object dimension by the actuation force, and then the object
is gripped. After operation to the final target, the actuation force increases the
gap in order to releases the object. So, gripping energy during operation is
supplied from the elastic strain energy. However, for the gripping of big
objects, the gap must be opened enough, which leads to storage of a large
amount of elastic energy and increases the damage probability of the objects.
So, normally open grippers are preferred and widely used.
４

Over the past few years, a variety of microgrippers have been
developed with different and unique designs and abilities by several research
groups, and while most are designed with suitable for picking up objects with
sizes from a few tens to hundreds of microns. Grippers have been made out of
various materials, including Ni [2-4], NiTi [5, 6], stainless steel [6], spring
steel [7], Al [7], gold [8], SU-8 polymer [9-11] and carbon nanotubes [12].
Figure 1.1.3 and table 1.1.1 show the appearances and characteristics of
sixteen different microgrippers [2, 6, 7, 13-25]. Also, as shown in Figure 1.1.4,
some grippers have been made out of silicon and silicon compounds using
microelectromechanical systems (MEMS), such as lithography and wet (or
dry) etching [13, 26-31]. These grippers are actuated by mechanical,
electrostatic, electromagnetic, piezoelectric driven actuators, and using shape
memory alloy mechanisms. Microgrippers have also become commercially
available from some companies such as FEMTO TOOLS [32], Kliendiek
Nanotechnik [33], Zyvex [34], and Klocke Nanotechnik [35], as illustrated in
Figure 1.1.5.

５

Figure 1.1.1. Strategies of manipulations under various microscopes [1]

６

Figure 1.1.2. Gripping process (a) normally open gripper, and (b) normally
closed gripper

７

Figure 1.1.3. Different models of microgrippers [36]

８

Table 1.1.1. Characteristics of different microgrippers [36]
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Figure 1.1.4. MEMS-based Si microgrippers
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Figure 1.1.5. Commercially available grippers from FEMO TOOLS,
Kleindiek Nanotechnik, Zyvex, and Klocke Nanotechnik

１１

1. 1. 3. In-situ transmission electron microscope
Generally, majority of studies have been conducted by ex-situ
analysis, which means observing the materials before and after changes of
their thermal, mechanical, electrical, and optical properties, and so on.
Through ex-situ analysis, it is possible to identify the kinetics in material
induced by changing of external signal or environment, such as heat, physical
force, and electrical signal. In-situ analysis could provide additional
advantages of direct observations of the reaction sequence and measurement
of characteristics of the materials at the same time. Therefore, in-situ
transmission electron microscopy (in-situ TEM) have become one of the
major fields in chemistry, physics, biology, and material science as the
advanced technologies were adopted to observe real-time microstructural
changes in a confined space of TEM. Thus, in-situ TEM is a unique and
powerful technique of studying the response of materials to a change in
environmental state. In-situ experiments involve the use of special TEM
holders and a modified TEM column designed to alter a state of the specimen
in a controlled and measurable way, at the same time permitting the
continuous observation of the microstructure of the material. The possibility
of obtaining direct evidence for the mechanism of a process by means of such
in-situ observations have become attractive to material scientists. They
recognized that in-situ observations would also allow the direct and accurate
measurement of the kinetics of a dynamic process at sufficiently high
magnification that individual events could be analyzed in detail. Overall
characterization of a dynamic process in a reality since it offers the
opportunity not only to follow qualitatively changes in microstructure but also
provides quantitative crystallographic and composition data at the same time.
Furthermore, the ability to observe microstructural changes in a single
specimen avoids the dangers in having to postulate the course of a reaction
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from the examination of a series of specimen reacted to varying extents when
relaxation of the external forces responsible for the process must occur. In-situ
TEM, therefore, provides a direct link in our understanding of the way in
which variables such as thermal, mechanical, and environmental source affect
the microstructure and the properties of materials.
In-situ TEM experiments could be carried out either by setting-up
TEM system in column space near the objective pole pieces where the
specimen is located, or by the modified TEM holders with miniaturized
experimental measurement. In-situ TEM study using modified holder are
subject to strong experimental constraints. First, there are concerns regarding
spatial margins for manufacturing the modified TEM holder because the
objective lens of TEM is very small. Figure 1.1.6 shows the conventional
TEM, the location of specimen holder and pole-piece gap [37]. The pole-piece
gap is the distance between the magnetic electron lenses where in-situ TEM
holder is located. The pole-piece gap is about 2mm for ultra-high resolution
lenses. Pole-piece with a larger gap will decrease microscope resolution
significantly, for example, the point resolution in Scherzer defocus for typical
300 keV TEM decreases from 0.16 nm to 0.27 nm if the gap is widened from
2.5 mm to 20 mm [37], which is sufficient to eliminate the possibility of high
resolution imaging of most materials. Recently, in order to overcome these
limitations, in-situ TEM combining with chromatic aberration (Cc) and
spherical aberration (Cs) correction have been developing by U. S Department
of Energy TEAM project. Cc and Cs corrected TEM provide additional
important advantages by using larger pole-piece gap and improving the
microscope resolution, respectively. Second, a TEM sample has to be
prepared in such a way as to be electron transparent at the typical operating
voltage. For the typical 200 keV and 300 keV TEM, the sample thickness is
normally around 50 ~ 100 nm to permit electron transparency with atomic
resolution research. So, it is difficult to fabricated TEM sample with nano-size
１３

interesting area of the raw sample. In this regard, focused ion beam (FIB) is
widely used for sample preparation for in-situ TEM experiments. However,
FIB sample preparation must give attention to generating the artifacts by high
energy Ga ions. Furthermore, a TEM sample was inevitably prepared by
destructive methods, such as mechanical polishing followed as jet-polishing,
ion milling and FIB. In these reasons, the crucial microstructural information
in materials may be lost. It is noticed that the wrong comprehension should be
aroused by misanalysis of microstructure using in-situ TEM. Last, imaging
and recording system is necessary for the analysis of dynamic evolution
during in-situ TEM. In case of needing a wide field of view and time
resolution of millisecond range, it is appropriated to use a wide-angle camera
with fast read-out. On the other hand, high-resolution charged coupled device
(CCD) camera is required for high magnification and slower dynamic
experiment. In these reason, proper imaging system is recommended to meet
purposes of research.

１４

Figure 1.1.6. (a) Conventional TEM, (b) a detailed side view of the specimen
holder in goniometer system, and (c) a front view of the pole-piece of
magnetic lens which is inserted by TEM holder

１５

1. 2. Scopes and organizations
This thesis consists of four chapters. Chapter 1 presented to the
introduction as stated above.
Chapter 2 covers the development of a manipulation system installed
inside SEM. Chapter 2.1 presents the pico-motorized XYZ-axis manipulation
stage. In chapter 2.2, the in-situ bending test system consisted of the XYZaxis manipulation stage and a force-sensing probe will be introduced. Also,
in-situ bending tests in order to measure Young’s modulus of a single
crystalline cementite will be presented.
Chapter 3 covers the development of the manipulation system
compatible to TEMs. In chapter 3.1, the improved in-situ electrical-probing
TEM holder will be introduced. Chapter 3.2 presents the design and the
operation principles of the fabricated gripping-tensile stage. In chapter 3.3, the
step-by-step manufacturing procedures and the actual operating results of the
in-situ nano-gripping TEM holder will be showed. Chapter 3.4 will show the
result for the application of the in-situ nano-gripping TEM holder, which is
the in-situ observation for fracture behavior in a pearlitic steel.
At the conclusions, chapter 4 will summarize this thesis.
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Chapter 2. PART I: Manipulation system inside
SEM
2. 1. XYZ-axis manipulation system

2. 1. 1. Introduction
For a motion control of objects, a variety of manipulating tools such
as linear translation, rotational and tilting stages have used widely. Figure
2.1.1 shows commercial linear-translation manipulation stages. A linear stage
is used to position an object along a single axis and include a moving part and
stationary base joined by a bearing system. Position is controlled with a linear
actuator like an adjustment screw, micrometer head, or motorized actuator.
Single X-axis stages are modular and can be assembled for multi-axis motion,
XY, YZ, and XYZ-axis, in combination with additional stages.
For motorized linear stages, position is precisely controlled
electrically by a motion controller. It is far more necessary to use the
motorized stages on condition that the stages are manually operated. To
facilitate motorized stages, motorized linear actuators have to be applied to
manual stages. Motorized precision actuators have the advantage of
continuous, accurate, and speed-controllable motion.
In this section, we introduce a home-made XYZ-axis manipulation
stage and the manipulation system built inside SEM. The manipulation stage
is simple and compact design and composed of a XYZ-axis stage and picomotorize piezo linear actuators.
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Figure 2.1.1. Commercial linear translation manipulation stages (a) Manual
linear stage and (b) Motorized multi-axis stages (NEWPORT and Thomas
RECORDING)
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2. 1. 2. Experimental details
Figure 2.1.2 shows a home-made pico-motorized XYZ-axis
manipulation stage. The manipulation stage with four degrees of freedom is
composed of one rotational stage and three linear manual stages (TSD-252S,
253, Sigma Koki) in the X, Y and Z directions assembled on an aluminum
base plate. The table dimension of each axis-stage is 25 X 25 mm. Since each
of the stages is combined to each of the three pico-motorized piezo linear
actuators (8353-UHV, Newport) which move in X and Y direction within a
travel distance of ± 3mm and in Z direction of within the distance of ± 6mm.
All axis-stages are made of stainless steel for corrosion protection under
vacuum conditions and, inside their body, the bearings are lubricated using
vacuum compatible up to 10-6 Torr to be operated in SEM chamber. The piezo
linear actuators are also sufficiently vacuum chamber, and are able to travel
up to 12.7 mm with a minimal incremental movement of 30 nm. The X and Yaxis stages are placed on one side where is on the rotational stage and the Zaxis stage is placed on the other side to minimize the height of the manipulator.
Compared to other commercially assembled XYZ-axis manipulators, the
manipulator built in this study is simple and compact enough to be installed
inside SEM.
Figure 2.1.2 shows the schematic diagram of XYZ-manipulation
system. The manipulator is setup inside a JEOL 6390LV SEM. The electrical
control signals for the picomotors are conducted through the isolated vacuum
feed-through passing through the SEM main chamber front wall. All stages
share a common electrical circuit, which is often grounded. For the purpose
on experiments, various holders are available on top of the stages. The sample
and tools on top of the X- and Y-axis stage and Z-axis stage, respectively, are
all connected through the vacuum feed-through through the SEM chamber
wall so that the sample and objects can be electrically addressed separately
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outside the vacuum. The variation of sample positions are observed by the
real time images of SEM. Recoding of real time images, controlling voltage
for picomotors and measuring the electrical signal of the sample or objects are
carried out by the desktop remote control.
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Figure 2.1.2. Photograph of home-made pico-motorized XYZ-axis
manipulation stage.
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Figure 2.1.3. Schematic diagram of XYZ-axis manipulation system inside
SEM
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2. 1. 3. Results and discussions
The functionality of the home-made XYZ-manipulation system was
tested inside SEM, which has electrical feed-through ports to apply electrical
signal to the manipulation stage.
Figure 2.1.4 (a) shows the configuration and SEM image for liftingout an individual ZnO nanowire from a sapphire substrate. Electrochemically
etched W-tip is located on a XY-axis stage and as-grown ZnO nanowires are
on Z-axis stage. Figure 2.1.4 (b) presents the calibration of a force-sensing
probe using an AFM cantilever tip which has a certain spring constant. By Xaxis motion, the force-sensing probe tip pushes the opposite AFM tip,
simultaneously measuring the force and recording the displacement of the
AFM tip. As shown in Figure 2.1.5, the manipulation system was applied to
measurement of mechanical properties such as gripping, tensile, and bending
tests for from micro- to nano-scale materials.
Above experimental applications were successfully accomplished by
the manipulation system. As a result, we confirmed the stable and reliable
manipulation inside SEM and the application of mechanical properties of
from micro- to nano-scale materials.
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Figure 2.1.4. Application of XYZ-manipulation system (a) Sample lift-out for
ZnO nanowires (b) Calibration of force-sensing probe using AFM cantilever
tip
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Figure 2.1.5. Application of XYZ-manipulation system (a) Gripping and
tensile test of ZnO nanowires (b) Bending test of a cementite
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2. 2. Bending test of single crystalline cementite

2. 2. 1. Introduction
Pearlitic steel, which has a lamellar structure with alternating layers
of ferrite and cementite, is one of the most commonly used structural
materials in the industry. Cementite is one of the most important phases in
steel performance and much research has been conducted on its mechanical,
electrical and thermal characteristics [38-49]. The mechanical properties of
pearlitic steel can be accurately predicted if the proper elastic constants of the
cementite and ferrite phases are known. Experimental attempts were made to
obtain the Young’s modulus of the cementite from polycrystalline bulk
cementite [45, 48] and the multi-phase cementite [31, 50-53] prepared through
carbon replica [39], deep etching [44], and thin-film deposition [42, 43, 49].
The alternating nature of cementite sheet and ferrite shows that it is good to
have the elastic properties of a single crystal cementite. Considering the
anisotropy, most of the studies so far have used the polycrystalline phase due
to the difficulty in preparing a single crystalline cementite. On the other hand,
the cementite’s elastic modulus theoretical calculations are widely available
from many research groups [54-58].
In order to measure the mechanical properties from a single
crystalline cementite, three major experimental hurdles need to be overcome.
First, single crystalline cementite sheets with a specific crystallographic
orientation in the lamellar structure of pearlitic steel should be extracted.
Second, the geometrical arrangement of the extracted cementite sheets must
pass a bending test that considers the anisotropic elastic constants of a single
crystalline cementite. Finally, the bending test should have stress
quantification on a small scale. In this study, we measured the Young’s
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modulus of a single crystalline cementite along two different orientations, in
the [100] and [001] directions, and compared the results with the theoretically
calculated value from the reported elastic constants provided by the firstprinciples calculation.
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2. 2. 2. Experimental details
Iron (Fe) and carbon (C) powders (99.9 % pure) were mixed and
melted to form Fe-C target alloy in an induction heating system. The carbon
content was a little less than 0.8 % of the ferrite and pearlite mixed
microstructure. The steel sample was heat-treated for 60 min at 1200 °C and
then slowly cooled to room temperature in order to homogenize the pearlitic
microstructure that form target cementite with a thickness of 100 ~ 200 nm.
The surface was polished by etching in a 10 % nital etching solution for 30
min to dissolve the ferrite phase. Cementite sheets were obtained by
sonication of the etched surface immersed in ethyl alcohol. This was followed
by spraying on a lacey carbon film supported by a Cu mesh grid to investigate
the shape and orientation of the extracted cementite sheets.
Figure 2.2.1 (a) shows the microstructure of the sample after nital
etching, the ferrite and cementite phases being visible as dark and light
contrast, respectively. Figure 2.2.1 (b) shows a scanning electron microscope
(SEM) image of cementite sheets collected onto the lacey carbon grid
extracted from the etched sample. Hundreds of cementite sheets were
examined and marked in TEM to locate the cementite with the correct
crystallographic orientation and size for the bending test. A typical TEM
bright-field (BF) image and a selected area diffraction pattern (SADP) are
shown in Figure 2.2.1 (c) and (d), respectively. Holes were commonly
observed in the cementite sheet, which further limited the choice of sheets
used to make cantilever samples for the bending test. The holes in the
cementite sheets are formed by the instability of the growth tip and local
carbon distribution during the growth of the cementite phase from the
austenite [59, 60]. Most sheets had uniform thickness, which were judged,
from their thickness and bending contours, to be suitable for the cantilever
sample.
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Figure 2.2.2 shows the overall sampling procedure for cantilever
beam-type bending test. The selection was done by using the XYZmanipulation system inside SEM. The sheet with proper size was picked up
from a Cu mesh grid by an electrochemically etched W tip coated with a little
SEMGLU (Kleindiek Nanotechnik), and then, the sheet was cut and fixed to a
FIB grid using a dual-beam focused ion beam (FIB) (FEI Quanta 3D and
Nova). After taking the diffraction pattern by using the TEM to confirm the
[100] and [010] direction of the selected sheet with zone axis [010], the sheet
was again rearranged according to the direction using the FIB lift-out
processing. Next, the sheet was shaped as a rectangular for the cantilever
beam-type bending test. Finally, the orientation and shape were verified by the
TEM diffraction pattern.
In order to protect the cementite sheet from contamination and
damage from the gallium (Ga) ion beam, the FIB lift-out processing was
carried out by electron beam at all steps except during the fixing step at one
end of the selected cementite sample. The Ga beam was used to deposit Pt to
fix one end and shape the rectangular cantilever beam. Figure 2.2.3 (a) and (c)
shows TEM BF images of the cantilever beam-type cementite sheets ready for
the bending test. The crystal orientation of the mounted cementite sheets were
reconfirmed before the bending test, as shown in the typical cases in Figure
2.2.3 (b) and (d), where the sheets were oriented in the (010) plane along the
[100] and [001] directions, respectively. The longitudinal direction of the
single crystal sheet was carefully chosen based on the previously reported
elastic constants of cementite [61].
In-situ bending test system was set up inside a JEOL 6390LV SEM.
As shown in Figure 2.2.4, it consisted of three picomotor-driven actuators
(Newport 8353-V) and XYZ-axis linear manipulating stages with a mounted
force-sensing probe (FemtoTools FT-160). The loading force applied to the
cementite sheet was measured by the force-sensing probe at an acquisition
２９

rate of 10 Hz with a measurable minimum force of 0.5 μN. The force-sensing
probe tip was created by using the FIB to make the point touch one side of the
rectangular cementite sheet. The force sensor was calibrated using the
calibration spring (Kleindiek Nanotechnik) and atomic force microscope
(AFM) tip (Nanosensors) prior to taking actual measurements. Figure 2.2.5
displays the schematic of the bending test where the displaced sensing probe
was held for 30 seconds at maximum displacement to stabilize the measured
peak force before returning to zero displacement. This was necessary to
confirm that the reading from the force sensor was fully stabilized without any
changes over time. The force sensor’s response was recorded in real time
while observing the bending sequence in the test. The bending test was
performed by applying bending stress normal to the cementite sheet (010)
plane in two different longitudinal beam directions along the [100] and [001]
orientations.
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Figure 2.2.1. (a) SEM images of the pearlitic microstructure of a nital-etched
sample and (b) SEM images of extracted cementite sheets on a lacey carbon
film grid. (c) TEM BF image and (d) SADP of an individually extracted
cementite sheet
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Figure 2.2.2. Sampling procedure for cantilever beam-type bending test
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Figure 2.2.3. Cantilever beam-type cementite sheets (a) TEM BF image and
(b) SADP of a cementite sheet along the [100] orientation with a [010] zone
axis. (g, h) Cementite sheet along the [001] orientation
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Figure 2.2.4. Experimental setup for in-situ bending test system
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Figure 2.2.5. Schematic configuration of sensing the displacement and force
for the bending test

３５

2. 2. 3. Results and discussions
Figure 2.2.6 and 2.2.7 show snapshot images of in-situ recorded
SEM micrographs and the force vs. time curve during the bending test for the
single crystalline cementite along the [100] and [001] orientations,
respectively. Figure 2.2.6 (b) shows snapshots during the bending test of the
cementite along the [100] orientation at before bending, maximum bending,
and after bending, respectively. The measured force response vs. time is
plotted in Figure 2.2.6 (a). The measured force remained stable when the
bending stress was held for 30 seconds at the maximum displacement position
of the force-sensing probe. After removing the bending stress by returning the
force-sensing probe back to the starting position, the sheet’s return to the
original position confirmed that the bending test was within the elastic range.
Young’s modulus, E, of the single crystalline cementite sheet was
derived from the elastic beam bending theory [62], which assumed that the
beams follow the Euler-Bernoulli beam-bending equations due to the relative
longer length of the beam as compared to its thickness, width and deflection
distance [63]. Figure 2.2.8 shows the experimental variables used to represent
the cantilever elastic beam bending. The vertical deflection, YF, produced by
the applied force, F, at the horizontal distance, XF, measured relative to the
beam root for a cantilever beam-type sheet fixed at one edge, is given by
3
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where b is the width of the beam and h is the thickness of the beam. I is the
beam’s second moment of area at the cross-section, which is assumed to be
constant and rectangular. Therefore, Young’s modulus equation is,
3
𝑋𝑋
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From the snapshot of the maximum bending position of the
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cementite sheet, as shown in Figure 2.2.9, the XF and YF were measured by
using the ENGAUGE digitizer (Free Software Foundation) program to
accurately estimate the displacement. Bending tests were carried out 13 times
for each cementite sheet in the [100] and [001] orientations, respectively.
An orthorhombic crystal has nine independent single crystal elastic
constants, i.e. stiffness Cij. In order to obtain the theoretically calculated
Young’s modulus of a single crystalline cementite, the previously reported
nine elastic constants of an orthorhombic cementite and lattice parameters a =
5.04 Å, b = 6.72 Å, and c = 4.48 Å as calculated by Jiang et al. [56], were
used in the following elastic constant matrix:
C11
C21
⎛
C
CFe3 C = ⎜ 31
⎜ 0
0
⎝ 0

C12
C22
C32
0
0
0

C13
C23
C33
0
0
0

0
0
0
C44
0
0

0
0
0
0
C55
0

0
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0
⎞ ⎛158
0
⎟ = 169
0 ⎟ ⎜
⎜ 0
0
0
C66 ⎠ ⎝ 0

158 169 0
347 163 0
163 325 0
0
0 18
0
0
0
0
0
0

0
0
0
0
⎞
0
0
⎟
0
0 ⎟
134 0
0 135⎠

For an orthorhombic crystal, the relationship between Young’s

modulus in an anisotropic crystal and compliance, S, is expressed as [64]

′ = S1111
′ σ11
′
ε11
′ = 1 /S11
′
E = 1 /S1111
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4
4
4
2 2
+ S22a12
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S'11 = 1 /E = S11a11
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2 2
2 2
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a13 (2 S13 + S55 ) + a12
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In the relationship between the compliance and the stiffness, S=C-1,
E is the Young’s modulus in the direction as determined by the cosines a11, a12
and a13, while Sij are the elastic compliance constants that form the matrix
inverse to the elastic constant matrix. Using MATLAB (MathWorks) to solve
this relationship and equation, the theoretical Young’s modulus for different
crystal orientations was calculated. The calculated Young’s modulus from the
theoretical elastic constants obtained in this study is summarized in Table
2.2.1. The theoretically calculated Young’s modulus is 286.90 GPa for [100]３７

oriented and 220.62 GPa for [001]-oriented cementite. The average
experimental Young’s modulus of the single crystalline cementite sheet along
the [100] direction is 262.21 (± 31.75) GPa and along [001] is 212.66 (± 45.38)
GPa. When the experimental values are compared with the theoretical value,
the experimental numbers were 8.6 and 3.6% lower than the theoretical values
for [100]- and [001]-oriented cementite, respectively.
In order to see the alloying effect, cementite lamellar was extracted
from a typical bridge cable steel with an alloy composition (wt.%) of
0.8~0.9C-0.1~0.5Mn-0.1~0.35Si, as was used in the same experiments above.
In the alloyed cementite lamellar tested, no discernible elements were
detected by energy dispersive spectroscopy (EDS), meaning that the cementite
sheet contains elements below the detection limit, which is typically at 0.5
wt.%.
The experimentally measured Young’s modulus of [100]-oriented
alloyed cementite was 315.13 (± 23.27) GPa and the [001]-oriented cementite
was 251.49 (± 18.07) GPa. The experimental numbers were 9.8 and 14.0 %
higher than the theoretical values for [100]- and [001]-oriented cementite,
respectively. Even though the EDS was unable to detect the minor elements,
the measured value shows a noticeable difference in the Young’s modulus.
The alloying element Si destabilizes or even suppresses the formation kinetics
of cementite and the addition of Mn increases the cementite’s hardness and
Young’s modulus [45, 65-67].
It is not clear why the experimentally measured Young’s modulus of
single crystalline cementite was lower than the calculated value. One reason
for the difference might be from the internal point defects that formed during
the cementite sheet creation, which were inevitably introduced during the
alloy cooling step. Point defects, however, cannot be quantified or identified
by structure-sensitive diffraction techniques, such as convergent beam
electron diffraction (CBED).
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The experimental value of Young’s modulus obtained from real
samples is believed to provide meaningful numbers. When the mechanical
properties are estimated based on the microstructure, the experimental
Young’s modulus should be considered instead of the ideal Young’s modulus
calculated from the cementite’s theoretically perfect structure.
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Figure 2.2.6. (a) Measured force vs. time curve and (b) Snapshots of SEM
images recorded during the in-situ bending test of the cementite sheet along
the [100] orientation
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Figure 2.2.7. (a) Measured force vs. time curve and (b) Snapshots of SEM
images recorded during the in-situ bending test of the cementite sheet along
the [001] orientation
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Figure 2.2.8. Experimental variables used to represent the cantilever elastic
beam bending test
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Figure 2.2.9. Displacement measurement at the maximum bending position of
the cementite sheet
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Table 2.2.1. Summary of experimentally measured and theoretically
calculated Young’s modulus
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2. 2. 4. Summary
In summary, an experimental method to obtain the cementite’s
Young’s modulus from pearlitic steel was proposed. The experimental
measurement of single crystalline cementite sheet Young’s modulus in the
[100] and [001] orientations was attempted using the home-made in situ
bending test system. Consequently, a deviation was found between the
theoretical and experimental values of the Young’s modulus, with the
measured Young’s modulus being lower than the theoretically calculated
modulus by 8.61 % for the [100] orientation and by 3.61 % for the [001]
orientation. Point defects introduced in the cementite might account for the
drop in the Young’s modulus. Actual values can be applied in the design of
structural materials. Additionally, the technique employed in this study can
used to evaluate the elastic properties of a small-scale single crystalline
second-phase precipitate in the metal matrix.
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Chapter 3. PART II: Manipulation system inside
TEM
3. 1. In-situ electrical probing TEM holder

3. 1. 1. Introduction
In-situ TEM experiments can be carried out either by setting-up
system in column space near the objective pole pieces, or by the TEM holders
modified with miniaturized experimental measurements. Modification of the
TEM column requires dedication of the microscopy to a specific experiment.
Modified TEM holder for in-situ experiments have merits of portability
between TEMs, versatility of custom design, and low manufacturing cost. A
variety of in-situ TEM holders are available from commercial product or
specific research groups, enabling to apply environmental variables to the
sample, such as heating [68], cooling [69], gas [70], and liquid [71] injection,
straining [72] and indentation [73], and electrical current or biasing [74].
Figure 3.1.1 shows a schematic diagram of basic electrical probing
experiments using the probing tip inside TEM. The probing tip can apply an
electrical current or voltage to the specific position by movement of the
probing tip. Simultaneously, we can observe and record the real-time
microstructural changes in the sample and measure the electrical
characteristics of the sample.
In order to apply the electrical biasing to the local position, submicron area of electrical devices in in-situ TEM holders, following points
should be considered. First, external dimension should be accurate to match
the tightness of vacuum and mechanical stability. Second, electrical feed４６

through should have low electrical resistance to measure the changes in the
electrical conductivity while applying the bias, or changing the microstructure.
Third, electrical probing system should have nano-scale movement to locate
the probing tip onto the specific position in the device sample. Fourth, the
radius of the positioning tip should be small enough to measure the target area,
which is expected to be smaller than ~ 100 nm. Fifth, the positioning tip
should have large movement to scan full range of the samples, at least 2 mm.
Sixth, mechanical stability, that is a drift, should be small enough to measure
the electrical-microstructural change with long-time exposure inside TEM.
Last, in order to measure correct electrical properties, the sample must be
electrically isolated with the probing tip.
In addition to the considerations above, other points should be
considered, such as, materials with minimum generation of the X-ray, vacuum
sealing with more than 8 conduction wires for the operation of a piezoactuator and the electrical measurement, insulation between holder body
materials and electrical conductors, and so on.
In this chapter, detailed design and fabrication steps of the homemade in-situ electrical probing TEM holder will be introduced and we will
present the application for the bending tests of ZnO nanowires.
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Figure 3.1.1. Schematic diagram of basic in-situ TEM experiment using
electrical probing tip
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3. 1. 2. Experimental details
In order to accomplish the movement from nanometer to millimeter
scale, mechanical movement units should be combined with a piezo-actuatordriven component. Coarse positioning of millimeter scale movement can be
achieved by XYZ-axis micrometer stage which is consisted of one micrometer
head and XY-axis linear stage. Fine positioning, nanometer scale, can be
performed by a piezotube actuator. Lead Zirconate Titanate (EBL #2, PZT-5A,
industrial classification) was used as nano-scale movement piezo component.
Tubular PZT was coated with gold (Au) over copper (Cu) electrodes both
inside and outside, and then cut the surface of the outer Au-coting in 90
degree quadrants to make 4 electrodes on the outer surface. Both ends were
wrapped with electrodes was used for the z-axis. The micrometer stage was
used to control the movement of the in X-, Y-, and Z-directions, which can
move the probing tip in the range of ± 1mm to cover the most area of standard
3 mm TEM grids, and also, to adjust the eucentric height (z-height) in TEM.
A full range of approach to the target position of the sample, from
sub-nanometer to millimeter range movement, could be achieved by the
combination of the piezo-actuator and the XYZ-axis micrometer stage. The
tubular electrical probing system was installed at the inside of the TEM holder
body due to avoid the interference from movement inside TEM goniometer.
The holder body suitable for JEOL TEM was made and tested using
aluminum (Al) alloy (6000 series) and phosphor bronze (copper with 3.5 to 10%
of tin and a significant phosphorus content of up to 1%) alloy because of the
characteristics of non-ferromagnetism, strength and machinability. The
detailed apparatus of home-made built in-situ electrical probing holder can be
referred to Korea patent 10-1033352.
Figure 3.1.2 shows the photographs of fabricated home-made in-situ
electrical probing TEM holders, the 1st and 2nd version. Coarse motion units
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and electrical connectors are located on the back of the holder. The front of
the holder, head part, is consisted of a probing tip stage and a sample stage.
Figure 3.1.3 illustrates CAD drawings of inside, outside, and head
part of the 3rd and 4th version of the home-made in-situ electrical probing
TEM holder, of which overall design is similar to the previous version in
external appearance. In the case of the 3rd version, the sample stage made of
aluminum oxide is isolated with the holder body and the probing tip, which is
possible to separate from the holder body. Figure 3.1.4 and 3.1.5 shows the
photographs of 4th version home-made in-situ electrical probing TEM holder
which was fabricated the most recent. The holder body is made from a
phosphor bronze material and the other parts such as head parts and grip parts
are made of aluminum. The sample stage is detachable from the holder body
and insulated by the sapphire plate between a head guard part and the sample
stage. Generally, the hemisphere-type TEM grid with the sample is located on
the center of the stage and fixed by the silver paint or paste. The probing tip
stage is modified from the previous plate-type to sandwich-type. A sapphire
ball is sandwiched between two plates and the probing tip is located and fixed
at the front plate of the tip stage. Owing to the sapphire ball, the horizontal
and vertical positioning of the probing tip becomes possible and more flexible
than the previous plate-type. In addition, the probing tip stage is detachable so
that the stage is replaced into the desired shape if necessary. As insulated Au
wires are used to connect the sample and the probing tip, which result in a
decrease in the contact resistance by the existing Cu wires.
The probing tip, which makes direct contact at a specific position on
the sample, plays an important role when measuring the electrical properties
on a specific area less than 100nm. Various techniques to make a shape
conductive tip in Au [75], Pt [76], W [77, 78], Pt/Ir [79-81] and Pd [82] have
been reported to be applied for scanning tunneling microscope (STM) and
field ion microscope. Au and Pt are too soft to make rigid contact on the
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sample. Pd and Pt/Ir alloy are good choices but they require toxic chemical
etchants to make sharp tips. W (Tungsten) tip was used as a probing tip in this
study. Sharp W tips were made using electrochemical etching method. A
tungsten wire (0.254mm in diameter) passed through the small hole on the
stainless steel plate and a drop of etchants, due to a force called surface
tension, was filled in small hole. The tungsten wire was used as the working
anode and the stainless steel plate was used as the cathode. A 2M NaOH
solution is used as the electrolyte. A DC voltage between 2 ~ 4 V was applied
until the dipped tungsten wire in the solution was disconnected. After etching
step, the tips were rinsed in ionized water followed by ethanol and acetone.
Typical SEM and TEM images of etched tungsten tips are shown in Figure
3.1.6. Apex radiuses of typical W tips were less than 50nm, which was
critically required to locate the probe at the local area comparable to the tip’s
apex radius.
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Figure 3.1.2. Photographs of the 1st and 2nd version of the home-made in-situ
electrical probing TEM holders
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Figure 3.1.3. CAD drawing images of the 3rd and 4th version of the homemade in-situ electrical probing TEM holders
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Figure 3.1.4. A photograph of 4th version of home-made in-situ electrical
probing TEM holder
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Figure 3.1.5. A photograph of the head part of the 4th version probing holder
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Figure 3.1.6. SEM and TEM images of electrochemically etched W tip
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3. 1. 3. Results and discussions
The vacuum stability of home-made in-situ electrical probing TEM
holder was tested inside a modified JEOL SEM 5200, which has a port to
insert the TEM holder. The vacuum leak of the holder could be caused by the
bonding chemicals to fill holes of the electrical feed-through, the O-ring for
vacuum sealing and the sheath of electrical cable, and so on. The movement
of the W tip by micrometers could be achieved without the degradation of
vacuum level about ~ 10-7 Torr.
The movement stability of W tip was carried out inside JEOL 2010F
TEM. Controlling by XYZ-axis stage, we approached the probing near the
sample within range of a few microns and also adjusted the Z-height. Travel
length of W tip from side to side is the maximum ± 1 mm. The 3-channel
HVPZT amplifier (PI, E-463 model) was used to control and test the
movement of the piezo actuator. Tip position driven by the piezotube showed
resolution of less than ~ 0.3 Å/mV for X, Y-axis and ~ 0.1 Å/mV for Z-axis,
which revealed a little fluctuation depending on the length of mounted W tip.
The schematic illustration of instrumentation for in-situ electrical
probing TEM experiments is shown in Figure 3.1.7. The functionality of W
tip and electrical measurement was tested inside JEOL 2010F and 2010 LaB6
TEM by the experiments about the bending of a single ZnO nanowire. ZnO
exhibits both semiconducting and piezoelectric properties [83]. The coupling
of these two properties provides it with very unique advantages and novel
applications. Yang et al. [84, 85] have observed the nanodamage in ZnO
nanomaterials by applying a transverse electrical field. However, few reports
focus on the damage of the ZnO nanowires by applying a longitudinal field.
Zhang et al. [86] reported the direct observations of the ZnO nanowire failure
and investigated the crystal structure transformation. So, we observed the
bent-ZnO nanowire failure behavior under electric field and the piezoelectric
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properties of ZnO nanowire, which is the change of electrical properties under
bending using the home-made in-situ electrical probing TEM holder.
Figure 3.1.8 shows the electrical breakdown of a bent ZnO nanowire
which has a diameter of 80 nm. As shown in Figure 3.1.7 (b), first, the
probing tip was contacted to the nanowire and then the nanowire was bent by
the forwarding the probing tip. On bending, the voltage from 0 to 20 V was
gradually applied to the nanowire. As a result, the breakdown of the individual
ZnO nanowire took place about 20 V and the pearl-like shape of breaking
ends appeared. Figure 3.1.9 presents the bending effect of an individual ZnO
nanowire. A contact of the nanowire with the probing tip before bending is
shown in Figure 3.1.9 (a), where the nanowire was already bent a little bit
because a pushing force was necessary for a good electrical contact. Then,
electron beam of the TEM was turned off and the I-V characteristic was
measured by sweeping the voltage from -5 to +5 V. This is to eliminate the
effect from electron beam in TEM. After the measurement, electron beam was
turned on again, and the nanowire was bent further by moving the probing tip
operated by the piezotube actuator in-situ under direct imaging. The bending
of the nanowire was recorded. Following such a procedure, a sequential
measurement was carried out. The three bending curvatures of the ZnO
nanowire are shown in Figure 3.1.9 (a) and their corresponding I-V
characteristics are presented in Figure 3.1.9 (b). The symmetric shape of the IV characteristics indicates good ohmic contacts at both ends of the nanowire
[87].

The current dropped significantly with the increase of bending,

indicating the decreased conductance with the increased strain.
In order to measure the electrical properties with the in-situ
observation, a home-made in-situ electrical probing TEM holder was
manufactured and tested inside SEM and TEM. During the probing tests, no
sliding and drift of the probing tip appeared. The probing tip showed a wide
range of movement from nanometer to millimeter scale enough to perform a
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stable contact to the sample.
Table 3.1.1 shows the specifications of commercial TEM holders
capable of manipulating a movable tip and the fabricated home-made in-situ
electrical probing TEM holder. [88-90] The commercial TEM holders have
additional functions of STM, AFM, and indenter tip, having a very wide range
of motion from picometers to millimeters, which is employed either for a
coarse adjustment of the sample orientation, or a precise tip positioning. In
comparison with the commercial TEM holders, the home-made in-situ
electrical probing TEM holder exhibits competitive performances, and also
has advantages that the sample stage is replaceable and isolated electrically
from the body. Because an electrical feed-through with 12 holes is used for
the electrical connection and vacuum sealing, the holder can be used for
diverse applications, if the sample stage is modified according to experimental
objectives.
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Figure 3.1.7. A schematic illustration of instrumentation for in-situ electrical
probing TEM experiments
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Figure 3.1.8. Electrical breakdown of individual ZnO nanowire by bending
test (a) TEM image before bending (b) Snapshots of the in-situ recorded
images
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Figure 3.1.9. TEM images during bending and experimental results of an
individual ZnO nanowire (a) TEM images during bending (b) Corresponding
I-V characteristics of the single ZnO nanowire for the three different bending
cases
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Table 3.1.1. Specifications of commercial TEM holder capable of
manipulating a movable tip and the fabricated in-situ electrical probing TEM
holder [88-90]
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3. 2. Gripping-tensile stage

3. 2. 1. Introduction
In the field of scientific research, developed grippers have been
designed and manufactured in order to grip and manipulate objects with sized
from a few tens to a few hundreds of microns. In general, grippers provides
typical applications, such as micro- and nano-poistioning, pick-and-place
operations, bundle separation, device fabrication and assembly, sample
preparation, force controlled handling of sensitive objects, micro-object
sorting, and micromechanical testing.
Gripping sub-micrometer and nanometer sized objects requires
tools with gripper end-effectors that the comparable in size. However,
miniaturization of the entire gripping tools leads to critical performance
tradeoffs, such as low structural aspect ratio of gripper end-effectors that
produces undesired out-of-plane bending, sacrificed sensing and actuation
performance, and difficult handling.
Some researches focused on assembling or growing high-aspectratio extensions onto gripper tips to create grippers (called as nanotweezers)
such as carbon nanotubes [91, 92], electron beam-induced deposition [28],
and focused ion beam (FIB) deposition [93]. The techniques are timeconsuming, difficulty in repeatable pick and place, poor reproducibility of
gripper tips, and limitation of gripping force and motion range. MEMSbased grippers were also fabricated with a combination of wet KOH etching
and deep reactive ion etching (DRIE) [94]. However, the MEMS-based
fabrication process is relatively complex and expensive, and the dependence
on silicon crystallographic orientations limits the flexibility of gripper tip
geometries.
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One of important considerations in the design of grippers is the
availability and selection of actuators. Even if, piezo-actuators have a
relatively small displacement range, due to the ability of precise positioning,
they are widely used for nano-positioning and manipulating tools. In
addition, they have excellent operating bandwidth and can generate large
mechanical forces in a compact size and design and for low power
consumption. Actuators based on the representative piezoelectric material,
PZT, are already well established. There are many forms of discs, rods,
plates, and tubes, and so on.
In this research, the ultimate research objective is a developing the
in-situ nano-gripping TEM holder capable of gripping objects inside TEM, at
the same time, with additional features to pushing and pulling objects, namely
applying tensile and compressive force to objects. In order to achieve the
objective, the first step is to make a design of the gripping-tensile stage. When
it comes to develop the gripping-tensile stage, following issues should be
considered. First, overall dimension of the gripping-tensile stage must be
compact to be compatible with the conventional TEMs. The gripping-tensile
stage will become one element of the in-situ nano-gripping TEM holder.
Second, unlike the grippers for micro-scale objects, the gripping-tensile stage
enables nano-scale objects to be manipulated. Third, the fabrication process is
simple and inexpensive. Also, the shape, size, and type of gripper tip are
flexible according to the gripped objects. Last, in order to acquire accurate
and stable displacements, we will adapt the piezo-actuators, the type of a stack.
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3. 2. 2. Experimental details
A detailed drawing and an assembling drawing of gripping-tensile
stage are shown in Figure 3.2.1. The stage is divided into two major parts, a
gripping part and a tensile part. A gripping part consists of 8 components as
follows.
1) Piezo-actuator (Piezostack #1) responsible for gripping movement
2) Gripper frame (Stainless steel)
3) Fixed gripper arm support (Be-Cu) fixed the gripper frame
4) Active gripper arm support (Be-Cu) fixed the piezostack #1
5) Gripper tip support (Si) to mount the gripper tip
6) Gripper tip (W)
7) M1 bolt to adjust the gap distance between the gripper end-effectors
8) Fulcrum (Al2O3 ball) located between the gripper frame and the
active gripper arm support.
A tensile part is made up of a piezostack #2 and T-shaped connector.
The piezostack #2 is responsible for pushing (compressive) and pulling
(tensile) movements. In order to combine with another component of the TEM
holder, the connector is designed with protruded cylinder on opposite sides of
the piezostack #2. As the gripper frame of a gripping part is combined with
the piezostack #2 of a tensile part, entire system of the gripping-tensile stage
is completed.
Based on the detail drawing images, the gripping-tensile stage is
fabricated as shown in Figure 3.2.2. The piezoelectric stack, called as
piezostack, used in the stage is are manufactured by NEC Corporation [95]
and sold by Thorlabs Inc. [96]. These stacks consist of many piezoelectric
ceramic layers that are assembled in series mechanically and in parallel
electrically. Two piezostacks are different in size and also in performance.
Piezostack #1 responsible for gripping force is the dimension of length (L)
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5mm X width (W) 4.5 X height (H) 3.5 mm. Its maximum drive voltage and
displacement at maximum drive voltage are 150 volts and 4.6 μm (± 1.5),
respectively. Piezostack #2 responsible for tensile force is the dimension of L
10 X W 4.5 X H 3.5 mm and the displacement 9.1 μm (± 1.5) at maximum
drive voltage 150 volts. A total dimension of the gripping-tensile stage is L 27
X W 7.5 X H 3 mm.
Gripper frame and the T-shaped connector are made of stainless steel
material to reduce the deformation of stage body caused by the expansion of
piezostacks. Two piezostacks are fixed to the frame using Torr-Seal epoxy
(Varian Inc.) for high vacuum equipment and M-bond adhesive (ALLIED Inc.)
for a TEM sample bonding. Gripper frame separated from the TEM holder
body and piezostacks wrapped by insulation materials are electrically isolated
from the TEM holder body, and also between each other.
Figure 3.2.3 presents the operating mechanism of the grippingtensile stage. In order to apply tensile force to an object, piezostack #2 should
be expanded by applied voltage before gripping movement. After completing
gripping, the contraction of piezostack #2 results in pulling the object, in other
words, tensile force is transmitted to the object.
The sequence of gripping mechanism is as follows.
1) Expansion of piezosatck #1 by drive voltage & Pushing the active
gripper arm support by the expansion
2) Change of the force to the opposite direction by a fulcrum (sapphire
ball)
3) Force transmission to the active gripper arm
4) Reversed force transmission to the fixed gripper arm by arm bridge
between two gripper arms
By the principle of the lever and fulcrum, the force which is derived
from the piezostack #1 is transmitted to the gripper arms eventually. Because
the fixed gripper arm is connected with the active gripper arm through the
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elastic thin-walled arm bridge, gripping movement is performed by moving
active and fixed gripper arms simultaneously.
Because actual gripping movement is carried out through the gripper
tip mounted on the gripper arms, making the gripper tip is important step in
the whole fabrication process of gripping-tensile stage. At first, we tried to
make the tip using mechanically polished Silicon (Si) tips, as shown in Figure
3.2.4. After two small pieces of Si were attached with a heat-glue, the
combined Si piece was sharply polished on one end. Mechanically polished Si
piece was fixed between two gripper arm supports, and then two pieces of Si
were detached by dissolving the heat-glue. Problems of this method are the
difficulties in the gap control between both Si pieces and the alignment of
both end-effectors.
Second, we used the MEMS-based processing, such as photolithography, deep etching, and wet etching. Patterned Si wafer with thickness
300μm from photo-lithography process was etched and penetrated through
wafer thickness by ion coupled plasma (ICP) deep etching, and then gripper
tips were separated from the wafer by buffered oxide etch (BOE) etching.
After initial tip gap was formed by anisotropic wet-etching using KOH
etchant, exact tip gap and shape of Si gripper tips were processed by FIB
milling, as shown in Figure 3.2.5. In case of this method, there was a problem
that the

were easily broken from a tiny shock and vibration on the

gripping-tensile stage. Also, Si material is too brittle to grip and pull out high
strength materials.
So, finally, we introduced a different fabrication method combined
electrochemical etching and FIB milling technigues [97], as shown in Figure
3.2.6 and 3.2.7. The gripper tips were made from a single piece of 0.25 mm
diameter tungsten (W) wire. Tungsten has the merits that it is strong and
easily etched. First, W wire was electrochemically etched into its central point
in order to reduce milling times in the FIB. The etching was carried out with
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2M NaOH solution using the reported method [98]. With this method, a drop
of the NaOH solution dripped down on a 2 mm diameter stainless steel ring so
that an etchant film covered the hole through which the W wire was then
passed. Two or three more small drops of NaOH were added to the film to
ensure it did not break during etching and 3 V was applied between the W
wire and the ring causing the central portion on the wire to etch. (Figure 2.3.6)
After the etching was finished, the etched section of wire had
normally been thinned to a diameter from 20 to 40 μm. The wire was then
bent at this thinned section to give an angle of about 20 ~ 30° and was
mounted onto the gripper arm using a silver paste so that the bend section
overhung the end of the gripping arm by about 2 mm. Making the overhang
distance reduces the risk of the gripper end-effectors springing out of plane
because of residual stress relief when the bend in the wire is cut in the FIB
milling [97].
Mounted the bent wire, the thinned section of the bent wire was
machined by Ga ion beam in MICRION FIB 9500 to create the gap between
both gripper tip. FIB processing is now a widely used as a manipulating and
machining tool. Shaping of the end-effectors was performed with the Ga ion
beam both perpendicular and parallel to the plane of the bend to create a
micro- or nano-scale gripping surface. Figure 3.2.7 shows an example of the
end-effectors milled into a V-shape with an angle of 150° between them,
though the FIB processing can be used flexibly to make a variety of different
shapes and the exact shaping also can be altered to the desired applications.
To ensure that the very ends of the gripper tip close around the gripped object
making pickup easier, the gripping surfaces were shaped so that they are not
quite parallel but have a small angle of about 3 ~ 5°.
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Figure 3.2.1. 3D CAD drawing images of gripping-tensile stage (a) a detail
drawing and names of components (b) an assembling drawing
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Figure 3.2.2. A photograph of the fabricated gripping-tensile stage
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Figure 3.2.3. Operating mechanism of the gripping-tensile stage
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Figure 3.2.4. Fabrication of Si gripper tip by mechanically polishing
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Figure 3.2.5. Fabrication of Si gripper tip by MEMS-based and FIB milling
technique
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Figure 3.2.6. Fabrication process of gripper tip – Electrochemically etched W
gripper tip and its FIB milling
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Figure 3.2.7. Fabrication process of gripper tip – Shaping of gripper endeffectors by FIB milling
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3. 2. 3. Results and discussions
The functionality of the gripping-tensile stage was tested inside a
JEOL 6390LV SEM equipped with the XYZ-manipulation system. Applying
DC voltage for control of piezo-actuators (piezostack #1 and #2) is
accomplished through the isolated vacuum feed-through passing through the
SEM main chamber front wall. Fabricated gripper is a normally open gripper
so that the gap between gripper tip-ends is closed by applied positive voltage.
In order to fully close the gap within the maximum drive voltage ~150 V of
the pizoestack #1, the gap must be created below 10 μm. In the case of pulling
and pushing movement by the piezostack #2, the travelling distance is about
10 μm at the maximum drive voltage ~ 150 V. No visible sign of both endeffectors damage was observed in SEM when gripping fully. From the
gripping and tensile tests, we confirmed the normal and stable operation
performance of gripping-tensile stage.
Figure 3.2.8 shows the experimental setup for the manipulation and
tensile tests of nanowire materials inside the SEM. The gripping-tensile stage
was mounted on the XY-stage part and the sample or the force-sensing probe
was located on Z-stage part. In the early manipulation tests, there were several
problems, such as electrical charging, electrostatic force, and control of
gripping force. Because the front part of the gripping-tensile stage is isolated
electrically, the gripper tip has to be grounded through the extra connection
with the SEM body. If not grounded, the image distortion, image drift, and
change of image contrast are observed, and also the undesired contact
between the sample and the gripper end-effectors occurs by electrostatic force.
Another problem to be solved is to adjust the gripping force without damage
to the sample such as cutting-off and distortion.
Figure 3.2.9 shows the SEM image sequence of manipulating a
single silver (Ag) nanowire. All images were recorded using the fast scanning
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mode of the SEM. Thickness of the gripper end-effectors is two of times the
diameter 115 nm of the Ag nanowire. Comparable dimension significantly
facilitates the interactions between the gripper tip and the nanowire. The
manipulation was performed by a series of following steps: (1) the gripper tip
approached the nanowire, (2) the gripper was aligned to the horizontal plane
(z-height) of the nanowire, (3) the gap between two end-effectors was closed
by actuation of the piezostack #2, creating a mechanical contact to the
nanowire, (4) the nanowire was fully gripped, (5) the gripper moved forward
and then moved back by actuation of the piezostack #1, (6) the nanowire was
detached from the base. The performance of the gripper developed in this
research is comparable to grippers developed by other research groups for the
manipulation of nano- and micro-scale objects, notwithstanding the simplicity
in creating the gripper tip by electrochemical etching and FIB milling. A
typical gripper made using Si-based MEMS processing is described by other
various groups [4, 8-11, 13, 28, 29, 99, 100]. Fabrication of the Si grippers
involves complicated procedures such as e-beam, x-ray, and UV lithography,
and also deep reactive ion etching (RIE) in order to shape the gripper endeffectors and separate the grippers from the substrate. However, the developed
gripper in this research needs two simple processes to manufacture the gripper
end-effectors. More than anything else, through FIB serial processing, it offers
functionality and flexibility allowing each gripper made to be tailored to
research objectives it is to be used for.
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Figure 3.2.8. Experimental setup for manipulation and tensile tests of
nanowire materials inside SEM
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Figure 3.2.9. SEM image sequence of manipulating a single Ag nanowire with
a diameter of 115 nm (a) Approaching the nanowire (b) Alignment of
horizontal plane (c) Closing the gripper tip gap (d, e) Gripping (f) Pushing (g)
Pulling (h) Detaching the nanowire from the base
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3. 3. In-situ nano-gripping TEM holder

3. 3. 1. Introduction
As mentioned above, up to now, a variety of grippers of different
kinds of designs have been fabricated with different specifications and
abilities by various research groups, while most grippers have been focused
on picking up objects with sized from a few microns to a few hundreds of
microns. Although nano-scale objects are gripped and manipulated by the
grippers, their practical functionalities have been performed inside in-situ
SEM and FIB. In other words, they are suitable for SEM-based observation,
not compatible with TEM. There have been few reports for actual applications
of the customized grippers inside conventional TEMs.
Using the in-situ electrical-probing TEM holders with accurate
positioning capabilities of piezoelectric actuators, the alternative applications
such as pulling, compression and bending tests of the sample are carried out
[101-105]. Additionally, nanoindentation tips are attached on top of these
probing TEM holders to locally deform metals [106-108].
There are various approaches of mechanical testing inside TEM, as
shown in Figure 3.3.1. The basic in-situ straining TEM holders with a simple
mechanical actuation or elaborated testing units that fit inside the pole piece
of TEMs are now available commercially from Hysitron [88] and Nanofactory
Instruments AB [89]. Also, taking advantage of the compactness of MEMS,
push-to-pull devices that could fit more TEMs have been proposed [109, 110].
The devices consist in a platform on which a pushing force is applied, usually
using the nanoindentation holders. Besides that, the co-fabrication of
mechanical testing platform and sample has been proposed [111-114]. Some
MEMS devices have been designed with built-in actuators and sensors [115８１

117].
Among a variety of typical applications of grippers, we focused on
the functionality for the mechanical testing inside TEM, of course, basically
providing manipulating and handling function of grippers. Accordingly, we
designed and fabricated a novel in-situ nano-gripping TEM holder capable of:
(1) moving the gripper tip to a desired position, (2) gripping and manipulating
objects, (3) applying the tensile or compressive force to objects.
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Figure 3.3.1. Various approaches of mechanical testing inside TEM
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3. 3. 2. Experimental details
Figure 3.3.2 illustrates the design of in-situ nano-gripping TEM
holder. The holder consists of the three parts: (1) Gripping-tensile stage (2)
In-situ electrical-probing TEM holder, and (3) Sample stages. The gripper tip
must be reshaped and resized by FIB milling, if necessary, and is replaced by
the new one. Therefore, the design of the original gripping-tensile stage is
modified as a detachable system which is composed of the gripping stage and
the tensile stage. Two kinds of the sample stages are available to the holder,
which one is for a force-sensing probe to measure the amount of force applied
to the sample and the other is for a general sample mounted on a 3mm disk Cu
grid, on a sharp metal tip, or on an AFM cantilever tip. The general sample
stage could be modified and utilized according to sample type, size, and
research purpose. In order to separate the gripping stage without interference
between each part and prepare a sample separately, sample stages are also
separable from the holder body like the gripping-tensile stage. Another feature
of sample stages is to be applicable to TEMs with high resolution pole-piece
gap (~2 mm) because total thickness of the sample stages is below 2 mm.
Figure 3.3.3 illustrates movement mechanism of the in-situ nanogripping TEM holder. The movement system consists of three parts. First, the
XYZ-stage combined a micrometer head and a XY-axis stage is located at the
rear of the holder, which is responsible for coarse motion of the grippingtensile stage. By controlling the XYZ-stage, the gripper tip should approach a
sample within several tens to hundreds of nanometers possible to contact the
sample by piezo-actuators. After approaching, fine motion is performed by the
piezotube inside the holder body. Finally, with the gripper end-effectors at the
position possible to grip, two piezostacks are driven to grip and pull out the
sample.
Figure 3.3.4 shows photographs of the fabricated in-situ nano８４

gripping TEM holder. Because the holder is based on the in-situ electricalprobing TEM holder, the holder is compatible with JEOL TEMs and the
whole appearance is almost identical with the probing holder. Coarse
movement unit, electrical connector, and force-sensing unit are located on the
rear of the holder. The front of the holder, the head part, is consisted of the
sample stage and the gripping-tensile stage. A tube-type piezo-actuator
responsible for fine movement and an O-ring type electrical feed-through with
twelve holdes for vacuum sealing and connection of electrical wires are
located inside the holder body. Eight electrical wires extend to the head part of
the holder, which are fixed on the guard frame by the Torr-seal epoxy. Five
wires are connected to the force-sensing probe and three wires are used for the
gripping stage.
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Figure 3.3.2. Design and CAD drawing images of in-situ nano-gripping TEM
holder

８６

Figure 3.3.3. Movement mechanism of in-situ nano-gripping TEM holder
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Figure 3.3.4. Photographs of in-situ nano-gripping TEM holder (a) External
appearance (b) Sample stages and gipping-tensile stage (c) Head part
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3. 3. 3. Results and discussions
The vacuum stability of in-situ nano-gripping TEM holder was tested
inside a modified JEOL SEM 5200, which has a port to insert the TEM holder.
The vacuum leak of the holder could be caused by the bonding chemicals to
fill holes of the electrical feed-through, the O-ring for vacuum sealing and the
sheath of electrical cable, and so on. The movement of the gripping-tensile
stage by micrometers could be achieved without the degradation of vacuum
level about ~ 10-7 Torr.
The movement of the gripper end-effectors was tested inside a JEOL
2010F TEM, which is modified for in-situ observation. Figure 3.3.5 shows
gripping movement and the overlapped image of their snapshots. The gripper
has a rate of closing of approximately 66 nm V-1, being fully closed by
piezostack #2 at driven voltage 70 V from an initial gap of 4.6 μm. In the case
of pushing and pulling movement, as shown in Figure 3.3.6, when a driven
voltage of 100 V was applied to piezostack #1, the forward displacement is
7.6 μm and a rate of forward movement is 76 nm V-1.
The operation of the in-situ nano gripping TEM holder was carried
out inside the modified JEOL 2010F TEM. Figure 3.3.7 shows a manipulation
sequence of a single Ag nanowire. First, an AFM cantilever tip having the
nanowire was mounted on the side of an AFM cantilever using lift-out
processing and Pt deposition inside FIB. The Ag nanowire has a diameter of
120 nm and a length of around 3.7 μm. A series of TEM images were taken
during the manipulation test. Similar to the manipulation test of the grippingtensile stage inside SEM, the manipulation was carried out by a series of
following steps: (1) the gripper tip approached the nanowire, (2) after
contacting the nanowire, the gripper was aligned to the horizontal plane (zheight) of the nanowire, (3) the gap between two end-effectors was closed by
actuation of the piezostack #2, (4) when the nanowire was fully gripped, the
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gripper moved back by actuation of the piezostack #1, (5) the nanowire was
detached from the AFM cantilever, broken at the base of the nanowire.
Comparing to the manipulation with single-ended tools such as an AFM
cantilever tip and a W nano-needle [118-120] , two gripping tips and the
ability of applying large gripping forces overcome adhesions between nanoscale material and the substrate, and also enable stable gripping and detaching
of nano-scale objects.
In the case of the fabricated gripping stage in this research, after
opening gripper tips, it is impossible to release gripped objects which are
stuck to one gripping tip surface using a plunger [14]. Therefore, the in-situ
nano-gripping TEM holder would be better to apply to measuring mechanical
properties and observing microstructural changes on nano-objects by gripping,
pushing, and pulling manipulation, rather than the use of the pick-and-place
manipulation. In order to quantify the exact force exerted by actions of
gripper tip, the force-sensing probe should be calibrated. A calibration of
force-sensing probe was carried out using AFM cantilever tip having the
spring constant of 3.5 N/m, as shown in Figure 3.3.8. First, the travel length of
the AFM tip by applied voltage to piezostack #1 was measured from the
overlapped TEM images. And then, pushing the force-sensing probe by the
AFM tip, the force response of the force-sensing probe vs. time graph was
obtained, as plotted in Figure 3.3.8 (d). The measured force kept stable
holding the voltages 20, 40, and 60 V for 20 seconds. After returning the AFM
tip back to the starting position, the force recovered near zero value. The
correction factor obtained from this calibration is 1.034, which means that the
measured force by the force-sensing probe has a margin of error of 3.4 percent.

９０

Figure 3.3.5. Gripping movement of gripping tip and the overlapped image
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Figure 3.3.6. Pushing and pulling movement of gripping tip and the
overlapped image
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Figure 3.3.7. Manipulation test of Ag nanowire (a) Configuration (b)
Snapshots of manipulation sequence
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Figure 3.3.8. Calibration of force-sensing probe (a) configuration of AFM
cantilever tip and force-sensing probe (b) its TEM image (c) overlapped TEM
images of AFM cantilever tip (d) measured force vs. time graph
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3. 4. Tensile test of pearlitic steel

3. 4. 1. Introduction
Composite materials having lamellar structure of hard phase and
ductile phase are known to have a high strength and good ductility. The two
phase structure formed in carbon steels is a pearlite, which has a lamellar
microstructure with alternating layers of soft ferrite and hard cementite. It is a
basic and essential constituent of many high strength steels, so that it is
important to realize the structural mechanisms governing its plastic
deformation and failure behaviors. The deformation behavior in pearlite can
be realized by slip in ferrite in the plane parallel to the lamellar plane, by slip
in ferrite across lamellar, and by slip at the interphase interfaces [121].
However, there have been a few studies for in-situ observation on the fracture
behavior in the pearlite [122-125], and relationship between different loading
directions and fracture behavior should be clarified.
In this study, in order to identify the applicability of the in-situ nanogripping TEM holder for investigations on mechanical characteristics of
materials, as well as observe the fracture behavior of pearlitic microstructure
by tensile stress, we carried out in-situ tensile experiments of undeformed
pearlite steel using the in-situ nano-gripping TEM holder. Kiener et al.
reported a sampling method to investigate tensile behavior of single crystal
copper at micro- and nano-scale, in which tensile samples were fabricated by
using FIB [126, 127]. We will introduce a preparation method of aligned
pearlitic microstructure samples for the in-situ uniaxial tensile test, which are
fabricated in the form of a dog-bone by using electrochemical etching and FIB
processing.
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3. 4. 2. Experimental details
Tensile samples for the in-situ tensile tests are prepared from the
undeformed pearlite steel, which is same steel used for the bending test of
single crystalline cementite, as mentioned in Chapter 2.2. Iron (Fe) and carbon
(C) powders (99.9 % pure) were mixed and melted to form Fe-C target alloy
in an induction heating system. The carbon content was a little less than 0.8 %
of the ferrite and pearlite mixed microstructure. The steel sample was heattreated for 60 min at 1200 °C and then slowly cooled to room temperature in
order to homogenize the pearlitic microstructure. The sampling procedure is
follows. First, both surfaces of a small piece of the steel sample were polished
mechanically by sand papers. The thinned sample below thickness 100 μm,
subsequently punched into 3 mm disk-type. Next, the 3mm disk was polished
by electrochemical etching in a perchloric acid etching solution in order to
reduce its thickness. And then, etched sample was again etched in a 5 % nital
etching solution for 1s to dissolve the ferrite phase and distinguish ferrite and
cementite layers. Figure 3.4.1 shows the microstructure of the sample after
nital etching, the ferrite and cementite phases being visible as dark and light
contrast, respectively.
After etching processing, FIB processing was used to fabricate
tensile samples in the form of a dog-bone. As illustrated in Figure 3.4.2, FIB
processing consists of following steps: (1) Target region selection through
SEM and FIB observations, (2) Protective Pt deposition on a rectangular
gauge section (central area) to minimize Ga ion beam damage during FIB
processing, (3) Shaping as the form of a dog-bone using Ga ion beam milling,
(4) Lift-out and fix the sample to etched W-tip on the sample stage, (5)
Rotation of the sample by 90° around the length axis and then protective Pt
deposition on the side of the gauge section, (6) Thinning the side of the gauge
section to thickness of about 100 nm, (7) Rotation back to the initial
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orientation and remove of the residual Pt deposition and re-shaping.
The head part of the tensile sample by which the sample is gripped
has a slope of 45° and a thickness of 1~2 μm to establish a stable contact with
both gripper tips. The final tensile sample has a width dimension in the range
of 1.5 to 2.5 μm, a length dimension in the range of 4 to 5 μm, and a thickness
dimension in the range of 80 to 120 nm. After FIB processing was finished,
the sample was kept under vacuum conditions to avoid the formation of
extensive oxide layers on the sample surface.
In order to perform the tensile tests, we also machined the W gripper
end-effectors suitable for the dog-bone shaped tensile sample by using Ga ion
beam milling in FIB, as shown in Figure 3.4.3. Size and shape of the gripper
end-effectors were fabricated according to differently sized tensile samples.
The gripper end-effectors have a slope of 45° and a thickness of 2~3 μm
comparable with the shape and size of the tensile sample in order to ensure
that is stable contact area between the sample head part and the gripper endeffectors.
Tensile tests were carried out inside JEOL 2010F TEM, operated at
200 kV together with the in-situ nano-gripping TEM holder. Gripping and
tensile motion were driven by the piezostacks of the gripping-tensile stage,
which is controlled in the range of 6.6 nm mV-1 and 7.6 nm mV-1,
respectively. The tensile test was performed at strain rates of ~ 1.3 X 10-2 /s.
TEM image sequence of microstructural change were captured Gatan ES
500W camera with 10 frames / second equipped with JEOL 2010F TEM.
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Figure 3.4.1. SEM images of the pearlitic microstructure of an
electrochemical and nital-etched sample
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Figure 3.4.2. FIB processing to shape the tensile sample in the form of a dogbone type
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Figure 3.4.3. W gripper end-effectors suitable for the dog-bone shaped tensile
sample
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3. 4. 3. Results and discussions
Figure 3.4.4 (a) shows a dog-bone shaped sample for the tensile test,
of which the gauge section has dimensions of 4.8 X 2.4 X 0.12 μm. A BF
image and a SADP of the gauge section are shown in Figure 3.4.4 (b) and (c),
respectively. The sample is aligned perpendicular to the tensile direction.
Some cementite layers on the gauge section are not continuous and fractured
into cementite islands, indicated by yellow colored area. The SADP image
indicates that ferrite layers have with a [113] zone axis.
Figure 3.4.5 shows the TEM images for configuration of the tensile
sample and gripper end-effectors before a tensile test. Accurate alignment in
the in-plane directions is conducted by the resolution offered by the TEM.
Alignment in the out-of-plane direction, that is the e-beam direction, is
facilitated by using a gripper tip with 2~3 μm deep being multiple times
thicker than the head part of the sample. After the sample is located in zheight by using the TEM focus, the top of the gripper tip is aligned at the
same height of the sample by the XYZ-stage of the in-situ nano-gripping
TEM holder. And then, the sample is lowered into the middle of the gripping
surface, using the piezotube in order to perform a stable and clear contact
between the sample and the gripper end-effectors. After the alignment is
completed, the dark-field (DF) image which is recorded during the tensile test
is confirmed, as shown in Figure 3.4.5 (b).
As soon as the FIB processing was completed, it was confirmed that
the sample was not bent or twisted. However, bend contours on the sample
were confirmed from BF and DF TEM images. Physical bending of the
sample inside TEM is considered due to the magnetic nature of ferrite
materials and therefore the magnetic field effect between the sample and the
pole pieces or magnetic lens.
Figure 3.4.6 shows snapshots from in-situ recorded DF images
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during tensile test. Before tensile test, the bent sample becomes fully stretched
by using the combination of the piezotube in charge of moving the overall
gripping stage and the piezostack #1 responsible for gripping operation. As
tensile strain is imposed on the stretched sample, a slip line is formed along
(1-10) plane in the ferrite layer which crosses between cementite segments,
indicated by a yellow-dotted line in Figure 3.4.6 (b). A slip band appears on
near the first initiated slip line when the applied tensile stress exceeds the
yield stress. With increasing tensile strain, it is observed that plastic
deformation takes place along the formed (1-10) slip plane and two sections
of the sample slide relative to one another. Sliding by the slip is
simultaneously followed by necking in ferrite layer, indicated by red-colored
area. Subsequently, the formation of a void is observed in the middle of the
slip plane. Finally, the tensile sample is ripped apart and fractured into two
sections.
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Figure 3.4.4. Dog-bone shaped pearlitic microstructure sample for a tensile
test (a) Dimension of a gauge section (b) BF TEM image of a gauge section.
Yellow-colored regions indicate cementite islands. (c) SADP of a gauge
section
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Figure 3.4.5. (a) TEM image depicting a sample and gripper tip aligned before
a tensile test (b) Dark-field (DF) TEM image
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Figure 3.4.6. Snapshots from in-situ recorded images during the tensile test
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Chapter 4. Conclusion
In order to realize a variety of manipulation of micro- and nano-scale
objects inside SEM, a simple pico-motorized XYZ-axis manipulation stage
was fabricated and a home-made in-situ bending test system was built inside
SEM, which is consisted of the XYZ-axis manipulation stage and a forcesensing probe. This system was applied to a variety of manipulating
operations such as lift-out of nanowires, calibration of force-sensing probes,
and measurement of mechanical properties of nano-scale materials.
With the utilization of the in-situ bending test system, Young’s
modulus of single crystalline cementite along two different [100] and [001]
orientations was experimentally measured. Comparing the results with
theoretically calculated modulus, we turned out that the measured Young’s
modulus is lower than the theoretical value by 8.61 % for the [100] orientation
and by 3.61% for the [001] orientation. This deviation might be from the
internal point defects formed during the cementite creation, which were
introduced during the alloy cooling step.
In the case of the manipulation system inside TEM, the new
improved version of in-situ electrical probing TEM holder was introduced. In
comparison with the previous version, the design of sample and probing tip
stages located on holder head part was newly modified in facilitating
installation a sample and a probing tip, isolating the sample from a holder
body electrically, and enabling more stable control of the probing tip. The
functionality of this TEM holder was confirmed by observing electrical
breakdown and piezoelectric behavior of a bent ZnO nanowire.
Next, a simple and compact gripping-tensile stage capable of
gripping, pushing, and pulling manipulation of micro- and nano-scale objects
was developed and tested inside SEM. Movement operation of this stage was
１０６

driven by two piezo-actuators and W gripper tips was made by
electrochemical etching and FIB machining. Available tip gap to close fully
was below 10 μm and traveling displacement for pushing and pulling
movements was 10 μm.
Finally, we designed and fabricated a novel in-situ nano-gripping
TEM holder combined the in-situ electrical probing TEM holder and the
gripping-tensile stage, considering the following points : (1) moving the
gripper tip to a specific position, (2) gripping and manipulating objects, and (3)
applying the tensile and compressive force to objects. For expansions of the
functions and availabilities of the holder, the sample stage equipped with a
force sensing probe was fabricated, in addition to the sample stage for general
sample such as TEM grids.
In order to confirm the stability of actuator operations and the
applicability of the holder for measurement of mechanical properties of
materials inside TEM, in-situ tensile tests of undeformed pearlitic steel were
carried out. A pearlite sample, which has a lamellar microstructure with
alternating layers of ferrite and cementite, was prepared by electrochemical
etching and FIB processing. Fracture of the pearlite sample by uniaxial tensile
strain was occurred by slip formation and necking in ferrite layer. Slip plane
was formed along (1-10) plane in the ferrite and then two sections of the
sample slid along the slip plane, followed by necking in the ferrite layer.
This study has the technological significance, in terms of the first
trial and accomplishment of physical gripping and tensile manipulation inside
TEM through the novel in-situ nano-gripping TEM holder. Although it is in its
development stage which is required to complement technical considerations,
we look forward to becoming a novel manipulation tool in the field of nanoscale material research and analysis, as the new idea and improvements are
added to the holder.
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Abstract (in Korean)
주사전자현미경(Scanning electron microscope, SEM), 집속이
온빔(Focused Ion Beam, FIB), 투과전자현미경(Transmission Electron
Microsope, TEM)과 같은 전자현미경내에서의 물리적 움직임이라는 관
점에서,

조작(manipulation)은

마이크로/나노

스케일의

위치이동

(positioning), 조립 또는 배치(assembly) 및 핸들링(handling)을 가능
하게 한다. 이는 곧 조작장치와 연결된 특정한 기구를 대상 물체에 접근
시키고 위치조정 및 접촉하는 일련의 과정을 의미한다. 마이크로/나노 스
케일 재료의 실시간 물성 측정 및 관찰, 그리고 작업 가능 거리 내에서의
조작에 대한 증대된 관심으로 마이크로/나노 조작 시스템에 중요성은 점
점 커지며, 재료공학 분야에서 여전히 도전 과제 중 하나로 남아있다.
사용되고 있는 수많은 조작 장치들 중에서, 그립퍼 (gripper)는
재료에 오염을 입히거나 피해를 가할 수 있는 이온 또는 전자빔 증착(ion
or electron beam deposition) 없이 보다 용이하게 대상 재료를 집어내
고 조작할 수 있을 정도의 큰 힘을 가할 수 있다. 오늘날까지 연구 그룹
들에 의해 다른 사양과 기능을 갖는 몇몇 그립퍼들이 제작되어 왔지만,
대부분 수십에서 수백 마이크로미터 스케일의 재료를 집어낼 수 있는 형
태로 디자인되었다. 이것은 제작되어 사용되고 있는 그립퍼들은 TEM 기
반 분석이 아닌 SEM 기반 분석에 사용된다는 것을 의미한다.
본 연구에서, 우리는 두 가지 종류의 조작 장치에 집중하여 개발
하였다. 첫 번째는 SEM 내 설치된 미세 위치 조정이 가능한 XYZ 축 조
작 가능한 시스템으로 수동 축 스테이지와 피코모터로 구동되는 압전소자
들(pico-motorized piezo-actuators)로 조립되었다.
두 번째로는 직접 제작한 전기적 신호 인가 가능한 탐침을 지닌
실시간 관찰용 TEM 홀더 (in-situ electrical probing TEM holder)와
물체를 잡고 인장 가능한 스테이지 (gripping-tensile stage)를 기반으로
만들어진 나노 스케일의 재료를 잡을 수 있는 실시간 관찰용 나노 그립핑
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TEM 홀더(in-situ nano-gripping TEM holder)를 개발하였다. 이 홀더
는 사용되고 있는 일반적인 TEM에 적용 가능하다. 이 홀더는 나노 스케
일 재료를 잡을 수 있는 기능뿐만 아니라 인장 또는 압축 힘을 가할 수도
있다. 한 개의 압전튜브(piezotube)와 두 개의 압전체(piezostack)가 액
츄에이터(actuators)로서 그립퍼의 모든 움직임을 담당한다. 실제 대상
물체를 잡는 부분인 그립퍼 팁과 그 끝단(gripper tip and its ends)은 전
기화학적 식각(etching)과 FIB 가공처리를 통해 텅스텐(Tungsten, W)
으로 제작되었다.
이들 조작 장치의 실제 적용성을 확인하기 위해, 철강 재료의 기
계적 특성 측정에 관한 실험을 진행하였다. XYZ 축 조작 가능한 시스템
은 실시간 굽힘(bending) 실험 장치로 사용되어, 단결정 세멘타이트
(single crystalline cementite)의 [100]과 [001] 방향에 대한 영률
(Young’s modulus)을 SEM내에서 측정하였다. 실험적으로 측정된 영률
은 보고된 탄성 계수를 통한 이론적으로 계산된 영률과 다소 차이가 있는
것으로 확인되었다.
나노 스케일 물체를 잡을 수 있는 실시간 관찰 가능한 나노 그립
핑 TEM 홀더는 페라이트(ferrite)와 세멘타이트(cementite) 층으로 이
뤄진 펄라이트(pearlite) 미세구조의 파괴 거동(fracture behavior)을 파
악하기 위한 실시간 인장 실험에 적용하였다. 단축 인장에 의한 펄라이트
의 파괴는 페라이트 층 내에 형성되는 슬립(slip)과 뒤이어 이어지는 넥
킹(necking)에 의해 발생되는 것을 실시간 관찰하였다.
제작된 미세조작 장치들을 실제 기계적 특성 측정 실험에 적용하
여, 장치의 작동에 대한 안정성과 기능성을 검증하였다. XYZ 축 조작 장
치의 경우, 부수적인 측정 및 조작 장치와의 결합을 통해 그 활용성은 더
욱 증대될 수 있을 것이라 생각된다. 실시간 관찰 가능한 나노 그립핑
TEM 홀더 개발은 기존에 없던 최초의 시도로, TEM 환경 내에서 물리적
으로 물체를 잡고 밀거나 당기는 기능을 구현하였다는 점에서 새로운 의
의가 있다고 판단된다.
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