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Preface

This thesis marks the completion of my studies under the supervision of Professor Masao Kimura and
Assistant Professor Yasuo Takeichi from 2018 to 2021 while | have been a student of Department of Materials
Structure Science, School of High Energy Accelerator Science, The Graduate University for Advanced Studies,
SOKENDA.

This thesis is organized in the main 8 chapters. Chapter 1 describes the general introduction to the importance
of chemical structure analysis of carbon for structural materials, and the motivation and proposes of the present
study on structural materials using scanning transmission X-ray microscopy (STXM). The experimental
methods of STXM and other characterization techniques are described in Chapter 2. In Chapter 3, comparison
of r-orbital oriented domains between PAN- and pitch-based carbon fibers is described. The author describes
mapping method of w-orbital oriented domains in a pitch-based carbon fiber and visualization of stress
concentration points between r-orbital oriented domains in Chapter 4. In Chapter 5, the author describes
development of an azimuthal-rotation sample holder for orbital orientation analysis in Photon Factory.
Observation results of interface between resin and carbon fiber in carbon fiber reinforced plastics are written in
Chapter 6. Chapter 7 describes STXM study on Fe-C alloy to consider the difference of carbon chemical state
depended on the microstructure types of carbides. Finally, Chapter 8 is devoted to summary and future

prospects.
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Abstract

Carbon plays an important role not only in functional materials but also in structural materials. The mechanical
properties (among electronic, mechanical, and optical properties) of carbon matrices and carbon-containing
materials are determined by their multiscale structures, i.e., the atomic arrangement of carbon atoms (crystal,
layer, and domain structures), the chemical structures (the types of chemical bonds, molecular orbital orientation,
and electronic states), and the structural heterogeneity (spatial distribution and regularity/irregularity). On the
other hand, only a small amount of carbon (typically a low percentage) in steel contributes significantly to its
mechanical properties as an additive element in multiscale microstructures. The chemical structure of iron as
well as the additive elements is one of the essential factors that determine the mechanical properties of steel.
Despite its importance, there have been fewer reports in terms of this factor compared with other factors: (1) the
types of crystal phases, size, and spatial distributions of the grains and crystal orientations; (2) the size and
spatial distributions of defects, such as the atomic vacancies, dislocations, and voids; (3) the morphology of the
additive elements (the interstitial solid solution, substitution solid solution, and compounds) and their spatial
distributions (segregation and uniform dispersion); and (4) the chemical structure of iron and the additive
elements.

Although many studies have investigated the relationship between the crystal structures/microstructures and
the mechanical properties in structural materials, only a few studies have investigated the relationship between
the heterogeneity of chemical structures and mechanical properties in structural materials. In this study, to
identify the essential role of carbon in its chemical structure, the author has studied the following two types of
materials: (A) carbon fibers (CFs) and carbon-fiber-reinforced plastics (CFRPs), which are typical structural
composites in which carbon is the main component, and (B) steel as structural materials in which carbon is
employed as an additive element to control the mechanical properties. Although investigations on the chemical
structures of carbon and its spatial distribution have been essential for improving their mechanical properties,
they have rarely been studied. One reason is experimental difficulties in revealing the chemical structures in

materials with nano- to micro-scales through conventional analytical methods. Therefore, by employing a
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relatively newly developed spectro-microscopy technique, scanning transmission X-ray microscopy (STXM),
the author has attempted to establish analytical methods to quantify the heterogeneity of the chemical structure
of structural materials at the nanometer scale.

It is known that the heterogeneity of the chemical structure can determine the mechanical properties of
structural materials. Structural materials exhibit a multiscale hierarchy. The mechanical properties of structural
materials can be understood by examining not only single crystals or single phases but also hierarchical
microstructures and their heterogeneity. The author focused on the relationship between the types and
heterogeneity of the chemical structures and the mechanical properties, and aimed to establish analytical
methods to identify their relationships. Furthermore, the author also considered that this study’s findings could
have industrial benefits, such as guidelines for selecting raw materials, new processes, and insights for
developing high-quality materials.

The chemical structures of carbon in carbon composite materials (polyacrylonitrile (PAN) and pitch-based
CFs and CFRP) and Fe—C alloy studied by STXM with linear polarized X-rays and azimuthal sample rotation
were investigated. It was shown that STXM is one of the most powerful analytical approaches for
characterizing the heterogeneity in the chemical structure of carbon on the nanometer scale. Studies on the
relationship between the spatial distribution of the chemical structure in the microstructure and the macroscopic
mechanical properties have revealed essential factors for controlling macroscopic mechanical properties: (a) the
distribution of the m-orbital orientation or the m-orbital-oriented domains in CFs and CFRP, and (b) the
chemical states of carbon as a solid solution in iron and/or as a secondary phase (FesC).

These findings, obtained through STXM with a high spatial resolution, have shown that the analytical results
from the microstructures and chemical structures can be different and that, in such a case, the chemical
structures will be essential in understanding their mechanical properties. Thus, the approaches developed in this
study provide new insights and methodologies to understand the macroscopic mechanical properties of

structural materials in terms of chemical structures.
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Chapter 1

General Introduction

1.1 Background

Carbon is one of the most important constituent elements of living organisms, including plants and humans.
As the main constituent of coal and natural gas, carbon plays an important role in energy sustainability.
Additionally, carbon exists in various materials, including functional and structural materials. As a functional
material, carbon is utilized in electric-field transistors (Heinze et al., 2002), electroluminescence devices
(Misewich et al., 2004) that utilize carbon nanotubes (lijima, 1991), graphene (Novoselov et al., 2004), and
photodetectors (Qui et al., 2005). Carbon materials are applied as negative electrodes in various batteries
(Kamali et al., 2010), and recently, they have been applied as flexible transparent electrodes (Wu et al., 2004).
Conversely, for structural material, carbon is the main constituent of rubber, resins, carbon fibers (CFs), and
carbon fiber-reinforced plastics (CFRPs). CFRPs are characterized by their high strength per unit mass and
small coefficient of thermal expansion compared to other materials. Therefore, they are widely utilized as
structural materials in aircrafts and industrial equipment (Soo-Jin, 2018). Furthermore, carbon is one of the most
important elements that controls the strength and formability of steel, which is widely considered as one of the
most important infrastructure materials with various applications (including in automobiles, shipbuilding,
transportation equipment, building materials, infrastructure (bridges, power generation), and food containers)
(Pickering et al., 1978).

The mechanical properties of structural materials are determined by integrating the characteristics of each of
the multiple spatial scales. For example, in the case of CFRPs, as shown in Fig. 1.1, (1) in millimeter scale, the
arrangement and direction of CFs in the resin, (II) in micrometer scale, surface cracks and internal defects of
CFs, and (lll) in nanometer scale, the crystallite size of the graphite microcrystals, the size of the domain

formed by assembling them, the orientation distribution in CFs, and the adhesion state between the resin and the



CFs, determine the mechanical properties of CFRPs. in the case of steel, as shown in Fig. 1.1, (I) in millimeter
scale, the distribution of crystal grain size and crystal orientation, (I1) in micrometer scale, the distribution of
types and sizes of precipitates and defects, and (l11) in nanometer scale, the characteristics of grain boundaries
between ferrite and ferrite/carbide, determine the mechanical properties of steel. In this study, the author focused
on the chemical states ((I11) for CFRPs and steel) that have not been sufficiently investigated in the conventional
studies, and tried to establish the measurement technology to characterize them.

Inner microstructures
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Figure 1.1 Spatial scale of structural materials (CFRPs and steel) focused on in this study.

The mechanical properties (electronic, mechanical, and optical properties) of carbon-matrix and
carbon-containing materials are determined by their multiscale structures, i.e., the atomic arrangement of carbon
atoms (layer, crystal, and random structures), the chemical structures (the types of chemical bonds, molecular
orbital orientation, and electronic states), and the structural heterogeneity (spatial distribution and
regularity/irregularity) (Xu et al., 2017; Tanaka et al., 2011) (Fig. 1.2). For example, CF is a typical structural
material that features a high tensile strength, high tensile modulus, good vibration damping property, etc. The
typical raw materials of CFs are polyacrylonitrile (PAN) and tar pitch derived from coal and petroleum (Chand,
2000). CF is an aggregate of graphite crystals having sizes of several nm to several 10 nm. The mechanical

properties of CFs are controlled by (1) the crystallinity of the microcrystal graphite in CFs, (2) the size and



spatial distributions of the defects (voids) in the CFs and their surface cracks, and (3) the crystal and r-orbital
oriented domains of the microcrystal graphite in CFs, as shown in Fig. 1.2.

Further, only a small amount of carbon is contained (typically a low percentage) in steel, although it
contributes significantly to the mechanical properties of steel as an additive element in multiscale
microstructures (Fig. 1.3). The essential factors that determine the mechanical properties of steel are (1) the
types of crystal phases, size, and spatial distributions of the grains and crystal orientations; (2) the size and
spatial distributions of defects, such as the atomic vacancies, dislocations, and voids; (3) the morphology of the
additive elements (the interstitial solid solution, substitution solid solution, and compounds) and their spatial
distributions (segregation and uniform dispersion); and (4) the chemical structure of iron and the additive

elements.
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Figure 1.2 Multiscale analysis of carbon fibers (CFs) and carbon fiber-reinforced plastics (CFRPs), and the

scope of this study. (a) -orbital derived from the C=C bonds in the graphite crystals of CFs, (b) microstructures
of the graphene sheets in CFs (Matsui et al., 1997), (c) cross-sectional images of CFs obtained by polarization
microscopy and scanning electron microscopy (SEM) (Arai, 1993), (d) analysis of the CFRP crack-propagation
process in CFs by phase-contrast computed tomography (CT) (Kimura et al., 2019, Watanabe et al., 2020), (e)
scheme of the spatial arrangements of the CFs and resin in CFRPs (Kimura et al., 2019), and (f) scheme of an

aircraft and its components (Kimura et al., 2019).
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Figure 1.3 Multiscale analysis of steel and the scope of this study. (a) atomic arrangement of titan carbide (TiC)
in bee-Fe (ferrite, o), (b) cosegregation of boron and molybdenum by 3D-atom probe tomography (APT)
(Takahashi et al., 2018), (c) progress of the generation of dislocation monitored by TEM compression
experiments, (d) observation of crystal plane slips by TEM compression experiments (Taniguchi et al., 2018),
(e) dependence of the crystal orientation and grain size on heat treatment by in-house X-ray CT (X-CT) (Sun

etal., 2019), and (f) schematic of an automobile.

In steel, carbon exists as an interstitial solid-solution element in bee-Fe (ferrite, o) and fee-Fe (austenite, v), as
carbides combined with iron and additive alloy elements (vanadium, titan, niobium, etc.) (particle size: 1-10
um), and as segregation elements among the grain boundaries.

Various analytical methods have been employed to clarify these multiscale characteristics. Table 1 summarizes
the characteristics of the major analytical methods for determining the chemical structures. For example, in CFs,
(1) the crystallinity has been investigated by X-ray diffraction (XRD) or electron diffraction (Vazquez-Santos et
al.; 2012, Matumoto et al., 1985); (2) the defects have been observed by optical/electron microscopy (SEM and
TEM) and 3D observation methods employing X-rays (e.g. X-CT, pychography) (Kikuzuki et al., 2020; Wan et
al., 2016; Szmyt et al., 2017); (3) regarding the m-orbital orientation domains, the distribution of the c-axis
orientation of the microcrystal graphite or the m-orbital-derived domains originated from the C=C bonds
extending perpendicularly to the graphene sheets in graphite was investigated by electron microscopy (SEM
and TEM) or polarization microscopy (Newcomb et al.; 2016, Lafdi et al., 1994; Gerald et al., 1991; White et

al., 1978).



Table 1.1 Summary of the characteristics of the major analytical methods for the chemical structure

TEM PM EPMA/EDS EELS Nano-IR XPS(PEEM)  XAS(STXM)
Observation object T T/C E C C C C
Texture(T)
/Chemical structure(C)
/Elemental distribution(E)
Probe Electron Visible light Electron Electron Laser X-ray X-ray
Detect Electron Visible light X-ray Electron Vibration of Cantilever Electron X-ray
Spatial Resolution <1lnm 1pm 10-100 nm <1lnm 10-100 nm 30-50 nm 30-50 nm
Exited efficiency low high low low low high high
Beam damage large small large large large large small
Probing depth 100 nm ~2-3 um ~2-3 um 100 nm ~2-3 um ~2-30 nm 50-100 nm
Excitation process E - E E L E E
Electron(E)
/Laser(L)
Orbital orientation A X x x X (e) O

When CFRPs were employed in an aircraft with a meter scale, as shown in Fig. 1.2, attention was mainly
devoted to designing the shapes of the CFRP parts based on mechanics at the macroscopic scale. However, the
mechanical properties are governed by the size and spatial distribution of the defects and features of the
boundaries between the resin and CFs on the microscopic scale, ranging from millimeter to micrometer.
However, it is challenging to apply these conventional analytical techniques to understand the distribution of the
n-orbital orientation in CFs, because the diameter of commercial CFs is approximately 5-10 um. Moreover, the
observation and design of CFRPs at the nanometer scale, with special attention to their chemical states, have not
been investigated thus far because of experimental shortcomings. Thus, the design of CFRPs has been pursued
on a trial and error or empirical basis at the microscopic scale, and it is important to consider the trigger sites of
fracture or degradation.

The investigations of carbon to understand its effect on the mechanical properties of steel regarding its
microstructures, crystal structure, and elemental partitioning were mainly performed by electron microscopy
(Fig. 1.3). Special attention has been paid to the relationship between the microstructures, mechanical properties,
and dislocation movements that govern the mechanical properties of metals (Clemens et al., 2017). The effects
of additive elements have been considered in terms of these two aspects, and the elastic and plastic
deformations of carbides and the dynamics of the carbon atoms could be considered in classical mechanics,
where they are considered as rigid bodies. However, the relationship between the carbon chemical structure and
the mechanical properties of steel has not been clearly identified. This is expected to afford a fundamental and

in-depth understanding of the interactions among carbon atoms, carbides, dislocations, voids, and grain



boundaries, which is essential for controlling the physical properties of steel. Further, this approach can be
applied to profoundly understand the embrittlement mechanism of phosphorus and manganese, which

segregate at the grain boundaries.

1.2 Purpose of this study

As mentioned in Section 1.1, carbon plays important roles not only in functional materials but also in
structural materials. In this study, to identify the essential role of carbon regarding its chemical structure, the
author studied the following two types of materials: (A) CFs and CFRPs, which are typical structural materials
in which carbon is the main component, and (B) steel as structural materials in which carbon is employed as an
additive element to control the mechanical properties. Although the investigations on the chemical structures of
carbon and its spatial distribution have been considered to be essential for the improvement of the mechanical
properties of these two structural materials, they have been rarely studied. This is because of the challenge of
investigating them through conventional analytical methods. Therefore, employing scanning transmission
X-ray microscopy (STXM), described below, the author attempted to establish analytical methods to quantify
the heterogeneity of the chemical structure of structural materials at the nanometer scale. The author focused on
the relationship between the difference and heterogeneity of the chemical structures and the mechanical
properties and aimed to establish analytical methods to identify their relationships. Furthermore, the author also
considered that the findings in this study could have industrial benefits, such as guidelines for selecting raw

materials, new processes, and insights for developing high-quality materials.

1.2.1 Carbon in CFRPs

To understand the essence of the mechanical properties of structural materials regarding the multiscale
analysis and to promote the development of the materials, the author has concluded that the information on the
chemical states of carbon was the most important among the aforementioned three factors. When the materials
were utilized in products, it was important to consider the shape of the materials, the spatial arrangement of each
material, and the form of destruction, as shown in Fig. 1.1 (d)—(f). Additionally, it was also important to
understand the type of phase and the chemical structure of the materials, as shown in (c). CF is an aggregate of
microcrystal graphite with several tens of nanometers, which varies depending on the raw material. On a large
scale, CF could be considered as aggregates of the regions (r-orbital orientated domains) in which the graphite

microcrystals are oriented in a specific direction. It is difficult to observe the size, shape, and distribution of the



domains in commercial CFs by polarization microscopy and electron microscopy, which are widely employed.
This was because of the limited available methods for investigating their information in commercial CFs with a
diameter of approximately 5-10 um. The orientation distribution was composed of winding features of the
graphene sheets in CFs and the defects in the microcrystals and between their boundaries, which were assumed
to affect their mechanical properties. Put differently, to consider the mechanical properties of structural materials,
not only the average information, but also the phenomena and microstructures that matter at various spatial
scales should be analyzed, and the results should be comprehensively applied to evaluating the degree of the
effect of each scale on the mechanical properties. Hence, the author focused on analytical methods at the
nanoscale, which were suitable for observing the inside of CFs and the boundaries between the different
materials.

For the analysis of the orientation distribution in CFs, electron diffractions, polarization microscopy, and
other spectroscopic techniques were conventionally performed. However, the electron diffraction could
investigate the crystallinity at a high spatial resolution of several nm but it consumes time to measure the
diffraction patterns. Electron diffraction might be inappropriate for organic and carbon compounds because the
electron beams could damage these materials. Polarizing microscopy could afford an expanded field of view
but the quantitativity of its orientation angle is low and the spatial resolution was ~1 um, making it challenging
to observe commercial CFs. Employing electron probe microanalysis (EPMA) and energy-dispersive X-ray
spectroscopy (EDS), it was possible to obtain an element distribution on the um scale. However, it was
challenging to observe the internal heterogeneity and boundaries between the different materials because CFs
and resins are almost composed of carbon.

The analysis of the chemical states of carbon in CFs required spectroscopic methods. It is possible to
investigate the m-orbital oriented domains directly by photoelectron spectroscopy (PES), photoemission electron
microscopy (PEEM), and X-ray absorption spectroscopy (XAS) with linearly polarized synchrotron radiation
X-rays.

The efficiency of the X-ray excitation was 100 times higher than that of the electron beam excitation.
However, it was complicating to analyze the chemical structure in commercial CFs by PES and XAS because
PES was too surface-sensitive with a probing depth of a few nm, and the diameter of conventional XAS was

10-1 mm.



1.2.2 Carbon in steel

The relationship between the chemical structures and mechanical properties is important for materials
containing carbon as the main component and as an additional element. Conventionally, regarding the
microstructure, crystal structure, and element distribution with multiscale, the changes of the polycrystalline
microstructures were observed by TEM and X-CT as shown in Figs. 1.2 (a), (€), (), (h). The spatial
distributions of the dislocations and voids, shown in Figs. 1.2 (d) and (g), were investigated by TEM and optical
microscopy with serial sectioning, respectively. Additionally, the spatial distributions of the elements, as shown
in Figs. 1.2 (b) and (c) were mainly investigated by ATP and TEM-EELS. However, when it was essential to
consider carbides, which do not possess a crystal structure that melted during the heat treatment or the chemical
bond between Fe and carbon at the grain boundary the investigations of the conventional microstructure and
crystal structure were not enough to identify the essential role of carbon in their mechanical properties.
Therefore, it was important to analyze the chemical states of carbon in steel (one of the structural materials) on a
nanoscale, which was general for functional materials. Regarding the analysis of the chemical structure, the

same discussion could be applied to other additive elements in steel.

1.2.3 Outline of each chapter

To achieve the goal, i.e., understanding the role of carbon in CFRP and steel regarding the chemical states of
carbon and its heterogeneity on a nm scale, the analyses of its molecular orientation and chemical structure
whose spatial resolution was < 1 um were necessary. Therefore, in the various analytical methods that are
summarized in Fig. 1.2, the author selected STXM, which is described as follows: STXM is an analytical
method that can obtain the two-dimensional (2D) mapping of XAS by irradiating a thin film sample with
synchrotron radiation X-rays focused at approximately 50 nm and scanning the sample in 2D. Although the
spatial resolution of STXM is approximately 100 times inferior to that of TEM, the XAS spectra with better
signal to noise (S/N) ratio could be acquired since the efficiency of the X-ray excitation is higher than that of
electron-beam excitation as described above. The spatial distribution of the molecular orbitals could be
investigated utilizing linearly polarized synchrotron radiation X-rays. From the foregoing, the author concluded
that STXM could be the suitable analytical method for the investigation of the relationship between the
orientation distribution and mechanical properties of carbon materials and the relationship between the chemical
structure of carbon and the mechanical properties of steel. The purpose and goal of this thesis and the outline of

each chapter are described below.



Chapter 1 (this chapter) summarizes the background and importance of this study.

Chapter 2 describes the experimental methods, namely the principles of XAS and STXM. The details of the
experimental method, including the characteristics of the beamline of the synchrotron radiation facility, will be
explained. Additionally, the author will explain the analytical methods (XRD and TEM) and the principle of the
first-principles calculations that are complementarily employed in STXM.

Chapter 3 describes the study conducted regarding the chemical state of carbon in CFs manufactured from
PAN and tar pitch, which are the two typical raw materials of CFs. CF is composed of r-orbital-oriented
regions (w-orbital-oriented domains) in which the orientation texture and array of the carbon atoms are aligned.
It is assumed that the size and special distribution of the w-orbital-oriented domains could affect the mechanical
properties. However, the details of the relationship are still unclear. Therefore, to identify the difference in the
texture of the r-orbital-oriented domains, the author focused on clarifying the domain distributions employing
STXM measurements with two orthogonal linear polarizations on the two orthogonal sections (cross-section
and longitudinal section). Furthermore, complementary measurements, such as the evaluation of the crystallite
size of graphite by XRD, were performed. Based on these results, the author examined the relationship between
the orientation texture of the r-orbital-oriented domains and the mechanical properties regarding the difference
in the raw materials.

In Chapter 4, the author focused on visualizing the spatial distribution and adjacency relationship of the
n-orbital-oriented domains in CFs to determine the position of the stress concentration between the domains,
which was generated during the shrinking of CFs in the manufacturing process. A 2D map of the m-orbital
orientation angles in CF were acquired from the XAS images obtained at various rotation angles.

Chapter 5 describes a new sample rotation holder for STXM, which was developed to improve the accuracy
of the parallelism of the rotation axis and sample position, during the azimuthal rotation in the STXM
experiments described in Chapter 4. Specifically, the author developed a holder with a cross roller bearing to
reduce the deviation between the rotation and optical axes during the azimuthal rotation and the deviation in the
sample position due to the azimuthal rotation. Further, the author installed the developed sample rotation holder
on the compact STXM instrument at Photon Factory and evaluated its performance. The dependence of OD on
the rotational angle was measured to investigate the domain derived from the m-orbitals (the carbon double
bonds) in natural spherical graphite.

In Chapter 6, to evaluate the mechanical properties of CFRPs, the author verified the application of STXM in

the evaluation of the adhesion between the resin and CFs. The XAS mapping of the C K-edge of the boundary



between the resin and CF was also investigated. When the XAS spectrum of the position of each sample was
reproduced from the spectra of the resin, CF, and boundary extracted from the STXM mapping, the difference
in whether the boundary-part spectrum was considered or not was evaluated. The chemical structure of the
substance in the boundary part was determined.

In Chapter 7, the differences in the chemical structure of carbon were examined regarding its form and
structural morphology. In steel, it is well-known that the existence and structural morphology of carbon
influences the mechanical properties, and the mechanism is understood as the difference in the dislocation
movement. There are few reports on whether the chemical state of carbon changes because of the form or
structure of carbon or not, and a clarification is required from the viewpoint of material design. Therefore, the
chemical structure mapping of carbon was performed on steel possessing parts with greatly different
microstructures (a Fe—C alloy with spherical and lamellar cementite (¢-Fe3C)). The chemical structure of
carbon was observed by STXM, and the origin of its difference was determined by the first-principles
calculation.

Chapter 8 is a summary of this study and prospects.

10
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Chapter 2

Analytical Approaches for Investigation of Carbon

Chemical Structure

2.1 Principles of X-ray absorption spectroscopy

2.1.1 Principles of X-ray absorption near edge structure
The measurement of X-ray absorption by excitation of a core-level electron into unoccupied state as a function
of photon energy of X-ray is called X-ray absorption spectroscopy (XAS) or X-ray absorption near edge

spectroscopy (XANES). The X-ray absorption intensity is given by

I(E) = 2|< fIqE - 7li >|?6(E, — B, — E) (2.1)
f

where q is a charge of electron, E is the electric field of the X-ray, and r = (X, y, ) is the position operator of the
electron. E, E;, E; are energies of X-ray, initial and final state of wave function of electron, respectively, and |i>,
|f> are the wave function of electron in initial state, and final state, respectively (Stéhr, 1992). C 1s XAS spectra
represent the unoccupied C 2p partial local density of state (DOS). When other orbitals are hybridized with the
C 2p orbitals, C 1s XAS can be used to investigate the unoccupied local DOS.

In this thesis, the author used two measurement modes for XAS, the transmission mode and the conversion
electron yield (CEY) mode. Transmission mode experiments are standard for hard X-rays, while they are also
available for soft X-rays in case of thin film sample. An alternative to the transmission mode has been provided
by measuring the decay products of the core hole which are created in the absorption processes. The decay of
the core hole gives rise to an avalanche of electrons, photons, and ions escaping from the surface of the sample.

This is the yield mode experiment and is standard for soft X-rays.
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The signal detected by the transmission mode includes information on the liner absorption coefficient and the
thickness (X-ray transmission direction) of the sample. Assuming that the X-ray absorption intensities before
and after transmission is ly (E) and the | (E), respectively, the relationship between them is expressed as Eq.
(2.2), where u (E) is the liner absorption coefficient and t is the sample thickness (Stéhr, 1992). As shown in Eq.
(2.3), the energy dependence of optical density (OD) was obtained, which is the product of the linear absorption
coefficient and sample thickness. Note that I, (E) is the X-ray absorption intensity when X-ray directly entering

the detector without passing through the sample during measurement.

I(E) = Io(E)e *E) (2.2)

Iy (E)
I1(E)

OD = u(E)t =1In (2.3)

The principle of the CEY mode is based on the fact that the X-ray absorption intensity is proportional to the
number of Auger electrons, secondary electrons, and photoelectrons. When X-rays irradiated on the sample,
Auger electrons generated from the sample surface and secondary electrons that collide with helium atoms as
shown as Eq. (2.4) in the chamber were detected as sample current.

€ +He — He'+2¢ (24)

In addition to the transmission method and CEY method, the fluorescence yield (FY) method measures
characteristic X-rays absorption intensities generated from the sample. In general, there is a tradeoff between the
fluorescence intensities and the number of

Auger electrons. Light elements discharge more Auger electron

Auger electrons, and the heavy elements effuse

Zs

= 26 (Fe)
more fluorescence from a few hundred "

Z, * 33 (As)
nanometers from the surface of a sample %‘W A
(Nielsen et al., 2001). Therefore, the CEY Z;““
method is more advantageous than the FY e
method for carbon as shown in Fig. 2.1 (Briggs 00 F]Z’mscel':e i —
et al., 1990). The mean free path of 260 eV "t " PA‘Omizunumb:: “ = =

Auger electrons from C is of the order of 10 A, Figure 2.1 Atomic number dependence of Auger
Since the mean free path of the incident X_ray is electron emission and fluorescent X-ra.y emission

of the order of 1000 A, the CEY method isa  Probabilities.
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measurement of only 10 A from the surface of a material, and hence rather surface sensitive. The signal
intensity of CEY is proportional to the ratio of the intensity of X-ray Iy (E) before irradiation and the detected
current i (E) after passing through the sample, and is expressed as Eqg. (2.5).

i(E)

CEY int.=
Iy(E)

(2.5)

The one of purposes in the study in Chapter 7 is to investigate the difference in the chemical structure of
carbon depending on the morphology (grain and lamellar) of the sample and compare the difference of

chemical structure between the surface and the bulk using transmission and CEY methods.

2.1.2 Principles of scanning transmission X-ray microscopy

The principle of scanning transmission X-ray microscopy (STXM) is explained below. Figure 2.2 is a
schematic illustration of STXM. First, synchrotron radiation X-rays are condensed with a Fresnel zone plate
(FZP) (Hitchcock, 2012). A FZP is a device with concentrically fabricated multiple grooves. The intervals
between the grooves become narrower as it gets closer to the periphery. The zero-order and high-order
diffracted light beams passed through the FZP are removed by an order sorting aperture (OSA) and only the
first-order diffracted light beams are gathered. The final diameter of the gathered beams is roughly the width of
the groove at the most outer side of the FZP. Synchrotron radiation X-rays concentrated to approximately 50
nm were used in these experiments.

In addition, two-dimensional X-ray absorption images of a specific element near the absorption edge are
measured (image stacking measurement) and combined to obtain its XANES images. Furthermore, using
linearly polarized synchrotron radiation X-rays makes it possible to obtain two-dimensional images of
molecular orbital orientation in the spatial resolution of approximately 50 nm. Using circularly polarized
synchrotron radiation X-rays makes it possible to obtain two-dimensional images of magnetic states such as

spin magnetic moment and orbital magnetic moment (Ueno et al., 2017).
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Figure 2.2 Schematic illustration of STXM (Takeichi, 2016).

2.2 Experimental setup
2.2 Experimental setup

2.2.1 Photon Factory
2.2.1.1 Instrument of scanning transmission X-ray microscopy

Figure 2.3 shows a schematic figure of the optical system of compact STXM (cSTXM) at Photon Factory
(Takeichi et al., 2016). The X-ray beam was focused at approximately 50 nm by the FZP. This STXM
instrument enabled us to obtain the X-ray absorption spectra by the transmission and CEY methods
simultaneously. In the experiment, the inside of the measurement chamber had helium gas atmosphere of 0.1
atm to keep thermal conductivity well in the chamber. In the transmission method, the X-ray absorption ratios
before and after the transmission of a thin sample were measured with a photomultiplier tube. The signal
detected by the transmission method includes information on the liner absorption coefficient and the thickness

(X-ray transmission direction) of the sample.
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Figure 2.3 Schematic figure of scanning transmission X-ray microscopy (Takeichi, 2016).
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Figure 2.4 Schematic diagrams of transmission method and CEY method in cSTXM.
The data is compatible with the analysis software aXis2000 (A. P. Hitchcock, aXis2000 analysis package is

written in an Interactive Data Language (IDL), http://unicorn.mcmaster.ca/aXis2000.html) and Mantis

(http://spectromicroscopy.com).
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Sample current from the OSA installed upstream of the sample in order to pass only the first-order diffracted
light by the FZP. The collision process of Auger electrons, secondary electrons, and photoelectrons and helium
atoms as marked as * in Fig. 2.4 is a reaction expressed as Eq. (2.4). The applied voltage in this study was 100

V.

2.2.1.2 Beamline 13 (BL-13)

The beamline BL-13A at KEK-PF is designed for soft X-ray spectroscopy including XAS, photoemission
spectroscopy (PES), and angle-resolved photoelectron spectroscopy (ARPES). It is equipped with an APPLE-II
type undulator and a varied space plane grating monochromator, which covers the photon energy range of
100-2000 eV and provides soft X-rays with horizontal and vertical linear polarizations. The photon flux is 1 x
10%-10" photons/sec at the energy resolution of E/AE = 7700@244.3 eV and 7100@401.0 eV/, respectively. A
schematic layout of the beamline optics is shown in Fig. 2.5. The undulator radiation is focused by the front
collector mirror M1 to the exit slit (S) in the vertical direction and 22.4 m from the light source point in the
horizontal direction. It is wavelength-dispersed by a spectroscope consisting of a plane mirror M2 and a plane
diffraction grating VLSG (300, 1000 lines/mm are available), and is monochromaticized by an output slit S.
The spectroscopic light that has passed through S is focused on the sample position by the post-focusing mirror
M3. M3 consists of two switchable toroidal mirrors with different curvature radius, which can focus at the first

focus position (F1) and the second focus position (F2), respectively.

F2
E1
F1
. ‘ M3
Top view 9 §
R R=98.2m
VLSG p=0.0698 m
; ; M2
Light source point 300 /mm
R=279.1 m 1000 //mm
p=0.570 m
Rear view = | (==
: F1 E1 F2
- 88.0°
88.0 150X30 mm?
L 150x:?0 mmz 1 1 1 1 1 1 J
0 16.0 19.1 23.0 324 35.0 37.0 39.0 41.0

Distance from the light source point / m

Figure 2.5 Schematic layout of the beamline optics of BL-13A.
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2.2.1.3 Beamline 19 (BL-19)

The beamline BL-19 at KEK-PF is designed for soft x-ray spectroscopy including XAS and X-ray magnetic
circular dichroism (XMCD). BL-19A is a branch dedicated for STXM and BL-19B has an instrument for bulk
XAS measurement by transmission mode, total-electron yield and fluorescence yield and free port for any
experiments using soft X-ray. It is equipped with a twin APPLE-II type undulator, which covers the photon
energy range of 90-1900 eV and provides soft X-rays with linear, circular, and elliptical polarizations. The
photon flux is ~ 1 x 10'°-10" photons/sec with the energy resolution of E/AE = 4500@244.3 eV and
4300@401.0 eV. 160-1900 eV is available in BL-19A. A schematic layout of the beamline optics is shown in
Fig. 2.6. The light which has gone through Q slit is vertically converged by the cylindrical mirror M1 and then
is irradiated on the monochrometer which consists of a plane mirror M2 and a variable line spacing plane
grating monochromator (VLS-PGM). The VLS-PGM is a diffraction grating which has different line spacing
depending on the position in order to achieve high resolution in a wide photon-energy range. The
monochromated light passes through the exit slit A or B. The cylindrical mirror M3A or M3B is used to direct
the beam into one of the two beamline branches (BL-19A or B). The FZP is installed 2 m farther from the exit

slit than the BL-13. This makes the focused diameter smaller and the spatial resolution relatively improved.
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Figure 2.6 Schematic layout of the beamline optics of BL-19.
22.2UVSOR

2.2.2.1 Instrument of scanning transmission X-ray microscopy

The STXM measurements were performed at BL4AU, UVSOR Synchrotron in Institute for Molecular

Science (Okazaki, Japan) (Ohigashi et al., 2013). Figure 2.7 (a) shows the optical system of the STXM. The

incoming monochromatic X-ray is focused on a sample by a FZP through an order select aperture. The X-rays

are detected by a photomultiplier tube with a scintillator. By performing 2-dimensional scan of a sample, an

X-ray transmission image is acquired.
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Two-dimensional map of X-ray absorption spectra can be measured by acquiring the X-ray absorption images
with changing the energy of the incoming X-rays continuously. Then, detailed analysis of near edge X-ray
absorption fine structure (NEXAFS) brings information of chemical structure of a specific element.

Figure 2.7 (b) shows the azimuthal-rotation sample holder (Hernandez-Cruz et al., 2007) used in this
measurement. Details regarding the cell have been described previously (Ohigashi et al., 2016). The rotation
angle can be rotated clockwise or counterclockwise in 6° increments. The sample is measured in the STXM

chamber filled with 0.01 atm of helium gas.

Fresnel Zone Plate Ko Srlaen pariose B , “
» (Pinhole) 2 ; 3
*Photo Diode
» *CCD
+ Photomultiplier Tube

Central Stopper [\ ;“ ‘ Sample

Figure 2.7 (a) Schematic figure of STXM optics and (b) a photo of the azimuthal-rotation sample holder
(Ohigashi et al., 2016).

2.2.2.2 Beamline 4U (BL4U)

This beamline equips an in-vacuum undulator, a varied-line-spacing plane grating monochromator and a fixed
exit slit. A variable inclined angle monochromator. This combination produces a monochromatic X-ray with
horizontal polarization. This beamline covers the photon energy range of 150-770 eV and provides soft X-rays
with linear polarizations. The photon flux is 2.4 x 10" photons/sec at the energy resolution of E/AE =
3000@285.0 eV. The aperture size of the fixed exit slit determines not only the resolving power but also the size
of a microprobe. A Fresnel zone plate is used as a focusing optical device through an order select aperture and
its focal spot size of approximately 30-50 nm is available at minimum. An image is acquired by detecting
intensities of the transmitted X-rays by a photomultiplier tube with scintillator with scanning a sample
two-dimensionally. By changing the energy of the incident beam, each two-dimensional XAS image is stacked.
A main chamber of STXM is separated from the beamline optics by a silicon nitride membrane of 100-nm

thickness; therefore, sample folders can be handled in vacuum or in helium at 0.01 atm.
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Figure 2.8 Schematic image of BL4U. (Ohigashi, 2021)

2.3 Other Characterization methods
2.3.1 X-ray diffraction

X-ray diffraction (XRD) decides the crystal structure of materials using the diffraction pattern (Waseda et al.,
2011). Using X-ray source, it goes inside the crystal, and as a result bulk crystal structures evaluated. The
diffraction pattern is governed by the Bragg equation,

2dsind=niA (2.6
where d is the length of the period, &is the incident angle of the X-ray, and A4 is the wave length of the X-ray.

In Chapters 3 and 4, the author calculated the crystalline sizes of graphite in CFs. The author used
Halder-Wagner method (Halder et al., 1966) for the calculations. Halder-Wagner method assumes the physical
peak broadening as pseudo-Voigt function and considering that, average size and strain can be estimated from

the XRD peak broadening.

2.3.2 Electron diffraction

Electron microscopies (e.g. transmission electron microscopy (TEM) and scanning electron microscopy
(SEM)) are usually supplied with equipment to obtain diffraction patterns and micrographs from the same area
of a sample (Carter et al., 2016). Electron diffraction patterns are conducted to obtain quantitative information
on phase identification, orientation relationship and crystal defects in materials.

In Chapter 4, the author investigated the orientation of c axis of graphite in CFs to compare with the n-orbital
orientation determined by STXM. In Chapter 7, the author determine the crystal orientation of &-Fe;C at some
sample positions in bulky 6¢-Fe;C and lamellar 6-FesC to calculate C K-edge XAS spectra considering the

anisotropy of crystal orientation.
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2.4 The first-principle calculation

The first-principle calculations are based on quantum mechanics and only use the fundamental constants of
physics as input to provide detailed insight into the origin of electronic, mechanical properties of materials
(Martin, 2004). Both of structural and spectroscopic information is directly obtainable from high-performance
computations. Accurate results on thermodynamic stability, atomic positions and lattice parameters in terms of
energetics are obtained from calculations within the density functional theory (DFT) formalism. In Chapter 7,
the author calculated C K-edge spectra of ¢-Fe3C using the Vienna Ab initio Simulation Package (VASP) and
the full-potential multiple scattering theory (FPMST).

VASP is an ab initio quantum molecular dynamics (MD) calculation program using pseudopotentials and
plane wave bases. VASP calculations were performed assuming periodic boundary conditions for crystals and
inorganic solids. The VASP calculation is based on the finite temperature local density approximation (LDA)
using free energy as a variation, and uses the effective matrix diagonalization method and Pulay mixing to
determine the electronic ground state for each MD step. It is applied to various problems such as band
calculation, optimization of stable structure and transition state structure.

The FPMST is the generalization of the multiple scattering theories to overcome the muffin-tin approximation
for the shape of the potential. It is widely used due to the strong simplification brought about in the numerical
solution of the Schrodinger equation. This approach is based on an alternative derivation of the full potential

multiple scattering equations. FPMST is a program for X-ray absorption spectroscopies.

2.5 Sample preparation

2.5.1 Focused ion beam (FIB) processing

The FIB processing is one of the most popular methods for preparing thin film samples for STXM
measurements. In FIB processing, the field of view (FOV) of processing can be determined while considering
the sample morphology by SEM, and it is easy to pick up sample position desired. On the other hand, the sizes
of the thin film samples are limited by the thickness. For example, when the film thickness is approximately
100 nm, the maximum size is approximately 20 um?, and the maximum FOV that can be observed as a
continuum is narrower than that fabricated by ultramicrotome described in Section 2.5.2. Furthermore, it is
necessary to consider the effect of damage caused by ion irradiation during sample processing.

CFRP thin film samples reported in Chapter 6 were prepared as follows; first, the sample was embedded with
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resin, and the surface of the sample was smoothed by cross section polisher (CP) processing shown in Fig. 2.9
(a). Then, after determining the region to pick up, the sample was cut out and picked up by FIB shown in Fig.
2.9 (b). After cutting out, a plate-shaped sample (15 pm X 15 pm % 200-300 nm), the thickness were further
adjusted by FIB to obtain the desired thickness. In FIB processing, damages caused by FIB irradiation often
remain on the surface of the thin film sample. Then, argon milling was used to remove surface damages and
adjust the specimens to the desired film thickness (about 100 nm for the sample in Figure 2.9 (c)). Figure 2.9 (c)
shows the SEM image of the finished thin film sample. Table 2.1 shows the conditions for FIB processing in

this processing.

6 pum
—

Figure 2.9 Specimen processing procedure (a) the region to be measured with STXM, (b) a picked-up sample

and (c) slicing processing by FIB
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In FIB processing, the sample temperature rises due to beam irradiation, and the sample may be deformed or
deteriorated. The changes on the sample surface of coal that can be softened and deformed at approximately
350 ° C was investigated. Figure 2.10 shows the backscattered electron (BSE) images before and after FIB
irradiation on the surface of the sample (Inside the red circle in Fig 2. 10). FIB instruments with a cryogenic
system can process at -100 °C to room temperature. However, it is advisable to consider processing using
ultramicrotome described in the next section for samples that are concerned about thermal effects because it is
not possible to monitor the temperature during FIB processing. In this study, FIB processing was used for all

samples. This is because Fe-C alloy and carbon fibers have almost no damage from FIB.

Figure 2.10 BSE images of the surface of coal before and after FIB irradiation

Table 2.1 Example of FIB processing conditions

The name of instrument Gentle Mill V5
Oscillation +30°
Position 10°
Anode Voltage 1kv
Sample Current 29~31 pA
Bottom Front 8 min
Bottom Back 8 min
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2.5.2 Ultramicrotome

Ultramicrotome (UMT) is a method to obtain sample sections and can adjust thickness of samples by
bringing a sample close to a fixed knife at a controlled pitch and cutting the surface of samples. It is difficult to
determine the processing position as finely as in the FIB processing because the processing position is basically
adjusted with an optical microscope. However, using UMT, sections with an area of more than 100 um? can be
collected with a thickness of less than 100 nm with a high efficiency. Therefore, UMT is superior to FIB for
samples that require wider-area observation. In addition, UMT can also be used with cryogenic system, but
unlike FIB, in principle, there is almost no thermal effect during processing. When processing composite
materials consisting of brittle samples such as coal and CFRP composed of samples with different hardness, it is
better to use an ultrasonically vibrated knife (for example, ultra-sonic, Nisshin EM Co., Ltd.). In many cases,
better quality thin film samples can be obtained. Figure 2.11 shows the TEM image of a thin film sample of
coal heat-treated at 300 °C for 2 hours in nitrogen atmosphere at 1 atom processed by (a) normal UMT and (b)
UMT with an ultrasonic knife.

Using conventional UMT, it was difficult to prepare thin films of brittle samples with less than 100 nm
thicknesses, but using ultrasonic knife, it was possible to adjust the film thickness with less than 50 nm as
shown in Fig. 2.12 (b). In addition, Fig. 2.12 shows the TEM images of thin film samples of pitch-based CFs
embedded with resin processed using (a) conventional UMT and (b) UMT with an ultrasonic knife. It can be
confirmed that the cross section samples were deformed using conventional UMT, whereas the shape of
samples were relatively maintained using the ultrasonic knife. However, even when an ultrasonic knife was
used, many holes were confirmed inside CFs. It was found that UMT was not suitable for observation inside

CFs.
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Figure 2.11 TEM images of heat-treated coal processed using (a) conventional UMT and (b) UMT with

ultrasonic knife.

Figure 2.12 TEM images of pitch-based CFs processed using (a) conventional UMT and (b) UMT with

ultrasonic knife.
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2.5.3 Selection of processing method in this study

Table 2.2 summarizes the features of FIB and UMT described in 2.5.1 and 2.5.2. FIB is superior in terms of
spatial accuracy for sampling, but UMT can fabricate approximately 10 times larger thin film samples than
using FIB. In case to avoid damages during processing, it is better to choose UMT. In this study, FIB processing
was selected because all samples (the CFs (Chapters 3 and 4), natural spheroidal graphite (Chapter 5), CFRP
(Chapter 6), and Fe-C alloy (Chapter 7)) had negligible damage caused by FIB processing.

Table 2.2 Comparison of FIB and UMT

FIB UMT
Accuracy of positioning the SEM level Optical microscope level
processing field of view
The size of the thin film samples ~10 um? ~100 pm®
Damage due to processing Need to be considered Almost negligible
Suitable materials Carbon fiber, steel, oxide Resin, coal, rubber, biological
Composite material sample
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Chapter 3

Comparison between the m-orbital Oriented
Domains of PAN- and Pitch-based Carbon Fibers

3.1 Introduction

The microstructure of carbon fibers (CFs) plays a dominant role in controlling their physical properties (e.g.,
tensile strength, tensile modulus) (Miller et al., 1987; Otani et al., 1986; Soo-Jin et al., 2018). However, useful
information on the nanoscopic structure cannot be obtained via conventional elemental mapping techniques
(e.g., electron probe microanalyzer) because CFs are composed entirely of carbon. This has necessitated
advanced techniques of illustrating the chemical structure of CFs (e.g., functional groups, orbital orientation of
chemical bonds, valences, and magnetic states). The spatial resolutions of the conventional techniques used to
analyze chemical structures, such as X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge
structure (XANES) spectroscopy (Dongxing et al., 2009; Boudou et al., 2006), are ordered from pum to mm.
This makes it difficult to obtain detailed information on the inner microstructure of CFs. The spatial resolution
of transmission electron microscopy combined with electron energy loss spectroscopy (TEM-EELS) is
significantly higher (less than 1 nm) than that of conventional spectroscopic techniques. However, TEM-EELS
may not be appropriate for organic and carbon compounds because the strong electron beams may damage
these materials (Ponsonnet et al., 1998). In contrast, X-ray beams cause smaller damage than electron beams.
X-ray microscopy has advanced over the past few decades owing to improvements in lithographic fabrication
techniques, allowing for the use of optical devices such as Fresnel zone plates (FZP), wherein the spatial
resolution is approximately 50 nm.

Therefore, this study mapped the carbon chemical structure of CFs by scanning transmission X-ray
microscopy (STXM), which has the capacity to explore chemical structure with a spatial resolution at the
nanometer scale (Hitchcock, 2012). Owing to its high spatial resolution and relatively less damage to samples,

this technique can be particularly useful for the elucidation of the structural details of carbon materials and
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various other materials at the nanometer scale, including biomaterials, photonic materials, thermoelectrics, and
three-dimensional printed materials (Fernandez et al., 2020; Minxiang et al., 2017; Jood et al., 2011; Minxiang
etal., 2019).

In general, CFs can be broadly classified as polyacrylonitrile (PAN)- and pitch-based types. In this study, the
author mapped the chemical structure of carbon in the two types of commercial CFs using STXM to evaluate
the differences in the distribution of the w-orbital-oriented domains. Moreover, the author used two types of
orthogonal linearly polarized X-rays. Herein, the n-orbital-oriented domain and stacked structure of graphene
sheets are defined as follows. In general, CFs are composed of microcrystals of graphite. The 7-orbital-oriented
domains are defined as regions where the m-orbitals in each crystallite of graphite are aligned in the same
direction thus failing to satisfy Bragg’s law (Rouzaud et al., 1990). In contrast, the stacked structures of

graphene sheets are the stacks of graphene sheets in a single crystallite of graphite.

3.2 Experimental

The manufacturer and physical properties of commercial PAN- and pitch-based CFs used in this study are
presented in Table 3.1. These CFs were embedded in epoxy resins and sliced into thin films through focused
ion-beam processing. The sample thicknesses were adjusted to 100 nm via argon milling. The author fabricated
two thin films from the cross and longitudinal sections of the PAN- and pitch-based CFs. STXM measurements
were performed using a compact STXM (Takeichi et al., 2016) at BL-13A of the Photon Factory in the High
Energy Accelerator Research Organization (KEK). STXM enabled us to obtain XANES mapping at a spatial
resolution of approximately 50 nm. The APPLE-II type undulator of BL-13 can generate synchrotron X-rays
with both linear horizontal (LH) and linear vertical (LV) polarization modes (Sasaki et al., 1993). An image
stack measurement, where a XANES spectrum around the C K-edge was obtained for each sample position,
was performed using both polarized X-rays (Hitchcock, 2012). Generally, the intensity of the peak in XANES,
corresponding to the excitation of the 1s—t* transitions (due to C = C), is proportional to the square of the
inner product between the directions of the orbital and the polarization vector of the X-ray (Stohr, 1992;
Ohigashi et al., 2015; Watts et al., 2011; Watts et al., 2012; Harano et al., 2017). To analyze the distribution of
the oriented w-orbitals, the author performed XANES mapping across the entire cross and longitudinal sections
using two types of polarized X-rays: LH and LV, respectively. The aXis2000 software was used to analyze the
image stacks (a set of X-ray absorption images for a sequence of synchrotron radiation X-ray energies near the

C K-edge) (Hitchcock, 2019).
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X-ray diffraction (XRD) measurements were also performed on pulverized specimens to evaluate the
crystallinity of graphite in each CF. Powders of the model samples were packed into an aluminum sample
holder (sample part: ¢ 20 mm x 0.5 mm depth), and XRD measurements were performed using a
diffractometer (Smartlab, Rigaku Corporation). The tube current and tube voltage were set at 36 mAand 40 kV,
respectively. The radius of the goniometer was 285 mm. A high-speed, one-dimensional detector was used as
the X-ray detector, and measurements were performed using the Bragg—Brentano focusing geometry (i.e., the
Kp filter method with Co Ka using Fe filters). The measurement conditions were as follows: measurement
angle range 26 = 15-40°, and step angle width A2 = 0.02°. The Halder—Wagner method was used to calculate

the crystallite size of graphite (Halder et al., 1966).

Table 3.1 The manufacturer and physical properties of commercial polyacrylonitrile (PAN-) and pitch-based

carbon fibers (CFs) used in this study.

PAN-Based CF Pitch-Based CF
Manufacturer Toray Industries, Inc. Nippon Graphite Fiber Corporation
Product name M46J YSH50A
Density (g/cm®) 1.84 2.10
Tensile strength (MPa) 4210 3830
Tensile modulus (GPa) 436 520

3.3 Results and discussion
Table 3.2 shows the TEM and X-ray absorption images obtained using STXM at energies of 285.4 eV

(Is—z*) and 292.0 eV (1s—c™*) of the cross sections of the PAN- and pitch-based CFs. The red and blue
arrows in Table 3.2 indicate the X-ray polarization directions of LH and LV, respectively. Each STXM image
consists of 150 x 150 pixels (1 pixel = 40 nm) and 200 x 200 pixels (1 pixel = 40 nm) of the PAN- and
pitch-based CFs, respectively. With respect to the PAN-based CFs, the contrast (optical density, OD) in X-ray
absorption images at 285.4 eV (Table 3.2 (b) and (c)) and 292.0 eV (Table 3.2 (d) and (e)) was independent of
the direction of the X-ray polarization.

Here, OD is expressed as

Iy(E)
1(E)

0D = u(E)t =In (3.1)

where u (E) is the absorption coefficient, t is the sample thickness, and Iy (E) and I (E) are the incoming and
transmitted X-ray intensities, respectively. Note that lo(E) is the intensity of the X-ray that directly enters the

detector without passing through the sample during measurement.
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Table 3.2 (a), () TEM (bright field) images of the cross sections of the PAN- and pitch-based CFs,
respectively; (b)-(e), (g)j) optical density (OD) images obtained using STXM at energies of 285.4 eV
(1s—n*) and 292 eV (1s—c*) with linear horizontal (LH) and linear vertical (LV) polarized beams. (f) is

rotated to align with other X-ray absorption images (g)—(j).

STXM (OD)
TEM E=2854¢V (Is—n* (C=C)) E =292.0¢V (1s—¢* (C-C))
LH LV LH LV
@ (b) © (d) ©)
3.42
Z
: |
(h) (i) ()
3
0.050

In the PAN-based CFs, the OD images at E = 285.4 eV in Table 3.2 (b) and (c) were independent of the
direction of X-ray polarization. Similarly, the OD images at E = 292.0 eV in Table 3.2 (d) and (g) were
independent of the direction of the X-ray polarization. This is because the c-orbital is not spatially anisotropic,
while the r-orbital forms a uniaxial orbit. Therefore, even in X-ray absorption at the C K-edge, the absorption
peak intensity derived from the m-orbital is anisotropy not observed in that of the c-orbital (Stéhr, 1992). In
general, OD is proportional to cos?d when the angle between the vector of the polarized electric field of the
X-rays and the direction of the orbit is & (Stohr, 1992; Ohigashi et al., 2015; Wiatts et al., 2011; Watts et al.,
2012). These results, depicted in Table 3.2 (b) and (c), are similar to those reported in earlier papers (Watts et al.,
2012). Thus, the domain sizes within the cross section of the PAN-based CFs are considered smaller than the
spatial resolution of STXM (i.e., 50 nm). In contrast, in the pitch-based CFs, the OD images at E = 285.4 eV
shown in Table 3.2 (g) and (h) were dependent on the polarization direction and showed that the LH and LV
polarizations were antonymous. However, the OD images at E = 292.0 eV, shown in Table 3.2 (i) and (j), were

independent of the direction of the X-ray polarization. Owing to the symmetry of the c-orbital, there was no
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polarization dependence. The pitch-based CFs consisted of 7-orbital-oriented domains whose estimated sizes
ranged from 100 nm to 1 um, which was greater than the spatial resolution of STXM (i.e., 50 nm). A detailed
observation of a single fiber section can be discussed representatively because no significant difference among
fibers within the range 1-10 mm? is observable via scanning electron microscopy (SEM) or optical microscopy.
In addition, the author performed STXM measurements on some types of PAN- and pitch-based CFs in other
research studies. With respect to PAN-based CFs, there was no polarization dependence of the OD contrast in
the cross sections in at least five fibers of two different types. With respect to the cross section of pitch-based
CFs, the polarization dependence of OD contrast as reported herein was observed in at least five fibers for three
different types.

Areas in Table 3.3 (a) and (d) present the visible light microscopy images of the longitudinal sections of the
PAN- and pitch-based CFs, respectively. The STXM measurements were performed in the areas enclosed by
the red dotted lines in Table 3.3 (a) and (d). Each X-ray absorption image measured 73 x 73 pixels (1 pixel = 41
nm). The author also used polarized X-rays, as indicated by the red and blue arrows in Table 3.3. As shown in
Table 3.3 (b) and (c), homogenous OD contrast images were obtained from PAN-based CFs at both X-ray
polarizations. In addition, OD was higher under LV (OD = 2.4, in Table 3.3 (c)) than under LH (OD = 0.3, in
Table 3.3 (b)), indicating that the orientations of the 7-orbitals on the plane radial to the CF axis were nearly
perpendicular to the fiber axis. Figure 3.1 shows the averaged C K-edge spectra of the CF areas in Table 3.3 (b)
and (c). The spectra were normalized using the OD at 292.0 eV. The difference between the spectra in Figure
3.1 also indicates that the 7-orbitals in the PAN-based CFs were oriented perpendicularly to the fiber axis. In
addition, the results shown in Table 3.2 (b)—(e) and Table 3.3 (b) and (c) suggest that the graphene sheets in the
PAN-based CFs have a fiber texture, and are aligned along the direction of the fiber and randomly oriented

within the cross section.
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Table 3.3 (a), (d) Visible light microscopy images of the longitudinal sections of PAN- and pitch-based CFs,
respectively, which contain the field of view of STXM (OD) images (red dotted line areas); (b)—(c), (e)—(f) the

STXM images of PAN- and pitch-based CFs, respectively, are the OD contrast of the X-ray absorption with

linear horizontal (LH) and linear vertical (LV) polarized beams.

Visible light microscopy STXM (E=2854¢eV)
@

PAN

Pitch
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Figure 3.1 Average C K-edge spectra of the CF areas in Table 3.3 (b) and (c).

In contrast, for the pitch-based CFs, as shown in Table 3.3 (f), stripe-like contrasts with a width of 200-300 nm
were observed in the STXM image with vertical polarization. The OD of the CF ranged from 1.1 to 2.4, but
was homogeneous in Table 3.3 (g). This suggests that the domains with widths ranging from 200 to 300 nm
were aligned along the direction of the fiber, and the m-orbitals of each domain were randomly oriented in the
cross-sectional plane. Figure 3.2 shows the C K-edge spectra averaged over areas A to E in Table 3.3 (f). Each
spectrum was normalized using the OD at E = 292.0 eV. The OD intensity of the peak corresponding to the
1s—n* excitation differed in each area, indicating that the OD contrast observed in Table 3.3 (f) was attributable

to the domains consisting of oriented r-orbitals.
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Figure 3.2 Average C K-edge spectra of the areas A to E shown in Table 3.3 ().

Measurement results revealed that the size and distribution of the w-orbital-oriented domains of the PAN- and
pitch-based CFs were different, as schematically illustrated in Figure 3.3. The graphene sheets in the
PAN-based CFs were parallel to the axis of the fibers that are randomly oriented within the cross section. The
size of the m-orbital-oriented domains, if they are present, is less than approximately 50 nm. By contrast, the
pitch-based CFs consist of n-orbital-oriented domains whose approximate sizes range from 100 nm-1 pum. The

graphene sheets in the pitch-based CFs are also parallel to the axis of the fibers.
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n-orbital domain

Figure 3.3 Schematic figures of the distribution of the m-orbital-oriented domains and the stacks of graphene
sheets in a single (a) PAN- and (b) pitch-based CF, respectively. The white and yellow two-way arrows

represent the directions of the graphene sheets along the fiber and within the fiber cross section, respectively.

Figure 3.4 shows the XRD patterns of the PAN- and pitch-based CFs. The bar in Figure 3.4 denotes the XRD
peak position of the (002) plane of the graphite in a previous study (Howe et al., 2003). The satellite peak
around 26 ° of XRD pattern of pitch-based CFs is due to KB X-ray. The lattice spacing of the (002) plane of
graphite (d(002)), and the size of the crystallites were calculated from the position of the peak originating from
the diffraction of the (002) planes and the full width at half maximum, respectively (Table 3.4). The d(002)
value of the pitch-based CFs is closer to those of graphite (Howe et al., 2003) than that of the PAN-based CFs.
This is because the raw material of the pitch-based CFs contains aromatic moieties, while that of the PAN-based

CFs is composed of a linear carbon foundation (Soo-Jin, 2018).
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Figure 3.4 XRD patterns of PAN- and pitch-based CFs. The bar denotes the XRD peak position of

the (002) plane of the graphite in a previous study (Howe etal., 2003).

Table 3.4 Values of the lattice spacing of the (002) plane of the graphite (d(002)) and crystallite size of PAN-

and pitch-based CFs, and graphite from the literature.

PAN-Based Pitch-Based

CEs CEs Graphite
0.335
The lattice spacing of the (002) plane of the graphite (d(002)) (nm) 0.346 0.344 (Howeet
al., 2003)
Crystallite size (hm) 41 12 -

According to the above results, the scale of the stack size of graphene sheets along the ¢ axis of graphite
(crystallite size, PAN: 4.06 nm, pitch: 12.3 nm) is considerably different from those of the m-orbital-oriented
domains (PAN: < 40 nm, pitch: 100 nm-1 pm). Pitch-based CFs with larger domains are considered to cause
relatively greater stress at the domain boundary because contraction in the c-axis direction during graphitization
results in high tensile modulus. On the other hand, the amount and distribution of defects and voids, which are
more likely to generate at such boundaries, are considered to influence the tensile strength of PAN- and pitch
based CFs. In addition, the size and distribution of 7t-orbital-oriented domains could be investigated via STXM.
Despite few other techniques of investigating the r-orbital-oriented domains in CFs on a submicron scale, the
author recommends STXM for the concurrent elucidation of the crystallite size and the characteristics (size and

distribution) of the m-orbital-oriented domains, which are important when considering the mechanical properties
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of CFs.

3.4 Conclusion

Using STXM and two orthogonal linearly polarized X-rays, we performed carbon chemical structure mapping
of the cross and longitudinal sections of PAN- and pitch-based CFs, both of which exhibited similar elastic
modulus. The results showed that the distribution of the m-orbital-oriented domains in the CFs varied
considerably, depending on the raw material. In contrast, no difference was observed between the distributions
of the c-orbital orientations of the PAN- and pitch-based CFs. With respect to the PAN-based CFs, the graphene
sheet structure was distributed along the direction of the fiber axis, and the cross section consisted of randomly
distributed domains measuring below approximately 50 nm, as reported in Chapters 4 and 6. Conversely, the
pitch-based CFs were composed of aggregates of graphite domains with w-orbital-oriented domains in the cross
sections ranging from ~100 nm to 1 pm. These domains exhibited a striped pattern with a width of 200-300 nm
along the CF axis (longitudinal section). The size and distribution of the r-orbital-oriented domains determined
by STXM, in addition to the crystallite sizes by XRD, may be the determining factors of the mechanical
properties of the CFs. From the difference of domains between PAN- and pitch- based CFs investigated by
STXM, the author conjectured that that pitch-based CFs having larger domains contain regions with a larger
stress around the domain boundaries due to contraction in the c-axis direction during graphitization. Defects and
voids are more likely to generate at such boundaries. It was suggested that the amount and distribution of such
defects influence the tensile strength of PAN- and pitch based CFs. This information about the 7-orbital-oriented
domains as well as defects and crystallinity of micro graphite should be essential for mechanical properties of
CF.

The use of STXM can provide information on the chemical structure of various molecules. In particular,
STXM will be indispensable in the clarification and proposal of design guidelines for additional highly
functional materials, when chemical structures, such as m-orbital-oriented domains, are closely related to

macroscopic properties.
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Chapter 4

Mapping of w-orbital Oriented Domains in a Pitch-based
Carbon Fiber

4.1 Introduction

Pitch-based carbon fibers (CFs) use coal tar pitch or petroleum pitch as raw materials (Otani et al., 1966; Otani
et al., 1972; Matsumoto et al., 1985; Soo-Jin et al., 2018). Their manufacturing process includes spinning
refined pitch, modifying, heat treating, infusibilizing, carbonizing, and graphitizing (Bradley 2016). Pitch-based
CFs is characterized by high elasticity and thermal conductivity compared with polyacrylonitrile (PAN) which
is a representative CF (Bradley, 2016). Hence, pitch-based CFs are often used in the aerospace industry, sports,
etc. To control the mechanical properties (tensile modulus and strength) of pitch-based CFs, it is important to
consider the size, shape, and distribution of the w-orbital-oriented domains originating from the C=C bonds of
crystalline graphite in structures stacked with graphene sheets in CFs because they are essential factors to
determine the mechanical properties of CFs as well as defects on the surface and in the inner microstructure
(Yoon etal., 1977(Partl); Yoon et al., 1977(Part 2); Mochida et al., 1966; Naito et al., 2012; Naito et al., 2008).

In general, the distribution of the r-orbital-oriented domains is observed using polarizing microscopy, Raman
spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) (Watanabe
et al., 2000; Mochida et al., 2002; Zheng et al., 1999; Wagner et al., 2000; Kobayashi et al., 2011; Lee et al.,
2003; Li et al., 2011; Gather et al., 2007). However, it is difficult to analyze the distribution of the domains of
the present commercial products whose diameters are approximately 5-10 um, using the polarizing microscopy
and Raman spectroscopy because their spatial resolution is approximately 1 um. On the other hand, the spatial
resolution of SEM and TEM is high enough to observe the microstructure of CFs. However, it is also difficult to
distinguish information on the distribution of defects, surfaces, and microstructures from their image contrast.
Electron microscopic techniques might not be appropriate for organic and carbon compounds because the

strong electron beams may damage these materials.
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This study employed scanning transmission X-ray microscopy (STXM), which can be used to map the
chemical structure (e.g., functional groups, orbital orientation of chemical bonds, valences, and magnetic state)
with a spatial resolution at the sub-micrometer order (Warwick et al., 1998). STXM can provide information on
the m-orbital-oriented domains which is one of the most essential factors for mechanical properties of
commercial pitch-based CFs. In this study, the author visualized the distribution of the r-orbital-oriented
domains in pitch-based CFs with a spatial resolution of approximately 30 nm. The author measured X-ray
absorption images obtained at six rotation angles by STXM measurements and developed the calculation
method for the average orientation angle of each sample position in the images using the theoretical relationship
between the direction of the orbital and that of the X-ray polarization vector. The author also obtained
information on the crystal orientation of some sample positions by electron diffraction. The results were
consistent with the results of STXM. This method can provide the orientation relationship among domains in
CFs with a spatial resolution of 50 nm, which is better than that of polarizing microscopy, and can enables us to
evaluate strain mapping in the CFs using the orientation relationship among domains in CFs.

To characterize two-dimensional continuous m-orbital orientation distributions in CFs, it is necessary to
evaluate the orientation image with the specific criteria. By recognizing the pixels as in the same domain when
the orientation angle difference between adjacent pixels is below a certain threshold, the domain distributions
were visualized based on the criteria at various thresholds. This visualization method suggested that boundaries
with large strain were distributed in the outer peripheral portion as compared with the inside of the CF. This
method will enable the evaluation of the relationship among domains in the CFs, which might be useful for
strain mapping in the CFs. Such knowledge can be one of the important analysis methods for designing the

distribution of w-orbital orientation domains to control mechanical properties of CFs.

4.2 Experimental
The pitch-based CF (XN50, Nippon Graphite Fiber Corporation) was used as a sample. Its density, tensile

strength and modulus are 2.1 g/cm®, 3580 MPa, and 500 GPa, respectively. The CF was embedded in epoxy
resin and its thin section was fabricated by focused ion beam processing to obtain thin films of the cross-section
of CF. The film thickness was adjusted to 80 nm by argon milling.

The STXM measurements were performed at BL4U, UVSOR Synchrotron in Institute for Molecular
Science (Okazaki, Japan) (Ohigashi et al., 2013). BL4U is equipped with an in-vacuum undulator as an

insertion device and a variable inclined angle monochromator. This combination produces a monochromatic
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X-ray with horizontal polarization. Figure 4.1 (a) shows the optical system of the STXM. The incoming
monochromatic X-ray is focused on a sample by a Fresnel zone plate through an order select aperture. The
X-rays are detected by a photomultiplier tube with a scintillator. By performing 2-dimensional scan of a sample,
an X-ray transmission image is acquired.

Intensity of transmitted X-ray through the sample, I(E), is expressed as Eq. (4.1), where Io(E), «(E) and t are
the original intensities of the X-ray, the absorption coefficient and thickness of the sample, respectively. As

shown in Eqg. (4.2), the energy dependence of optical density (OD) was obtained.

I(E) = I,(E)e &)t (4.1)

OD=u(E)t=ln@ (4.2)
= 105) :
(a) Fresnel Zone Plate \ Azimuthal-rotation sample holder

X-ray

Photomultiplier Tube
Sample
Order Select Aperture (Pinhole)
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(b)

Figure 4.1 () Schematic figure of STXM optics and (b) a photo of the azimuthal-rotation sample holder.

Figure 4.1 (b) shows the azimuthal-rotation sample holder (Herndndez-Cruz et al., 2007, Ohigashi et al., 2016).
Therefore, two-dimensional map of X-ray absorption spectra can be measured by acquiring the X-ray
absorption images with changing the energy of the incoming X-rays continuously. Then, detailed analysis of
near edge X-ray absorption fine structure (NEXAFS) brings information of chemical structure of a specific
element.

Figure 4.1 (b) shows the azimuthal-rotation sample holder (Hernandez-Cruz et al., 2007) used in this
measurement. Details regarding the cell have been described previously (Ohigashi et al., 2016). The rotation
angle can be rotated clockwise or counterclockwise in 6° increments. The sample is measured in the STXM
chamber filled with 0.01 atm of helium gas.

To determine the orientation angle of the w-orbital domain from the change of OD intensity (E=285.4 eV) at
each sample position whose area is approximately 30x30 nm?, the sample was rotated at multiple azimuthal
rotation angles (¢ =0, 30°, 42°, 60°, 72°, and 90°) around the axis of the incident X-ray with horizontal linear
polarization. As shown in Fig. 4.1(a), it is noted that the normal direction of the thin film sample is parallel to
the axis and the azimuthal rotation direction was clockwise when see from the downstream side.

Powder X-ray diffraction (XRD) measurements were also performed to evaluate crystallinity of graphite in
each CF using pulverized specimens. Powders of the sample were packed into an aluminum sample holder

(sample part: ¢ 20 mm x 0.5 mm depth), and XRD measurements were performed with a diffractometer
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(Smartlab, Rigaku Corporation). The tube current and tube voltage were set at 36 mA and 40 KV, respectively.
The goniometer radius was 285 mm. A high-speed, one-dimensional detector was used as the X-ray detector,
and measurements were performed using the Bragg-Brentano focusing geometry (i.e., the Kp filter method with
Co Ka using Fe filters). The measurement conditions were as follows: measurement angle range 26 = 15-40°,
step angle width A26 = 0.02°. The Halder—Wagner method was used to calculate the crystallite size of graphite
(Halder et al., 1966).

To evaluate the accuracy of these results by STXM, the author performed electron diffraction measurements
using TEM. Electron diffraction measurements were performed with JEM-2100F (JEOL Ltd.). The
acceleration voltage was 200 kV. The size of electron beam was 10 nm in the diffraction measurements.
OneView-CMOS (Gatan, Inc.) was used as the detector. The orientation of the c-axis of the graphite crystals in
the CFs was qualitatively evaluated from the position of the diffraction spots (rings).

In general, for the absorption of 285.4 eV, which is the energy derived from the excitation of 1s—n* as shown
in Fig. 4.2 (a) and (b), when the angle between the vector of the polarized electric field of X-ray and the vector
of the direction of the m-orbit is 6, X-ray absorption intensity at E=285.4 eV is proportional to cos?6 (which is
(@) maximum in case of = 0° and (b) minimum in case of &= 0° (theoretically zero) ) (Stohr et al., 1992;
Watts et al., 2011; Waitts et al., 2012). Because of this relationship, we observe a C K-edge spectra, especially at

an intensity around E = 285.4 eV, depending on &, as shown in Fig. 4.2 (c).
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Figure 4.2 Positional relationship between polarization vector e and the direction of w-orbital (a) ¢=0 °, (b) ¢=

90 °, (c) Schematic figure of C K-edge absorption spectra for (2) and (b).

4.3 Results and discussion
The author performed C K-edge mapping of the gray-dotted line area shown in Fig. 4.3 (a). Figure 4.3 (b)

shows X-ray absorption image at E=285.4 eV, whose field of view is identical to the gray-dotted line area
shown in Fig. 4.3(a). The STXM image of Fig. 4.3 (b) consists of 50 x 50 pixels (100 nm/pixel step).The
similar contrast areas of several 100 nm to 1 um were observed in the STXM image. These areas represent the
n-orbital oriented domains. On the other hand, the crystalline size of graphite is 10.7 nm obtained from XRD
pattern as explained in experimental section. This result revealed that the size difference between r-orbital
oriented domains and the graphite crystallite is more than 100 times.

Figure 4.3 (c) represents the C K-edge spectra of each area in Fig. 4.3 (b). The colors of these spectra in Fig.
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4.3 (c) correspond to that of the areas in Fig. 4.3 (b). The photon energy for w-orbital orientation analysis was
selected to be 285.4 eV which corresponded to the excitation energy from 1s to * of carbon, which originates
from the C=C bond and whose OD intensities change depended on the relationship between the m-orbital
orientation and X-ray polarization as shown in Fig. 4.3 (c).

As reported in Chapter 3 and shown in Fig. 4.4, the direction of laminated graphene planes inside the
pitch-based CFs is almost parallel to the fiber axis. Therefore, analyzing the cross-section of CFs is sufficient for

the evaluation of the distribution of r-orbital-oriented domains in CFs.
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Figure 4.3 (a) TEM (bright field) images of the cross sections of CFs, (b) X-ray absorption image of a part of
the cross-section of CF at E = 285.4 eV. (c) C K-edge spectra of areas shown in (b). The colors of the spectra in

(c) correspond to that of areas in (b). (b) is displayed by rotating (a) so that (b) is horizontal.
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7 orbit graphite

n-orbital domain

Figure 4.4 Microstructure of r-orbital-oriented domains and graphene stacked structure of a pitch-based CF.
The red and yellow two-way arrows represent the directions of the graphene sheets along the fiber and within

the fiber cross section, respectively.

Figure 4.5 shows cross-sectional images of the CF at each rotation angle ¢=0, 30, 42, 60, 72, 90°. The images
are tilted as the sample rotation at ¢ = 0°. Red double arrows show the polarization of the incident beam. The
STXM images consist of 333 x 333 pixels (30 nm/pixel) with E = 285.4 eV and dwell time = 3 ms. As the
orientation of the r-orbital becomes near to the polarization of the incident beam, the ODs in the STXM image
increases. This can also be confirmed from the results that the contrast of the X-ray absorption image is almost
reversed at ¢=0and 90 °. It is note that the n"/c" ratio (the OD of 1s—n" (285.4 eV) divided by that of 1s—c"
excitation (292.0 eV)) was used for the fitting of | in Eq. (4.3). By fitting the OD intensity | of sample position
with Eq. (4.3), the average orientation angle &,y of the w-orbit at each sample position (30 nm diameter area) in

the image can be obtained.

| =Acos’(0— @) +B (4.3)
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Figure 4.5 OD images at E = 285.4 eV at rotation angles gat 0°, 30°, 42°, 60°, 72°, and 90°. The red arrows

in the figures indicate the X-ray polarization direction.

Here, A, B, and &, are fitting parameters. Figure 4.6 shows the rotation angle ¢ dependence of OD intensity |
and their fitting curve for three sample position as shown in Fig. 4.5. The average orientation angles & of the
points 1, 2, and 3 in Fig. 4.5 (a) were obtained as 137°, 0.0°, and 42.4°, respectively. For nonlinear fitting of Eq.
(4.3), the standard deviation/the corrected R? of the average orientation angles of each sample position were
0.23°/0.99, 2.6°/0.98, and 2.8°/0.87, respectively.

Figures 4.7 (a), (b), and (c) show an image of the cross-section of CF, colored with the value of &, A, and B
at each sample position, respectively. In this way, we successfully visualized the distribution of the w-orbital
with a spatial resolution of 30 nm, which is the same as that of STXM. Figure 4.7 (a) shows the color scale
corresponding to the average m-orbital orientation angle at each sample position, originating from the stacked
graphene sheet from 6,; = 0—360°. It is noted that &,; = 0—180° and &,; = 180—360° are equivalent angular
ranges.

Figure 4.7 (a) is similar to the inverse pole figure (IPF) map of Electron back scatter diffraction (EBSD).
EBSD complements X-ray diffraction (XRD) and is capable of analyzing crystal structure at a few tens of

nanometer scale and has been widely used for characterizing the crystallographic features of inorganic materials
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(Wilkinson et al., 2012). The IPF map represents the distribution of the crystal orientation, whereas Fig. 4.7 (a)
represents the distribution of average w-orbital orientation at each sample position in the image. This study is the

first application of IPF maps for evaluation of the orientation distribution of carbon material and its related

materials.
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Figure 4.6 Relationship between rotation angle ¢and OD intensity ratio (t"/c") and fitting curves by Eq. 4.3 for
some sample points (1, 2, and 3) shown in Fig. 4.5. The average orientation angles &, of the points 1, 2, and 3
were 137°, 0.00°, and 42.4°, respectively. For this nonlinear fitting, The standard deviation/the corrected R? of

the average orientation angles of each sample position were 0.23°/0.99, 2.6°/0.98, and 2.8°/0.87, respectively.
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Figure 4.7 (a) n-orbital orientation &, map, (b) Color map of A, (c) Color map of B in Eq. (4.3).

Figure 4.8 represents the positions of electron diffraction measurements in the cross-section of CF. The
diffraction patterns are shown in Fig. 4.9. The white rings in Fig. 4.9 represent the 002 diffraction spots (rings)
of graphite. STXM observes r-orbital orientations, while electron diffraction as shown in Fig. 4.9 observes the
direction of crystal planes. These results are consistent with each other. This is because and the electron beam
size (10 nm) in diffraction measurements is similar to X-ray beam size in STXM measurements and the
crystallinity of graphite in CFs is high enough: crystallite size of graphite in XN50 was 10.6 nm. The crystallite
size was calculated from XRD peak position and integral breadth of graphite (002). The Halder-Wagner method
was used to calculate the crystallite size of graphite (Halder et. al., 1966).

As we showed in Fig. 4.7, m-orbital oriented domains exist in various directions in CFs. The orientation angles

of adjacent domains, domain size, and their heterogeneity can influence the mechanical properties of CFs
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because graphite has structural anisotropy. To visualize there information in one map, we consider an image
processing as follows. Figure 4.10 shows schematic figure of the idea for the image processing. The coordinate
of any pixel in the image is defined as (x; y;). When the orientation angle difference between (x;, y;) (&i(Xi, ;)
and the average orientation angle (8i(Xi, ¥;)) among (i1, Y1), (%, Y1), (i, Vi), and (Xiq, ;) is larger than the
threshold orientation angle A6, wesh, We define (x;, ;) to be a pixel in a domain which is different from a
domain where (X1, Y1), (X, Y1), (Xie, Vi), and (xi1, ;) are. In other words, as far as A&yi=|6hi(Xi, Y;)- 0 ori(Xi, Yl
is smaller than A6y, wresn, adjacent pixels are considered to belong to one domain.

Figure 4.11 is illustrated by analyzing &, map (Fig. 4.7 (a)) with various Ay, resh Using the condition as
explained above. By comparing clustering maps with various A6, s, the orientation angle difference
between domains and its spatial distribution can be visualized. However, the absolute value of A&y, tyesh greatly
depends on the material types and their manufacturing conditions. Therefore, to find optimal A&, tesh that is
useful to characterize the mechanical properties of CFs, it should be essential to continuously change the value
of A6y, wresn and draw clustering maps for comparison among them. It is noted that the gray color and
boundaries in the figure indicate that they were identified as different domains by their respective A&y, tresh-

Distributions of &, in Fig. 4.7 (a) are clustered in Fig. 4.11. This result shows domain boundaries with various
threshold values of the difference of the orientation angle A6y iesn (0.70—11.3°) between adjacent sample
positions as explained above. This essentially corresponds to the grain map obtained by EBSD. The colors in
Fig. 4.11 indicate that they were identified as different regions by their respective thresholds of A&

Generally, the diameter of CFs after infusibilization, carbonization, and graphitization is approximately 30%-
50% smaller than that of the CFs after spinning of the raw material pitch. Accordingly, if the difference of the
orientation angle between adjacent domains during graphitization is large, the strain is concentrated on the
boundary between the domains when CFs shrinks along to radial direction. The boundary might be considered
as the starting point of the microstruc destruction.

For example, the number of domains colored by gray for the case of A&,; = 3.52°, as shown as Fig. 4.11 (f), is
larger than that of the domains in the case of A&,; =7.03°, as shown as Fig. 4.11 (K). It was suggested that the
boundaries identified by A&,; = 3.52° and 7.03° had a larger strain than those identified by only A&,; = 3.52°. In
particular, it was suggested that boundaries with large strain were distributed in the outer peripheral portion (Fig.
4.11 (j)-(0)) as compared with the inside of the CF (Fig. 4.11 (d)-(i)). As a qualitative hypothesis, it was thought
that large strains and defects (voids) would occur due to the shrinkage of the CF diameter during graphitization

in the boundaries where the difference in orientation angle was large before graphitization. This study made it
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possible to visualize the boundaries of strain concentration. Such knowledge can be one of the important

analysis methods for designing the r-orbital orientation control of not only CFs but also other carbon materials.

Figure 4.8 TEM image (bright field) of a cross-section of the CF, whose field of view is similar to that of the
orientation map visualized by STXM (Fig. 4.7 (a)).
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Figure 4.9 Electron diffraction patterns of points (a) to (i) in Fig. 4.8.
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Figure 4.10 Schematic figure of the idea for the image processing.
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(a) A6,=0° (b) AG,;=0.70° (c) AG,=1.41° (d) AGy=2.11°

2um

(e) AG,,=2.81° (f) AG,,=3.52°

Figure 4.11 Distribution of domain boundaries with various threshold values of the difference of the orientation
angle A6y (0.70—11.3°). Different regions with Ag,are indicated by the boundaries between white and gray

areas.

4. Conclusion

The distribution of r-orbital oriented domains is one the most important factors to determine unique
microstructures of CFs that is deeply related with macroscopic mechanical properties. In this study, the author

visualized the distribution of w-orbital oriented domains of commercial pitch-based CFs with a spatial resolution
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of nanometer scale using STXM.

The author combined X-ray absorption images whose contrast is n'/c”, obtained at six rotation angles via
STXM measurements. The author calculated the average orientation angle &,; of each sample position in the
images using the theoretical relationship between the direction of the orbital and that of the X-ray polarization
vector.

The w-orbital domains are visualized quantitatively, which is 100 times larger than the size of crystalline of
graphite, suggesting that each domain consist of graphite crystallites. It was suggested that boundaries with
large strain were distributed in the outer peripheral portion as compared with the inside of the CF.

This method will enable the evaluation of the relationship among domains in the CFs, which might be useful
for strain mapping in the CFs. Such knowledge can be one of the important analysis methods for designing the
distribution of r-orbital orientation domains to control mechanical properties of CFs. This method also can be

applied to the other carbon materials for molecular orientation analysis.
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Chapter 5

Development of Azimuthal-rotation Sample Holder
for Molecular Orientation Analysis

5.1 Introduction

The physical properties of carbon materials, such as rubber, polymer-blend resins, carbon fibers, and
carbon-fiber-reinforced plastics are based on the domain shape and size, as well as the spatial distribution and
orientation of their chemical structures (functional groups and chemical bonding) of each phase (Miller et al.,
1987; Otani et al., 1986; Soo-Jin, 2018). Scanning transmission X -ray microscopy (STXM) is used to observe
the distribution of chemical structures with a spatial resolution that exceeded approximately 50 nm (Hitchcock,
2012). The X-ray absorption (XA) intensity (optical density (OD) is generally used for STXM measurements)
reflects the interaction between the polarization of X-rays and the orientation of molecular or chemical bonding
orbitals (Hernandez-Cruz D. et al., 2007, Watts et al., 2011, Watts et al., 2008). Through STXM, the distribution
of orbital orientation can be determined by observing the variations in the OD contrast within the field-of-view
(FOV) when the sample is rotated at multiple angles in the azimuthal direction of the incident X-ray (Ohigashi
etal., 2016, Watts et al., 2011, Wiatts et al., 2008). In previous holders, the focus depth of the Fresnel zone plate
(FZP) and the FOV of the observations were around the micrometer order, and maintaining the error motion
within that range was difficult. In this study, an azimuthal-rotation sample holder, which exhibited
improvements in rotation accuracy and reduction in the displacement of the rotation axis during azimuthal
rotation, was developed. Thus, the dependence of OD on the rotational angle was measured to investigate the
domain derived from m-orbitals (carbon double bonds) in natural spherical graphite. Furthermore, the

performance of the developed azimuthal-rotation sample holder was evaluated.
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5.2 Experimental

Figure 5.1 (a) shows the developed azimuthal-rotation sample holder, with a weight of 90 g and thickness of
19.6 mm. The part of the holder attached to the STXM chamber and that supporting the motor were fabricated
using aluminum alloy (A6061) and aromatic polyamide resin, respectively. The worm shaft was made of
SUS416. The sample mounted on the center of the disk plate was fabricated using aromatic polyamide resin
and could be rotated 360° with a minimum rotation angle of 0.002° using a small two-phase stepping motor
(AM1020RC018008+10/1, Faulhaber Co., Ltd.) that was vacuum compatible. The aforementioned holders also
use the same motor. The pulse signal from the controller (Tsuji Electronics Co., Ltd.) is converted into the drive
signal by the motor driver (Faulhaber Co., Ltd.), as explained in previous papers (Hernandez-Cruz D. et al.,
2007, Ohigashi et al., 2016). It is critical to maintain the position of the sample in such a manner that it stays in
focus during the sample rotation. Thus, the rotation was supported by a crossed roller bearing
(REV2008CCOP5S, THK Co., Ltd.), which reduced backlash or errors when rotating the sample holder. The
developed system could solve the problems that are often caused by brass bevel gear and conventional ball
bearing, which has been used in previous research studies (Herandez-Cruz D. et al., 2007, Ohigashi et al.,
2016), i.e., the slip in rotating axis during sample rotation, particularly when the sample position is displaced.
The radial and axial runout tolerances were less than 5 um/360° and less than 7 um, respectively. Thus, the
developed holder can be used to rotate the specimens at high angle accuracy.

Furthermore, STXM measurements were conducted using the BL-19A at the Photon Factory (Institute of
Materials Structure Science, High Energy Accelerator Research Organization (KEK)). Figure 5.1 (a) shows the
image of the developed azimuthal-rotation sample holder for the compact STXM (cSTXM) (Takeichi et al.,
2016). Figure 5.1 (b) shows the image of the holder loaded in the cSTXM. The measurement mode
corresponded to the transmission mode. The spatial resolution of this technique was improved by more than 50
nm following the application of an FZP. The order-sorting aperture is located between the FZP and sample. In
this study, a photodiode was used as the detector. In addition, the APPLE-II type undulator of the BL-19 can
generate synchrotron radiation X-rays with linear horizontal (LH) and liner vertical (LV) polarization modes
(Sasaki et. al., 1993). To investigate the molecular orientation, measurements must be performed using X-ray
absorption near edge spectroscopy (XANES) at other polarization directions via sample rotation in addition to
the two polarizations of the X-ray. Hence, by switching the polarization (LH or LV) and rotating the sample (6
= 0°-90°), the polarization angles () of the electric field of the synchrotron radiation X-rays with respect to the
sample can be changed from 0° to 180° (Fig. 5.1 (c)) as follows: 8 =6, + 0° (LH) or 6, + 90° (LV). These
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polarizations allow for the investigation of two types of relationships between the sample and electric field of
the X-ray at the same rotation angle. This can reduce the total measurement by half or more. The aXis2000
software was used to analyze the image stack data (a set of XA images of a sequence of synchrotron radiation
X-ray energies) (Hitchcock, 2009). Figure 5.1 (c) shows the direction of the electric field in the LH and LV
polarization modes when viewed from downstream.

A natural spherical graphite sample was used for the STXM measurements. The sample was sliced into thin
films through focused ion-beam (FIB) processing. Before slicing, the sample surface was coated with Pt to
prevent damage by the ion beam. The thickness of the sample was adjusted to approximately 50 nm through

Argon milling.

Detector
(Photodiode)
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(c)
LV

(6=6,+90°)

Figure5.1 (a) Azimuthal-rotation sample holder developed for cSTXM. (b) Image of the holder used in
CSTXM. (c) Direction of the electric field in the LH and LV polarization modes applied to the sample during

the measurements (viewed from the detector side).

5.3 Results and discussion

Figure 5.2 shows the transmission electron microscopy (TEM) and XA images of the natural spherical
graphite sample. In the TEM image (Fig. 5.2 (a)), the red dotted line shows the FOV of the XA image obtained
by setting the cSTXM at 8= 0° (6, = 0°, LH). Figures 5.2 (b), (c), and (d) shows the XA images at 8 = 0° (6, =
0°, LH) with different energies corresponding to 280.0 eV (pre-edge), 285.7 eV (1s—m*), and 292.0 eV
(1s—c™), respectively. The contrast in the XA images represents OD, which is dependent on the difference in
energy among locations. Thus, the chemical structure and orientation of the r-orbitals varies with respect to
locations. The OD vyields the maximum value when the direction of the r-orbital is parallel to that of
polarization (Brandes, 2008).

Figure 5.3 shows the XA images of the natural spheroidal graphite at 285.7 eV, measured at a wide range of
angles from 6 = 0° to 6 =180° with two linearly polarized X-rays (LH and LV). Furthermore, the FOV was 9

um x 9 um with a pixel size of 90 nm. The dwell time of X-ray detection at each pixel was 40 ms.
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Figure 5.2 (a) TEM (dark field) image of natural spherical graphite. The red dotted line shows the FOV of an
XA image obtained via cSTXM with a rotation angle of 6= 0° in the LH mode. XA images at 8 = 0° (LH) with

energies of (b) 280.0, (c) 285.7, and (d) 292.0 eV.
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Figure 5.3 XA images of natural spheroidal graphite at 285.7 €V, measured at a wide range of polarization

angles, 6= 0°-180° for the LH and LV polarization modes; the FOV is 9 um x 9 um with a pixel size of 90 nm.
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Figure 5.4 (a) XA images (OD contrast) of natural spheroidal graphite at 285.7 eV [Fig. 3(j)]. (0) TEM image
of the FOV in (a). Areas enclosed within dotted lines (#1, #2, and #3) show m-orbital-oriented domains
determined via cSTXM. The average orientation angles of domains #1, #2, and #3 are 134.3°, 96.5°, and 24.2°,

respectively.

Figure 5.4 (a) shows the XA images of natural spheroidal graphite at 285.7 eV, which is similar to that in Fig.
5.3 (j), and Fig. 5.4 (b) shows the TEM image of the FOV in Fig. 5.4 (a). The areas enclosed within the dotted
lines (#1, #2, and #3) of the w-orbital orientation were determined via cSTXM through the following procedure.
Cleavage cracking in natural spheroidal graphite, as shown in Fig. 5.4 (b), was examined in each area. These
cracks face a certain direction in each OD region, indicating traces of separation between the graphene sheets
and suggesting that these domains exhibit different orientations in the w-orbital domains. A quantitative
relationship between the orientations was investigated using cSTXM. Figure 5.5 shows the C K-edge XANES
spectra in three areas (#1, #2, and #3) shown in Fig. 5.4 (a) at @ = 180°. The intensity at E = 285.7 among the
domains varied significantly, indicating the difference in the relationship between the polarization angle and
direction of r-orbital. These spectra were weaker and broader than those of highly oriented pyrolytic graphite
(HOPG) (Watts et al., 2008) because natural spherical graphite may be more sensitive to FIB and Argon milling,
and the crystallinity of graphite in natural spherical graphite is lower than that of HOPG. In addition, these
spectra may be affected by the sample oxidization. Figure 5.6 shows the rotational dependence of the n*/c*
ratio [the ratio between OD at 285.7 eV (I(1s—r *)) and at 292 eV (I(1s—c *))] on the polarization angles, 6,
in areas #1, #2, and #3 shown in Fig. 5.4(a). Hence, the OD contrast clearly changes with respect to the
polarization angle, 6. Furthermore, the contrasts of (a) and (j) as well as (€) and (f) in Fig. 5.3 show the same

relationship in terms of the sample position and direction of the electric field. Thus, the change in XA intensity
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is proportional to cosd), as theoretically stated by Stohr (Stshr, 1992). In this case, 7*/c™ is the ratio between

I(1s—n *) and I(1s—o *) and is expressed as follows:

Tt I(1s - m*: 285.7 eV)
— ratio =
o* I(1s - 0*:292.0 eV)

= A X cos?(0 — 0,,;) + B (5.1)

where A, i, and B denote the amplitude of OD vibration, orientation angle of = orbital, and background
constant, respectively. A dichroic response of 30% at 292.0 eV was reported for HOPG (Watts et al., 2008).
However, with respect to the natural spherical graphite in this study, the optical densities at 292.0 eV were found
to be identical in three different areas (#1- #3) as shown in Fig. 5.5. The dichroic response at this energy, if
present, can slightly deform the sinusoidal rotational response but has little effect on the spatial distribution of A,
6y, and B in equation (1). Therefore, we inferred that the intensity at 292.0 eV can be used to normalize the
1s—7* intensity.

Based on the nonlinear fitting of equation (5.1), the three curves of solid lines are shown in Fig. 5.6. The
average orientation angles of domains #1, #2, and #3 in Fig. 5.4 (a) were calculated to be 134.3°, 96.5°, and
24.2°, respectively (Fig. 5.4 (b)). The standard deviation/the corrected R? of the average orientation angles of
domains #1, #2, and #3 were 0.95°/0.99, 3.1°/0.90, and 2.3°/0.95, respectively. The n*/c™* ratio at each position
of the sample can be calculated using the aforementioned procedure.

Figures 5.7 (a), (b), and (c) show the maps of A, &, and B of equation (5.1), respectively. Note that this
experiment cannot determine the three-dimensional direction of the m-orbital orientation because the
experiment was aimed at detecting the projection component of the orientation vector on the sample surface. In
this study, a sample portion with a relative in-plane facing n-orbital was fabricated as a thin film. The direction
of separation or cracking observed in each sample area was perpendicular to the w-orbital direction. This is said
to be reasonable when considering the bonding feature and because the direction of -orbitals is perpendicular
to that of graphene sheets. This shows that chemical-structure mapping (especially, in the direction of the
n-orbital-oriented domain or graphene sheets) can be performed by combining cSTXM with the developed

sample holder, and is not possible solely through microstructural observations using TEM.
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Figure 5.6 Rotational dependence of n*/c* ratio (OD ratios at 285.7 and 292.0 eV) in areas #1, #2, and #3

shown in Fig. 5.3 (j). The three solid-line curves are the results of the nonlinear fitting based on Eq. (5.1).
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Figure 5.7 Maps of (a) amplitude (A), (b) orientation angle (&), and (c) background (B) of each sample

position in equation (5.1).

5.4 Conclusion

In the study, an azimuthal-rotation sample holder was developed for an STXM. The holder exhibited
improved accuracy of the rotation angle and deflection of the surface of the disk plate. To evaluate the
performance of the holder, the r-orbital orientation domains in carbon materials were investigated. The average
orientation angle in each of the sub-micrometer domains in natural spheroidal graphite was determined based

on the dependence of */c™* ratio on the rotation angle.
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Chapter 6

Observation of Interface between Resin and Carbon
Fiber in Carbon-Fiber-Reinforced Plastics

6.1 Introduction

Investigation of the microstructures, and interface between materials to reveal the origins of the physical
properties of composite materials is essential. For example, chemical states (valence, functional groups etc.)
around the interface between carbon fiber (CF) and resin in carbon-fiber-reinforced plastic (CFRP) is extremely
helpful in the clarification of enhancement mechanisms of tensile strength and elastic modulus. Conventional
techniques for these investigations include infrared absorption spectroscopy (IR), X-ray photoelectron
spectroscopy (XPS), and XANES (X-ray absorption near edge structure). However, the spatial resolutions of
these techniques are ordered from mm to um, making it difficult to observe the interface structures in detail. On
the other hand, the spatial resolution of electron microscopes (e.g. electron energy loss spectrometry (EELS)) is
significantly higher (but less than 1 nm) than those of conventional spectroscopy techniques. However, the
energy resolution of EELS is relatively lower (~0.5 eV) and the beam damage of samples is more severe than
those of X-ray and IR probes, especially in organic compounds. Over the past ten years, lithographic fabrication
techniques have enabled us to use optical devices such as Fresnel zone plates (FZP) whose spatial resolution is
20-100 nm. Scanning transmission X-ray microscopy (STXM) based on the sub-micron XANES imaging
technique is a very powerful method of chemical imaging around the interface of composite materials (Ade et
al., 1992; Ade et al., 1993). In this study, we performed C K-edge absorption imaging to analyze the

distributions of chemical states in CFRP.

6.2 Experimental

CFRP thin film was fabricated via focused ion beam processing and its surface polished through argon ion

beam milling. The thickness of the film was adjusted to approximately 80 nm to obtain C K-edge absorption
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spectra of CF and resin in CFRP. The CFRP analyzed in this study is a commercial product consisting of CF
made from polyacrylonitrile (PAN) and epoxy resin. The estimated tensile strength and elastic modulus of this
CFRP are 1760 MPa and 125 GPa, respectively. Fig. 6.1 (a) shows a schematic of the cross section (CS) and
longitudinal section (LS) of the CF. Figure 6.1 (b) presents a backscattered electron image of the CFRP thin film.
Notably, the angle between the incident direction of the electron beam and normal vector of the thin film is 35°.
I collected image stacks of C K-edge XANES in the red-dotted square regions ((1) the interface region between
CF and resin, and (Il) CS of CF) in Fig. 6.1 (b). Figure 6.1 (c) shows a transmission electron microscope (TEM)
image of CF (CS) and resin. An inner ring microstructure was observed in CF (CS), and details are discussed in
the next section.

STXM measurements were performed at BL-13A of Photon Factory, IMSS, KEK. The compact STXM
instrument (cSTXM) (Takeichi et al, 2016) obtains XANES imaging at a spatial resolution of 40 nm using FZP,
and is especially suited to the measurement of XANES spectra around C K-edges, providing information on
chemical states around carbon. Moreover, the undulator of BL-13 can generate radiation light source switched
to horizontal and vertical linear, left and right-handed circular and elliptical polarization states by APPLE-II type
undulators (Tsuchiya et al., 2013; Sasaki et al., 1993). Details of the cSTXM instrument have been discussed
elsewhere (Takeichi et al, 2016). In this study, only horizontal linear polarized X-ray beams were used. The

aXis2000 software was used to analyze the image stacks (Hitchcock, 2009).
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(a) Longitudinal section (LS)
Central axis of CFJ
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Carbon fiber (CF)
Cross section (CS)

(b)

2 um

Figure 6.1 (a) Schematic of the cross section (CS) and longitudinal section (LS) of CF. (b) Backscattered

electron image of CFRP thin film. (c) Transmission electron microscope image of CS of CF and resin.
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6.3 Results and discussion

Figure 6.2 (a) shows an X-ray absorption contrast image around the interface between CF and resin labeled as
(I) region in Fig. 6.1 (b) and obtained at E=286.5 eV, corresponding to the transitions from 1s to = (phenolic
(C+-OH)). This image consists of 70x70 pixels (pixel size is 40x40 nm). Around the interface between CF and
resin, another absorption contrast that was neither accounted for by CF nor resin was observed. This suggests
the presence of another phase around the interface. Image stack measurements around the C K-edge absorption
were carried out as shown in Fig. 6.2 (a). Figure 6.2 (b) shows C K-edge XANES spectra of resin (red), CF
(LS) (green), and interface (blue). These are averaged spectra of the square regions enclosed in black dashes (i),
(i), and (iii) in Fig. 6.2 (a), respectively. These spectra are hormalized by the intensity of the peak top of the
transitions from 1s to 7 of C=C around 285.0 eV. The split peaks in the XANES spectrum of the region of (i)
resin at approximately 284.8 eV correspond to the transition from 1s to = of C=C, while the other peaks at
286.5 and 288.3 eV correspond to the transitions from 1s to == (phenolic (C+OH)) and those from 1s to
Rydberg/c* ((O(C*-H)RY)), respectively (Moffet, 2011). Moreover, the broader peak at approximately 292 eV
corresponds to the transitions from 1s to ¢* of C-C. These are consistent with the typical chemical structure of
the epoxy resin (Hedrick, 1992). In the case of the spectrum of (ii) CF (LS), only two peaks were observed at
285.1 eV and at approximately 292.0 eV, corresponding to the transitions ranging from 1s to 7= of C=C and
those ranging from 1s to o* of C-C, respectively. This means that CF consists of stacks of graphene sheets. On
the other hand, the interfaces of the peak positions of the spectrum of (iii) are the same as those of (i). However,
the intensity ratio among the peaks of (iii) is different from those of (i). These observations suggest that the
organic material around the interface consists of the same functional groups as those of resin but with different a
compositional ratio. This result is consistent with the general manufacturing process of CFRP, whereby the CF

is coated with organic material before being embedded in resin to improve the affinity between CF and resin.
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Figure 6.2 (a) Sections enclosed by black dashes show regions for averaged XANES spectra of (i) resin, (ii) CF
(LS), and (iii) interface used for RGB deconvolution. (b) Averaged XANES spectra of resin (red), CF (LS)

(green), and interface (blue) in each region shown in Fig. 6.2 (a).

First, to determine the presence of the third phase between CF and resin, two types (A and B) of singular value
decomposition (SVD) analyses were carried out; (A) by using (i) and (ii) excluding (iii) shown in Fig. 6.2 (a),
and (B) by using averaged spectra of (i) resin, (ii) CF (LS) and (iii) the interface, respectively. These averaged
spectra are shown in Fig. 6.2 (b). Residual curves of the three regions after SVD analyses of (A) and (B) are

shown in Fig. 6.3 (a) and (b), respectively. Both regions of (i) and (ii) fit in excellently in both cases. By contrast,
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the region of (iii) could fit in only in the case of (B). Based on spectra analysis, the third phase was inferred to
be present in the interface, which is neither CF nor resin. An RGB color deconvoluted image of SVD of (B)
using three spectra is shown in Fig. 6.3 (c). The thickness of the third phase was approximately 100 nm. In
addition, a transition region of approximately 300 nm in thickness was observed at the boundary of the resin

and third phase.
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Figure 6.3 Residual curves of each region after SVD analyses of (A) resin/CF(LS) and (B)
resin/CF(LS)/interface were shown in (a) and (b), respectively. (c) RGB (red: resin, green: CF (LS), blue: the
third phase) color deconvoluted image of the interface between resin and CF (LS). The two-way arrow

represents the polarization of X-ray beams.

Subsequently, | performed image stack measurements of region (II) in Fig. 6.1 (b) to investigate the chemical
state of the inner ring observed in CF (CS). C K-edge spectra of resin (red), CF (CS) (green), and inner ring in
CF (CS) (blue) are shown in Fig. 6.4 (a). These spectra are the averages of each region and are normalized by
the intensity of the peak top of the transitions from 1s to * of C=C as well as Fig. 6.2 (b). The configuration of
the inner ring is almost the same as that of CF (CS). This means that the chemical state of the inner ring was not
different from that of CF. The contrast of the inner ring in CF (CS) observed in the TEM and X-ray absorption
contrast images may be attributable to the difference between their densities.

Finally, the intensity ratio of the transitions from 1s to 7* to those from 15 to * varied in the cases of LS (green
spectrum in Fig. 6.2 (b)) and CS (green spectrum in Fig. 6.4 (a)) of CF. This means that the 7 orbital in CF is
perpendicular to the central axis of CF. The XANES peak of a particular electron orbital is sensitive to the
relationship between the orientation of its electron orbital and the polarization of incident X-ray beams (Watts,
2011). The XANES intensity originated from a particular orbital is enhanced when the orientation of its orbital

is parallel to the polarization of the X-ray. From these results, it was concluded that the graphene sheets oriented
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to the fiber axis direction as schematically illustrated in Fig. 6.4 (C).
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Figure 6.4 () Averaged XANES spectra of resin (red), CF (LS) (green), and inner ring in CF (CS) (blue) in
each region shown in (11) of Fig. 6.1 (b). (b) RGB (red: resin, green: CF (CS), blue: inner ring in CF (CS)) color
deconvoluted image. The two-way arrow is the polarization of X-ray beams. (c) Schematic illustration of the
distribution of graphene sheets in CF. The blue and red two-way arrows are the thickness and plane directions of

graphene sheets, respectively.
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6.4 Conclusion
STXM studies of CFRP were performed to reveal the distributions of the chemical states in CFRP and

evaluate STXM as a characterization technique for chemical imaging of CFRP. From the image stacks of C
K-edge absorption, the presence of a coating layer between CF and resin was suggested on the basis of the
spectral deconvolution analysis of the spectra. The inner and outer regions of CF (CS) exhibited the same
chemical structure. Orientation of the &t orbital of C=C in CF could be observed by horizontal linear polarized
X-ray. STXM is a useful technique for the analysis of chemical state imaging of carbon-bearing multi
composite materials, providing additional and crucial information regarding the enhancement mechanisms of

tensile strength and elastic modulus of CFRP.
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Chapter 7

Heterogeneous Chemical State of Carbon in Fe-C
Binary Alloy

7.1 Introduction

With respect to the application type, the mechanical properties of steel products may vary. Depending on the
various needs, types, and the number of additional elements, heat patterns during the heating and rolling
processes are controlled accordingly (Bain et al., 1961). Carbon is one of the most important elements to control
the mechanical properties of steel; it exists in the steel microstructure as solid solution or segregation elements,
carbides, and other types (Bain et al., 1961). Although carbon in steel has been observed by the transmission
electron microscopy-electron energy loss spectroscopy (TEM-EELS; Courtois et al., 2006), the electron probe
micro analyzer (Yamashita et al., 2016), or the three-dimensional atom probe (Zhu et al., 2009; Kobayashi et al.,
2015), there exist few studies focusing on the chemical state of carbon (e.g., chemical bond species and bond
distance) in steel (Scott et al., 2001; He et al., 2006; Ninomiya et al., 2017; Yoshimoto et al., 2019).
Furthermore, in electron microscopy, hydrocarbon molecules in the measurement chamber are adsorbed onto
the sample surface as a result of electron beam irradiation, which causes contamination and makes it difficult to
guantify and analyze the chemical structure of carbon in the samples. G. F. Bastin et al. (Bastin et al., 1986) and
W. Lengauer et al. (Lengauer et al., 1997) reported that the distribution of oxygen gas can cleanse sample
surfaces. In addition, it was difficult to evaluate the detailed chemical structure of carbide single phase by
conventional X-ray absorption spectroscopy even if the excitation efficiency is better than that of electron beam.
This is because it is difficult to synthesize carbide single phase and the spatial resolution of conventional X-ray
absorption spectroscopy is not high enough to investigate carbide in steel microstructures.

Although the spatial resolution of X-ray absorption spectroscopy is approximately 10-50 times larger than that
of electron microscopy, it enables the investigation of the chemical state more quantitatively than that of
electrons, such as TEM-EELS (Seol et al., 2010). In terms of the excitation efficiency from the ground level to

the excited levels, X-rays are superior to electron beams for chemical state analysis (Smith, 1988). In addition,
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the chemical structure mapping using X-ray absorption microscopy prefers diffraction measurements by
electron microscopy to investigate the case of carbon partitioned from carbides and in a solid solution with no
or low crystalline content. Another merit is that we can simultaneously obtain the information on the surface (a
few to several nm) and bulk (probing depth is the thickness of the sample) of samples through different X-ray
geometries: transmission and conversion electron yield (CEY) methods; this is especially important in metal
specimens where the surface is easily oxidized and/or contaminated with carbon.

Therefore, in this study, we especially focused on scanning transmission X-ray microscopy (STXM). We
obtained X-ray absorption images of the C K-edge by STXM to identify the lamellar microstructure of ferrite
and 6-Fe;C in perlite, with the intervals of approximately 200 nm. The sample in this study is one of the most
suitable samples to evaluate the usefulness of chemical state mapping for carbon in steel by STXM because it
consists of multi microstructure, such as grained carbides, lamellar microstructure of metal (low carbon
solution), and carbide (including high carbon). We also performed two-dimensional chemical state mapping of
carbon on the surface (a few to several nm) and in bulk (sample thickness of approximately 100 nm) in Fe-C
alloy using the transmission method and CEY method by STXM simultaneously, to clarify the effects of
surface oxidation and/or contamination. It was revealed that the C K-edge spectra of the grained 6-Fe;C are
different from that of the lamellar6-FesC in the Fe-C alloy. To consider the origin of this difference, the author
performed first-principles calculations by assuming the distortion and anisotropy of the unit cell of the 6-Fe;C
structure, suggesting the anisotropy of the crystal structure of 6-FesC and the lattice strain within lamellar

6-FesC.

7.2 Experimental
The initial composition of our sample was Fe-1.48C-0.005Si-0.032AI-0.0008N (mass%); its final composition

after heat treatment was similar to the initial composition. The sample was prepared by the vacuum melting
method. As shown in Fig. 7.1, the sample was dissolved in N, atmosphere at atmospheric pressure, rolled to a
size of 220 mm W x 100 mmL x 1.6 mm, heat-treated at 900 °C for 4 min, and water-cooled. Subsequently, the
sample was further tempered at 400 °C for 10 min and cooled in the furnace; it has a pearlite microstructure,
which is a lamellar microstructure composed of ferrite and 6-FesC. Moreover, for TEM and STXM
observations, a thin sample of approximately 10 um x 10 pm x 100 nm was prepared by focused ion beam
(FIB) processing, while the surface layer damaged by this processing was removed by argon milling. Finally,

the sample thickness was adjusted to approximately 80 nm.
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Figure 7.1 Heat pattern conditions of the sample.

To confirm the crystal structure of the generated crystal phases in the sample, we performed electron
diffraction measurements using TEM at various sample positions, as shown in (a) to (d) in Fig. 7.2, in which,
(@), (b), and (c) correspond to points at grained 6-FesC, whereas (d) is a point at lamellar 6-Fe;C. The electron
beam diffraction patterns of the sample positions in Fig. 7.2 (a) to (d) are illustrated in Fig. 7.3 (a) to (d),
respectively, which suggest that the crystal orientations along the normal direction of the surface of the thin film
sample at points in Fig. 7.2 (a) to (d) are [513], [210], [2i2], and [011], respectively. The Euler angles (@, 6, ¥)
that reproduce each unit cell position at #1-4 in Fig. 7.2 are presented in Table 7.1, in which, @, 6, and ¥
indicate the rotation angles around the a, b, and ¢ axes of the Cartesian coordinate in Fig. 7.3, respectively. It is
noted that the & @directions were rotated by 5.0°/1.0°, 5.0°/1.0°, 5.0°/5.0°, and 8.0°/3.0° before measuring the
diffraction pattern at each position (#1-#4) to obtain lower diffraction patterns of 6-Fe;C, which is easier to
determine the crystal orientation of 6-Fe;C parallel to that of incident X-ray. The direction of lamination was not
uniform, while the thickness of the thin film sample was approximately less than 100 nm. As described above,
the grained particles in this sample consisted of #-Fe;C, and the constituents of the lamellar microstructure were

confirmed to be ferrite and 6-Fe;C.
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Figure 7.2 TEM images of (a), (b), and (c) grained 6-FesC and (d) lamellar 6-FesC in sample.

10 1/nm

[513]6-Fe,C [210] 6-Fe;C [21 2] 6-Fe;C [011] 6-Fe;C
Figure 7.3 Electron diffraction images at points from #1-#4 in Fig. 7.2 (a) to (d). It is noted that the @
directions were rotated by 5°/1°, 5°/1°, 5°/5°, and 8°/3° before measuring the diffraction pattern at each position
(#1-#4) to obtain lower diffraction patterns of 6-FesC, which is easier to determine the crystal orientation of

6-FesC parallel to that of incident X-ray.

Table 7.1. Euler angles (@, 6, ¥) of 6Fe;C at each sample position (#1-4) in Fig. 7.2. The Cartesian

coordinate system that serves as the reference for rotation is the coordinate system shown in Fig. 7.3.

@(degree) 6 (degree) ¥ (degree)
#1 -112 62.7 75.2
#2 -6.00 90.0 56.5
#3 -21.0 126 56.5
#4 -110 56.1 0.00

The STXM measurements were performed using a compact STXM (cSTXM (Takeichi et al., 2016)) at
BL-13A, Photon Factory, KEK; it enabled us to obtain the X-ray absorption spectra by the transmission and
CEY methods simultaneously with a spatial resolution of approximately 50 nm. A schematic of the optical

system of the cSTXM is demonstrated in Fig. 2.4 in Chapter 2. The X-ray beam was focused at approximately
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50 nm using the Fresnel zone plate (FZP). In the experiment, the inside of the measurement chamber had He
atmosphere of 0.1 atm to maintain good thermal conductivity. The details of each measurement method (Stdhr,
1992) are described below. In the transmission method, the X-ray absorption ratios before and after the
transmission of a thin sample were measured with a photomultiplier tube. The signal detected by the
transmission method includes the information on the linear absorption coefficient and the thickness (X-ray
transmission direction) of the sample. Assuming that the X-ray absorption intensities before and after the
transmission are 1y (E) and I (E), respectively; their relationship is expressed as Eq. (7.1), where x (E) is the
linear absorption coefficient and t is the sample thickness. The energy dependence of the optical density (OD)
was obtained as shown in Eq. (7.2), which is the product of the linear absorption coefficient and sample
thickness. Note that I, (E) is the X-ray absorption intensity when they directly enter the detector without passing
through the sample during measurement.

I(E) = I,(E)e~#®)t (7.1)

Io(E)
I(E)

0D = u(E)t =In (7.2)

On the other hand, the principle of the CEY method is based on the fact that the X-ray absorption intensity is
proportional to the number of Auger electrons. When X-rays are irradiated on the sample, Auger electrons
generated from the sample surface and secondary electrons that collide with Helium atoms in the cSTXM
chamber were detected as the sample current from the order sorting aperture, which was installed upstream of
the sample to pass only the first-order diffracted light by the FZP. The collision process of photoelectrons and
Helium atoms, marked as * in Fig. 2.4, is a reaction expressed as in Eq. (7.3).

e +He—He'+2¢" (7.3)

In addition to the transmission and CEY methods, the fluorescence yield (FY) approach measures
characteristic X-ray intensities generated from the sample. In general, there exists a tradeoff between the
fluorescence intensities and the number of Auger electrons. Light elements discharge more Auger electrons,
whereas heavy elements effuse more fluorescence from a few hundred nanometers from the sample surface
(Nielsen et al., 2001). Therefore, the CEY method is more advantageous than the FY approach for carbon.
During CEY-based measurements, electrons were detected by applying a voltage of 100 V. This method is
sensitive to the surface state of the sample because the electrons that escape from the surface are within
approximately 2-3 nm from the surface (Nielsen et al., 2001). The signal intensity of CEY is proportional to the

intensity ratio of X-ray I, (E) before irradiation and the detected current i(E) after passing through the sample
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and is expressed as Eq. (7.4).

i(E)

CEY int.=
Io(E)

(7.4)

The purpose of this study is to investigate the difference in the chemical structure of carbon depending on the
morphology (bulk and lamellar) of the sample and compare the difference in chemical structure between the
surface and bulk using the transmission and CEY methods. In this study, the spectra of the Fe L-edge and C
K-edge transmission method, as well as the CEY approach were investigated. The dwell times for the Fe L-edge

and C K-edge measurements were 10 ms and 50 ms, respectively.

To calculate the XAS spectrum, after structural optimization of 6-Fe;C by density functional theory (DFT)
calculations, the full-potential multiple scattering theory (FP-MST) computation was performed using the
optimized structure. In the DFT calculation, in addition to the typical 9-FesC (strain less), the XAS spectra of
6-FesC with the b-axis extended by 1%, 5%, and 10% were also calculated to verify the effect of lattice strain,
which were performed by the projector augmented wave (PAW) method using the Vienna Ab initio Simulation
Package (VASP; Kresse et al., 1996; Bloechl, 1994). The Generalized Gradient Approximation-Perdew, Burke
& Emzerh of (GGA-PBE; Perdew et al., 1996) was used for the exchange-correlation potential, with the cutoff
energy of the wave function being as 550 eV. For the reciprocal lattice points, the reciprocal lattice space was
divided by the Monkhorst—Pack method (Monkhorst et al., 1976) to obtain a 10 < 10X 10 mesh. The threshold
for structural optimization was calculated when the force acting on each atom was below 0.01 eV / A.

Based on the above structure, the XAS simulation spectrum is calculated by real space multiple scattering
(RSMS). Because a substance is photo-excited in the spectroscopic process, information on the excited state F¢
of the substance, as well as the ground state, is required. In the case of inner-shell excitation spectroscopy;,
during the X-ray absorption, the wavelength (energy) dependence of the X-ray absorption coefficient is
observed by using the electric dipole approximation and the absorption coefficient u (w), which can be

expressed by the following equation:
p(@) & ) |(@yle-rw) 6(5 - E - o) (75)
f

where, |¥;),E;, |le), and E; are the ground state and its energy, as well as the excited state and its energy,
respectively. € is the X-ray polarization vector. |ll’f) includes a state function that covers the scattering process

of photoelectrons in a solid, a screening effect of inner shell vacancies, and many-body effects such as
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exchange-correlation potential. Therefore, using the optical potential X°P¢, which depends on the energy of the
photoelectrons, it can be described as follows:
(V2 + k% = Viareree P (r) = [ 2P (r,1'; ha) s (r')dr”’ (7.6)

In this calculation, the optical potential of the atom was calculated using the one including the imaginary part
of the Hedin—Lundqvist (HL) potential (Hedin et al., 1965). Meanwhile, the ground state potential was
generated from the superposition of the charge densities of each atom obtained from the HL potential. As for the
excited state, the core Hall effect was introduced by transitioning the 1s inner shell electron to the unoccupied
state and stabilizing only the Frozen-core approximation called valence state. The excited-state potential
obtained by the Frozen-core approximation was self-consistently solved only in the atomic level category, and
the overall potential was generated from the superposition of the charge densities of each atom obtained
thereafter. Because the calculation method deals with distorted crystal systems, such as orthorhombic crystals,
the FP-RSMS was especially employed, for which the FPMS package (Hatada et al., 2007) was used. In this
method, the potential can be defined in the entire region of the calculation system by dividing the region
between the scattering sites by the Moronoi polyhedron. In addition, an empty cell (EC) was introduced to
improve the calculation convergence. The radius of the scattering site was 1.4 A for Fe, whereas 1.0 A for both
C and EC. The scattered waves at each scattering site were considered up to | = 4, and the cluster used for the
calculation had a radius of 8 A (approximately 300 atoms). These parameters were determined by confirming
the convergence of the spectral shape. Moreover, the relative relationship of the energy axes of the calculated
spectrum was calibrated by approximating the potential of the surface average to the vacuum level in all
systems. As the lifetime of the C K-edge excitation process is 0.1 eV (FWHM; Krause et al., 1979), all

calculated spectra were also further broadened with the Lorentz function.

7.3 Results and discussion

The TEM image of one thin film sample is demonstrated in Fig. 7.4, in which, (a)-(d) correspond to the areas
of Fig. 7.2 (a)-(d), respectively. On the other hand, the OD images at 280.0 eV (the energy before the
absorption edge of the C K-edge) and 285.4 eV of the white dotted line area in Fig. 7.4 are illustrated in Fig. 7.5
(@) and (b), respectively. Meanwhile, the residual image obtained by subtracting Fig. 7.4 (a) from 7.5 (b) is
shown in Fig. 7.5 (). The images in Fig. 7.5 were measured at 30 nm / pixel. In Fig. 7.5 (a), a lamellar
microstructure image was not observed, as confirmed in Fig. 7.4, whereas a clear pearlite lamellar structure can

be detected in Fig. 7.5 (b), and the microstructure can be observed more clearly in Fig. 7.5 (c). Therefore, the
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pearlite microstructure with an interval of approximately 100 nm could be identified by the OD contrast at the C
K-edge by STXM. This is the first observation of the Fe-C alloy microstructure using X-ray microscopy within
nanometer scale. The contrast of the OD images was affected by the chemical structure of the element.
However, it is not sensitive to the crystal orientation and defects, which strongly affect the contrast of the TEM

images.

Figure 7.4 TEM image of the thin film sample. (a)-(d) correspond to areas of Fig. 7.2 (a)-(d), respectively. The

white dotted line is the observation area by STXM.
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Figure 7.5 (a) X-ray absorption image at 280.0 eV (pre-edge), (b) X-ray absorption image at 285.4 eV, (c) the
residual image between (a) and (b). () to (c) were measured at 30 nm/pixel. #1-#4 shows areas in Fig. 7.2

(a)-(d), respectively.
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The X-ray absorption near edge spectroscopy (XANES) spectra of grained 6-FesC and the pearlite
microstructure measured by the transmission method, together with the surface measured by the CEY method
are shown in Fig. 7.6. The C K-edge in areas around #1-4 in Fig. 7.5 (c) by the transmission mode and surface
of the sample in the CEY mode are presented in Fig. 7.6 (a). These spectra were normalized at 288.2 eV. In the
CEY spectrum, there are peaks (Moffet, 2011) originated from functional groups of hydrocarbons, such as
alcohol (approximately 287.0 eV) and aldehyde (approximately 288.0 eV) groups. There exist no peaks
originated from hydrocarbons and others; however, there were two broad peaks in the energy range of 283.0—
290.0 eV. Similar spectral shape data of C K-edge absorption were also reported in EELS experiments (He et al.,
2006). Because the CEY spectrum of the pearlite area is almost the same as that of the grained 6-Fe;C area, the
C K-edge spectra of the surface demonstrate the average spectra of the entire surface of the thin film sample.
The OD intensity ratios also varied between grained and lamellar 6-FesC. In the following preliminary
examination, in order to simplify the calculation, it was assumed that all contaminant layers were ethanol, and
the density was the same as that of liquid (0.789 g/cm®, 46.07 g/mol); the thickness of the contamination layer
on the sample surface was assumed to be 1 nm. If the real thickness of the contamination layers is much thicker
than 1 nm, the CEY spectra of Fe should not be detected, due to the probing depth of the CEY method, which is
approximately a few nanometers (Nielsen et al., 2001). The number of moles of the contamination layer per
unit area (Neon) IS Neon = 0.789 x 107 g/em? = 0.171 x 10°® mol/cm?, whereas that of carbon atoms per unit area
Neon contained in the contamination was N, = 0.514 x 10, In the same procedure for pearlite microstructure,
the number of moles per unit area was gy = 0.115 x 0.430 x 10° mol/cm?= 0.495 x 107 mol/cm?, whereas
that of carbon atoms in pearlite steel is Ny = 0.745 x 10% (the cementite fraction is 11.5%, which is the
equilibrium state of the initial composition of the sample); the sample thickness was approximately 80 nm with
density of 7.73 g/cm3 and molar mass of 179.4 g/mol. The Nsm/Neon ratio > 14. Ve can consider that the carbon
detected in perlite microstructure was almost originated from 6-FesC, rather than ferrite, because the amount of
carbon as solid solution element in ferrite in perlite was less than 0.01% of the mass in the equilibrium state of
the initial sample composition. It can be concluded that the absorption spectrum of carbon obtained in the
pearlite microstructure largely reflects carbon atoms not in the contamination layer but in the pearlite
microstructure of the sample.

The Fe L-edge spectra in #1 and #4 in Fig. 7.5 (c) by the transmission mode and surface of the sample by the
CEY mode are shown in Fig. 7.6 (b), which were normalized at 708.0 eV. Because the CEY spectrum of the

pearlite area is almost the same as that of the grained 6-Fe;C area, the Fe L-edge spectra of the surface also
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demonstrate the average spectra of the entire surface of the thin film sample. As a preliminary examination for
detailed discussion, the effects of surface oxidation and/or contamination were considered. Comparing the
spectra of the pearlite area and the grained 6-Fe;C area by the transmission method revealed that both ferrite and
6-FesC exist in the spectrum of the pearlite area; hence, the spectrum of the perlite area has a shoulder on the
higher energy side of the peaks approximately 708.0 eV and 723.0 eV, respectively. Despite some differences in
how the tails are pulled, they are similar. There was almost no iron oxide in either spectrum. The peak intensity
of 710.0 eV by the CEY method, which can obtain the information on the sample surface, is higher than that
obtained by the transmission method. Therefore, it was found that the surface of the sample was oxidized,;

however, the influence of surface oxidation was negligible when we considered the spectra using the

transmission method.
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Figure 7.6 (a) C K-edge spectra in areas of #1-4 in Fig. 7.5 () by transmission mode and surface of sample by
CEY mode, and (b) Fe L-edge in #1, #4 in Fig. 7.5 (c) by transmission mode and surface of thin film sample by

CEY mode.

Moreover, the chemical structure of carbon in each microstructure (grain and lamellar &-Fe;C) in the Fe-C

alloy was discussed. It can be observed easily that more than two types of chemical states exist in 6-FesC: (A) E
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=283.0-286.5 eV, and (b) E= 286.5-289.0 eV, as shown in Fig. 7.6 (a). The ratios of these chemical states were
found to be different between grained 6-Fe;C and that of lamellar 6-FesC in pearlite. In addition, a difference
was observed between the C K-edge spectra of grained 6-Fe;C and that of lamellar 6-FesC in pearlite, which
might have been originated from the microstructure and morphology of the 6-Fe;C.

To confirm whether the C K-edge spectrum of the pearlite microstructure reflects the pearlite microstructure
instead of the surface contamination, the amount of carbon on the surface contamination layer and the pearlite
microstructure area were compared. Therefore, the difference between the spectra of the grained and lamellar
6-FesC in Fig. 7.6 (a) could have been originated from the stress and defects generated during the formation of
coarse grains of §-FesC and lamellar microstructure. Taniyama et al. (Taniyama et al., 2017) and Kosaka et al.
(Kosaka et al., 2017) reported that 6-FesC in pearlite was elastically distorted from a few to several percent in
the b-axis direction.

Therefore, to determine the origins of the difference in the C K-edge spectrum of pearlite and bulk grained
6-FesC, we performed first-principles calculations (projected augmented wave method, Vienna Ab initio
Simulation Package, VASP) and multiple scattering calculations (full potential method, FPMS). The calculation
conditions can be described as follows:

The author examined the cases where (1) the change ratio 4b/b (Table 7.2) and (2) the assumption that each
crystal plane shown in Fig. 7.7 was irradiated with X-rays. The former corresponds to the stress effect, whereas
the latter corresponds to the evaluation of the crystal anisotropy of 6-FesC. In these calculations, a and ¢ of the

lattice parameters were fixed.

Table 7.2 Lattice parameters and total energy for the first-principles calculation

Ablb 0 0.01 0.05 01
a(A) 5.036 5.036 5.036 5.036
b(A) 6.725 6.791 7.060 7.396
o(A) 4.480 4.480 4.480 4.480
Total energy (eV) -135.344 -135.327 -134.977 -134.108
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(a)a-axis (b) b-axis (c)c-axis

Figure 7.7 (a) Crystal structure of 6-Fe;C as seen from a-axis, (b) b-axis, and (c) c-axis

First, the C K-edge spectra of 6-FesC were calculated under the four stress conditions listed in Table 7.2. In
these calculations, it was assumed that the calculated system was a single crystal and that unpolarized X-rays
were irradiated. The results in Fig. 7.8 (a) demonstrate that the peak intensity of approximately 288.2 eV
decreased with increasing 4b/b change ratio. As shown in Fig. 7.6 (a), the crystal structure of 6-FesC consists of
stacking planes, including carbon atoms along the b-axis, which are located in a triangular prism composed of
six iron atoms on each corner of the prism. The expansion of the b-axis was mainly attributed to the distance
between the planes, rather than the increase in the triangular prism. Hence, it can be stated that the intensity of
the sub peak of approximately 288.2 eV became smaller with the inter-surface distance increasing and that
bonds related to carbons are located beyond the planes. In other words, it can be qualitatively understood that
bonds between the planes are not only originated from the bonds of Fe-Fe but also from those of C-C or C-
Fe-C. In addition, the intensity of XAS originated from C 1s is roughly proportional to the density of states in
the unoccupied state of C 2p.

According to the calculated spectra, the sub-peak around 288.0 eV originated from C-C and C-Fe-C bonds
between planes perpendicular to b-axis are assumed to be weaker compared to the peak around 286.0 eV
originated from Fe-C bonds on the in-plane perpendicular to b-axis, representing the main peak. This is
because the lattice parameters don’t change without the lattice constant of b-axis (Fig. 7.7 (b)). Therefore, the
bonds on the in-plane are not stronger than those on the planes and dominated by the metallic originated from

Fe-Fe. In addition, as a feature of Fe-C bond in this system, it is assumed that the bonds between Fe-C sheets
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perpendicular b-axis are attributed to the peaks on the high energy side compared to the bonds in the sheet
perpendicular b-axis and C 2p electrons might be more strongly bonded between the sheets than in the sheets.
These features might cause the elastic anisotropy of 6-FesC. However, the spectrum shape obtained in the
experiment could not be reproduced by these calculations, because the peak intensity at 285.0 eV was no bigger
than the peak intensity at 288.0 eV. As shown by Taniyama et al. (Taniyama et al., 2017) and Kosaka et al.
(Kosaka et al., 2017), the 4b/b ratio of 6-FesC in pearlite increased. According to the calculation results, the
peak at 288.0 eV of the grained perlite should be stronger. These calculation results are performed in the similar
conditions in Y. Yoshimoto et al. (Yoshimoto et al., 2019) and consistent with them.

Second, the C K-edge spectrum when assuming X-ray irradiation on each crystal plane is illustrated in Fig. 7.8
(b). In these calculations, it is assumed to be polarized X-rays along each axis, respectively. Regarding the
influence of crystal anisotropy, it was found that the peak intensity of approximately 288.0 eV was sensitive, but
the difference in the experimental results could not be reproduced. Thus, the observed difference in the chemical
state (the shape of the C K-edge spectrum) of the pearlite microstructure and grained 6-FesC cannot be
explained by only stress or crystal anisotropy. In the future, the authoer will perform calculations that consider
crystal defects and discuss the origins of the chemical state of 6-Fe;C depending on the microstructure. From
the Euler angles in Table 7.1, the coefficients to express each spectrum in each area in Fig. 7.2 (a)-(d) can be
considered as a linear combination of spectrum when irradiating X-rays parallel to each axial direction in Fig.
7.8 (b). These coefficients were calculated as follows: the basis vectors of the Cartesian coordinate system ((a 0
0), O b0), (00c)) in Fig. 7.3 (a) were rotated by Euler angles (Table 7.2) using Eq. (7.7), where a, b, c are
lattice constants of &-Fe;C; the normalized coefficients for linear combination are normalized coefficients when
(01 0) (the direction of linear polarization of X-ray) is expressed by the rotated vectors.

cos® —sin® 0 cos§ 0 sin6) /1 0 0
(sind) cos P 0>< 0 1 0 )(O cgs‘l’ —sin‘l’)
0 0 1/ \—=sinf 0 cos@/ \0 sin¥ cos¥

cosOsin¥ sin@sinf@sin¥ + cos®cos¥ cos@sinfsin¥ — sin @ cos¥

cosfcos¥ sin®sinfcos¥ —cos®sin¥ cos®sinbcos¥ + sin @ sin¥
= (7.7)
—sin@ sin ® cos 6 cos® cosf

These normalized coefficients are presented in Table 7.3. The experimental spectra in Fig. 7.6 (a) and
calculated spectra using these coefficients are illustrated in Fig. 7.9. Even considering the strain in the b-axis
direction and the crystalline anisotropy of &Fe;C, the C K-edge spectra of the experiment could not be
reproduced by calculation. It is presumed that other factors, such as lattice defects cannot be considered in this

calculation because the calculation results are consistent with the results of Y. Yoshimoto et al. (Yoshimoto et al.,
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2019). Based on these experiments, it can be stated that the difference in the spectral shape indicates the
chemical state of carbon variations due to the difference in the morphology of the same &-Fe3C; however, the
origin of this difference still could not be clearly explained.

Based on these experiments, it can be stated that the difference in the spectral shape indicates the chemical
state of carbon variations because of the difference in the morphology of the same &Fe;C; however, the origin
of this difference still could not be clearly explained. At least, the results of the experiments and calculations
reported above might suggest as follows: there is a difference in the intensity ratio originated from Fe-C bonds
of in-plane (at 286.0 eV) and out-of-plane (at 288.0 eV) parallel to the b-axis depended on the microstructures
(grain and lamella). In other words, The Fe-C bonds of in-plane in lamellar microstructures are weaker than
those in grains. In the process of microstructure formation, the distribution of the carbon local content varies
depending on the morphology as known partitioning phenomena (Speer et al., 2003), suggesting that the
detailed crystal structure, such as site occupancies of carbon, might vary. In this study, only one field of view
was observed for the lamellar microstructure, so in the future, the number of observed fields of view will be

increased to verify the above.

Table 7.3 Normalized coefficients of unit cell vectors after Euler angles rotation to express the unit vector

of b-axis (010) (parallel to the electric vector of X-ray).

C, (a-axis) Cy, (b-axis) C. (c-axis)
#1 0.87 031 0.38
#2 0.89 0.44 0.13
#3 091 0.26 0.33
#4 0.50 0.24 0.83
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Figure 7.8 () C K-edge spectra of 9-FesC when 4b/b ratio changes by +0, 1, 5, and 10%; (b) C K-edge spectra

assuming that X-ray irradiates from each direction of (a) to (c) in Fig. 7.7. In the calculations (a) and (b), it is

assumed to be unpolarized X-ray and polarized X-rays along each axis, respectively.
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Figure 7.9 (a) C K-edge spectra of §-Fe;C when 4b/b ratio changes by +0, 1, 5, and 10%; (b) C K-edge spectra

assuming that X-ray irradiates from each direction of (a) to (c) inm Fig. 7.7.

108



7.4 Conclusion

To investigate the chemical state of an additional element, that is, carbon in steel, we first verified whether the
microstructure of steel could be identified using STXM. We successfully identified grained 6-Fe;C and pearlite
structures (lamellar spacing of approximately 100 nm) in Fe-C alloy using C K-edge absorption. In addition,
the possibility of the extraction of the XANES spectrum of a specific element at a specific location with a
spatial resolution of approximately 50 nm by STXM was confirmed.

Moreover, to compare (1) the difference in the average information on the surface and bulk, as well as (2) the
difference in the chemical state of the carbon in 6-FesC depending on morphology (grains and lamellar), the
author applied the transmission and CEY methods simultaneously to perform two-dimensional chemical state
mapping of the surface (thickness direction to a few nm) and bulk (thickness direction to approximately 80 nm)
in Fe-C alloy. A clear difference was found between the chemical states of carbon of the grained 6-FesC and
pearlite microstructures of Fe-C alloy. It was found that the spectra obtained by the transmission method
originated from carbon in the sample.

Finally, to examine the origin of this difference, we performed first-principles calculations by considering the
stress in the b-axis direction and crystal anisotropy, which could not reproduce the experimental spectra based
on crystal structure models that have been reported. In the future, the author will perform calculations that
consider not only the strain and crystal anisotropy, but also other factors (e. g. the detailed crystal structure, such
as site occupancies of carbon), and consider the origins of the difference in the chemical state of carbon in
6-FesC depending on the microstructure.

In terms of the development of the STXM instrument, the air exposure system enables us to reduce the
contamination of the sample to investigate a lower amount of carbon as a solid solution element in materials
such as ferrite and martensite. Using this system, the author could be able to study the relationship between the
distribution of composition and the chemical state of carbon, as well as that of the strain in the grain of 6-Fe;C.
This cannot be achieved by conventional techniques such as TEM. Generally, the spatial distributions of the
elements and microstructures were mainly investigated by ATP and TEM. However, when it was essential to
consider carbides, which do not possess a crystal structure that melted during the heat treatment or the chemical
bond between Fe and carbon at the grain boundary the investigations of the conventional microstructure and
crystal structure were not enough to identify the essential role of carbon in their mechanical properties.

Therefore, it was important to analyze the chemical states of carbon in steel (one of the structural materials) on a
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nanoscale, which was general for functional materials. Regarding the analysis of the chemical structure, the

same discussion could be applied to other additive elements in steel.
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Chapter 8

Summary and Future Prospects

In the preceding chapters, the chemical structures of carbon in carbon composite materials (PAN- and
pitch-based CFs and CFRP) and a Fe—C alloy studied by STXM with linear polarized X-ray and azimuthal
sample rotation were described. To reveal the relationship between the spatial distribution of the chemical
structure in the microstructure and the macroscopic mechanical properties, STXM, which was suitable for the
chemical structure analysis on the nanometer scale, was employed, and methodologies to evaluate the
distribution of the w-orbital orientation and stress between the r-orbital—oriented domains in the materials were
developed. Additionally, the chemical state analysis of carbon was investigated by complementarily employing
STXM and the first-principles calculation. It was confirmed that the findings of this study will elucidate the
relationship between the orientation distribution and mechanical properties of carbon materials described in 1.2
and the relationship between the chemical structure and mechanical properties of carbon in the steel.

In Chapter 2, the experimental methods, namely the principles of XAS and STXM were described. The details
of the experimental method, including the characteristics of the beamline of the synchrotron radiation facility,
will be explained. Additionally, the author will explain the analytical methods (XRD and TEM) and the
principle of the first-principles calculations that are complementarily employed in STXM.

In Chapter 3, to reveal the difference in the m-orbital-oriented domain structure due to the raw materials of
CFs, the author performed the carbon chemical-structure mapping on the cross and longitudinal sections of
PAN- and pitch-based CFs using by STXM and two orthogonal linearly polarized X-rays. The results indicated
that the distribution of the w-orbital-oriented domains in CFs varied considerably depending on the raw material.
Contrarily, no difference in the distribution of the -orbital orientations between the PAN- and pitch-based CFs
was observed. Regarding the PAN-based CFs, the graphene sheet structure was distributed along the fiber-axis
direction, and the cross-section consisted of randomly distributed domains with sizes that were < 50 nm as

reported in a previous study (Chapter 6). Conversely, the pitch-based CFs were composed of aggregates of the
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graphite domains with the s-orbital-oriented domains in the cross-sections ranging from 100 nm to 1 pm. It
was confirmed that these domains were striped-shaped with a width of 200-300 nm along the CF axis (the
longitudinal section). The size and distribution of the m-orbital-oriented domains with the crystallite sizes may
be the determining factors of the mechanical properties of CFs. The utilization of STXM availed information on
the chemical structures of the various molecules. Particularly, STXM would be indispensable in clarifying and
proposing design guidelines for other highly functional materials where the chemical structures, such as the
n-orbital-oriented domains, are closely related to the macroscopic properties.

In Chapter 4, to visualize the r-orbital-oriented domains whose distribution was one the most important
factors in determining the unique microstructures of CFs that are deeply related with macroscopic mechanical
properties, Two-dimensional orbital orientation mapping was developed by employing STXM and the
azimuthal sample rotation and successfully visualized the distribution in commercial pitch-based CFs with a
spatial resolution on the nm scale. The specific procedure the author developed is as follows: the X-ray
absorption images whose contrast of n'/c” were obtained at six rotation angles via STXM measurements and
calculated the average orientation angle, &, of the position of each sample in the images was calculated
through employing the theoretical relationship between the direction of the orbital and that of the X-ray
polarization vector. The n-orbital domains, which are 100 times larger than the size of the crystals of graphite,
were visualized quantitatively, and the results suggested that each domain consisted of a few crystallites. To
characterize two-dimensional continuous r-orbital orientation distributions in CFs, it is necessary to evaluate
the orientation image with the specific criteria. By recognizing the pixels as in the same domain when the
orientation angle difference between adjacent pixels was below a certain threshold, the domain distributions
were visualized based on the criteria at various thresholds. It was suggested that the boundaries with a large
strain were distributed in the outer peripheral portion compared to the inside of CF.

In Chapter 5, to reduce the slip in the rotating axis during sample rotation in STXM measurements and to
improve the backlash or errors in rotation, an azimuthal rotation sample holder was developed with a cross
roller bearing for the STXM system. The holder improved the accuracy of the rotation angle and deflection of
the surface of the disk plate compared to previous systems with the brass bevel gears and conventional ball
bearings. To evaluate the performance of the holder, the -orbital orientation domains in the carbon materials
were investigated. The average orientation angle in each of the sub-um r-orbital-oriented domains of natural
spheroidal graphite was determined based on the dependence of the /" ratio on the polarization angles of

X-ray employing the sample rotation and two orthogonal polarization angles.
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In Chapter 6, to determine if it applied to the observation of the boundary of different materials in CFRP and
reveal the distributions of the chemical states in CFRP, the author performed an X-ray absorption mapping near
the C K-edge. From the images obtained, the presence of a coating layer between CF and the resin was
suggested because of the spectral deconvolution analysis of the spectra. The inner region of CF (the
cross-section) possessed the same chemical structure as its outer region. The orientation of the « orbital of C=C
in CF could be observed by linear polarized X-rays. STXM is a beneficial technique for the analysis of the
chemical-state imaging of carbon-bearing multicomposite materials that affords additional and essential
information regarding the enhancement mechanisms of the tensile strength and elastic modulus of CFRP.

In Chapter 7, to investigate the chemical structure of carbon, which is one of the most essential additives in
steel, the author performed X-ray absorption mapping near the C K-edge and Fe L-edge in two measurement
modes (transmission (bulk) and CFY (surface-sensitive) modes). The author successfully identified grained 6-
FesC and a pearlite structure (with a lamellar spacing of ~100 nm) in the Fe-C alloy. To compare (1) the
differences in the average information on the surface and bulk and (2) in the chemical state of carbon in 6-Fe;C
depending on the morphology (grains and lamellar), the author applied the transmission and CEY methods
simultaneously to perform a two-dimensional chemical-state mapping of the bulk and surface of the Fe—C alloy.
In the grained 8-Fe;C and pearlite microstructure of the Fe—C alloy, a clear difference existed between their
spectra. It was found that the spectra obtained by the transmission method originated from the carbon in the
sample. Furthermore, it was clarified that the C K-edge spectrum of the grained 8-FesC was different from that
of lamellar 6-FesC of the pearlite. Finally, to examine the source of this difference, we performed
first-principles calculations by considering the stress in the b-axis direction and crystal anisotropy. The
calculations could not reproduce the experimental spectra.

As mentioned in Chapter 1, it has been known that the heterogeneity of the chemical state can determine the
mechanical properties of structural materials. Structural materials exhibit a multiscale hierarchy. The
mechanical properties of structural materials can be understood considering not only in single crystals or single
phases but also in hierarchical microstructures and their heterogeneity. Moreover, observations with a high
special resolution have shown that the analytical results from the microstructures and chemical structures are
different, and in such a case, the chemical structures will be essential in understanding their mechanical
properties.

Summarily, this study has afforded new insights and methodologies for understanding the relationship

between the distribution of the chemical structure and the macroscopic mechanical properties of structural

115



materials. For the future aspect, more detailed researches are expected to fully elucidate the origin of the
mechanical properties of structural materials. As described in Section 1.1, it is essential to perform the various
analyses on a multiscale probe to understand the mechanical properties and destruction of structural materials.
In this study, the author focused on STXM, which is the most suitable method for observing carbon, as an
analytical technique to obtain the information mentioned above. The author believes that it can contribute to a
comprehensive understanding of structural materials by combining it with X-CT (X-ray computed
tomography) and XAFS-CT (X-ray absorption fine structure-computed tomography) (Takeichi et al,, 2018),

which enable in-situ observation of the chemical states of additional elements in steel.
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