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Nano—scale heterogeneity of carbon chemical structures in
structural materials studied by scanning transmission X-ray

microscopy
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i 3L 8 H  Nano-scale heterogeneity of carbon chemical structures in structural

materials studied by scanning transmission X-ray microscopy

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 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 (Fe3C).

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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