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In this study, we performed scanning transmission X-ray microscopy with a spatial resolution of approx-

imately 50 nm to investigate the two-dimensional mapping of the chemical states of carbon in Fe-C alloy.
The lamellar texture (pearlite) consisting of ferrite (o~Fe) and 6-FesC with an interval of approximately 100
nm was identified by absorption from the carbon 1s—2p excitation in the X-ray absorption image. It was
clearly observed that there exist more than two types of chemical states of carbon in 6-Fe;C depending
on the microtextures. The differences in chemical states were found between grained 6-Fe;C and lamellar
6-FesC in pearlite, which might have originated from the texture and morphology of the 6-Fes;C. To con-
sider the origins of the differences, we performed first-principles calculations by assuming the distortion
and crystal anisotropy of the unit cell of the 6-Fe3C structure. The results suggest that the anisotropy of
the crystal structure of 6-Fe;C and the lattice strain within lamellar 6-Fe;C fail to explain the differences,
and therefore, other factors should be considered.
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1. Introduction

The mechanical properties of steel products vary with
respect to their applications. Depending on the various
needs, the types and number of additional elements and
the heat patterns during the heating and rolling processes
are controlled accordingly.” Carbon is one of the most
important elements for controlling the mechanical proper-
ties of steel; it exists in the steel microstructure as either a
solid solution or segregated elements and carbides, among
other types." Although the presence of carbon in steel
has been observed by transmission electron microscopy-
electron energy loss spectroscopy (TEM-EELS),” electron
probe micro analysis,” and three-dimensional atom-probe
tomography (APT),* there are few studies that focus on the
chemical state of carbon (e.g., chemical bond species and
bond distance) in steel.*® Furthermore, in electron micros-
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copy, 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 quantify and analyze the chemical state of car-
bon in the samples. G. F. Bastin et al.'”® and W. Lengauer
et al.'V reported that the distribution of oxygen gas can be
used to cleanse sample surfaces. However, it is concerned
that oxygen gas might be the origin of another contamina-
tion or damage to the sample surface and might not remove
the contamination of the sample surface completely. In addi-
tion, it was difficult to evaluate the detailed chemical state of
the single-phase carbide by conventional X-ray absorption
spectroscopy, even if the excitation efficiency was better
than that of the electron beam. This is because it is difficult
to synthesize single-phase carbide and the spatial resolution
of conventional X-ray absorption spectroscopy is not suf-
ficiently high to investigate carbide in steel microstructures.

Although the spatial resolution of X-ray absorption
spectroscopy is approximately 10-50 times larger than that
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of electron microscopy, it enables the investigation of the
chemical state more quantitatively than electron-based tech-
niques, such as TEM-EELS.'? In terms of their excitation
efficiency from the ground state to the excited states, X-rays
are superior to electron beams for chemical state analysis.'”
In addition, it is preferable to perform chemical state map-
ping using X-ray absorption microscopy to investigate the
case where carbon is partitioned from carbides in a solid
solution with little to no crystalline content compared to
diffraction measurements by electron microscopy. That is
because it is difficult to reveal the local information about
carbon in amorphous phases using diffraction measure-
ments. Another merit is that X-ray absorption spectroscopy
simultaneously provides the surface (where the probing
depth is on the order of a few to several nanometers) and
bulk (where the probing depth is the thickness of the thin
film sample (approximately 80 nm in this study)) informa-
tion of samples through different experimental geometries,
such as 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 focused on scanning trans-
mission X-ray microscopy (STXM) with approximately
50 nm of spatial resolution. We obtained X-ray absorption
images of the carbon K-edge by STXM to identify the
lamellar microstructure of ferrite and 6-Fe;C in pearlite,
with an interval of approximately 100 nm. The sample in
this study was one of the most suitable samples for evaluat-
ing the usefulness of chemical state mapping for carbon in
steel by STXM because it consisted of multiple microstruc-
tures, such as grained carbides, the lamellar microstructure
of metal (i.e., a low carbon solution), and carbide (including
high carbon). We also performed two-dimensional chemical
state mapping of carbon on the surface (on the order of a
few to several nanometers) and in bulk (with a sample thick-
ness of approximately 80 nm) in an Fe—C alloy using the
transmission method and CEY method by STXM simultane-
ously, to clarify the effects of surface oxidation and/or con-
tamination. The X-ray transmittance was measured in the
transmission method (see Eqgs. (1) and (2)), and the conver-
sion electron yield was measured in the CEY method (see
Eq. (3)) as discussed in chapter 2.3. Thus, the probing depth
of transmission method and CEY method are the thickness
of thin film sample (approximately 80 nm in this study)
and a few nanometers, respectively. It was revealed that
the carbon K-edge spectra of the grained 6-Fe;C were dif-
ferent from those of the lamellar 6-Fe;C in the Fe—C alloy.
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To determine the origin of this difference, we performed
first-principles calculations by assuming the distortion and
crystal anisotropy of the unit cell of the 6-Fe;C structure,
suggesting the anisotropy of the crystal structure of 6-Fe;C
and the lattice strain within lamellar 6-Fe;C.

2. Experimental

2.1. Sample Preparation

The initial composition of our sample was Fe-1.48C-
0.0058Si-0.032A1-0.0008N (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. 1, the sample was dissolved in a N,
atmosphere at atmospheric pressure, rolled to a size of
220 x 100 x 1.6 mm (i.e., width X length X height), 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 had a pearlite microstructure, which
is a lamellar microstructure composed of ferrite and 6-Fe;C.
Moreover, for the TEM and STXM observations, a thin
sample of approximately 10 um X 10 um 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.

2.2. Electron Diffraction Measurements

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 Figs. 2(a) to 2(d), in which (a), (b), and (c) cor-
respond to points in the grained 6-Fe;C, whereas (d) corre-
sponds to a point in the lamellar 8-Fe;C. The electron beam
diffraction patterns of the sample positions in Figs. 2(a) to
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Fig. 1. Heat pattern conditions of the sample.

Fig. 2. TEM images of (a), (b), and (c) grained 6-Fe;C and (d) lamellar 6-Fe;C in the sample. (Online version in color.)
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Fig. 3. Electron diffraction images at points #1—4 in Figs. 2(a) to 2(d). (Online version in color.)

Table 1. Euler angles (@, 6, P) of 6-Fe;C at each sample position
(i.e., #1-4) in Fig. 2. The Cartesian coordinate system
that serves as the reference for rotation is the coordinate

system shown in Fig. 3.

@ (degree) O (degree) ¥(degree)
#1 -112.0 62.7 75.2
#2 -6.0 90.0 56.5
#3 -21.0 126.0 56.5
#4 -110.0 56.1 0.0

2(d) are illustrated in Fig. 3(a) to 3(d), respectively, which
suggested that the crystal orientations along the normal
direction of the surface of the thin film sample at points
in Figs. 2(a) to 2(d) were [513], [210], [212], and [011],
respectively. The Euler angles (@, 6, P) that reproduce each
unit cell position at #1—4 in Fig. 2 are presented in Table
1, in which, @, 6, and ¥ indicate the rotation angles around
the a, b, and ¢ axes of the Cartesian coordinate in Fig. 3,
respectively. The 6/@ directions were rotated by 5.0°/1.0°,
5.0°/1.0°, 5.0°/5.0°, and 8.0°/3.0° before measuring the dif-
fraction pattern at positions #1-4, respectively, to obtain
lower diffraction patterns of 6-Fe;C, which made it easier
to determine the crystal orientation of 6-Fe;C parallel to
that of the incident X-ray. The direction of lamination was
not uniform, while the thickness of the thin film sample was
less than approximately 100 nm. As described above, the
grained particles in this sample consisted of 6-Fe;C and the
constituents of the lamellar microstructure were confirmed
to be ferrite and 6-Fe;C.

2.3. STXM Measurements

The STXM measurements were performed using a com-
pact scanning transmission X-ray microscopy (cSTXM)'"
at BL-13A of Photon Factory; this enabled us to obtain
the X-ray absorption spectra using 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. 4. The X-ray beam
was focused at approximately 50 nm using a Fresnel zone
plate (FZP). In the experiment, the inside of the measure-
ment chamber had a helium atmosphere of 1.0 x 10* Pa
to maintain good thermal conductivity. The details of each
measurement method'> are described below. In the trans-
mission method, the X-ray absorption ratios before and after
transmission through a thin sample were measured with a
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Fig. 4. Schematic diagrams of transmission method and CEY

method in ¢cSTXM. Refer to the text for the abbreviations.
(Online version in color.)

photomultiplier tube. The signal detected by the transmis-
sion method included information on the linear absorption
coefficient and the thickness of the sample. Assuming that
the X-ray absorption intensities before and after the trans-
mission were Iy (E) and 7 (E), respectively, their relationship
was expressed as Eq. (1), where u (E) is the linear absorp-
tion coefficient and ¢ is the sample thickness. The energy
dependence of the optical density (OD) was obtained as
shown in Eq. (2), which is the product of the linear absorp-
tion coefficient and sample thickness. [y (£) is the X-ray
absorption intensity of X-rays that directly enter the detector
without passing through the sample during measurement.

I(E)=Io(E)e™ ™) oo, @)
_ L I(B)
OD = u(E)t=1In T R — ()

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 the
sample was irradiated with X-rays, Auger electrons gener-
ated from the sample surface and secondary electrons that
collided with helium atoms in the cSTXM chamber were
detected as the sample current by applying a voltage to the
order-sorting aperture (OSA), which was installed upstream
of the sample to allow only the first-order diffracted light
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from the FZP to pass. The collision process of photoelec-
trons and helium atoms, marked as % in Fig. 4, is a reaction
expressed as in Eq. (3).

e +He > He' +2e

During CEY-based measurements, electrons are 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 of
the surface.'® The signal intensity of CEY is proportional to
the intensity ratio of the X-ray /, (£) before irradiation and
the detected current i (E) after passing through the sample,
and is expressed as in Eq. (4).

The purpose of this study was to investigate the dif-
ference in the chemical state of carbon depending on the
morphology (e.g., bulk or lamellar) of the sample and
compare the differences in the chemical state between the
surface and bulk using the transmission and CEY methods.
In this study, the spectra obtained using the iron L-edge and
carbon K-edge transmission methods, alongside the CEY
approach, were investigated. The dwell times for the iron
L-edge and carbon K-edge measurements were 10 ms and
50 ms, respectively.

2.4. First-principles Calculations

To calculate the X-ray absorption spectroscopy (XAS)
spectrum, after structural optimization of 6-Fe;C by density
functional theory (DFT) calculations, full-potential multiple
scattering theory (FP-MST) computation was performed
using the optimized structure. In the DFT calculations, in
addition to the typical 6-Fe;C (i.e., strainless), the XAS
spectra of 6-Fe;C with the b-axis extended by 1%, 5%,
and 10% were also calculated to verify the effect of lattice
strain; these calculations were performed by the projector
augmented wave (PAW) method using the Vienna Ab initio
Simulation Package (VASP).'™'® The generalized gradient
approximation of the Perdew-Burke-Ernzerhof functional
(GGA-PBE)'” was used for the exchange-correlation poten-
tial, with a wavefunction cutoff energy of 550 eV. For the
reciprocal lattice points, the reciprocal lattice space was
divided by the Monkhorst-Pack method*” to obtain a 10 x
10 x 10 mesh. The threshold for structural optimization was
calculated when the force acting on each atom was below
0.1 eV/nm.

Based on the above structure, the XAS simulation
spectrum was calculated by real space multiple scattering
(RSMS). Since a substance was photo-excited in the spec-
troscopic process, information on the excited-state Fr of the
substance, as well as the ground state, was required. In the
case of inner-shell excitation spectroscopy, during X-ray
absorption, the wavelength (i.e., energy) dependence of the
X-ray absorption coefficient can be observed by using the
electric dipole approximation and the absorption coefficient
U (w), which can be expressed by the following equation:

(@)oY [(¥rle-r¥;)|* S(E; — E: — how)
f
where |‘I’,~>, E,-,|‘~Pf>, and Ey are the ground state and its
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energy, alongside the excited state and its energy, respec-
tively. € is the X-ray polarization vector. |‘I’f> includes a
state function that covers the scattering process of photo-
electrons in a solid, a screening effect of the inner shell
vacancies, and many-body effects such as the exchange-
correlation potential. Therefore, using the optical potential
> which depends on the energy of the photoelectrons,
|‘I’ f> can be described as follows:

[V? 4+ = Viaee I¥ (1) = [ (r,r s ho) ¥ ()dlr” .. (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.?”’ Meanwhile, the
ground-state potential was generated from the superposi-
tion 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 ls inner shell electron
to the unoccupied state and stabilizing only the valence
state, which is called the frozen-core approximation. The
excited-state potential obtained by the frozen-core approxi-
mation 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. Since the calculation method dealt with distorted
crystal systems, such as orthorhombic crystals, the full-
potential real-space multiple-scattering (FP-RSMS) was
employed, for which the FPMS package®® 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 Voronoi polyhedron. In addition, an
empty cell (EC) was introduced to improve the calculation
convergence. The radius of the scattering site was 0.14 nm
for iron, whereas the radii were 0.1 nm for both carbon and
EC. The scattered waves at each scattering site were consid-
ered from one to four and the cluster used for the calculation
had a radius of 0.8 nm (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. Since the lifetime of the
carbon K-edge excitation process was 0.1 eV (full width at
half maximum?), all calculated spectra were also further
broadened with the Lorentz function.

3. Results and Discussion

The TEM image of one thin-film sample is demonstrated
in Fig. 5, in which (a)—(d) correspond to the areas of Figs.
2(a)-2(d), respectively. On the other hand, the OD images at
280.0 eV (i.e., the energy before the absorption edge of the
carbon K-edge) and 285.4 eV, within the white dotted line
area in Fig. 5, are illustrated in Figs. 6(a) and 6(b), respec-
tively. Meanwhile, the residual image obtained by subtract-
ing Figs. 6(a) from 6(b) is shown in Fig. 6(c). The images in
Fig. 6 were measured at 30 nm/pixel. In Fig. 6(a), a lamellar
microstructure was not observed, as confirmed by Fig. 5,
whereas a clear pearlite lamellar structure was detected in
Fig. 6(b), and the microstructure could be observed clearly
in Fig. 6(c). Therefore, the pearlite microstructure with an
interval of approximately 100 nm could be identified by the
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Fig. 5. TEM image of the thin-film sample. (a)—(d) correspond to

(a)

the areas in Figs. 2(a)-2(d), respectively. The white dotted
line indicates the observation area for STXM.

(b)

Fig. 6.

(a) X-ray absorption image at 280.0 eV (pre-edge), (b)
X-ray absorption image at 285.4 eV, and (c) the residual
image between (a) and (b). (a)—(c) were measured at 30
nm/pixel. #1-4 shows the areas represented in Figs. 2(a)—
2(d), respectively. W in Fig. 2(a) is tungsten for the protec-
tive layer for FIB processing. (Online version in color.)
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OD contrast at the carbon K-edge by STXM. This is the first
reported observation of the Fe—C alloy microstructure using
X-ray microscopy on the nanometer scale. The contrast of
the OD images was affected by the chemical structure of
the element. However, it was not sensitive to the crystal
orientation and defects, which strongly affected the contrast
of the TEM images.

The XAS profiles of grained 6-Fe;C and the pearlite
microstructure measured by the transmission method,
together with the surface measured by the CEY method,
are shown in Fig. 7. The carbon K-edge in the areas around
#1—4 in Fig. 6(c) by the transmission method and surface
of the sample in the CEY method are presented in Fig. 7(a).
The spectra in CEY method are originated from the STXM-
observed surface of the thin film in both of carbon K-edge
and iron L-edge absorption. These spectra were normalized
at 288.2 eV. In the CEY spectrum, there were peaks that
originated from the functional groups of hydrocarbons,
such as alcohol (approximately 287.0 eV) and aldehyde
(approximately 288.0 eV) groups.” There were no peaks
that originated from hydrocarbons; however, there were
two broad peaks in the energy range of 283.0-290.0 eV.
Similar spectral shape data for carbon K-edge absorption
were also reported in EELS experiments.” Since the CEY
spectrum of the pearlite area was approximately the same as
that of the grained 6-Fes;C area, the carbon K-edge spectra
of the surface represented the average spectra of the entire
surface of the thin-film sample. The OD intensity ratios also
varied between grained and lamellar 6-Fes;C. In the follow-
ing preliminary examination, to simplify the calculations, it
was assumed that all contaminant layers were ethanol and
the density was the same as that of liquid (i.e., 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 was much greater
than 1 nm, the CEY spectra of iron would not be detected
due to the probing depth of the CEY method, which was
on the order of a few nanometers.'® The number of moles
of the contamination layer per unit area (#con) Was fgon =
0.789 x 1077 g/lem* = 0.171 x 10~* mol/cm? whereas
that of the carbon atoms per unit area Nq, contained in
the contamination layer was Neon = 0.514 x 10", In the
same procedure for the pearlite microstructure, the number
of moles per unit area was ng,m = 0.115 x 0.430 x 10°¢
mol/em? = 0.495 x 1077 mol/cm? whereas that of the
carbon atoms in pearlite steel was Ngm = 0.745 x 10'® (the
cementite fraction was 11.5%, which was the equilibrium
state of the initial composition of the sample); the sample
thickness was approximately 80 nm with a density of 7.73
g/cm® and molar mass of 179.4 g/mol. The Ngm/Neon ratio
was greater than 14. We concluded that the carbon detected
in the pearlite microstructure originated from 6-Fe;C, rather
than ferrite, because the amount of carbon as a solid solu-
tion element in pearlite was less than 0.01% of the mass
in the equilibrium state of the initial sample composition.
The absorption spectrum of carbon obtained in the pearlite
microstructure largely reflected carbon atoms that were not
in the contamination layer but in the pearlite microstructure
of the sample instead.

The iron L-edge spectra in #1 and #4 in Fig. 6(c), repre-
senting the transmission method and surface of the sample
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Fig. 7. (a) Carbon K-edge spectra in areas #1—4 in Fig. 6(c) for the transmission mode and surface of the sample by the

CEY mode, and (b) Iron L-edge spectra in areas #1 and #4 in Fig. 6(c) for the transmission mode and surface of
the thin film sample by the CEY mode. (Online version in color.)

by the CEY method, which were normalized at 708.0 eV,
are shown in Fig. 7(b). Since the CEY spectrum of the
pearlite area was approximately the same as that of the
grained 6-Fe;C area, the iron L-edge spectra of the surface
also reflected the average spectra of the entire surface of
the thin film sample. As a preliminary examination for a
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-Fe;C
existed in the spectrum of the pearlite area; hence, the
spectrum of the pearlite area had a shoulder on the higher
energy side of the peaks at approximately 708.0 eV and
723.0 eV, respectively. Despite some differences in how the
tails were pulled, similar behavior was observed. There was
approximately no iron oxide in either spectrum. The peak
intensity of 710.0 eV by the CEY method was higher than
that obtained by the transmission method. Therefore, the
surface of the sample was oxidized; however, the influence
of surface oxidation was negligible when we considered the
spectra using the transmission method.

Moreover, the chemical state of carbon in each micro-
structure (i.e., grain and lamellar 6-Fe;C) in the Fe-C
alloy was discussed. More than two types of chemical state
existed in 6-Fe;C: (A) E = 283.0-286.5 ¢V, and (B) £ =
286.5-290.0 eV, as shown in Fig. 7(a). The ratios of these
chemical states were found to be different between grained
6-FesC and lamellar 6-Fe;C in pearlite. In addition, a dif-
ference was observed between the carbon K-edge spectra
of grained 6-Fe;C and those of lamellar 6-Fe;C in pearlite,
which may have originated from the microstructure and
morphology of 6-FesC.

To confirm whether the carbon K-edge spectrum of the
pearlite microstructure actually reflected the pearlite micro-
structure instead of surface contamination, the amounts of
carbon on the surface contamination layer and in the pearlite
microstructure area were compared. The difference between

© 2022 1SIJ
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Table 2. Lattice parameters and total energy for the first-princi-
ples calculations.
Ab/b 0 0.01 0.05 0.1
a (nm) 0.5036 0.5036 0.5036 0.5036
b (nm) 0.6725 0.6791 0.7060 0.7396
¢ (nm) 0.4480 0.4480 0.4480 0.4480
Total energy (eV) —135.344  —135.327 —134.977 —134.108

the spectra of the grained and lamellar 6-Fe;C in Fig. 7(a)
could have originated from the stress and defects generated
during the formation of coarse grains of 6-Fe;C and the
lamellar microstructure. Taniyama et al.® and Kosaka et
al®® reported that 6-Fe;C in pearlite was elastically dis-
torted from a few to several percent in the b-axis direction.

Therefore, to determine the origins of the difference in
the carbon K-edge spectra of pearlite and bulk grained
6-Fe;C, we performed first-principles calculations (i.e.,
PAW method, VASP) and multiple scattering calculations
(full potential method, FPMS). The calculation conditions
can be described as follows.

We examined the cases where: (1) the ratio of changeAb/b
varied (Table 2); and (2) under the assumption that each
crystal plane shown in Fig. 8 was irradiated with X-rays.
The former corresponds to the stress effect, whereas the lat-
ter corresponds to the evaluation of the crystal anisotropy
of 6-Fe;C. In these calculations, the lattice parameters a and
¢ were fixed.

First, the carbon K-edge spectra of 6-FesC were cal-
culated under the four stress conditions listed in Table 2.
In these calculations, it was assumed that the calculated
system was a single crystal that was irradiated with unpo-
larized X-rays. The results were the average spectra when
X-ray was irradiated from a-, b-, and c-axis, respectively.
The results, shown in Fig. 9(a), demonstrated that the peak
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(a) Crystal structure of 6-Fe;C as seen from the a-axis, (b) b-axis, and (c) c-axis. (Online version in color.)
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Fig. 9. (a) Carbon K-edge spectra of 6-Fe;C when the Ab/b ratio changed by +0, 1, 5, and 10%; (b) Carbon K-edge spec-

tra assuming that X-rays were irradiated from each direction specified from (a) to (c) in Fig. 8. In calculations (a)
and (b), unpolarized X-ray and polarized X-rays were assumed along each axis, respectively. (Online version in

color.)

intensity of approximately 288.2 eV decreased with increas-
ing Ab/b ratio of change. As shown in Fig. 8(a), the crystal
structure of 6-Fe;C consisted of stacking planes, including
carbon atoms along the b-axis, which were located in a tri-
angular 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, the intensity of the sub peak
of approximately 288.2 eV became smaller with increasing
intersurface distance; furthermore, bonds related to carbons
were located beyond the planes. In other words, it was
qualitatively understood that the bonds between the planes
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
originating from carbon ls was approximately proportional
to the density of states in the unoccupied state of carbon 2p.

According to the calculated spectra, the sub-peak at
approximately 288.0 eV that originated from the C—C and
C—Fe—C bonds between planes perpendicular to the b-axis
was assumed to be weaker compared to the peak at approxi-
mately 286.0 eV that originated from the Fe—C bonds on
the in-plane perpendicular to the b-axis, representing the
main peak. This is because the lattice parameters did not
change without also changing the lattice constant of the
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b-axis (Fig. 8(b)). Therefore, the bonds on the in-plane were
not stronger than those on the planes and were dominated
by the metallic bonds originating from Fe—Fe. In addition,
as a feature of the Fe—C bond in this system, the bonds
between the Fe—C sheets perpendicular to the b-axis were
attributed to the peaks on the high-energy side compared
to the bonds in the sheet perpendicular to the b-axis; the
carbon 2p electrons may have been more strongly bonded
between the sheets than in the sheets. These features may
have caused the elastic anisotropy of 6-Fe;C. However,
the spectral shape obtained in the experiment could not be
reproduced by these calculations because the peak intensity
at 285.0 eV was equivalent to the peak intensity at 288.0
eV. As shown by Taniyama et al.*> and Kosaka et al.,*® the
ADb/b ratio of 6-Fe;C in pearlite increased. According to the
calculation results, the peak of the grained pearlite at 288.0
eV was expected to be stronger. These calculation results
were performed in similar conditions as those reported by
Yoshimoto et al.” and were consistent with their results.
Second, the carbon K-edge spectrum obtained when
assuming X-ray irradiation on each case is illustrated in
Fig. 9(b). In these calculations, polarized X-rays were
assumed along each axis. Regarding the influence of crystal
anisotropy, the peak intensity at approximately 288.0 eV
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was sensitive but the difference in the experimental results
could not be reproduced. Thus, the observed difference in
the chemical structure (i.e., the shape of the carbon K-edge
spectrum) of the pearlite microstructure and grained 6-Fe;C
could not be explained by only stress or crystal anisotropy.
In the future, we 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 1, the coefficients used to express each
spectrum in each area in Figs. 2(a)-2(d) can be considered
as a linear combination of the spectrum obtained when
irradiating with X-rays parallel to each axial direction in
Fig. 9(b). These coefficients were calculated as follows:
the basis vectors of the Cartesian coordinate system (i.e.,
(@ 00), (0b0), (00 c)) in Fig. 3(a) were rotated by Euler
angles (see Table 2) using Eq. (7), where a, b, and ¢ are
lattice constants of 6-Fe;C; the normalized coefficients for
the linear combination were normalized coefficients when (0
1 0) (i.e., the direction of linear polarization of X-rays) was
expressed by the rotated vectors.

cos®@ —sin®@ 0)( cos® 0 sinf)(1 0 0
sin@ cos® O 0 1 0 0 cos¥ -—sin¥|=
0 0 1){-sin@ 0 cos@)\0 sin¥ cos¥

cosOcos¥ sin@sinOcosV —cos@sin¥  cos@sinfcos ¥V + sin@sin ¥

cosOsin¥  sin@sinOsin ¥ +cos@cos¥  cos@sinBOsin¥ —sin@cos WV

—sin@ sin@®cos6 cos®cosf

These normalized coefficients are presented in Table 3.
The experimental spectra in Fig. 7(a) and calculated spec-
tra using these coefficients are illustrated in Fig. 10. Even
considering the strain in the b-axis direction and the crystal-
line anisotropy of 6-Fe;C, the carbon K-edge spectra of the
experiment could not be reproduced by calculations. It was
presumed that other factors, such as lattice defects, could not
be considered in these calculations because the calculation
results were consistent with the results of Yoshimoto et al.”
Based on these experiments, the difference in the spectral
shape indicated the chemical state of carbon variations due
to the difference in the morphology of the same 6-Fe;C;
however, the origin of this difference could not be clearly
explained.

Nevertheless, the results of the experiments and calcula-
tions reported above suggest the following: there was a
difference in the intensity ratio originating from the Fe—C
bonds both in-plane (at 286.0 eV) and out-of-plane (at 288.0
eV) parallel to the b-axis, depending on the microstructure
(either grain or lamella). In other words, the Fe—C bonds
of the in-plane in the lamellar microstructures were weaker
than those in the grains. In the process of microstructure
formation, the distribution of the local carbon content varied
depending on the morphology, following a known parti-
tioning phenomenon,?” suggesting that the detailed crystal
structure, such as in terms of the site occupancies of car-
bon, may have varied. In this study, only one field of view
was observed for the lamellar microstructure; therefore, in
the future, the number of observed fields of view will be
increased to verify the above information.
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Table 3. Normalized coefficients of the unit cell vectors after
Euler angle rotation to express the unit vector of the
b-axis (010) (parallel to the electric field vector of the

X-ray).
C, (a-axis) Cy (b-axis) C. (c-axis)
#1 0.87 0.31 0.38
#2 0.89 0.44 0.13
#3 0.91 0.26 0.33
#4 0.50 0.24 0.83
9 e e S [ "3 —) (.
§ P Exp. (#1)- Calc. (#1)| 4
I8 £ = Exp. (#2) oo Calc. (#2)| |
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©
£ 4
@]
2
< 3
2
1
o AEEW, W | O
280 285 290 295 300 305 310
Photon Energy (eV)
Fig. 10. (Solid line) Measured carbon K-edge spectra by STXM

same as those of #1—4 in Fig. 7(a), (Doted line) Calculated
carbon K-edge spectra (without stress) of 6-Fe;C in each
crystal orientation of #1-4 in Fig. 2. (Online version in
color.)

4. Conclusion

To investigate the chemical state of an additional element,
i.e., carbon in steel, we first verified whether the microstruc-
ture of steel could be identified using STXM. We success-
fully identified grained 6-Fe;C and pearlite structures (with
a lamellar spacing of approximately 100 nm) in an Fe-C
alloy using carbon K-edge absorption. In addition, the pos-
sibility of the extraction of the XAS spectrum of a specific
element at a specific location with a spatial resolution of
approximately 50 nm by STXM was confirmed.

Moreover, to compare the difference in the average infor-
mation on the surface and bulk, alongside the difference in
the chemical state of the carbon in 6-Fe;C depending on
the morphology (i.e., grains or lamellar), we applied the
transmission and CEY methods simultaneously to perform
two-dimensional chemical state mapping of the surface
(thickness on the order of a few nanometers) and bulk
(thickness of approximately 80 nm) in the Fe-C alloy. A
clear difference was found between the chemical states of
carbon of the grained 6-Fe;C and pearlite microstructures
of the Fe—C alloy. The spectra obtained by the transmission



ISIJ International, Vol. 62 (2022), No. 4

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, we will perform calculations that consider not only
the strain and crystal anisotropy but also other factors (e.g.,
the detailed crystal structure, such as the site occupancies
of carbon), and consider the origins of the difference in
the chemical state of carbon in 6-Fe;C depending on the
microstructure.

In terms of the development of the STXM instrument, the
air exposure system enabled the reduction of the contamina-
tion 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, we were able to study the
relationship between the distribution of composition and the
chemical state of carbon, alongside that of the strain in the
grains 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 investi-
gated by APT and TEM. However, when it was essential to
consider carbides, which did not possess a crystal structure
that melted during the heat treatment or a chemical bond
between Fe and carbon at the grain boundary, the investiga-
tions of the conventional microstructure and crystal struc-
ture were insufficient to identify the essential role of carbon
in their mechanical properties. Therefore, it was important
to analyze the chemical states of carbon in steel (a common
structural material) on the nanoscale, which is a general
method 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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