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Abstract:

A dedicated analysis method is presented to extract the Raman spectrum of an
interphase layer thinner than the laser spot size. We focused on spatial correlations
between the contrast of optical micrographs and Raman hyperspectral data to predict
the constituents of the mixed spectra measured near the interphase. By employing a
mapping step size of 0.1 ym, the Raman spectrum of approximately 0.3 um thick
carbon interphase in a SiC fiber reinforced SiC matrix composite was extracted from
data acquired with a theoretical spot size of about 0.7 ym. Notably, conventional
chemometrics procedures were unable to isolate the interphase signal, instead
producing a spectrum representing a mixture of interphase and matrix. This study used
another composite with approximately 0.9 um thick interphase to validate the analysis
method, enabling direct measurement of the interphase spectrum. The proposed
Raman analysis method has advantages in specimen volume and turnaround time

compared to traditional characterization methods, such as transmission electron
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microscopy. This study also evaluates applicability of the analysis method to different
composite materials and identifies key requirements of the measurements, including the
ratio of interphase thickness to spot size and the homogeneity of the surrounding

matrix.
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1. Introduction

Continuous ceramic fiber-reinforced ceramic matrix composites exhibit relatively high
fracture toughness due to pseudo-ductile fracture behavior, in contrast to the
catastrophic failure typically seen in monolithic ceramics. The fiber-matrix interface
plays a critical role in the toughening mechanisms: interfacial bonding must be strong
enough to transfer loads between the fiber and the matrix yet weak enough to allow
microcracks in the matrix to deflect at the interface [1]. Refractory SiC fiber-reinforced
SiC composites (SiC/SiC composites) [2] are used in turbine blades for aircraft engines
and are also widely considered for structural materials in nuclear systems and fusion
reactors [3-7]. shows typical cross-sectional microstructures of SiC/SiC
composites with a thin layer of pyrolytic carbon (PyC) interphase between the SiC fibers
and the SiC matrix [8]. The mechanical and thermal properties of this PyC layer play
critical roles in determining the performance of SiC/SiC composites [9-11]. Analysis of

the PyC microstructure would help predict its physical and mechanical properties [12].

Fig. 1. Backscattered electron micrograph of a cross section of SiC/SiC composite:
Tyranno SA3 SiC fiber coated with carbon interphase [8].



Observations of the microstructure of the PyC interphase in SiC/SiC composites are
often conducted using transmission electron microscopy (TEM) to characterize
approximately 100 nm thick lamellae fabricated by focused ion beam [13-18]. Due to the
small specimen volume required for TEM, several TEM specimens would be needed to
capture intrinsic heterogeneous microstructure of the SiC/SiC composite interface.
Although TEM enables direct observation and measurement of the atomic arrangement
[13-15] and electric states [16-18] of the PyC layer, TEM has limitations in turnaround
time and cost from the perspective of obtaining information thoroughly from a large
volume. Scanning electron microscopy (SEM) combined with energy-dispersive X-ray
spectroscopy and wavelength-dispersive X-ray spectroscopy can probe millimeter-scale
surfaces but struggles to provide detailed crystallographic information and bond
conditions, except when using specialized equipment such as soft X-ray emission

spectrometers [19,20].

Raman spectroscopy has been widely employed to assess the microstructure and
properties—including crystalline phases [21,22], crystallite size [23,24], elastic strain
[25-27], residual stress of fiber-reinforced composites[28], mechanical properties [29],
and amorphous-like nanostructure [30-33] — of carbonaceous compounds and SiC in
various forms. Hence, Raman spectroscopy offers potential for revealing the structure of
PyC. One of the current challenges is to measure the spectrum of the PyC interphase
with a thickness of at most 0.5 pm without the PyC spectra being affected by the
surrounding materials. A spot diameter of incident light in conventional Raman

spectrometers is approximately 1 um with a high-magnification objective. This is close
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to the diffraction limit of light [34,35], and achieving nanoscale spatial resolution with a
conventional optical system is challenging. When centered on a 0.5 ym thick PyC
interphase layer, a Raman laser spot size of 1 ym yields a mixed spectrum combining
the PyC layer, the matrix material, and the fiber material, ultimately requiring
deconvolution processes to isolate the PyC layer. One method for measuring Raman
spectra in nanoscale regions is the tip-enhanced Raman scattering (TERS) technique,
which uses an atomic force microscopy (AFM) probe [36,37]. In TERS, incident light is
directed onto the tip of the AFM probe through the objective lens, enabling Raman
spectroscopy with high spatial resolution up to tens of nanometers, surpassing the
diffraction limit of light. Despite this advantage, TERS is constrained by lengthy
acquisition times, making it unsuitable for characterizing larger regions on the millimeter
scale. This study explores improvements to data analysis by using a conventional
Raman spectroscopy system to extract information about the PyC interphase

microstructure from mixed Raman spectra.

Chemometric techniques such as principal component analysis (PCA) and multivariate
analysis techniques are widely used in Raman spectroscopy, particularly in the fields of
biology, agronomy, and cultural heritage, where they are applied to handle complex
spectral overlap from highly variable compounds and to extract meaningful signals from
low-quality data acquired with portable instruments[38-42]. In contrast, the application of
chemometric methods in materials science has been more limited, with notable
exceptions such as their use in the analysis of graphene[43]. However, the increasing

structural complexity of modern functional and structural materials — including particle-
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or fiber-reinforced ceramic composites — has heightened the importance of accurate
interfacial characterization. In this context, applying chemometric approaches to
spatially mixed Raman data from micro-scale regions offers a promising strategy for

extracting information.

PCA is commonly employed as a data processing technique in conventional Raman
spectroscopy for analyzing materials with multiple phases [44,45]. PCA is a statistical
method designed to reduce data dimensionality while preserving as much of the original
information as possible [46]. Shinzawa et al. have provided a comprehensive overview
of the application of PCA in Raman spectroscopy, highlighting its use in chemometric
analysis of multiphase samples [47]. The core assumption of PCA is that variations
within the dataset contain valuable information, and some variables may be redundant
or unnecessary for explaining this information. Principal components (PCs) are
calculated as linear combinations of the original variables — in this case, the measured
wavenumbers — and are ranked based on the variance they account for in the data, with
the first PC (PC1) explaining the largest portion of variance. PC2 is then defined to
explain the maximum remaining variance and is orthogonal to PC1. Typically, only a few
PCs are needed to capture most of the information within a dataset. Although the PCs
do not have direct physical significance, PCA has been widely used since the early 20th
century because it can provide objective analysis results in a short period of time
without requiring complex parameter settings [47-49]. The conventional PCA approach
may not result in reasonable spectral separation when the single-phase signals cannot

be detected. In materials that contain thin layers or fine particles of sizes on the order of
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hundreds of nanometers, only mixed signals from the matrix and the layer or dispersed
particles are measured. PCA often captures these mixed signals as features and
outputs them as PCs [50,51]. Because PCA does not have any prior information about
the material itself, it may interpret this mixed information incorrectly and lacks the
means to correct it. Other unsupervised chemometric methods, including self-modeling
curve resolution [47], nonnegative matrix factorization [52], and multivariate curve
resolution [53], have also been applied to similar problems. Like PCA, these methods
face challenges when the spectral features (e.g., peak positions) of the constituent
phases are closely overlapping. As a result, extracting a single-phase spectrum is

nontrivial when pure-phase signals are not directly observed.

To overcome the challenges in PCA, a spectrum-extraction method was developed to
separate spatially resolved Raman spectra of PyC interphases that are thinner than the
laser spot size from mixed spectra. Raman spectral mapping was conducted using a
theoretical spot diameter of about 0.7 um on two types of SiC/SiC composites with
different types of fibers, and spectra were analyzed to extract the spectra of 0.3—0.7 pm

thick PyC interphases by taking advantage of a small measurement step size of 0.1 ym.

2. Methods

2.1 Experimental Methods

Two types of SiC/SiC composites were used for the Raman spectroscopy: (1) SiC/SiC
grown by chemical vapor infiltration (CVI) with 2D satin-weave Tyranno SA3 SiC fiber
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reinforcement in a 0°/90° stacking configuration (SA3/SiC), and (2) a 0°/90° cross-ply
laminated CVI SiC/SiC composite with SCS-Ultra SiC fiber (SCS/SIC). Figure 2 shows a
typical cross-sectional micrograph of SA3/SiC composite. The fiber/matrix interphase
was PyC for all composites. The CVI process was conducted by Rolls-Royce High
Temperature Composites Inc. (lot number:13C-529). The estimated fiber volume
fraction was about 40%, and porosity was 8-16%. The SiC/SiC composite plates were
machined with a low-speed diamond saw. Then, the cross sections were mechanically
polished using diamond suspensions for the initial stages and colloidal silica

suspensions for the final polishing.

Inte rphase\/

Matrix .
atrlx\

Fig. 2. Cross-sectional optical micrograph of SA3/SiC composites.

The SAS fiber is a near-stoichiometric SiC fiber consisting of crystalline B-SiC (also
known as 3C-SiC) and a free carbon phase [54]. The nominal fiber diameter is 7.5 ym,
and the SiC grain size is about 200 nm [55]. SCS was formed by growing SiC by
chemical vapor deposition (CVD) onto a carbon core with a diameter of about 35 pm.

The nominal SCS fiber diameter was 140 um. The CVD SiC phase near both the carbon
8



core and outer surface was reported to be carbon-rich SiC [56,57]. The PyC interphases
for both fibers were prepared by Rolls-Royce High Temperature Composites Inc. with
thicknesses of 200-350 nm for the SA3/SiC composite and 500—-700 nm for the
SCS/SiC composite. Further material properties were investigated and are reported

elsewhere [8].

Raman spectral mapping was conducted on the polished cross sections of the
composites using a Horiba Scientific LabRAM HR Evolution Confocal Raman
Microscope equipped with a 532 nm argon ion laser, which was operated at a power of
15 mW at the specimen surface. Spectra were acquired in the range of 385-2037 cm™.
For the Raman mapping experiments, a step size of 0.1 um was maintained in both the
x and y directions. A 100x objective lens with a nominal numerical aperture of 0.90 was
employed. The laser was focused to a theoretical spot diameter of 721 nm on the
specimens, as calculated by the Rayleigh criterion [58] based on the wavelength and
the nominal numerical aperture. The polished cross sections of the composites were

observed using a TESCAN MIRA scanning electron microscope.

2.2. Data processing

The analysis of the fine Raman map data identified data points for a scenario illustrated
in , where the incident laser interacts only with the matrix and the PyC, named
on-edge. In this scenario, the PyC signal is isolated by subtracting the reference

spectrum of the matrix from the mixed spectrum. Depending on the type of fiber, carbon



may also be present within the fibers [27,59], complicating the separation of signal of
carbon of the fiber from that of the PyC. The CVI SiC matrix is relatively pure SiC, and
signals from free carbon are typically minimal in regions adjacent to the PyC. Thus, PyC
spectrum extraction is expected to be more straightforward on the matrix + PyC side

than on the fiber + PyC side.
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Fig. 3. (a) lllustration of the on-edge scenario and (b) flow chart depicting the data
processing, including schematics for spectral extraction from hyperspectral image
data set.
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A flow chart for this data processing method is shown in . This method extracts
the spectrum of PyC by sequentially performing preprocessing, visualization and data
selection, calculation of the mean absolute error (MAE) of spectra to the reference
spectrum of matrix, and subtraction. The initial preprocessing steps involve cosmic ray
removal, background subtraction, normalization of the raw spectra based on maximum
intensity between 960 and 980 cm™" corresponding to the SiC longitudinal optical (LO)

band. MAE is calculated using Eq. (1) [60]:

n

MAE = 12 1i(x) — 1 #(1
— Ei=1| i(x) — Ii(reference)| #(1)

where i corresponds to the number associated with the wavenumber, and /i(x) is the
Raman intensity at the wavenumber corresponding to j at coordinate x. The integer i
ranges from 1 to 1024, corresponding to wavenumbers between 386.183 and

2037.66 cm™', divided into 1024 steps. A univariate spline was fitted to the MAE values
as a function of x-coordinate (R? > 0.99) to identify the inflection points in the resulting
trend. In the visualization and data selection steps, a mapping image of the
preprocessed data at an arbitrary wavenumber and a line analysis result at the
wavenumber at an arbitrary y-coordinate is visualized. The data corresponding to the
selected y-coordinate is used in the subsequent steps. First, in the on-edge detection
and subtraction steps, MAE is calculated for each data point, with coordinate x using the

spectrum of the matrix that is farthest from the PyC as the reference spectrum. To
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detect the presence of the PyC signal, the MAE calculation is specifically performed
over the range of £10 cm™' of the wavenumbers selected in the previous step and is
plotted against the x-coordinates. As the x-coordinate progresses from left to right, MAE
increases, indicating a change in the Raman intensity at the selected wavenumber. By
detecting the point at which the MAE begins to increase, a location is identified where
the incident laser interacts with both the matrix and the PyC, referred to as on-edge, as
shown in . Finally, the PyC spectrum can be isolated by subtracting
the reference spectrum measured at the adjacent matrix from the spectrum obtained at
the on-edge coordinate. This process was implemented using a Python script executed

in Anaconda Python 3. The code is available on a GitHub repository [61].

Routine data processing, including cosmic ray and background removal, was performed
using the Horiba Scientific LabSpec 6 Spectroscopy Suite Software. For the background
removal, a 7th-degree polynomial baseline was fitted and subtracted from each
spectrum. Conventional chemometrics procedures were also conducted on the
processed data for comparison purposes using the Horiba Scientific xSTaiN Instant
Raman Analysis function, which is based on PCA and multivariate curve resolution
techniques. The visualization and data selection step involved manually selecting a
wavenumber, which corresponds to a characteristic feature of PyC interlayer, and a y-
coordinate to be used in the following steps. A wavenumber of 1500 cm~' was used in
this study; this wavenumber represents the shoulder of the carbon G-band. Spectral

decomposition was performed on the acquired spectra using the open-source nonlinear
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curve fitting program Fityk, with the peak characteristics optimized for the best fit using

a combination of mixed Gaussian-Lorentzian profiles [62].

3. Results

3.1 Composite microstructure and characteristics of Raman spectra

Backscattered electron images for SiC/SiC composites are shown in The scale of
the images differs because SA3 and SCS have different fiber diameters. The diameters
of the SA3 and SCS fibers are about 8 ym and 139 um, respectively, and the
thicknesses of the corresponding PyC interphase layers are about 0.3 ym and 0.9 ym.
Free carbon phases, which were reported in literature [63], can be seen within the SA3
fibers. The SCS fibers contain a carbon core at the center but do not exhibit the fine

particles seen in the SAS3 fibers.

Fig. 4. Backscattered electron images for SiC/SiC composites with (a) Tyranno SA3
fiber, and (b) SCS-Ultra fiber.
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displays of Raman spectra from the SA3/SiC and

SCS/SiC composite materials as a function of the x-coordinate. The spectra
corresponding to the positions indicated by red arrows in are shown in

, respectively. The optical phonon branches of 3C-SiC consist of two
modes: LO mode located at 972 cm™" and transverse optical (TO) mode located at 796
cm™' [64,65]. Peaks corresponding to these modes can be seen in both the matrix and
the fibers. In all cases, the TO peak exhibits an asymmetric shape, characterized either
by a shoulder at 760-770 cm™" or an adjacent peak at 785-790 cm~', which is attributed
to overlap with disordered SiC peaks [22,64]. Additionally, a broad peak around 900
cm™' reported as a disordered SiC peak [66] can be seen between the TO and LO
peaks. These disordered SiC features can be associated with either randomly
distributed simple polytype domains or SiC particles containing periodic or high-density
stacking faults [63-65]. In the range of 400-600 cm™', peaks interpreted as Si-Si
homonuclear bonds can be seen at nearly all locations [63]. Second-order SiC peaks
are also observed at 1530 cm~" and 1717 cm~' [67,68]. These second-order SiC peaks
partially overlap with carbon-related peaks in the 1200-1700 cm~' range. The peaks
observed in the 1200-1700 cm~" range correspond to different carbon structures. The
G-band, typically observed around 1580-1600 cm™', and the D-band, around 1350
cm™', are generally assigned to zone-center phonons of E,q symmetry and K-point
phonons of Ay symmetry, respectively [69]. The G-band is associated with the bond-
stretching motion of pairs of carbon sp? atoms, whereas the D-band is attributed to the
breathing motion of sixfold aromatic rings. The G-band and D-band can both be seen at

locations corresponding to the interphase, the SA3 fiber, and the matrix near the
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interphase (i.e., x =2 1.4 ym for the SA3/SiC and —1.6 < x 0.9 ym for SCS/SIC). As
shown in , the SiC-related peaks reach a local minimum and the carbon-
related peaks approach a local maximum at x = 2.1 ym for SA3/SiC and x = -0.4 ym for
SCS/SIC. In the SCS/SiC composite, the absence of both SiC-TO and LO peaks,
combined with the presence of carbon-related peaks, indicates that the Raman
spectrum of PyC interphase was directly obtained. Notably, a consistent shoulder on the

G-band at approximately 1500 cm™' is seen at these interfacial positions.
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Fig. 5. Representative 3D display of spectral line analysis of Raman spectra along
the x-axis for SiC/SiC composites with (a) Tyranno SAS3 fiber and (b) SCS-Ultra fiber.
Panels (c) and (d) show side views of (a) and (b), respectively. Representative
Raman spectra for the composites with (e) Tyranno SA3 fiber and (f) SCS-Ultra fiber
are displayed, with spectra normalized to the maximum intensity of the raw data. Red
arrows indicate the positions of the representative spectra shown in (e) and (f).
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3.2 Manual visualization of PyC interphase in Raman spectral images

To visualize the spatial regions exhibiting a shoulder on the G-band at approximately
1500 cm™', the Raman spectra were first normalized to the maximum intensity between
960 and 980 cm™" (assigned to SiC-LO), followed by intensity mapping at 1500 cm™.
shows both the normalized intensity map and the line profile along a
representative y-coordinate. The region highlighted in the mapping displays a width of
approximately 1 uym, which is slightly broader than the thickness of the PyC interphase
observed in the optical microscope. Raman intensity profiles are consistent with the
mapping views; line analyses shown in reveal distinct intensity peaks

within the approximately 1 um wide interfacial region between the fiber and matrix.
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Fig. 6. Raman mapping images and line analysis results at wavenumber

of 1500 cm~" for SiC/SiC composites with (a) Tyranno SA3 fiber, and (b)

SCS-Ultra fiber. Line analysis was performed along the horizontal orange
line indicated in the overlaid mapping images.

3.3 Extraction of representative Raman spectrum of PyC phase

show the MAE as a function of the x-coordinate, illustrating the

spatial relationships between the PyC interphase and surrounding phases as captured
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by this spectral extraction method. These MAE profiles exhibit trends consistent with the
line analysis results presented in . Raman spectra before and after extraction
processing for SA3/SiC and SCS/SiC composites are shown in ,
respectively. The extracted PyC spectra display characteristic D-band (~1350 cm™') and
G-band (~1600 cm™) features, with minimal influence from SiC related peaks between
700 and 1000 cm™". Notably, the PyC interphase spectra closely resemble those
acquired at x = -0.4 ym in SCS/SiC composite, shown in , Where the signal

predominantly originates from the PyC interphase.
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Fig. 7. MAE as a function of the x spatial coordinate for SiC/SiC composites with

(a) Tyranno SAS fiber and (b) SCS-Ultra fiber. Green arrows indicate the

locations where spectral extractions (adjacent matrix spectrum subtracted) were

performed. Raman spectrum before and after extraction for (c) SA3 composite,

and (d) SCS composite. Spectra were normalized to their maximum intensity.
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3.4 Conventional chemometrics of Raman spectral map data

The results from the extraction analysis in this study were compared to the chemometric
analysis conducted using commercial software. show the spatial
distributions of loadings obtained from x-STaiN analysis on Raman spectral map for
SA3/SiC and SCS/SiC composites, respectively. The x-STaiN analysis identified three
loadings for both composites. Loadings A, B, and C were interpreted based on spectral
features corresponding to near matrix, interphase, and fibers, respectively. In the
SCS/SiC composite, loading B exhibits a strong correlation to the intensity mapping at
1500 cm™' shown in . For the SA3 composite, loading B covers a broader
region than that highlighted in the corresponding mapping in , Spanning about 3
Mm. This is consistent with the width of the carbon-rich matrix and interphase shown in

. The spectral characteristics of the x-STaiN loadings for SA3/SiC and SCS/SiC
composites are shown in , overlaid with representative spectra from
corresponding coordinates. For the SCS/SiC composite, loading B closely matches the
constituent spectrum extracted for the PyC interphase. In the SA3/SiC composite, the x-
STaiN-calculated loading retains peaks associated with the SiC, which is not contained
in PyC. Loading A and C match all significant peaks with the corresponding spectra of

matrix and fiber, including SiC-TO, LO, D-band, and G-band.
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Fig. 8. x-STaiN loading maps of SiC/SiC composites with (a) Tyranno SA3 fiber and
(b) SCS-Ultra fiber. Raman spectra showing the extracted PyC interphase, matrix,
fiber, and x-STaiN loadings corresponding to each phase of SiC/SiC composites
with (c) Tyranno SA3 fiber and (d) SCS-Ultra fiber.

4. Discussion

This method to extract the Raman spectrum of sub-micrometer thick PyC interphases
from the mixed spectrum takes advantage of the small step size in the mapped data

and the relatively strong PyC signals compared to the second-order SiC peaks, based
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on the procedure shown in . Notably, the conventional chemometrics procedures
available in the commercial software package could not extract the PyC spectrum and
instead showed a mixed spectrum as a principal component because of the lack of
consideration for the spatial resolution of the measurements ( ). The following
subsection discusses the validation and general applicability of the spectrum extraction

method to other material systems.

4.1 Validation of the Raman analysis approach

This study used the SCS/SiC composite specimen for data validation. The Raman
spectrum of the PyC interphase could be directly measured via point analysis because
the interphase thickness is greater than the theoretical laser spot size (

). shows the Raman spectrum originating from PyC interphase and the
extracted PyC interphase spectrum measured from SCS/SiC composites. The extracted
spectrum retains the main spectral features of PyC interphase, yielding a cosine
similarity of 0.984 (where 1 indicates a perfect match). Differential intensity plots reveal
mismatch peaks at D-band and approximately 1500 cm™1, with intensities of
approximately -15% and 15%. These discrepancies arise from multiple factors,
including signal intensity fluctuations of about £10% and distortions in the broad-band
region caused by background subtraction. A polynomial-fitted baseline was subtracted
from the raw spectra, which can distort the edges of broad bands — a distortion evident
in increased differential intensity at off-peak regions. Despite these effects, the
differential intensity variation of £15% is relatively minor, indicating that the effective

spectral deviation remains small.
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Fig. 9. Spectral comparisons of Raman data: (a) between the PyC interphase (x =
-0.4 ym) and the extracted spectrum from the SCS/SiC composite, (b) between the
extracted spectra from the SCS/SiC and SA3/SiC composites, and (c) between the
SAS fiber and the extracted spectrum from the SA3/SiC composite. All Raman
spectra are normalized to the maximum intensity of G-band (within the 1590-1610
cm™' range). Differential intensities, expressed as percentages relative to the
maximum G-band intensity, are shown below each respective comparison.

Indirect validations of the extraction method of the PyC spectrum from the SA3/SiC
composite specimen were performed. One approach involved comparing the extracted
PyC spectra from the SCS/SiC and SA3/SiC composite specimens. Similar Raman
features were expected between the two because they were deposited by the same
company in the same batch. The extracted spectra of PyC interphase of SA3/SiC and

. The spectra were normalized to the

maximum intensity of the raw spectra in the range of 1580-1600 cm™~' (G-band).



Extracted interphase spectra from SCS/SiC and SA3/SiC both show the D-, G-, and L-
band overlapping at approximately 1350, 1600, and 1850 cm™", respectively, yielding a
cosine similarity of 0.983. Differential intensity indicates a peak at the D-band with an
intensity of about 20%, whereas no peaks or peaks indistinguishable from noise are
observed at the other wavenumbers. Given the close match of the extracted spectra of
SA3/SiC and SCS/SiC composites, the extracted spectrum from SA3/SiC likely

preserves the characteristics of PyC interphase.

The PyC spectrum extracted from the SA3/SiC composite was compared with the
carbon-related spectrum obtained from the interior of an SA3 fiber. The PyC phase is
expected to exhibit unique Raman features not present in the SCS and SAS3 fibers, as
indicated by the Raman intensity map shown in . presents both the
extracted PyC spectrum and the spectrum from the SA3 fiber interior (measured at x =
5.0 umin ). The extracted PyC spectrum exhibits reduced D-band intensity,
increased G-band dispersion, and the presence of the L-band, features not prominent in
the fiber spectrum. The intensity of the broader G-band also increases near 1500 cm™,
assisting in interphase localization. These spectral differences can be seen in the
differential intensity curve, which displays peaks between 1200 and 1700 cm™', with a
maximum absolute intensity of 42%. The cosine similarity is 0.940, lower than the
values observed in . These spectral differences indicate that the
extracted PyC spectrum is distinct from that of the SA3 fiber interior. Together, these
results support the validity of the extraction method for identifying the PyC interphase in

the SA3/SiC composite.
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4.2 Interpretation of the extracted Raman spectra

As shown in , the extracted spectrum exhibits a slightly higher D-band intensity
and slightly reduced D- and G-band dispersions compared to the directly measured
PyC, suggesting a marginally higher degree of order in the carbon structure. This result
may be explained by slight variations in the reference matrix and PyC spectrum at
different locations. For example, localized graphitization at the edge of the PyC may
have occurred during the CVI process of SiC matrix, consistent with observations by

Lopez-Honorato et al. [70]

Peak fitting showed that all spectra from interphases and fibers had one major peak
between 1351 and 1372 cm™' corresponding to the D-band [71], as shown in

SAS fiber, SA3/SIC interphase, and SCS/SiC interphase all exhibit another major peak
around 1600 cm™" associated with the G-band [71]. SCS fiber exhibits a second major
peak at 1501 cm™', also associated with the G-band [69]. The spectrum of SCS fiber is
characterized by broad peaks and a red-shifted G-band; these features can be
interpreted as characteristics of amorphous carbon [30] or hydrogenated amorphous
carbon [31]. A peak at 1723 cm™" can be interpreted as benzene-related stretching [72].
The features found in SCS are consistent with those observed near the core of the

same fiber [8].
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A comparative analysis of the Raman spectra of SA3 fiber and its adjacent PyC
interphase revealed spectral similarity. Specifically, both spectra contained a D-band,
band at approximately 1530 cm™', forming a shoulder on the G-band.

The intensity ratio between D- and G-band was approximately 1.2 for the SA3 fiber and

25



0.9 for the PyC interphase. The G2-bands were observed at around 1548 cm~! in the
SA3 fiber and 1533 cm™' in the interphase; these bands are attributed to sp? carbon

clusters resembling those found in amorphous carbon film [73].

The peak fitting revealed distinct structural differences between SA3 and PyC, including
an overlapping peak at 1630 cm™', an additional peak at 1850 cm™', variations in G-
band width, and a shift in D-band peak position. The SA3 fiber spectrum exhibited an
additional peak, overlapping the G-band and centered at 1630 cm™', called the D'-band.
The D'-band is associated with the folding of the graphite dispersion branch at the I
point and indicates turbostratic disorder along the c-axis based on the literature [74].
This D'-band is consistent with previously reported Raman spectra of SA3 fibers [63].
The extracted PyC interphases did not show a shoulder due to the D'-band, but did
exhibit D- and G-bands with features consistent with PyC [12,70]. Although both SA3
and PyC showed peaks corresponding to the D-band, the peak center for PyC
interphase was red-shifted by 6 cm~". This shift suggests a reduction in the number of
ordered aromatic rings and a softening of the vibrational density of states within the
interphase carbon [69]. Furthermore, the peak corresponding to the G-band for PyC
was broader than that for SA3, indicating an increased degree of disorder [69]. The full
width at half maximum of the G-bands were 58 cm™" for PyC interphase and 39 cm™" for
SA3 fiber. Consequently, the G-band for PyC almost completely overlapped the peak at
1533 cm™', forming a characteristic shoulder in the Raman spectral profile of PyC

interphase. Additionally, PyC interphases from SA3/SiC and SCS/SiC composites
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indicated peaks at 1849 cm™' and 1852 cm™', respectively, which are interpreted as so-

called L-band corresponding to 1D chains of carbon atoms [75,76].

Taken together, the carbon-related Raman features of the PyC interphase were
distinguishable from those of the adjacent SA3 fiber based on key characteristics such
as the presence of peaks and the profile of D- and G-bands. The carbon in the SA3
fiber indicated the presence of turbostratic carbon corresponding to the peak at 1630
cm™', and that in the PyC interphase had more disordered microstructures represented
by the red-shifted D-band and broader G-band. Carbon in PyC can be identified as non-
graphitizing carbon with a higher degree of disorder than that in SA3 [12,77]. SA3 fiber
contains turbostratic carbon at the triple points of SiC crystals [32,54]. PyC interphase is
deposited by CVD using methane, polypropylene, or propane as the carbon source [78-

80] and is deposited on a cylinder, so misalignment of the crystallites is plausible [70].

4.3 Application of the analysis method for other material systems

The spectral extraction method presented in this study offers several practical
advantages over other approaches for enhancing spatial resolution in Raman
spectroscopy. It is compatible with conventional Raman spectrometers, applicable to
existing mapping datasets, computationally efficient, and can be integrated with other
analytical tools such as image recognition algorithms and chemometric techniques.

Because the method operates on hyperspectral Raman data after measurement, no
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hardware modifications are necessary, and previously acquired data can be reanalyzed,

assuming adequate spatial resolution.

The spectrum extraction method used in this study relies on the availability of a
reference Raman spectrum of the surrounding matrix, which enables the extraction of
Raman features of thin interphases embedded in mixed spectra. Additionally, the pixel
spacing of Raman spectral maps must be finer than the thickness of the interphase. For
instance, in this study, the nominal step size of 0.1 um was used to analyze an
approximately 0.3 um thick interphase. A minimum of three data points across the
interphase thickness was required to obtain sufficient intensity of PyC in the mixed
spectrum. If these conditions are met, then the extraction methodology is expected to
work for other material systems with thin interphases. A primary challenge arises when
the interphase is a gradient material with a heterogeneous microstructure and the
Raman profile of the matrix varies spatially. This situation causes the absence of a

consistent reference peak for the extraction process.

An additional consideration is that the effective sampling depth in Raman mapping can
vary spatially due to differences in the optical properties of the constituent phases and
the relative intensities of their Raman signals. Phases with strong Raman activity, such
as carbon, may dominate the measured spectrum and suppress contributions from
adjacent or underlying phases[81,82]. If the micro-region of interest consists of such a
strongly Raman-active phase, as in this case, this effect can facilitate the extraction.

However, if the strongly scattering phase is part of the matrix rather than the micro-

28



region, the Raman contribution from the micro-region may become comparatively weak,
making extraction more difficult. This highlights the importance of ensuring sufficient

Raman signal intensity from the micro-region of interest.

Beyond thin layers, this method can also be extended to materials with dispersed fine
particles based on the same principles. Moreover, this approach could be extended to
material systems beyond SiC/SiC composites with a PyC interphase, particularly for
cases in which spectral overlap between constituent materials is minimal or absent. For
instance, spectral separation may be achievable in SiC/SiC composites employing
boron nitride as the interphase. Boron nitride exhibits an E;g mode peak at
approximately 1365 cm™" under 532 nm excitation light [83]; this peak overlaps with the
D-band from carbon impurity in SA3 fiber. By carefully selecting the on-edge point on
the matrix side, the interphase spectrum may be extracted using a similar methodology

to that presented in this study.

Improving the spatial resolution of Raman spectral analysis is a topical area. For
example, Raman spectroscopy integrated with SEM [84,85] can be used to analyze fine
microstructural features at the scale of SEM imaging. The higher resolution SEM
imaging compared with the Raman hyperspectral data facilitates interpretation of the
chemical and structural information of Raman spectra and their correlation with

morphology. A key direction for future improvement of Raman spectral map analysis is
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the chemometrics-based analysis informed by both the spatial resolution of the Raman
mapping and contrasts in specimen surface images. Combining this spectral extraction
method with Raman spectral imaging techniques, including PCA and multivariate curve
resolution, promises to improve spectral separation, especially by avoiding reduction in
the signal-to-noise ratio [86], and allows for identification of materials currently
indistinguishable due to noise. Consequently, the potential of the method would be
enhanced for analyzing micro-regions observed with high-resolution imaging

techniques, including SEM.

5. Conclusions

This study addressed the challenges in extracting the Raman spectrum of thin carbon
interphase from the mixed spectrum of SiC and carbon phases. By leveraging the small
0.1 um step size for the Raman mapping, the characteristic Raman spectrum of
approximately 0.3 uym thick PyC interphase was extracted using the data obtained with
a theoretical spot size of about 0.7 um. Importantly, conventional chemometrics
procedures could not extract the spectrum of the interphase and instead presented a
mixed spectrum as a principal component. Different SiC composite specimen with
approximately 0.9 um thick PyC interphase was used to develop the analysis
framework. The analysis revealed that carbon-related peaks of the extracted PyC
spectra were distinct from those of free carbon phases in the SiC fibers due to the
different manufacturing routes. Overall, the key to improving interpretation of the Raman
spectral map data with mixed phases was to conduct Raman analysis informed by

hyperspectral data with fine pixel spacing and contrast of the optical microscope
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images. This study also identified the requirements to apply the extraction methodology
such as ratio of the interphase thickness to the laser spot size and homogeneity of the
matrix spectrum at different locations. If those requirements are met, then this method

has potential to be applied to other composite material systems.
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