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NANOSTRUCTURES

SYNTHESIS OF REINFORCED CERAMIC MATRIX COMPOSITE
BASED ON SiC AND NANOCARBON MESH

D. V. Solovei,? P. S. Grinchuk,® H. M. Abuhimd,” UDC 66.092-977; 543.424.2
M. S. Alshahrani,” M. V. Kiyashko,* M. O. Stepkin,?
A. V. Akulich,? and A. A. Khort?

Most modern matrix composite materials employ a variety of carbon nanofillers to improve their mechanical,
electrical, and functional properties. Nanofillers are separately implanted into the initial ceramic matrix, which
complicates the composite manufacturing technology and increases the final cost. In this work, the synthesis of
nanocarbon fillers was carried out using high-temperature (1200°C) pyrolysis of phenolic resin directly inside the
silicon carbide matrix. This results in the formation of a continuous 3D nanocarbon mesh uniformly binding and
reinforcing the final product throughout the volume. The nanocarbon filler synthesized in the SiC matrix contains
two allotropic carbon forms: nanographite and nanofibers. The study of the features of the carbon structure and
morphology showed that during the pyrolysis the multilayered nanographite structures had been formed on the
surface of SiC grains of average crystallite size equal to 20-35 nm. In the matrix pores, carbon nanofibers a few
micrometers in length and 20-40 nanometers in diameter are synthesized. The reiteration of the phenolic resin
impregnation—pyrolysis cycle increased the free carbon content from 4 to 7 wt.% for once and twice impregnated and
pyrolyzed samples, respectively, and the Young's modulus, from 50.7 to 94.3 GPa. The obtained carbon content and
structure are appropriate to produce C/SiC composite for application of ceramics and electrodes.
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Introduction. Interest in silicon carbide, which is known to be one of the most widely used oxygen-free ceramic
materials, constantly increases over the last decades. This is due to a number of unique physical, chemical, and mechanical
properties allowing the use of SiC for airspace application, in nuclear power stations, for armor production, in radioelectronic
industry, etc. Silicon carbide is a promising material for manufacturing light, strong, as well as thermally and chemically
resistant products. It is also widely used for production of semiconductor substrates, tools, and optical elements. Such a
variety of possible application areas is due to its crystal structure, which results from the nature of carbon and silicon atoms,
as well as strong covalent bonds between them [1-10].

However, despite many advantages of silicon carbide-based ceramics, the manufacturing process is labor-intense
and time-consuming; in addition, this ceramic features low fracture toughness and high brittleness [11-14]. As an alternative
to silicon carbide ceramics, ceramic composite materials have been developed; these materials are less brittle and have
higher fracture toughness, as well as a lower density [15—19]. Such materials employ silicon carbide as a matrix but include
reinforcing additives usually based on various allotropic carbon forms: nanofibers, whiskers, nanotubes, graphene, graphene
oxide, graphene nanoflakes and nanoplatelets [20-26]. Unfortunately, these additives have a limited size and length and
cannot create a continuous and uniform grid in the form of a mesh that would reinforce the original 3D silicon carbide
matrix throughout the whole volume. This requires the availability of high-tech cost-expensive equipment, which imposes
limitations on the size of the produced product in spark plasma sintering (SPS), hot isostatic pressing (HIP), and high-
frequency induction heated sintering (HFIHS) [27-29].
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Several methods for implantation of carbon nanofillers into a ceramic matrix composite material have been
developed: the use of powders and colloidal solutions, sol-gel processes, and implantation of nanocarbon into a polymer and
its subsequent additiont to the composite. After the formation of ceramic and carbon parts of the composite and their thorough
mixing, a sintering process is carried out at a high temperature. Sintering can be performed via either a traditional route or a
novel one, such as hot pressing, HIP, SPS, HFIHS, and microwave heating [27-31]. The aforesaid methods imply the addition
of a nanocarbon material, which is produced separately and is available on the market. Thus, the purchase of nanocarbon,
its preparation (milling, dispersing, forming sol-gels, etc.), and the creation of a mixture of ceramics and nanocarbon and
subsequent sintering are time-consuming and expensive processes for the production of a ceramic composite material.

In this paper, a low-cost and technologically feasible method for the fabrication of a ceramic composite material
for products with linear dimensions of several tens of centimeters is described; the proposed method can be easily adapted
to much larger sizes. The purpose of this work is the formation of a reinforced ceramic matrix composite based on silicon
carbide with a continuous nanocarbon mesh throughout the volume with the possibility of controlling the percentage of a
nanocarbon filler in the final product, as well as studying the morphological, microstructural, and mechanical features of the
resulting composite by scanning electron microscopy (SEM), micro-Raman analysis, and mechanical tests.

Experimental. All experimental samples (discs 200 mm in diameter and 14 mm in thickness) were obtained by
powder injection molding (PIM) from a slip mass at 85°C under the pressure 0.5 MPa. The slip mass was obtained by mixing
87.5 wt.% of green silicon carbide powders (62.5 wt.% of M50 SiC powder and 37.5 wt.% of M5 SiC powder, both from
Volzhsky Abrasive Works, Russia) with 12.5 wt.% of a thermoplastic paraffin-based binder. The binder was removed from the
green body by heating at 600°C for 2 h in a kaolin backfill in the air atmosphere. After cooling and cleaning from kaolin, the
green body was impregnated with phenolic resin (Bakelite lacquer of LBS-1 brand from Ya. M. Sverdlov Plant, Russia). To
carry out impregnation, the green sample was placed into an evacuated tank and then resin was fed into it. The impregnation
process was described in detail in [32]. After that, nitrogen was pumped into the tank at a pressure of 0.35 MPa. Impregnation
was carried out for 5 h. Under such conditions, all open pores were uniformly filled with phenolic resin, which was confirmed
by measuring the mass of the green samples before and after impregnation, taking into account the resin density. After drying
in air for 30 min, the green specimen was placed into a drying oven where it was slowly heated up to 120°C. This is necessary
for complete removal of water and alcohol contained in phenolic resin. After that, the green body was placed in a vacuum
furnace where pyrolysis was carried out at 1200°C and pressure 107! Pa for 2 h. For analysis, the samples were cut out using
a laboratory cutting machine with a diamond cutting disk (Metacut 251), carefully washed in distilled water, and dried. The
samples of two types were prepared by using the above-described method: No. 1 is a once impregnated and pyrolyzed sample,
and No. 2 is the sample for which the impregnation—pyrolysis cycle was performed twice.

The grain size of the initial powders was measured by dispersing them in distilled water under normal conditions,
using a Mastersizer 3000 particle analyzer. The density of the samples was measured by the Archimedes method in distilled
water using Ohaus PA214C analytical scales. Before measuring the density, the samples were carefully washed in an ultrasonic
bath filled with distilled water for complete removal of air bubbles from the micropores.

The specimen morphology and microstructure were studied using a Leo-1420 scanning electron microscope at the
accelerating voltage 20 kV. Micro-Raman spectra were obtained at room temperature, using a Nanofinder High End confocal
spectrometer (LOTIS TII, Belarus—Japan). A solid-state laser (532 nm, 20 mW) was used to excite the signal. Laser radiation
was focused on the specimen surface by a 50x lens with a numerical aperture of 0.8. In this case, the excitation region
was of the order of 1 um in diameter. The power of laser radiation was attenuated to 2 mW to avoid thermal damage to the
sample. The back-scattered light was dispersed by a 600 mm"' diffraction grating, which provided a spectral resolution of at
least 3 cm !, A polarizer in a registration channel was not installed. Preliminary spectral calibration along the lines of a gas-
discharge lamp ensured an accuracy of at least 3 cm L. The accumulation time of the signal was 30 s. A deep-cooled silicon
CCD-matrix was used as a photodetector.

The indentation tests were performed using a Hysitron TI750 Ubi with a Berkovich tip to determine the Young's
modulus of the C/SiC composite.

Results and Discussion. Figure 1 displays photographs of the experimental samples after the main technological
stages: slip casting of the preform and removal of an organic binder (Fig. 1a) and impregnation with phenolic resin and
pyrolysis (Fig. 1b). After the removal of the organic binder, the porosity of the silicon carbide matrix was 33%, while
the preform had sufficient mechanical strength for subsequent processing operations. With subsequent impregnation and
pyrolysis, the resulting composite material acquired a uniform black color associated with the formation of a pyrolyzed
carbon residue throughout the product volume, as seen in the corresponding cross section (Fig. 1b).
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Fig. 1. Top view and cross section of: the SiC preform after removal of the organic binder (a)
and the ceramic matrix composite "SiC/nanocarbon" (b).

Figure 2 shows the SEM images and Raman spectra of the raw M50 and M5 powders. As can be seen in the SEM
images (Fig. 2a and b), the initial commercial silicon carbide powders consist of complex-shape grains with clearly seen
cleavage surfaces resulting from brittle fracture. Figure 2¢ and d shows the Raman spectra of the initial SiC powders of
two fractions used: M50 (99% SiC) and M5 (97% SiC). There are two clearly expressed peaks at about 787 and 968 cm’!
that belong to vibrations of the covalent bond (Si—C) of crystalline silicon carbide. The 787 cm’! peak refers to transversal
optical phonon vibrations of E; (TO) symmetry, and the peak located in the region of 968 cmﬁl, to longitudinal optical
phonon vibrations of A} (LO) symmetry in the SiC crystal structure. Moreover, the 787 em ! peak is doubled with the second
maximum at 765 cm ' which belongs to transversal optical phonon vibrations of E, (TO) symmetry. In addition, there is a weak
vibration peak at about 505 cm anda peak of the second order at about 1515 cm ! in the spectra. Thus, basing on the Raman
spectroscopy, we conclude that the initial SiC powders belong to one of the most common hexagonal 6H-SiC polytype [33-35].
No free-carbon structures were detected on the surface of the SiC grains.

The temperature for carbonization of phenolic resin was chosen according to the data presented in [36—40]. During
carbonization, the maximum weight loss of resin was detected in the temperature range from 300 to 600°C, and this process
was almost completed at about 800°C. Nevertheless, in the range 800—-1100°C, the weight loss increased by 2%, and the
density of the carbonized residual increased from 1.3 to about 1.5 g/cm3. At the temperature 1200°C, small graphitic packets
are observed inside the glass-like structure of carbon generated by pyrolysis of phenolic resin at lower temperatures. These
packets grow with time both in number and in size [39, 40]. Basing on this information, the temperature 1200°C was chosen
for the carbonization process.

Figure 3 shows the SEM images of inner morphology of the samples of both types: a once impregnated and pyrolyzed
sample (No. 1) and a twice impregnated and pyrolyzed sample (No. 2). It can be clearly seen that the microstructure of the
samples presents a bimodal mixture of coarse and fine SiC particles (cf. Fig. 1) bound together by thin layers of pyrolytic
carbon derived from phenolic resin. Some silicon carbide grains were knocked out, and a complex relief appeared during
cutting. Sample No. 2 is characterized by a denser structure with fewer pores than sample No. 1 due to the higher amount
of carbon in the pores and on the surface of SiC particles. As seen in the SEM images, carbon covers the grains of silicon
carbide with one or more layers, with a single layer thickness of about 40 nm (separate carbon layers are marked with arrows
in Fig. 3b). Carbon layers contain a large number of structural defects and ruptures at edges and at points of contact with
SiC grains. In addition, there are carbon nanofibers of several micrometers (limited by the pore size) in length and tens of
nanometers (2040 nm) in diameter that are present in the SEM images. Nanofibers are synthesized in the matrix pores,
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Fig. 2. SEM images and Raman spectra of initial SiC powders: large fraction of silicon
carbide M50 of average grain size equal to 54 um (a and c); small fraction of silicon
carbide M5 of average grain size equal to 4 pm (b and d).

probably forming the bridges between SiC grains. In general, the morphology of the carbon layers is determined to a large
extent by the inner structure of the initial silicon carbide matrix that was formed during the sample preparation.

According to the SEM images, the number of the visible pores in sample No. 1 is higher than that in sample No. 2.
The higher porosity of sample No. 1 was confirmed by the results of density measurements for both samples. The measured
density of sample No. 1 was 2.35 g/cm3 , whereas that of sample No. 2 reached 2.43 g/cm3, which points to a higher amount
of carbon. Thus, after the first impregnation and pyrolysis cycle, each sample collected about 4 wt.% of carbon, and after the
second cycle the carbon content increased to 7 wt.% of the initial sample mass (i.e., the second cycle gained additional 3 wt.%
of carbon by filling residual open-pore space).

The Raman spectra of the experimental samples shown in Fig. 4 permitted detecting two allotropic forms of carbon:
nanographite (NG) and carbon nanofibers (CNF). These carbon forms are present in the spectra of both types of the samples:
the blue curve is the spectrum of nanographite, and the black one refers to the spectrum of nanofibers.

Raman spectra of nanographite (blue curve). As can be seen, the spectra of both types of the samples are characterized
by the same crystal structure and positions of the major carbon peaks. The main difference consists of the peak intensity and
small deviations from the maxima. The same three peaks of carbon are clearly seen in the spectra of both sample types
(Nos. 1 and 2): G peak (1582 and 1586 cm”! for samples Nos. 1 and 2, respectively), D peak (1347 and 1345 cm™! for samples
Nos. 1 and 2), and G' peak (2693 cm™! for both sample types). In addition, the D’ defective shoulder with a frequency of
1617 cm™! was found in the G peak of both sample types. The main peak of the second-order region G'is the overtone of the
D peak. The extra peak Gi (2448 and 2452 cm”! for samples Nos. 1 and 2) was assigned to the band as the "g = 0" branch of
the double resonance Raman scattering, and the extra peak G5 (2931 and 2933 em! for samples Nos. 1 and 2) appeared as a
sum of the D and G peaks [41—44]. The presence of both peaks of the first and second orders in the Raman spectra indicates
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Fig. 3. Microstructure SEM images of silicon carbide samples reinforced with nanocarbon

mesh after pyrolysis at 1200°C: a and b) one impregnation—pyrolysis process (sample
No. 1); ¢ and d) two impregnation—pyrolysis processes (sample No. 2). Nanographite
layers (NG) and carbon nanofibers (CNF) are marked with arrows.

that pyrolytic carbon includes disordered polycrystalline nanographite with C—C spz-type hybridization bonds. It is related
to vibrations of the Ej, type structure and corresponds to the displacement of carbon atoms in the base plane. The Raman
spectra contain also peaks that belong to silicon carbide. The values of their maxima correspond to those of the initial raw
SiC powders (Fig. 2). By this is meant that no significant structural changes in SiC powders were observed during pyrolysis
at 1200°C.

The size of a single crystallite of nanographite L, was calculated according to [41, 45] from the following equation:

/ -1
L, = 24107104 [—Dj .
Ig

The calculated crystallite sizes of carbonized resin in samples Nos. 1 and 2 are 20 and 34 nm, respectively. We
suppose that the difference in the sizes of crystallites is due to the higher content of carbon in sample No. 2. The latter is due to
the fact that carbon was introduced into the silicon carbide matrix by two impregnation cycles with additional heat treatment
at 1200°C, which activated the carbon grain growth. We also believe that an increase in the size of crystallites and in the total
content of nanocarbon in the final composite material will lead to an increase in its functional characteristics.

Raman spectra of carbon nanofibers (black curve). The spectrum of carbon nanofibers is similar to that presented
in [5, 46, 47]. Compared to the nanografite spectrum, it has a significantly lower intensity of three main peaks located in the
same D, G, and G'regions: 1344, 1586, and 2693 em ! for sample type No. 1 and 1328, 1566, and 2681 em ! for sample type
No. 2, while the peak G’ does not have pronounced side peaks G| and G5. The main difference between the spectra of two
carbon forms (nanographite and nanofibers) is the ratio of the maximal intensities /p/IG. For nanofibers, this ratio is 1.13 for
sample No. 1 and 0.94 for sample No. 2, while for nanographite this ratio is 0.91 and 0.57 for these samples. For nanofibers
this ratio is close to unity, and for nanographite it approaches 0.5 as the number of impregnation and pyrolysis cycles
increases. The second difference in the spectra of nanographite and nanofibers is that the SiC reflex is strongly pronounced in
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Fig. 4. Raman spectra of SiC-based samples reinforced with nanocarbon mesh produced
by pyrolysis at 1200°C, including nanographite NG (blue curve) and carbon nanofibers
CNF (black curve): a) one impregnation—pyrolysis process (sample No. 1); b) two
impregnation—pyrolysis processes (sample No. 2).

the spectra of nanographite, especially for sample No. 2 (blue curve), and for nanofibers it either does not exist (Fig. 3b) or is
very small (Fig. 3a). This may be ascribed to the fact that nanofibers are formed in the pore space and contact with the grains
of silicon carbide by their tips. The nanographite layers are formed directly on the surface of the SiC grains and are located
over a large area in the immediate connection with them.

We suppose that the conditions of pyrolysis of phenolic resin, as well as the initial structure and morphology of
SiC matrix, determine the structure of different carbon types. They are formed during pyrolysis and are accompanied by the
formation of various structural defects.

The measured value of the Young’s modulus of the reinforced ceramic matrix composite based on SiC nanocarbon
mesh for one phenolic resin impregnation—pyrolysis cycle is 50.7 GPa, and for twice impregnated and pyrolyzed samples is
94.3 GPa. The obtained values are typical of carbon/composite materials [48—51].

Thus, the use of phenolic resin and high-temperature pyrolysis make it possible to obtain a 3D composite material
containing a nanocarbon mesh whose microstructure consists of nanographite and carbon nanofibers uniformly covering,
binding, and reinforcing the grains of the original SiC matrix. Further research will be aimed at determining the thermal and
electrophysical properties of the resulting composite, as well as at its application for the production of dense silicon carbide
ceramics [52] and electrodes for energy storage devices.

Conclusions. A ceramic matrix composite based on silicon carbide and nanocarbon was produced using low-
pressure slip casting and impregnation with phenolic polymer resin followed by high-temperature pyrolysis. Nanocarbon,
which forms a 3D mesh that uniformly covers the silicon carbide grains throughout the whole volume of the composite, thus
providing strong bonding of the grains to each other, contains two allotropic forms: nanographite and carbon nanofibers.
Nanographite appears in close contact with the silicon carbide grains, while nanofibers are located predominantly in the
pores of the original matrix. With the use of the micro-Raman analysis, nanographite layers were revealed in the obtained
carbon that are characterized as a polycrystalline structure with a crystallite size of several tens of nanometers. The length
of carbon nanofibers in the composite is several micrometers, which is comparable with the pore size, and the diameter is
about 2040 nm. The structure and morphology of the pyrolyzed residue are determined by the arrangement and packaging
of the silicon carbide grains formed during casting of the green body by the PIM method. It is found that reiteration of the
impregnation—pyrolysis cycles has increased the content of carbon inside of SiC matrix from 4 to 7 wt.% and the Young's
modulus from 50.7 to 94.3 GPa.

As a result, the developed technology allows obtaining bulk products consisting of a ceramic matrix composite
material with a controlled carbon content, which is supposed to improve the strength and performance characteristics. The
properties of the material will be a subject of further studies.
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NOTATION

Ip and I, intensities of D and G spectral peaks, respectively, a.u.; L,, size of a single crystallite of nanographite, nm;

A, wavelength of laser radiation, nm.
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