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Abstract.

Porous ceramic materials of SiC were synthesized from carbon matrices obtained via pyrolysis
of natural cork as precursor. We propose a method for the fabrication of complex-shaped porous
ceramic hardware consisting of separate parts prepared from natural cork. It is demonstrated that the
thickness of the carbon-matrix walls can be increased through their impregnation with Bakelite
phenolic glue solution followed by pyrolysis. This permits to modify the mechanical and
thermophysical properties of the prepared SiC ceramics. Both the carbon matrices (resulted from the
pyrolysis step) and the SiC ceramics are shown to be pseudomorphous to the structure of initial cork.
Depending on the synthesis temperature, 3C-SiC, 6H-SiC, or a mixture of these polytypes, can be
obtained. By varying the mass ratio of initial carbon and silicon components, stoichiometric SiC or
SiC:C:Si, SiC:C, and SiC:Si ceramics could be produced. The structure, as well as chemical and phase
composition of the prepared materials were studied by means of Raman spectroscopy and scanning

electron microscopy.
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1. Introduction

SiC-based ceramic materials are widely applied in machinery manufacturing, power
electronics, nuclear power engineering, military and space industry, and so on. [1-5]. This is greatly
determined by their unique properties such as low thermal expansion coefficient, high resistivity to
oxidation, high thermal conductivity and mechanical strength in a broad temperature range (up to
1500 °C), chemical stability and radiation strength. Combination of the properties of a porous carbon
structure [6] and those of SiC makes such materials even more unique. Therefore, synthesis of porous
SiC ceramics requires search for plants (so-called “templates™) with an internal structure optimal for

devices designed for specific applications.

The latter search for proper plants was the stimulus that inspired and propelled the
development of the technology (related to the fabrication of porous biomorphous SiC ceramics) for
two recent decades [7-27]. The technology itself is based on two processes: (1) fabrication of carbon
matrices from various plant species upon pyrolysis in an inert atmosphere; (2) subsequent
impregnation of thus-prepared matrices with liquid [8] or gaseous [20] silicon. Importantly, the thus-
synthesized ceramics are pseudomorphous to the initial biological objects on the micro-, meso- and

macroscale [7, 9, 24].

The latter pseudomorphousness is of special importance for many applications. For example,
fabrication of high-temperature filters requires a uniform distribution of pores over the filtering
material surface, which provides uniform distribution of the filtered liquid or gas over the whole
cross-section [7, 14]. Another important parameter in this case is a large area of the inner surface of
the pores where the liquid or the gas molecules can be adsorbed [7, 15]. In addition, filters for liquid

metals are also required to demonstrate high corrosion resistance [7].

Porous SiC ceramics can serve as a basis for the fabrication of thermal shields, for which
stability at high temperatures is important [6, 7, 28]. Another important application field for such
porous materials is their being support for catalysts. The main requirement here is also a large
effective surface area, while high thermal stability, chemical inertness, and high mechanical strength

are also of great importance [16, 17].

Preparation of porous SiC ceramics with the above mentioned properties often requires a
template plant that possesses a structure with high porosity and similar pore sizes, with the pores

being uniformly distributed over the cross-section. That is why in this work, we have used samples
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of cork made of bark of the cork oak (growing in the southwest Europe and northwest Africa) as the

initial material.

The special feature of the cork material that makes it ultra-light and provides with low thermal
conductivity is its honeycomb structure [29]. In order to produce large-area wares, cork granules from
0.25 to 8 mm in size are often used. The granules are put together by means of cork powder and India
rubber or glue. On the other hand, such properties of the cork material as its large effective area of
inner surface, homogeneous distribution of pores over the cross-section, as well as their narrow size
distribution, form a basis for the fabrication of a great variety of modern highly technological wares

mentioned above.

The present work aimed at elaborating a technological process for the fabrication of porous
SiC ceramic materials from the natural cork and studying their properties. Two cork-based materials,
bulk and granulated cork plates, were used as precursors for obtaining SiC ceramics, while Raman
spectroscopy was applied as the primary technique to characterize the structure of product and its

composition.

2. Experimental

Typically, biomorphous SiC ceramics are prepared via the two-step strategy that includes: (i)
preparation of carbon-based matrix through the pyrolysis of a biological precursor material
(traditionally from plants) in an inert atmosphere followed by (ii) impregnation with silicon and thus
fabrication of a SiC ceramic that morphologically resembles the initial material [6, 7, 26, 27]. In this
work, we used two types of cork materials (natural cork plates and samples made of separate granules)

as templates to prepare carbon matrices. The samples of both types were heated for 6-8 h in a

horizontal quartz tube-shaped oven with an argon flow of ~10 cm®/min. To avoid destruction of the

internal structure of the samples under heating, the temperature at the initial stage of pyrolysis was
elevated rather slowly (~1-2°C/min). Upon reaching 400 °C, the heating rate was increased to 5—

6 °C/min. Finally, the samples were kept at 900 °C for 1h, after which they were slowly cooled down
to room temperature.

To transform the as-obtained carbon matrices into SiC, they were impregnated with liquid
silicon [6, 7, 26]. This process was carried out in two stages. First the carbon matrices and silicon

were placed in a crucible made of dense carbon and slowly heated at low argon pressure (200—
300 mbar) up to 7= 1450—1550 °C. The duration of the first stage was 10-20 min. Note that at this

stage the pyrolysis of parts of the samples which had not been fully transformed into carbon earlier
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could be completed. At the second stage, the argon gas was pumped out and the temperature was
raised to Th=1550-2100 °C. The duration of this stage was varied between 30 to 120 min. Depending
on the initial C to Si mass ratio, as well as the processing time and temperature, the final product
could be either stoichiometric SiC or SiC/C or SiC/Si composites. If necessary, the excessive carbon
in the as-prepared SiC/C composites was eliminated in oxygen atmosphere at 900 °C for 2 h (as an
additional step).

The structure and composition of the obtained materials were studied by Raman spectroscopy
(RS). The Raman spectra were excited by an Ar’ laser with the wavelength of 514 nm and were
recorded at room temperature in @ Raman System 1000 spectrometer from Renishaw. The sample
morphology at various stages of fabrication was followed by optical microscopy and scanning

electron microscopy (SEM, Tescan Mira 3 LMU).

3. Results and discussion

The pyrolysis processes carried out at temperatures above 600 °C are known to result in the
decomposition of organic substances within the template plant material. At this stage H,O, CO,,
organic acids, carbonyl groups, and alcohols are removed from the sample, while main biopolymers
contained in the cell walls of the heat-treated material rearrange and are gradually transformed into
carbon-based frameworks pseudomorphous to those of the initial plant structures. In natural cork the
pores are known to be closed [29]. An important result of the heat-treatment related processes is the
wall destruction in the closed pores that are initially bubble-shaped. As a result, after pyrolysis the
as-obtained carbon matrices possess open porosity, which makes them attractive for applications as
filters [6, 7, 15], catalyst supports [16, 17], supercapacitor electrodes [18], as well as templates for

their subsequent impregnation by liquid silicon and preparation of SiC ceramics.

Figure 1 presents the surface images of plates obtained from the natural cork material (a),
made of separate cork granules (b), as well as those of carbon matrices (c and d) resulted from their
pyrolysis. In many cases, the pyrolysis process is seen in Fig.1d to result in the disintegration of the
granulated material into separate granules. This can be explained by the expansion of the resulted
material by approximately 20% compared to its biological precursor taken for pyrolysis. This makes
ceramics derived from the cork material considerably distinct from their counterparts produced via
the same technique from other wood species, as the latter were observed to shrink during pyrolysis
[26, 27].



Figure 2a exhibits an SEM surface image of a carbon matrix as-obtained after the pyrolysis of
natural cork. The morphology of the sample is clearly seen to be characterized by hexagon-shaped
pores with sizes between 30 and 50 um well distributed all across the sample, implying that the
carbon-based matrix inherited the structure of the initial cork material. It is noteworthy that the
minimum wall thickness in the matrix made of natural cork is rather small, being only about 100 nm
(Fig. 2 b).

As our results demonstrated (see below), the impregnation of the carbon matrices (prepared
via pyrolysis) with liquid silicon gives rise to SiC materials, while the matrix structure itself gets
somewhat destroyed during this process. As an example, the SEM image in Fig.3a demonstrates that
the sizes of SiC crystals formed in a ceramic formed at 1700 °C for 30 min were as big as 1-5 pm,
which considerably larger than the wall thickness in the initial carbon matrix. Since the carbon wall
thickness was ~100 nm and the average density of carbon is 2.25 g/cm3, then for the 3C-SiC, whose
density is 3.21 g/cm3, the thickness of the continuous layer cannot exceed ~70 nm. Therefore, when
SiC is being synthesized and the crystal size reaches 2—3 um, voids are formed between the crystals,
which leads to the destruction of the inner structure of the sample. Using shorter synthesis times gives
rise to SiC crystals with smaller sizes; however, according to Raman analysis, such samples keep
some fraction of unreacted Si and C phases. Thus, it is quite difficult to choose appropriate processing
conditions that would provide both tightly connected small SiC crystals (as walls) and the absence of

unreacted silicon and carbon in the produced ceramic material.

On the other hand, to avoid any destruction of the SiC ceramic during its formation, its wall
thickness should be increased. This was achieved via the impregnation of the as-prepared carbon
matrix with a bakelite phenolic glue followed by a subsequent drying stage at 300 °C during 3 h. It
is seen in Fig. 2 that the minimal wall thickness after this procedure increased to ~2 um. The SiC
ceramics prepared from such carbon matrices with reinforced walls did not reveal any signs of
destruction of their structure (Fig. 3c). Moreover, the application of such a Bakelite phenolic glue
permits to put together (and keep during further impregnation with Si and high-temperature treatment)
separate cork items of various shapes, which is of high importance when samples with complex
shapes are to be prepared (Fig. 3b). Our experiments demonstrated that parts of complex samples

could be glued up together both before the pyrolysis stage and after it.

Both the intermediate carbon structures and final SiC ceramic products were studied in detail
by Raman spectroscopy at various stages of the process. Figure 4 shows three Raman spectra of a
carbon matrix formed from the cork after pyrolysis at 900 °C for 1 hour. The spectra 1-3 were

obtained using varied excitation power of laser beam (0.01, 0.1 and 1 mW, respectively). It clearly
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seen in Fig. 4 that two broad bands at ~1355 and ~1580 cm™ were observed in the carbon matrix
spectra. These so-called D and G bands are well-known to correspond to the vibrational modes of
spz-hybridized carbon [30-33]. The G band at 1580 cm™, also known as the graphite band, results
from the doubly degenerate mode of E,q and corresponds to stretching vibrations of all pairs of carbon
atoms in the benzene rings [31-33]. The D band is caused by the Brillouin zone-edge Ai4 breathing
mode of the 6-atom benzene rings. It is not revealed in the Raman spectra of defect-free carbon
structures since it is forbidden by the selection rules [31-32].

The spectra presented in Fig. 4 allow us to conclude that the structure of the carbon matrices
produced via the pyrolysis of precursor cork material corresponds to that of partially disordered
graphite. It is seen from the spectra that an increase of the laser power from 0.01 to 0.1 mW (curve
2), in addition to a considerable increase in the D and G band intensities, results in their slight
downward shift by 2 cm™. Further power increase up to 1 mW was found to lead to a noticeable
decrease of the band intensities and their further downward shift by 14 cm™ (curve 3 in Fig. 4). The
latter essential decrease of the band intensity and their noticeable low-frequency shift are believed to
be a result of intense heating of the carbon matrix due to its very low thermal conductivity caused by

its high porosity and thin walls between cells.

Figure 5 presents Raman spectra of SiC ceramics prepared via impregnation of carbon
matrices with liquid silicon at different temperatures (a) and using different C/Si ratios during
impregnation (b). The analysis of the spectra using phonon frequencies known for various SiC

polytypes shows that all samples synthesized within the temperature range from 1550 to 1700 °C
correspond to the 3C-SiC polytype. At synthesis temperatures above 1700 °C, the 6H-SiC polytype

is known to form [26, 27], and thus samples with Raman bands corresponding to both polytypes were
expected. Indeed, as clearly seen in Fig. 5a, the sample formed at 1700 °C was of 3C-SiC type
(spectrum 1), with its characteristic TO and LO phonon band frequencies at 797 and 937 cm™?,
respectively. At the same time, the TO band in spectrum 1 is somewhat asymmetric at its high-
frequency side and has a shoulder at its low-frequency side, which implies a slight contribution of the
6H-SiC polytype in the Raman scattering of the sample. For comparison, the sample prepared at 2100
°C is seen to be dominated exclusively by the 6H polytype (Fig. 5a, spectrum 2).

Figure 5b shows Raman spectra of several biomorphous SiC ceramics obtained at various
mass C/Si ratios used during the impregnation stage: 2.33 (spectra 1,2), > 2.33 (spectrum 3), and
< 2.33 (spectrum 4). The analysis of the spectra implies that the prepared ceramic samples were

sensitive not only to their preparation temperature but also to the component ratio (C/Si) used during
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the impregnation stage. At the mass ratio C/Si of 2.33, stoichiometric SiC materials should be formed
[27]. However, when the process temperature or process duration are insufficient to involve all C and
Si atoms in the reaction, SiC:C:Si ceramics are formed. This case corresponds to curve 1 in Fig. 5b.
Indeed, the corresponding spectrum contains the characteristic bands of three different components
of the ceramics: Si-Si vibrations in the range of ~520 cm™ corresponding to silicon [27], the D (1350
cm'l) and G (1580 cm™) bands corresponding to the C—C vibrations in the carbon clusters [27] and
very weak TO (~800 cm'l) and LO (~960 cm'l) bands corresponding to the SiC vibrations modes
[27]. An increase in synthesis temperature results in an increase in the SiC TO phonon band intensity
and a relative decrease in intensities of the bands corresponding to the Si-Si and C—C vibrations (Fig.
5, b, curve 2). Besides, as clearly seen in Fig. 5b (spectra 2-4), additional second-order SiC bands
around 1550 cm™ appear in the range of the C-C vibrations [34]. For the case when the initial
component ratio C/Si was larger than 2.33 (Fig. 5b, curve 3), the Raman spectrum only contains the
bands corresponding to the C—C vibrations, as well as those characteristic of SiC (TO ~800 cm™and

LO ~960 cm'l). For C/Si<2.33 (Fig. 5b, curve 4), the spectrum contains bands resulting from the Si—
Si vibrations (~520 cm'l) in the silicon clusters and the SiC TO phonon band (~800 cm'l). The LO

phonon band intensity depends on synthesis conditions, and the presence of defects in the synthesized
crystals results in a considerable decrease of its intensity. Thus, we demonstrate here that changing
the initial component mass ratio C/Si, it is possible to obtain stoichiometric SiC, as well as SiC:C:Si;
SiC:C, and SiC:Si, ceramics. At the same time, changing the process temperature from 1550 to
2100 °C, either 3C-SiC or a mixture of 3C and 6H polytypes or 6H SiC can be obtained. Note that
obtaining porous SiC: C: Si and SiC: Si composites with a large internal surface area are important

for the production of anodes in high-performance lithium ion batteries [35, 36].

Based on the above results, a simple and efficient approach for the fabrication of SiC ceramics
using natural oak cork material as precursor is proposed. It consists of several technological stages
shown in Fig. 6. During stage (1), plates of natural cork are subjected to pyrolysis in an inert
atmosphere (argon, nitrogen). Then at stage (2), Bakelite phenolic glue is used to adjoin separate cork
granules and/or additional elements to the initial samples and thus form a final item. As next stage

(3), thickening of the carbon matrix walls is achieved via soaking the final item in a Bakelite phenolic

glue. At stage (4), the intermediate product is dried at 300 °C and, if necessary, annealed for additional
pyrolysis. Finally, at stage (5), SiC ceramics are synthesised via impregnation of the carbon matrices
with liquid silicon at temperatures above 1550 °C for 30-120 min and using the component mass
ratio C/Si of 2.33. At the last stage, temperature control is important to obtain different polytypes of

SiC, while varying the C/Si ratio is a simple means to control the final material’s composition.
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Conclusions

Biomorphous SiC ceramics were prepared via impregnating carbon matrices formed from
natural cork in the course of pyrolysis with liquid silicon. The carbon matrices and the biomorphous
ceramics are shown to be pseudomorphous to the initial cork structure. The possibility of thickening
the walls of the carbon frame (obtained from the cork) through additionally soaking in Bakelite
phenolic glue is shown. Increasing the frame wall thickness enables one to vary the mechanical
characteristics of the SiC ceramics and thereby to control their thermophysical properties. A technique
is proposed to obtain porous ceramic items of complex shapes from separate parts preliminarily

prepared from natural cork and then joined by Bakelite phenolic glue.

Raman spectroscopy studies showed that in the course of impregnation of the carbon matrices
with liquid silicon in the temperature range from 1550 to 1700 °C the 3C-SiC polytype was formed.
The synthesis of the SiC ceramics at temperatures above 1700 °C results in the formation of a mixture
of the 3C- and 6H-SiC polytypes, while at temperatures above 2100 °C only the 6H polytype is

formed. Moreover, the use of different C/Si ratios during the impregnation of carbon matrices with

liquid Si permitted to obtain either stoichiometric SiC or SiC:C:Si, SiC:C, or SiC:Si ceramics.

The SiC-based ceramics prepared on the basis of natural cork and having open pores possess
a very attractive combination of properties, such as low weight, high permeability for liquids and
gases, low thermal conductivity, high corrosion resistance, and high-temperature stability of the
mechanical characteristics. These properties make them very promising materials for porous heaters,

catalyst supports, filters for molten metals, hot liquids and gases, thermal shields and light emitters.
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Fig.1. Photos of sample surfaces (a - natural cork, b - granulated cork) and carbon matrices on their
basis (c and d).
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Fig. 2. SEM images of surfaces inherent to the carbon matrices prepared from: a, b - natural

cork; ¢, d — cork impregnated with bakelite-phenol glue.
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morphology of microcellular SiC ceramics from cork (c, d).
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Fig. 4. Raman spectra of the carbon matrix, obtained at different laser powers and the same

microscope objective x50.



W a
c
3
o
=~ LO
N Y 2 ~
]
c
Q
=
T T T T T _"“"'"—‘T‘“ 1
700 800 900 1000
Raman shift, cm™’
TO-SiC b
c second order of SiC
=
4 LO-SiC \
= B '
>
: N L
- W
= 2
A L

! I ! I ! | ! I ! | ! |
400 600 800 1000 1200 1400 1600
Raman shift, cm”
Fig. 5. Raman spectra of bio-SiC produced from cork at different temperatures (a): T~1700°C
(spectra 1) and T~2100°C (spectra 2); (b) — influence of different mass ratios of the starting
components C/Si: 1 - C/Si=2.33, T~1550°C: 2 - C/Si=2.33, T~1700°C; 3 - C/Si>2.33, T~1800°C; 4
- C/Si<2.33,T~1800°C.
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Fig.6. Processing scheme of synthesis biomorphic porous SiC ceramic derived from cork.





