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Abstract Highly porous silicon carbide ceramic with a woodlike microstructure has been prepared by carbothermal reduction reaction of charcoal/silica composites in static argon atmosphere, which were fabricated by inﬁltrating silica sol into a porous biocarbon template from tilia amurensis wood using a vacuum/pressure inﬁltration process. The morphology of resulting porous SiC ceramic, as well as the conversion mechanism of wood to porous SiC ceramic, have been investigated by scanning electron microscopy (SEM), X-ray diﬀraction (XRD), Fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA) and diﬀerential scanning calorimetry (DSC) techniques. Experimental results show that the biomorphic cellular morphology of tilia amurensis wood charcoal tissue is remained in the porous SiC ceramic with high precision which consists of b-SiC with traces of a-SiC. The strut thickness of resulting SiC ceramic becomes thinner, even partially disappears with the increase of silica amount contained in the charcoal/silica composites. The morphology of the SiC ceramic reveals that solid–solid, gas–solid and gas–gas reactions occurred during the charcoal-to-ceramic conversion. # 2003 Elsevier Ltd. All rights reserved. Keywords: Biomorphic SiC; Carbothermal reduction; Microstructure; Porous ceramics; SiC; Sol-gel processes; Wood



1. Introduction Design of novel ceramic materials with speciﬁc functional properties and structures by mimicking the hierarchical cellular structure of wood has recently attained particular interest13 owing to a remarkable combination of good mechanical property at low density, corrosion resistance, overcoming the environmental and economical issues caused by traditional manufacturing, and a unique microstructure pseudomorphous to wood.4 Wood is a naturally grown composite material of complex hierarchical cellular structure, and comprised of elongated tubular cells aligned with the axis of the tree trunk and growth ring structures which are the reason for the macroscopic inhomogeneity of natural wood.5 The tubular cells of wood with a preferential orientation in axial direction oﬀer the possibility to use various inﬁltration techniques to transform the bioorganic * Corresponding author. Tel.: +86-29-2667942; fax: +86-292665443. E-mail address: [email protected] (J.-M. Qian). 0955-2219/$ - see front matter # 2003 Elsevier Ltd. All rights reserved. doi:10.1016/j.jeurceramsoc.2003.10.042



wood structure into an inorganic ceramic material with tailored physical and mechanical properties, and may serve as a hierarchical template to generate novel cellular ceramics with a micro-, meso- and macro-structures pseudomorphous to the initial porous tissue skeleton spanning in typical dimensions ranging from nanometers (cell wall ﬁbrils) to millimeters (growth ring patterns).2,6 Wood-derived cellular ceramics with homogeneous (monomodal) or heterogenous (multimodal or fractal) anisotropic pore structures might be of interest for hightemperature-resistant exhaust gas ﬁlters, catalyst carriers in energy and environmental technology, advanced microreactor systems, bioinert and corrosion resistant multifunctional immobilization supports for living cells, microbes or enzymes in food industry, medicine and biotechnology, and waste water treatment, as well as acoustic and heat insulation structures, etc. Wood has been used to prepare woodceramics, woodceramics/metal composites, porous SiC or TiC ceramics, porous oxide ceramic, and biomorphic Si/SiC composites.3,712 Previous work on converting wood
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into various SiC ceramic materials focused on the inﬁltration of the pyrolysed biocarbon template with gaseous or liquid silicon bearing precursors such as silicon melt, silicon and silicon monoxide vapor, and organosilicon compounds at high temperatures,2,1316 and silica sol from tetraethylorthosilicate (TEOS) at low temperature followed by pryolysis in inert atmosphere.17 In terms of economy and eﬃciency, sol-gel mothod is the best choice. It involves inexpensive silicon dioxide and carbon (or carbon precursors) as the starting materials. Sol-gel technology has been utilized to prepare ceramic materials using reactive replica techniques,18 owing to low cost, no troublesome procedure, and allowing lower temperatures of synthesis. SiC materials previously produced by sol-gel methods mainly focus on SiC powders, ﬁbers, and whiskers.1924 Recently, some advanced SiC materials such as nanowires, nanorods and nanometer-sized powders or whiskers, have been prepared by sol-gel methods.25 For example, ﬁne SiC tubes were prepared by sintering and gasifying carbon ﬁbres covered with a silica layer produced by a sol-gel method.26,27 Mesoporous SiC powders were produced from TEOS and phenolic resin with nickel nitrate as a pore-adjusting reagent by a modiﬁed sol-gel method.28 It appears that in a more general way, SiC materials of desired design may be prepared by an appropriate selection of the silica–carbon artefact. Moreover, it would be also of great interest to control the texture of the produced material. In the present study, we attempt (i) to demonstrate the possibility of producing porous SiC ceramic with a woodlike microstructure starting from silica inﬁltrated tilia amurensis charcoal and (ii) to investigate the carbothermal conversion of the charcoal–silica composites into SiC by heat treatment in argon atmosphere using SEM, XRD, TGA and FTIR techniques.



3 h, and then backﬁlled with silica sol. After that, the pressure in the vessel was raised to a high atmosphere pressure of 1.5 MPa with 6 h hold. The silica sol contained in charcoal was gelled at 60  C for 20 h and dried at 120  C for 8 h to remove other solvents, resulting in silica–charcoal composites. The treatment procedure of impregnation, gelling and drying, namely cycle of impregnation procedure, was repeated several times, to increase the silica content in charcoal–silica composites. Carbothermal reduction of the as-prepared silica– charcoal composites was carried out in static argon atmosphere in a graphite heater furnace at 1600  C with a rate of 600  C/h to form porous SiC ceramic. The reactant silica–charcoal composites loaded in graphite crucibles were placed into the hot zone of the furnace. The temperature of the furnace was raised up to the desired temperature, and then held for 4 h to allow complete reaction of silica with the carbon structure to form b-SiC. Fig. 1 summarizes the processing scheme.



2. Experimental 2.1. Material preparation Tilia amurensis wood was shaped, dried at 110  C for 2–4 days, and subsequently carbonized under vacuum at 1200  C for 4 h in a graphite heater furnace with a slow heating rate of 2  C/min up to 600  C and a higher rate of 5  C/min up to the peak temperature, resulting in a porous biocarbon template (charcoal). Silica sol was prepared from ethanol solutions of tetraethoxysilane [Si(OC2H5)4, TEOS], distilled water and hydrochloric acid at a suitable molar ratio of TEOS:H2O:HCl by a sol-gel process as that described elsewhere.26,29 In the present work, the concentration of silica sol was equal to 20% by weight. Charcoal was placed in an inﬁltration vessel in a selfmade equipment. The vessel was evacuated and held for



Fig. 1. Processing scheme of manufacturing woodlike SiC ceramic from tilia amurensis wood.
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2.2. Characterization The pyrolytic behavior of tilia amurensis wood was characterized using thermogravimetric analysis (TGA) and diﬀerential scanning calorimetry (DSC) in a N2 ﬂow-rate of 100 ml/min with a heating rate of 10  C/min from room temperature to 900  C. TGA and DSC were performed on DSC-TGA (model Netzsch Thermische Analyzer STA 409C) thermal analyzer with alumina powder as the reference sample. The morphological changes of the starting material during the transformation of the charcoal/silica material into SiC ceramic were observed and analyzed by scanning electron microscopy (SEM, Hitachi, S-2700) operated at 20 kV and 20 mA. X-ray diﬀraction (XRD) was measured on a D/MAX-RA X-ray diﬀractometer to determine the crystalline phases formed during the carbothermal reduction reaction, using nickel ﬁltered Cu Ka radiation produced at 35 kV and 20 mA. The samples were pasted on a stub and then metallized with gold. Fourier transform infrared spectroscopy (FTIR) studies were performed with a Fourier transform infrared spectrometer (AVATAR 360 FT-IR, Nicolet) in the wavenumber range of 4000–500 cm1. The samples’ spectra were recorded by transmission in dry air atmosphere through a pastille made of a few milligrams of sample materials mixed with KBr.
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loss during heating of dried wood starts below 100  C, reaches a maximum rate at 360  C and is almost terminated at 500  C. Although the TGA curve for tilia amurensis wood is quite similar in its nature to that of maple wood, the DSC curve shows slight diﬀerences due to diﬀerences in the chemical contents of tilia amurensis and maple woods.4 Mechanisms30 involved in conversion of wood to carbon are: (a) desorption of adsorbed water up to 150  C, (b) splitting of wood structure water between 150  C and 260  C, (c) chain scissions, or depolymerization, and breaking of C–O and C–C bonds within ring units evolving water, CO and CO2 between 260  C and 400  C, (d) aromatization forming graphitic layers above 400  C, and (e) above 800  C, thermal induced decomposition and rearrangement reactions are almost terminated leaving a carbon template structure. The three major components of wood, namely hemicellulose, cellulose and lignin, break down in a stepwise manner at 200–280  C, 260–350  C and 280–500  C, respectively.31,32 Between 260  C and 400  C almost 80% of the total weight loss occurs which may vary between 40% (lignin) to about 80% (cellulose) due to evolution of H2O, CO2, and volatile hydrocarbon species from fragmentation reactions of the polyaromatic constituents via the open pore channel system of wood. The carbon template was shown to be easily machined to net shape prior to conversion to a ceramic material.32



3. Results and discussion



3.2. XRD analysis



3.1. Pyrolytic conversion of wood to carbon template



The XRD patterns of charcoal, silica/charcoal composite, and resulting porous SiC ceramics obtained after diﬀerent number of cycles of impregnation procedure are shown in Fig. 3. It can be seen that two broad peaks centered around 22 and 44 in Fig. 3a, b suggest that both charcoal and charcoal/silica composite are amorphous. Peaks due to b-SiC (cubic type) phases are observed together with the broad peaks due to charcoal after one cycle of impregnation procedure (Fig. 3c), indicating that the formation of b-SiC has taken place and that residual free carbon still exists. The intensity of peaks due to b-SiC phases in the XRD patterns increases signiﬁcantly with increasing the number of cycles of impregnation procedure, whereas the intensity of peaks (0002) and (0004) due to residual free carbon decreases (Fig. 3d), even disappears (Fig. 3e). In addition, one additional line at 2=33.82 (d=0.265 nm) in the XRD patterns of porous SiC ceramics is detected near the (111) line of the cubic structure of the silicon carbide at 2=35.64 (d111=0.251 nm) which is characteristic of hexagonal polytypes (a-SiC phase).33 Diﬀraction peak (d101=0.404 nm) for crystalline SiO2 (cristobalite) is never observed, which indicates that nearly the whole amount of silica has been consumed during carbothermal reduction reaction. The results show that the



Wood may be converted by controlled thermal decomposition into a monolithic carbon template that retains the anatomical features of wood. In order to study the decomposition behavior of wood, some small pieces were heated in the thermal analyzer in N2 atmosphere. Fig. 2 shows the TGA and DSC curves of tilia amurensis wood up to 900  C. It can be seen that weight



Fig. 2. TGA–DSC curves of tilia amurensis wood.
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Fig. 4. Infrared spectra of (a) charcoal–silica composite and (b) porous SiC ceramic obtained by sintering charcoal–silica composite at 1600  C for 4 h after ﬁve cycles of impregnation procedure.



Fig. 3. Powder XRD patterns of (a) charcoal, (b) charcoal–silica composite and resulting woodlike SiC ceramics obtained at 1600  C for 4 h when number of cycles of impregnation procedure is (c) 1, (d) 3 and (e) 5, respectively.



resulting porous products are essentially constituted of SiC of cubic type (b-SiC) with a minor amount of a-SiC. This would suggest that the C-SiC composites with various carbon contents can also be produced by selecting the C/Si ratio of the precursor silica/charcoal composites on the basis of this procedure. The optimum impregnation time is found to be 5, i.e., C/SiO23 (Fig. 6), when very well crystallized b-SiC and a negligible residue of unreacted reactants are produced. 3.3. FTIR analysis Fig. 4 shows the FT-IR spectra of charcoal/silica composite and porous SiC ceramic prepared from charcoal/silica composite after ﬁve cycles of impregnation procedure. In the IR spectrum (Fig. 4a) of the charcoal/silica composites, the absorption bands at 1090, 800 and 466 cm1 are attributed to antisymmetric and symmetric stretching vibrations of Si–O–Si bond, respectively. Compared with the spectrum in Fig. 4a, the above-mentioned absorption bands nearly disappear



in Fig. 4b. At the same time, a new intense broad band centred at 825 cm1 is observed, which is ascribed to the Si-C fundamental stretching vibration,29,34 in spite of some discrepancy between the wavenumber values indicated in the literature. In the case of pure SiC, an intense IR-absorption band at 840 cm1 with a shoulder at 950 cm1 has been found. For a SiC material prepared from a carbon/silica hydrogels, the broad band is located between 825 and 898 cm1 (centered at 850 cm1). For some other authors,35 the main band is located between 789 and 794 cm1. The discrepancy between the values is attributed to the diﬀerent morphology of the analysed SiC. In addition, the low intensity broad band located between 1250 and 1000 cm1 is assigned to the presence of a small fraction of silica that is negligible at the XRD sensitivity. This would imply that silica hardly remains in the porous SiC ceramic. 3.4. SEM analysis Fig. 5 shows the cellular microstructures of biocarbon template from tilia amurensis wood. As seen in Fig. 5, the microstructure of the as-prepared tilia amurensis wood charcoal shows hollow channels of various diameters that originate from tracheid cells that are parallel to the axis of the tree. The channels can be classiﬁed into two groups, depending on their cross-sectional area (as shown in Fig. 5b): large channels (noted by ‘‘A’’) and small channels (noted by ‘‘B’’) that are in the vicinity of the larger channels and form a honeycomb structure. The average diameter of each group of cells is 50 mm for the large cells and 10 mm for the small cells, respectively. Most of the cellular pores show a round or elliptical shape. The cell topologically uniform arrangement of early wood is interrupted by growth ring patterns, where late wood cells show a signiﬁcantly higher strut thickness.
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Fig. 5. SEM micrographs of carbonized tilia amurensis wood obtained at 1200  C for 4 h: (a)–(b) cross sections perpendicular to axial direction, (c) cross section parallel to axial direction.



Silica content in charcoal–silica composite may be controlled by the number of cycles of impregnation procedure. Silica amount in the charcoal–silica composite increases as the number of cycles of impregnation procedure increases, as shown in Fig. 6. Silica amount quickly increases prior to the ﬁfth treatment, tardily increases owing to ‘‘bottle-neck’’ eﬀect of the cellular pores, and subsequently nearly becomes constant after the impregnation procedure with silica sol is repeated seven times. The SEM micrographs of the charcoal– silica composites are shown in Fig. 7. It is seen that ﬁne SiO2 gel ﬁbers or rods appear in the cellular pores after impregnation procedure is repeated one time (Fig. 7a). The cellular pores are completely and uniformly ﬁlled up with dried SiO2 gel when the impregnation procedure is repeated nine times (Fig. 7b). The SEM micrographs of the resulting porous SiC ceramic are shown in Fig. 8. It can be seen that the resulting SiC material is of a microstructure pseudomorphous to biocarbon template derived from tilia amurensis wood. The struts are composed of SiC particles with typical diameter of about 2 mm, and some nanometer needle-like SiC whiskers with lengths of up to 10 mm can be observed in few cellular pores. The thickness and density of the struts of the products are decided by silica content in charcoal/silica composite that depends on the number of cycles of impregnation procedure. The thickness of the struts becomes thinner, and density becomes smaller with the increase in num-



Fig. 6. Weight changes of SiO2 contained in charcoal, relative to the increasing number of cycles of impregnation procedure.



ber of cycles of impregnation procedure (Fig. 9). From SEM observations it is concluded that the SiC forming the cell wall material between the cells is highly porous in the initial state of reaction, making rapid gas transport possible. In the literature,36,37 half of the initial carbon is supposed to be released from the template via CO(g) [produced by reaction (5)] evaporation leaving a substationally higher porosity in the cell wall. Thus, tailoring of the strut microstructure by suitable processing techniques seems to play a key role for improving the mechanical properties of low-density biomorphous silicon carbide ceramics. It is reported that increasing
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Fig. 7. SEM micrographs of charcoal–silica composites when the impregnation procedure is repeated (a) 1 and (b) 9 times, respectively.



Fig. 8. SEM micrographs of woodlike b-SiC ceramic manufactured by sol-gel and carbothermal reduction processing at 1600  C for 4 h when impregnation procedure is repeated twice: (a)–(b) cross sections perpendicular to axial direction and (c)–(d) cross sections parallel to axial direction. (a) and (c) are low-magniﬁcation SEM images. (b) and (d) are high-magniﬁcation SEM images.



the strut thickness and density may result in an improvement of mechanical strength of highly porous material by selecting original wood.38



solid-liquid type of reaction between carbon and silica leading to the formation of gaseous silicon monoxide (SiO) and carbon monoxide (CO) according to reaction (2)



3.5. Mechanism of conversion of charcoal/silica composite into SiC ceramic



SiO2 ðs; lÞ þ CðsÞ ! SiOðgÞ þ COðgÞ



It has been shown26 that under the experimental conditions of the present work, the overall reaction between charcoal and silica for producing silicon carbide is:



where s, l and g refer to the solid state, the liquid state and the gas state, respectively. Eq. (2) is either a purely solid–solid or a liquid–solid reaction (above 1450  C, quartz melts).20 Once carbon monoxide (CO) is formed, SiO can also be produced according to reaction



SiO2 ðs; lÞ þ 3CðsÞ ! SiCðsÞ þ 2COðgÞ



ð1Þ



In fact, reaction (1) proceeds through two stages in which a gaseous intermediate, silicon monoxide (SiO) gas is formed. The ﬁrst step consists of a solid-solid or



SiO2 ðsÞ þ COðgÞ ! SiOðgÞ þ CO2 ðgÞ



ð2Þ



ð3Þ



since an signiﬁcant amount of carbon remains in the material, any CO2 produced will be consumed
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Fig. 9. SEM micrographs of woodlike SiC ceramics sintered at 1600  C for 4 h, after impregnation procedure is repeated (a) 1, (b) 5 and (c) 9 times, respectively.



immediately by the Boudouard reaction (4) to form CO gas CO2 ðgÞ þ CðsÞ ! 2COðgÞ



ð4Þ



In these reactions, carbon is either a CO2 getter or a CO generator, which keeps the CO2/CO ratio low enough to make the reduction of SiO2 possible by gas phase CO. In a second step, the gaseous silicon monoxide (SiO) subsequently reacts further with carbon according to the following gas-solid reaction: SiOðgÞ þ 2CðsÞ ! SiCðsÞ þ COðgÞ



ð5Þ



The SiO vapor from Eqs. (2) and (3) reacts with carbon to yield SiC(s) nuclei heterogeneously on the surfaces of carbon through Eq. (5), which is commonly accepted mechanism of bulk SiC formation.39 The synthesized SiC is strongly dependent of the carbon source,40 which makes it possible that the resulting SiC ceramic is of a woodlike microstructure. In general, as soon as SiC forms on carbon, the growth process via Eq. (5) can be hindered by either the solid diﬀusion of carbon or the diﬀusion of SiO gas molecules through SiC layer. In the present work, the struts are porous after initial carbothermal reduction reaction (Fig. 9), which provides the paths for diﬀusion of SiO gas molecules into carbonaceous cell wall, allowing reaction (5) to continue. Under SEM investigations, it is noted that there also exist whiskers (or ﬁbers) of SiC in few cellular pores,



which are randomly deposited as shown in Fig. 8d for an example. The formation of SiC whisker/ﬁber cannot be explained by the gas–solid reaction of SiO(g) and C(s). It is more likely that the whisker/ﬁber formed via gas-gas reaction between SiO(g) and CO(g) such that the morphology of the SiC could be totally independent of the morphology of carbon sources. The reaction can proceed as follows:41 SiOðgÞ þ 3COðgÞ ! SiCðsÞ þ 2CO2 ðgÞ



ð6Þ



Reaction (6) favors the growth of SiC whiskers that are similar to those obtained by chemical vapor deposition with SiO and CO as the primary reactants in the literature.18,42 In our experiments, the carbothermal reduction was carried out in static argon atmosphere, thus the SiO gas pressure could be maintained much higher than when argon gas was ﬂowing into the reaction chamber and carrying the SiO gas out of the furnace. Hence, under very high SiO partial pressure the disproportionation reaction of gaseous SiO into Si and SiO2 can take place according to the reaction 2SiOðgÞ ! SiðsÞ þ SiO2 ðsÞ



ð7Þ



The resulting Si would react with carbon to give rise to spherical SiC particles43,44 according to the following reaction SiðsÞ þ CðsÞ ! SiCðsÞ



ð8Þ
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When the impregnation procedure was repeated many times, the obvious decrease of thickness and density of SiC struts was found, which may be due to its reaction with the remaining oxide since nearly all the carbon has been consumed: SiCðsÞ þ SiO2 ðsÞ ! 3SiOðgÞ þ COðgÞ



2.



3.



ð9Þ



Hence, a fraction of resulting SiO(g) and CO(g) escapes from the struts, which results in the increase in porosity of SiC struts, the decreasing of struts thickness and the formation of SiC whiskers in some places. Therefore, both gas–solid and gas–gas reactions occurred during the preparation of porous SiC ceramic with a woodlike microstructure by a sol-gel method. However, it must be noted that the amount of whiskers is quite small in comparison to the amount of bulk SiC as conﬁrmed by SEM, which indicates the gas–solid reaction is dominant.



4.



5. 6.



7.



8.



4. Conclusions Highly porous SiC ceramic with a woodlike microstructure was prepared at 1600  C for 4 h in a static argon atmosphere by sol-gel and carbothermal reduction techniques using TEOS and tilia amurensis wood as the starting materials. The resulting SiC ceramic is composed of b-SiC with traces of a-SiC. The strut thickness of porous SiC ceramic becomes thinner with increasing the number of cycles of impregnation procedure. Five cycles of impregnation procedure, i.e., C-toSiO2 molar ratio3, is established as an optimum value for the preparation of porous biomorphic SiC ceramic. The free carbon content in porous SiC ceramic prepared using this procedure is controllable by the number of cycles of impregnation procedure. Bulk SiC struts and SiC whiskers in the resulting porous SiC ceramic are formed by gas–solid reaction of SiO(g) and C(s) and gas–gas reaction of SiO(g) and CO(g), respectively. Conversion of wood into ceramic materials with microstructures pseudomorphous to the bioorganic template anatomy oﬀers a great potential for designing novel ceramics with anisotropic cellular morphologies.
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