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Abstract

The conversion of bioorganic structures like wood or ligninocellulosic fibers into porous microcellular SiC-ceramics is a novel

manufacturing technology. Coniferous wood (pine) was transformed by high-temperature pyrolysis into carbon preforms and
subsequently converted into biomorphic SiC-ceramics by Si-vapor infiltration under inert atmosphere. The morphology of the
initial wood structure is retained. The infiltration of the Si-vapor phase into the CB-template and the kinetics of the SiC-formation
were investigated. The amount of residual carbon was determined by means of mass balance calculation. The macroscopical

properties of the final SiC-ceramics were characterized by porosity and mechanical property measurements. # 2002 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

The fact that trees are capable of standing up as can-
tilever beams for hundreds of years is due to the high
level of its mechanical properties.1 The reason for this is
not to be sought in one particular property, but rather
in a remarkable combination of mechanical properties
and in the way in which these are related to the mor-
phology and the structure of the material. Since the first
work of Thompson,2 who studied the relationship
between growth and shape of wood, bioorganic materi-
als have been of considerable interest in a variety of
research fields, primarily in materials science and engi-
neering.
The microstructural morphology of wood is char-

acterized by a cellular anisotropy and makes it an
interesting raw material for structural ceramics with
tailored physical and mechanical properties. Cellular
SiC-ceramics manufactured by conversion of wood with
different infiltration reactions yield porous materials

with an unidirectional pore structure on the micrometer
level and a designed strut morphology.3

Research in ceramic engineering was concentrated on
the microstructural conversion of biological fiber mate-
rials as well as of wood tissue. For example, Al2O3 and
TiO2 fibers were produced through sol/gel infiltration in
jute fibers.4,5 The sol/gel infiltration method was used
also to transform pyrolysed wood into porous TiO2-
ceramic by Ota et al.6 or to manufacture biomorphous
oxide ceramics of Al2O3, mullite and ZrO2 by Sieber et
al.7 Vogt et al.8 infiltrated SiO2-sol/gel to transform
charcoal into SiC. Zollfrank et al.9 infiltrated PMPVS
(polymethylphenylvinylsilsesquioxane) and PMHS
(polymethylhydrosiloxane) into charcoal to produce
porous SiOC-ceramics. Ota et al.10 infiltrated TEOS
(tetraethylorthosilicate) into pyrolysed wood. Bio-
morphic porous SiC can also be manufactured by SiO-
vapor11 or CH3SiCl3-infiltration/reaction

12 into pyr-
olysed wood. Greil et al.,13 following by Shin et al.14

and Martinez-Fernandez et al.15 prepared more dense
SiSiC-ceramic by Si-melt infiltration into pyrolysed
wood.
In this work, the vapor phase reaction of pyrolysed

pine-wood with Si-vapor and the conversion into highly
porous SiC-ceramics was investigated. During conver-
sion, the morphology of the initial wood, the wood char
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and the final biomorphic SiC-ceramic were character-
ized. The carbide formation reaction and the growth
behavior of the SiC during the vapourSi–solidcarbon
reaction process at 1600 �C were studied by X-ray dif-
fraction (XRD) and scanning electron microscopy
(SEM)/EDX. The mechanical behavior of ceramics
derived wood was determined by ball-on-ring test.

2. Processing of biomorphic SiC ceramics

2.1. Pyrolysis of pine-wood

Pine-wood was used as the biological template struc-
ture. Pine (Pinus sylvestris L.) is a coniferous wood and
exhibits a nearly monomodal pore distribution with a
mean pore diameter of about 20 mm. It shows an uni-
form morphology of 90–95% tracheids, which serve for
the axial water conduction and mechanical support in
the living tree. The tracheids are usually about 1–5 mm
long, depending on the tree species, the radial distance
from the stem center, the position in the growth incre-
ment and the height in the tree. Tracheid cell walls are
pierced by a large number of pits.
Carbon preforms were prepared by pyrolysing the dried

(70 �C, 24 h) pine-wood in inert atmosphere. During pyr-
olysis, H2O, CO and CO2-volatiles were released. To get a
crack-free carbon template a slow heating rate of 1 K/
min was applied up to 500 �C.16 A higher heating rate of
5 K/min was applied up to 800 �C, where the rearran-
gement of the polyaromatic carbon structures takes
place. The specimens were hold at peak temperature for
4 h. During pyrolysis a sharp weight loss started at
220 �C and ended at about 400 �C, followed by a
reduced weight loss rate. After 800 �C the final weight

loss accounts to 68% for the pine-wood. Anisotropic
shrinkage in three directions (axial, tangential and
radial) was associated with the pyrolysis process (Fig. 1).
Despite the large weight loss during pyrolysis, the car-
bon template reflects the microstructure and morphol-
ogy of the native specimen (Fig. 2).

2.2. Si-vapor phase infiltration

After pyrolysis, the carbon templates were reacted with
Si-vapor in a glassy-carbon crucible inside an alumina
tube. The Si-vapor was generated by melting of Si-
powder at a temperature of 1600 �C for 1–8 h in Ar-
atmosphere. The Si-vapor penetrates the pyrolysed wood
templates, which were positioned in axial direction over
the Si-melt (Fig. 3) and reacts with the carbon to b-SiC:

Sig þ Cs ! b-SiCs ð1Þ

The weight gain of the samples was measured at dif-
ferent times during the Si-vapor infiltration. The con-
tent of SiC and unreacted C were determined from
mass-balance and shrinkage measurements.
mass-balance:

msample ¼ mSiC þmC ¼ VSiC�SiC þ VC�C ð2Þ

shrinkage:

�V ¼ Vsample � VC
� þ VP � VP

�ð Þ ð3Þ

where mSiC, VSiC, �SiC and mC, VC, �C are the mass,
volume and density of SiC and C, respectively, V�

C—the
initial sample volume, Vsample and msample—the sample
volume and mass after infiltration, V�

P and VP—the

Fig. 1. Weight loss and linear shrinkage during pyrolysis (average values derived from 20 to 40 specimens).
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initial pore volume (76% of the initial volume) and after
infiltration (e.g. 71% of sample volume infiltrated for 4
h). During infiltration a linear change in porosity was
assumed. An expression for the amounts of SiC and C
were determined from the combining of the Eqs. 2 and
3:

mSiC ¼
msample � �Vþ V�

C � VP � V�
P

� �� �
�C

�SiC � �C
�SiC ð4Þ

mC ¼ msample �mSiC ð5Þ

The manufactured SiC-specimens (cylindrical speci-
mens with a diameter approximately 20 mm and a
thickness of 2.5 mm) were mechanically tested by the
ball-on-ring test using an Instron universal testing
machine (4204, Instron, High Wycombe, Buckingham-
shire/UK). A disc specimen is placed on a ring and

centrally loaded with a ball. The test scheme is shown in
Fig. 6(a). A biaxial tensile stress-state is generated at the
center of the specimen. The maximum stress compo-
nents at fracture (�max;tan,�max;rad) were calculated from:

�max;tan ¼ �max;rad ¼ �max

¼
3P 1þ �ð Þ

4�t2

� 1þ 2ln
a

b
þ
1� �

1þ �
1�

b2

2a2

� �
a2
R2

� �
ð6Þ

where P is maximal load, t—sample thickness, a—
radius of support ring, b—radius of uniform loading
region at the center (determined as 	t/3), R—sample
radius, and �-Poisson’s ratio (�=0.25 for SiC). The
fractured surfaces were analyzed by SEM measurements
(Stereoscan S 250 MK3, Cambridge Instruments, Cam-
bridge/UK).

3. Results and discussion

The morphological properties of the pine-wood, pine-
char and pine derived b-SiC are shown in Table 1.
According to the reaction (1) and Table 1 the formed b-
SiC exhibits a higher density, a decreased porosity and
lower specific surface area compared to the CB-tem-
plate.

Fig. 2. Micrographs of pyrolysed Pine; (EW—Earlywood; LW—Latewood; RC—Resin canal; P—Pit).

Fig. 3. Experimental set up for the Si-vapor infiltration.
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Fig. 4(a) shows the calculated mass change [Eqs. (4)
and (5)] after infiltration at 1600 �C for different times.
After 4 h of Si-vapor infiltration at 1600 �C the speci-
mens exhibits a SiC-content of 92%, after 8 h infiltra-
tion-time, the SiC-content increased only to 94%.
XRD investigation [Fig. 4(b)] shows b-SiC as the cera-

mic product phase. The (111) peak of b-SiC increased
with time, whereas the (0002) peak of carbonized wood

Table 1

The properties of natural Pine, Pine-char and SiC

Pine Wood Char SiC

Density (g/cm3)

Geometrical 0.47 0.34 1.0

Skeleton 1.4 1.4 3.1

Porosity (%) 67 76 71

Specific surface (m3/g) – 46 3.3

Fig. 4. (a) Weight increase at 1600 �C for different infiltration/reaction times. (b) XRD-analysis.

Fig. 5. Porous b-SiC ceramic manufactured by Si-vapor infiltration of pyrolysed pine-wood at 1600 �C for 4 h: SiC derived from pine in axial (a)–(b)

and tangential direction (c)–(d).
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decreased. During infiltration, no Si-peaks could be
detected in the specimens. In the sample infiltrated at
1600 �C for 4 h only the sharp b-SiC peaks could be
observed. Fig. 5 shows the cellular microstructure of the
SiC-ceramic. After the Si-vapor infiltration and reaction
process, the SiC material reproduces the cellular mor-
phology of natural wood. It exhibits a relatively homo-
geneous strut thickness of about 2 mm. The specific
surface area was 46 m2/g in the carbon template, which
was reduced to 3.3 m2/g in the biomorphic SiC. The
density increased from 0.34 to 1 g/cm3.
The biaxial bending strength of the biomorphic SiC-

ceramics was determined by a ball-on-ring test.17,18 A
fracture strength of 12 MPa was found for the SiC
derived pine. For the high porous ceramic material, the
low strength value was influenced by the pore fraction
(71% in this case) and pore shape. Following Gibson
and Ashby,19 the relative strength for plastic collapse of
wood structure can be related with the relative density
(�*/�s—relative density, �*—the density of cell struc-
ture and �s—the density of the fully dense material) as
follows:

�


�s
¼ C2

�


�s

	 
n

where, �* is the strength of the cellular structure, �s—
the strength of the fully dense material, C2—the experi-
mental constant and n, the exponential constant, is
equal 1 in axial and 2 in tangential and radial direction.
Crack deflection during fracture results in a non-cat-

astrophical fracture behavior. The stress-strain curve
was nearly linear [Fig. 6(b)]. The cell walls were pulled
apart at the middle lamella and cell wall peeling occur-
red [19] [Fig. 7(a,b)]. It can be seen that the crack pro-
pagate not continuously, but bridged along its path
[Fig. 7(b)].
The capability of applying versatile shaping techniques

makes wood an interesting precursor material for man-
ufacturing of cellular ceramics. Si-vapor infiltration into
pine-wood yields a single phase b-SiC with a porosity of
71% and a pore diameter of about 20 mm. Depending on
the infiltration and reaction parameters the micro-
scopical morphology, the grain size and specific surface
area can be designed. Biomorphic SiC-ceramics with a

Fig. 6. (a) Ball-on-ring test schema. (b) Stress–strain behavior.

Fig. 7. Crack deflection induced during ball-on-ring test at SiC-derived from pine.
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directed pore structure are promising materials for
applications as high temperature filters or catalyst sup-
port structures.
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