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Abstract

Silicon carbide ceramics with anisotropic pore
microstructures pseudomorphous to wood were
obtained by liquid Si in®ltration of porous carbo-
nized wood templates. Depending on the initial cel-
lular microstructure of the various kinds of wood
(ebony, beech, oak, maple, pine, balsa) ceramic
materials of di�erent density, pore structure and
degree of anisotropy were obtained. Strength and
elastic modulus of the pyrolyzed carbon preform and
of the ®nal silicon carbide ceramic were measured in
di�erent loading directions with respect to the initial
cell orientation, e.g. axial, radial and tangential.
Generally, the mechanical properties increase with
fractional density. Strength and strain-to-failure in
axial direction exhibit signi®cantly higher values
compared to loading in radial and tangential
directions. The orientation dependence of micro-
structure-property relations may become important
for the development of advanced anisotropic light
weight structural materials. # 1998 Elsevier Science
Limited. All rights reserved

1 Introduction

Manufacturing of ceramic materials from biolo-
gical templates such as wood has become a
matter of increasing interest because of the possi-
bility of producing novel ceramic materials with a
unique microstructure pseudomorphous to wood.
Wood is a natural composite material with a hier-
archical architecture where biopolymers such as
cellulose, hemicellulose and lignin form a cellular
microstructure of high porosity which, however,
exhibits a remarkable combination of high

strength, sti�ness and toughness at low density.1±3

The microstructural features of wood range from
mm (growth ring patterns) via �m (tracheidal cell
patterns, macro- and micro®bril cell wall textures)
down to nm scale (molecular cellulose ®ber and
membrane structures of cell walls). Figure 1 shows
the macroscopic structure of wood with respect to
the preferential cell orientation and examples of
typical mesoscopic structures of softwood and
hardwood.4 While softwood is composed primarily
of tracheidal (90 vol%) and parenchymal cells, the
cellular microstructure of hardwood is more com-
plex and contains additional libriformal cells. The
tracheidal cells provide the transportation path for
water, whereas the parenchymal cells are for
storage and the libriformal cells for mechanical
strengthening of wood. Typical dimensions for
tracheidal cells in softwood are 30±50�m in dia-
meter and 2900±4500�m in length and in deciduous
wood 50±200�m in diameter and 100±800�m in
length.
The mechanical behavior of wood is character-

ized by its pronounced anisotropy of elasticity and
deformation behavior due to the anisotropic cel-
lular structure. Strength, toughness and elastic
modulus in axial direction are signi®cantly higher
compared to radial and tangential loading direc-
tions. The mechanical properties primarily depend
on the macroscopic cellular structure, e.g. the
morphology and orientation of the wood cells. For
solid bodies with cellular pore structures various
micromechanical models were derived which pro-
vide relationships between the fractional density
(total density over cell wall material density), the
cell wall material properties and the mechanical
behavior of the porous solid body.5±10 For highly
porous bodies with a fractional density less than
0.3 an open cellular model (OCF) expresses the
mechanical behavior (elasticity, tensile and com-
pression strength, fracture toughness) as a function
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of cell morphologies in a representative unit cell
whereas a closed cellular model (CCF) accounts
for cellular materials with a modi®ed cell wall
material distribution.
Generally, the OCF and CCF models predict an

increasing degree of anisotropy with decreasing
fractional density. On a microscopic level the
orientation of the cellulose micro®brils forming the
cell wall structure exert a strong in¯uence. With
increasing deviation of the micro®bril orientation
from the axial direction (deviation angle) strength
was found to decrease signi¯cantly whereas
shrinkage during drying increased.11,12 It is of par-
ticular interest if these macro- and microstructural
features which determine the properties of natural
wood also dominate the mechanical properties of
ceramics with a cellular microstructure pseudo-
morphous to wood.
Silicon carbide materials with cellular micro-

structures derived from ebony, beech, oak,
maple, pine, and balsa, respectively, were used to
examine the mechanical behavior as a function of
microstructure (fractional density) and loading
orientation. Specimens were prepared with speci®c
orientation of the initial cellular structure and
examined for their elasticity, bending and com-
pression strength and fracture behavior in di�erent
loading directions. The properties of the wood
derived SiC was compared with conventional
(isotropic) SiSiC processed by silicon in®ltrated
SiC powders.

2 Experimental Procedure

The biogenetic silicon carbide materials were
produced by a liquid silicon melt in®ltration and
reaction process of carbonized preforms which
were obtained by pyrolysis of wood. The processing

is described in detail in part 1 of this work.13 The
tracheidal pore channel system of wood with a
preferential orientation in axial direction o�ers the
possibility to use liquid in®ltration techniques to
transform the bioorganic wood structure into an
inorganic ceramic material. After pyrolysis at
1800�C a porous carbon template of wood was
obtained which was subsequently in®ltrated with
silion melt at 1600�C. The resulting cellular �-SiC
ceramics contain a residual silicon content of 23±67
vol%. Table 1 summarizes the properties of the
pyrolyzed and Si-in®ltrated materials which were
prepared from di�erent kinds of wood. Repre-
sentative microstructures of the pyrolyzed carbon
preforms and the silicon in®ltrated SiC-reaction
products of the investigated kinds of wood are
given in Ref. 13.
The microstructures of the carbonized pre-

forms and the ®nal porous ceramic materials were
characterized by SEM (Stereoscan S 250 MK3,
Cambridge Instruments, Cambridge, UK). Density
and porosity were measured by Helium pycnometry
(Accu Pyk 1330, Micromeretics, Dusseldorf,
Germany).
Rectangular specimens of di�erent orientation

with respect to the initial cell structure were pre-
pared from the carbonized wood preform and sili-
conized ceramic reaction product, respectively
(Fig. 2). Elastic moduli were derived in di�erent
loading directions from stress±strainmeasurements
in an Instron universal testing machine (4204,
Instron, High Wycombe, Buckinghamshire, UK).
Modulus of rupture (fracture strength) wasmeasured
by four point bending (20/40mm) according to
ASTM C 1161-90 using specimens of 5�6�60mm.3

The loaded cross-section of the specimens was lar-
ger than the standard values (3�4mm2) to account
for the meso- and macroscopic non-uniformity of
the cellular structure of these materials. A loading

Fig. 1. Macroscopic cellular structure of wood.



rate of 0.5mm minÿ1 was applied and strain was
deteced by an inductive strain gauge. Mean values
of strength and elastic modulus were obtained
from a minimum of 10 measurements. Compres-
sion strength was measured at the pyrolyzed car-
bon preform only using rectangular cubes of
15mm according to DIN V ENV 12291. Fractured
surfaces were analyzed by SEM.

3 Results

3.1 Pyrolyzed carbon preform
Figure 3 shows the elastic modulus and bending
strength of the pyrolyzed carbon preform as a
function of density for the two di�erent loading
orientations parallel (LT and LR) and perpendi-
cular (TL and TR) to the axial direction. As expec-
ted from the mechanical behavior of wood,1

Young's modulus and strength of the carbon pre-
form are signi®cantly higher in the axial direction
compared to perpendicular loading orientations.

Table 1. Properties of carbon preform and Si-in®ltrated SiC materials derived from various kinds of wood

Wood Balsa Pine Oak Maple Beech Ebony

Density (g cmÿ3) Pyrolyzed 0.06 0.31 0.50 0.51 0.55 0.87
Si-in®ltrated 2.02 2.22 2.16 2.58 2.57 Ð

Porosity (%) Pyrolyzed 22170 21/57 30/40 43/22 42/21 23/20
(open/closed) Si-in®ltrated 11/14 11/14 8/5 3/5 3/2 3/Ð

Mean pore diameter*(�m) 40 20 170 35 30 Ð

Si-content (wt%) 67 50 27 23 37 Ð

*Open pore channels (tracheides) free of Si.

Fig. 2. Preparation of specimens and loading orientations for
the mechanical property measurements.

Fig. 3. Elastic modulus and bending strength of the pyrolyzed
carbon preform as a function of density for the two di�erent
orientations parallel (LT and LR) and perpendicular (TL and

TR) to the axial direction.



While pyrolyzed ebony with a density of 0.82 g
cmÿ3 attains a Young's modulus of 22GPa and a
bending strength of (42�7) NPa pyrolyzed balsa
has a density of only 0.07g cmÿ3 and hence a very
low Young's modulus of 2GPa and a modulus of
rupture of 2.5MPa.
Stress±strain diagrams of pine and oak are

shown in Fig. 4 together with the micrographs of
corresponding fracture surfaces. The pyrolyzed
wood preform achieves a strain-to-failure of
0.1±0.3%. Inhomogeneities in the stress±strain
curve indicate a nonlinear fracture growth behavior

which can be attributed to the macroscopic inho-
mogeneities of growth ring patterns in the cellular
microstructure [(Fig. 4b)]. The fracture patterns are
similar to those found in laminate composites14

indicating an extensive change of crack propaga-
tion direction at the boundaries where large chan-
ges in fractional density occur.
Figure 5 shows the development of anisotropic

deformation resistance under compression loading
with increasing pyrolysis temperature for the
example of maple. From a pyrolysis temperature
of 600�C up to 1800�C XRD proved that the

Fig. 4. Stress±grain diagrams of pine (a) and oak (c) pyrolyzed at 1800� together with the micrographs of corresponding fracture
surfaces.



crystallinity of the carbon resulting from the ther-
mal induced decomposition of the polyaromatic
biopolymers increases to a more graphitic like
microstructure at the highest temperature.13 Simul-
taneously the strain-to-failure under compression
is reduced from approximately 12 to 6% in axial
direction whereas the compression strength increa-
ses from 15 to 85MPa. Total porosity at all pyr-
olysis temperatures remains almost constant at
70%.

3.1.1 Silicon in®ltrated SiC-reactron product
Figure 6 shows the elastic modulus and bending
strength of the silicon in®ltrated SiC-reaction
products as a function of density. Due to the sili-
con in®ltration the density is signi®cantly higher
compared to the highly porous carbon preform
materials. The di�erences between the LT/ LR
directions and TLTR directions can still be found
even though they are less pronounced compared to
the carbon preform materials shown in Fig. 4. For
example, maple has a strength of 120MPa in TL
and TR directions whereas fracture stress in LR
and LT directions attains 200MPa at a density of
2.5 g cmÿ3 (porosity 8%).

Stress±strain diagrams of silicon in®ltrated SiC
derived from oak and pine are shown in Fig. 7.
Compared to the fracture behavior of the pyr-
olyzed preforms the ceramic materials achieve a
smaller strain-to-failure but a signi®cantly higher
fracture stress. The specimens loaded in TL and
TR directions behaved in linear elastic fashion
until catastrophic failure occurred at a strain-
to-failure of less than 0.06%. Signi®cantly higher
failure strains up to 0.12% were found in specimens
loaded in the LR and LT directions. Specimens
loaded in these directions also deformed in a linear
elastic fashion until a critical yield stress at
approximately 100±110MPa was reached, at which
point crack growth began. However, rather than
travelling right across the specimen the crack was
de¯ected from the propagation direction resulting
in a waved and graduated fracture surface similar
to the pyrolyzed carbon preform material.

4 Discussion

For porous ceramic materials a variety of empe-
rical relations were derived to account for the

Fig. 5. Development of anisotropic deformation resistance of maple under compression loading with increasing pyrolysis temperature
for the example.



in¯uence of pore fraction and pore shape on the
strength and failure behavior under tensile as well
as under compressive stresses.15±19 In the case of
non-interacting pores, e.g. at lower porosity levels
pore size and pore size distribution were considered
to exert a major in¯uence on the strength.20,21 The
mechanical properties of highly porous brittle
structures such as ceramic honeycombes and foams
were shown to depend on the cellular structure size
(cell size) and the variation of strength distribu-
tion in the solid material (expressed by the Weibull
factor).22,23

Relations based on the minimum solid area
model are commonly used to describe a fractional

strength (strength of the porous over strength of
the completely dense material) as an exponential
function of the pore volume fraction over a wide
range of porosities16

�� � �p
�s
� exp�ÿAVp� �1�

The total porosity Vp in the solid can be expressed
in terms of a fractional density ��

Vp � 1ÿ �� �2�

with �� being the ratio of the geometrical density of
the porous compact over the density of the fully
dense solid material (�� � �p=�s where �s was
taken as 1.5 g cmÿ3 for pyrolytic C and 2.6±3.1
g cmÿ3 for Si±SiC depending on the Si content,
respectively) Hence

�� � exp�A��� ÿ 1�� �3�

where A is a constant which often was found to
equal 5 for spherical pores and higher values for
elongated pore shape. Using eqn (3) the bending
strength (in axial direction) of the pyrolyzed car-
bon preform and the Si-in®ltrated SiC ceramic
product drawn in Fig. 8 can be described with
A � 4 in axial and A � 5�5 in radial and tangential
loading directions (�s was taken as 300MPa for
carbon and 350MPa for Si±SiC, respectively). For
comparison data of three point bending strength
measurements of porous Si±SiC ceramics prepared
by Si-in®ltration of a SiC powder (mean particle
diameter 69�m)/carbon powder mixture (SiC/C
as 95/5 by weight)24 are also given in Fig. 8. The
Si±SiC derived from wood exhibits a higher
strength at the same porosity level (and a similar
mean pore size of 10±20�m) when it was loaded in
axial direction.
Measurements of bending strength, Youngs

modulus and strain to failure as a function of
loading direction show a pronounced anisotropic
material behavior. Assuming constant properties
of the cell wall material the anisotropic mechanical
properties of wood were described by a cellular
model.5 For a highly porous cellular solid frac-
tional Young's modulus E��� EpEs�, compressive
strength ��comp(=�p=�s) as well as other properties
such as Poisson ratio, fracture toughness, etc. can
be expressed by

E� � C�����n � C0�1ÿ���� �4�

� represents the fraction of open porosity to
closed porosity and de®nes the range of validity
for the open cell (OCF) and closed cell (CCF)
modi®cations of the cellular model at �! 1 and

Fig. 6. Elastic modulus and bending strength of the Si-in®l-
trated SiC-reaction products as a function of density.



� � 0.6±0.8, respectively. C, C0 and n are constants
which depend on the loading direction with
respect to the cellular pore orientation. While for
axial direction n was found to be 1 for various
kinds of wood higher values of n � 2 (strength)
and 3 (elasticity) were obtained for the tangential
and radial directions.5 Thus, loading perpendicular
to the cell walls generally shows a signi®cantly
higher sensivity to porosity level as compared to
the axial loading direction.
In contrast to the bending strength, evaluation of

the Young's modulus±density relation indicates no

signi®cant di�erence between the various loading
directions (Fig. 9). The highly porous carbon pre-
form as well as the Si in®ltrated SiC can be ®tted
by eqn (4) using � � C � 1 and n � 2. For the
Young's moduli of the dense solid material, Es, a
value of 100GPa was taken for carbon and 370±
230 GPa for Si±SiC depending on the Si-content,
respectively. The higher sensivity of bending
strength compared to the elasticity on the micro-
structural anisotropy may be attributed to the role
of the large tracheidal pores for failure initiation in
the Si-in®ltrated SiC material. For the case of LR

Fig. 7. Stress±strain diagrams of silicon in®ltrated SiC derived from oak and pine.



and LT loading directions the large un®lled trachei-
dal pores are oriented perpendicular to the normal
tensile stress and will act as crack initiation sites
when a critical loading stress is reached. Crack
propagation is suggested to be localized in a plane
with high pore density where the crack can easily
propagate parallel to the pore channel orientation
and the Si±SiC interface (Fig. 10). Due to the small
fraction of load bearing Si±SiC material bridges

catatrophic failure at low fracture stresses and
strains occur. For loading directions parallel to the
tracheidal pore system, however, undulations of
low and high density regions result in a variation of
crack resistance in the crack extension direction.
The macroscopic growth ring patterns give rise for
crack de¯ection which is con®rmed by the frac-
ture surface morphology and the non-linear stress±
strain curves.
Strength of porous Si±SiC derived from wood is

dominated by the size distribution and the orien-
tation of the tracheidal pore channels. The large
tracheidal pores remain un®lled of silicon whereas
pores with a diameter less than approximately
20�m were completely ®lled with residual silicon.
Wood with a small fraction of large tracheidal cells
such as pine and other coniferous wood can be
used to fabricate Si±SiC ceramics of high density
and hence improved strength and sti�ness in the
axial direction. Wood with a high fraction of large
pore channels may be interesting for porous Si±SiC
materials which show a low sti�ness but a high
damping capacity in a loading direction perpendi-
cular to the pore channel extension. When the
residual silicon is removed by chemical etching SiC
materials with a porosity in the range of that of the
pyrolyzed preform can be obtained. Due to a small
SiC particle size of less than 5�m a high internal
surface is generated. Such anisotropic porous
structures may be of particular interest for a
variety of high temperature processes such as hot
gas puri®cation, heat exchange devices, catalyst
carriers, etc.

5 Conclusions

Silicon in®ltrated silicon carbide ceramics with
anisotropic pore orientation were fabricated from
carbon preforms which were obtained from pyr-
olyzed wood. While the mechanical behavior of the

Fig. 8. Fractional bending strength as a function of density in
the pyrolzed carbon preform and the Si-in®ltrated SiC cera-

mic. The data were ®tted with eqn (4).

Fig. 9. Fractional Young's modulus versus fractional density
of pyrolyzed carbon preform and Si-in®ltrated SiC. The data

were ®tted with eqn (5).

Fig. 10. Model of crack progagation as a function of loading
directions versus pore orientation.



pyrolyzed carbon preform material can be descri-
bed according to the cellular model as for wood the
lower porosity in the ®nal ceramic material results
in a less degree of anisotropy. Generally, the
mechanical properties in axial loading direction are
superior to the properties in perpendicular load-
ing directions which are much more sensitiv to
porosity variation. Compared to conventionally
fabricated ceramics of the same overall phase
composition but isotropic porosity distribution the
biogenetic Si±SiC ceramics are distinguished by a
higher strength (in axial direction) at the same level
of porosity. Biogenetic ceramics with anisotropic
porosity may be of increasing interest for the
development of novel light weight high temperature
resistant materials. Light weight ceramics with low
density but high strength and corrosion resistance
are candidates for applications where anisotropic
behavior is used such as in ®lters, catalyst carriers,
heat insulation structures, etc.
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