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Stress distribution in biomorphous SiC-ceramics
under radial tensile loading
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Abstract

Biomorphous SiC-ceramics were prepared by reactive Si-vapor infiltration of carbonized wood templates. The meso- and macroscopic
anatomy ofpinus silv.was converted into a highly porous, single-phase SiC-ceramic with elongated pore structure and anisotropic mechanical
properties. The local stress distributions in the biomorphous ceramic subjected to external tensile loading were analyzed for different wood
tissue anatomies using the Finite Element Method (FEM). First, the microscopical cellular morphology of the biomorphous SiC-ceramics
was simulated by idealized two-dimensional substructures. The influence of the porosity, pore shape and strut thickness on the local stress
distribution for radial (non-axial) load was investigated. Second, the stress distribution of the mesoscopical combined structure with the early
wood/late wood transition was evaluated.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Native plant structures exhibit a complex, hierarchically
built anatomy, developed and optimized in a long-term
genetic evolution process. The heterogeneous tissue of wood
is formed by different cell types, with the structural fea-
tures ranging from the micro (cell walls) to the macro scale
(growth ring patterns).1 The morphology and the arrange-
ment of the different cells may vary in a wide range between
the different kinds of wood with large vessel cells dominat-
ing in hard wood and tracheids dominating in soft wood.
The open porosity is accessible for liquid or gaseous infil-
tration and may be as high as 70% in pine and down to 20%
in ebony.2 The diameter of the vessels and tracheids (named
as pores) varies between 5 and 50�m in softwood and be-
tween 1 and 300�m in hard wood. Cells extending in radial
direction (rays) and pits in the cell walls provide transporta-
tion paths perpendicular to the growth direction. In the liv-
ing plant, the open pore system serves as a transport system
for water and nutrition supply. Due to their hierarchically
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designed porous morphology, biological plant materials
exhibit unique structure–mechanical property relationships
such as a high flexibility and strength at low density.

Native plant structures have become of interest for ad-
vanced processing concepts of porous engineering ceramics
in the recent years.1–5 Homogeneous as well as hetero-
geneous cellular ceramics are of interest for applications
such as micro filter in food processing, catalyst carrier in
exhaust gas purification, high-temperature nozzle elements
or micro-reactor devices.6 The unidirected pore structure of
wood (Fig. 1) with a strut thickness at the micrometer level
cannot be reproduced by any conventional (foam, extrusion
or substitution) ceramic processing technique so far.2,4 The
conversion of bioorganic structures by fast, high-temperature
physio-chemical reaction routes into ceramic and composite
materials with a meso- and macrostructure pseudomorphous
to the natural template, can be readily achieved by means of
biotemplating techniques.2,4,6 The inherent open porosity
in the natural plant is easily accessible for gaseous or liquid
infiltration and subsequent reaction of the infiltrant with
the template material to high-temperature resistant ceramic
phases.7–9

Several biotemplating techniques for conversion of nat-
urally grown wood into biomorphous SiC-based ceramics
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Fig. 1. SEM micrograph: axial cross section of pine wood-derived SiC-ceramic.

and composites were examined including reactive Si-melt or
Si-vapor phase infiltration.2,4–10 The conversion of native
plant structures into SiC-based ceramics generally followed
a two-step procedure. In a first step, a bio carbon tem-
plate structure was prepared from solid wood by pyrolysis
in inert atmosphere at temperatures above 400◦C. At this
temperature the major biopolymer constituents of the cell
wall material (cellulose, hemi cellulose and lignin) have de-
composed into carbon. After pyrolysis, the cell walls of the
native wood are converted into carbon struts with a thick-
ness of a few micrometers or less. Details of the processing
scheme, the properties of the bio carbon template, the di-
mensional changes and the weight loss during pyrolysis
were described in Refs.2,5,6. Subsequently, the carbonized
bio carbon template was infiltrated at temperatures between
1450 and 1600◦C with liquid Si to form SiSiC-ceramic

composites. Highly porous, single-phase SiC-ceramics were
prepared by infiltration of a gaseous Si-precursor such as Si,
SiO or CH3SiCl3.7–11 The biomorphous SiC-based ceram-
ics maintained the morphology of the biological template
down to the submicrometer range and contained an unique
directed pore morphology on the micrometer level.2,4–11

Due to the unidirected pore morphology, the highly
porous, biomorphous SiC-ceramics prepared by Si-vapor
phase conversion exhibit an anisotropic mechanical behav-
ior with fracture stress in axial direction being 20 times
higher compared to strength in radial direction.11–13 The
strength in axial direction mainly depends on the material
fraction on the axial cross section similar to the strength
of honeycombs.1 In contrast, strength in radial direction
strongly depends on cell morphology features, which include
shape, size and topology of pores and struts. Generally, the
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in-plane stiffness and strength (stress acting perpendicular
to cell elongation) are the lowest, becausein-plane loading
makes the cell walls bend. Theout-of-planestiffness and
strength (stress acting parallel to cell elongation) are much
larger because they require axial extension or compression
of the cell walls. With increasing fractional density cell
walls (e.g. the struts) increase in average thickness but
cell shape can change significantly and hence stiffness and
strength increase in a complex manner.

Because of seasonal variation of growth conditions growth
ring patterns develop with low density/high porosity in the
early and high density/low porosity in the late wood re-
gion. As a consequence, non-linear transitions of material
properties (Young’s modulus, toughness, strength) are ex-
pected to affect the fracture behavior in radial direction.12–14

The influence of the porosity on the mechanical proper-
ties of highly porous cellular ceramics was described by
several authors.15–18 Numerical Finite Element Methods
(FEM) were applied to simulate the stress distribution in ce-
ramic honeycomb structures19 and the effect of pore shape
on Young’s moduli and Poisson’s ratio.20–22 An overview
about the use of FEM simulations for ceramics is given by
Mackerle.23

The aim of the present work is to estimate the stress distri-
bution of cellular biomorphous ceramics subjected to fictive
in-plane loading situations. Focus is set on the variation of
hierarchical structure features such as cell shape and density
distribution. The calculations were conducted for SiC pseu-
domorphous to pine wood as a representative biomorphous
ceramic. In a first step, the microstructure was characterized.
A geometric algorithm that generates a simplified model of
the complex morphology of biomorphous ceramics on the
two different hierarchical levels of the wood cell system
and the seasonal ring pattern was developed. Pine wood
exhibits a relative uniform pore morphology with square
and elliptical pore shapes and a pronounced early wood/late
wood transition. In a second step the cellular structure was
separated into idealized substructures composed of square
and elliptical shaped pores. Finally, the substructures were
combined in a complex model, which to a first approxi-
mation, represents the natural tissue anatomy in the late
wood/early wood transition region. All structures were sub-
jected to radial tensile loading and the stress distributions
were calculated by variation of structural parameters.

2. Experimental procedure

Pine wood (Pinus silvestris) is a coniferous soft wood with
a rather uniform microstructure. It consists of 90–95 vol.%
tracheids, which are long and slender cells tapered at the
ends. The size of the tracheids (diameter up to 50�m, length
up to few millimeters24) depends on the growth conditions
such as changing temperature or water supply. Specimens of
pine wood were pyrolysed in nitrogen atmosphere at 800◦C
for 4 h resulting in complete decomposition of organic

material to carbon, tar and volatile products like CO2,
CO, CH4. Despite an anisotropic shrinkage of 22.5% in
axial direction and 27.7% in radial direction the initial tis-
sue anatomy was kept unchanged in the carbon template.
Subsequently, biomorphous SiC-ceramic was produced
by Si-vapor infiltration at 1600◦C in Argon-atmosphere
of ambient pressure. For further details of the process-
ing see.2,4–9 Fig. 1 shows the microstructure of pine
wood-derived SiC-ceramics with a view in axial growth
direction. The pine wood-derived SiC-ceramic is char-
acterized by an open porosity of about 71% (geometric
density ≈1 g/cm3, skeleton density≈3.1 g/cm3). Strength
measurements by four-point bending (20/40 mm) showed
a pronounced anisotropy of the compression strength with
124 MPa in axial, but only 27–35 MPa in the radial and
tangential directions.6,10 The Young’s modulus was found
to vary between 7 and 20 GPa in axial and between 3 and
11 GPa in radial direction.6

For generation of the FE-model, the complex structure
of the pine wood-derived SiC-ceramics with early- and late
wood regions was divided into idealized substructures. The
pore diameterd and strut thicknesst describe each cell of
the substructure for the simplest square and elliptical pore
models. Experimental values ford and t were taken from
the biomorphous SiC-ceramic and range from 5 to 30�m
for d and 1 to 5�m for t. The fractional densityρ* can be
expressed byt andd as follows:15

ρ∗ = ρ

ρs
= C1

t

d
(1)

whereC1 depends on the cell shape (C1 = 4.17 for square
cells andC1 = 1.17 for elliptical cell, determined by image
analysis).ρ is the geometrical density of the porous compact
andρs is the strut density.Fig. 2shows the radial distribution
of ρ* as determined experimentally by SEM image analysis.
While in early wood regionρ* < 0.4, a pronounced increase
of ρ* up to 0.9 was found to occur in late wood regions.
The regular undulations of density are expected to give rise
for radial variation of the local mechanical properties.

Fig. 2. Radial density distribution.
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Fig. 3. Schematic flow chart for structure modeling.

The strategy of evaluation of complex cell arrangements
by combining the simple models to a complex model is
outlined inFig. 3. The pore channels in the wood tissue were
assumed to be continuous inz-direction (axial). According
to a pine tracheid length of 1–6 mm24 cell homogeneity in
z-direction is supposed.

As a consequence, the cross section perpendicular to the
axial direction is supposed to contain full information on
the three-dimensional structure. For simplicity, all substruc-
tures were described as two-dimensional models. Each sub-
structure consists of nine cells (n = 9) with each single cell
containing one pore (P1). The cells are regularly arranged

so that the structure model is characterized by a transla-
tion periodicity in x- and y-direction. Using a bottom-up
method, the complex wood cell system was first divided into
substructure I(square pores) (Fig. 4a) and substructure II
which contains elliptical pores where the semi axisa varies
from 0 < a < d (Fig. 5a). The complex structure with the
early wood/late wood transition areas (combined structure
III ) (Fig. 6A) was derived by combination ofsubstructure I
andsubstructure IIwith linearly decreasing semi axisa for
the elliptical pores. The properties ofcombined structure III
will then be given as superposition of the initial substructure
properties (Table 1).
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Table 1
Substructure development

Substructure Description Algorithms to calculate pore coordinates (number of cells= n)

Substructure I Cells with square pore shape Calculating left lower vertex coordinates of square pore
0 < ix1, iy1 < n are cell numbers
x = t(ix1 + 1) + ((d + t)ix1)

y = t(iy1 + 1) + ((d + t)iy1)

Substructure II Cells with elliptical pore shape Pore coordinates depend on semi axisa

xelliptical =
( a

2
+ t
)

(ix2 + 1) +
( a

2
+ t
)

ix2

yelliptical =
( a

2
+ t2

)
(iy2 + 1) +

( a

2
+ t
)

iy2

Substructure III Cell length l = 1 mm and constant or
variable length of semi pore axisa

Square pore coordinates are calculated in analogy tosubstructure I
(ix1 and iy1 have to be adjusted). Elliptical pore coordinates
(xelliptical, yelliptical) depend on square pore coordinates (xsquare) and
semi pore axisa. Strut sizet2 = 2t

xelliptical =
( a

2
+ t2

)
(ix2 + 1) +

( a

2
+ t2

)
ix2 + xsquare+ d + t

yelliptical =
( a

2
+ t2

)
(iy2 + 1) +

( a

2
+ t
)

iy2

aix2+1 = aix2 + q (gradient pore morphology)

The FE-calculations were applied to the substructure mod-
els using Marc 7.3.2 and Mentat 3.3.2 (MSC-Software).25–27

The pore coordinates in the models were generated by
PERL-programs. For the two-dimensional models marc

Fig. 4. Substructure I: (a) cell arrangement and (b) stress distribution
under tensile loading.

element 125 (eight square node element with reduced
integration)26 were used. The strut material was represented
by the material properties of�-SiC (Young’s modulus
410 GPa; possion’s ratio 0.14; density 3.1 g/cm3).28 The

Fig. 5. Substructure II: (a) cell arrangement and (b) stress distribution
under tensile loading.
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Fig. 6. Cell arrangement in combined structure III: combined structure model (top) and biocarbon template of pine wood.

two-dimensional models were applied to radial loading con-
ditions (Figs. 5–7). The load was applied as tension stress.
The following boundary conditions were applied:

• fixed nodal displacement for node∈ {(0, y, z), (x, 0, y),

(x, y, 0)},
• tying for node ∈ {(xmax, y, z), (x, ymax, z), (x, y, zmax)}

to retained node(xmax, ymax, zmax),
• for two-dimensional models edge load (10 N) on right

outline.

Heterogeneity of the cellular material derived from natural
template was taken into account by variation of structural pa-
rameters (strut thicknesst, pore diameterd, and pore shape).
The calculations of the two-dimensional models were done
in plain strain mode (∈z = 0).28,29

3. Results

3.1. Substructures I and II

Substructure Irepresents the early wood region in pine
wood anatomy with square pores arranged in a regular man-
ner as shown inFig. 1. Fig. 4bshows the distribution of ten-
sile stress componentσxx in the struts of regularly arranged
square cells (substructure I) subjected to an uniaxial tensile

load of 10 MPa in radial direction. The porosity was varied
from 20% to 90%.Fig. 4bpresents the FEM-simulation of
the stress distribution for a typical porosity of 63% found in
the biomorphous SiC-ceramic. Compression stress state is
observed in the vertical struts whereas the horizontal struts
are subjected to tensile stresses, parallel to the loading direc-
tion. With increasing porosity the tensile stress in the struts
parallel to the loading direction rises from approximately
20 MPa at a porosity of 20% to 170 MPa at 80%, respec-
tively. At the strut crossings a reduced tensile stress is found,
the difference to the remote strut region being increased
with increasing porosity. This is to be expected because of
decreasing strut thickness from 15�m at 20% porosity to
2�m at 80% porosity, respectively. When strut thickness
varies over the length of strut ligament due to growth inho-
mogenities local stress intensification might be even higher
than predicted (170 MPa compared to applied remote stress
of 10 MPa) and may give rise for strut failure when the ma-
terials tensile strength is exceeded.

Fig. 5bshows the corresponding stress distribution insub-
structure IIthat is characterized by elliptical pore shape. The
elliptical pores ofsubstructure IIwere constructed by reduc-
ing the semi axisa. The arrangement of elliptical pores as
given in Fig. 5arepresents the cellular structure in the late
wood regions of pine. Compared to the square pores ten-
sile stresses accumulate at the top of the pores and give rise
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Fig. 7. Combined structure III: (a) cell arrangement and (b) stress distribution under tensile loading.

for pronounced stress singularities. The transformation of
a single pore from round to elliptical has been analytically
described by28 and numerically by.30 The FEM-simulations
show, that the porosity of the structure is reduced for de-
creasinga and the maximum stressσxx increased accord-
ingly.

3.2. Simulation of the seasonal ring pattern

3.2.1. Combined structure III
The extension from the individual substructures to a com-

bined structure model which represents the early wood/late
wood transition region is shown inFig. 6. For comparison
the real tissue structure of pine-derived SiC-ceramic in the
early wood/late wood transition region is shown below.

To account for the radial variation of elliptical pore geom-
etry, semi axisa was varied with increasing distance from

the early wood/late wood boundary. The number of elliptical
pores varied between three and four depending on the value
of an (Fig. 7). The strut sizet and pore diameterd of the
square pores were fixed to match a porosity of 80% in the
square cell region. The strut size in early wood/late wood in-
terface was defined as 1.5t and, between the elliptical pores,
as 2t in agreement with the experimental values. The aver-
age porosity of the combined structure model varied from
40% (0.02 mm< an < 0.06 mm) up to 60% (0.15 mm< an

< 0.17 mm).
Generally, the maximum tensile stressσAB

xx in the late
wood area (elliptical pores/low porosity) is lower than in
the early wood area (square pores/high porosity). However,
with increasinga the maximum tensile stressσAB

xx increases
in the late wood area and reached approximately 100% of
the tensile stress level in the early wood region whena
equalsd.
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4. Discussion

4.1. Effect of porosity and pore shape

Assuming a constant reference cell lengthl (l = 1) with
translational periodicity of cell arrangement the cellular
channel porosity can be expressed as a function of either
strut sizet or pore diameterd for square pores:

Psquare=
(

1 − 2

d/t + 2

)2

(2)

and for elliptical pores (special case semi axisa = b) as:

Pelliptical =
(

1 − 2

d/t + 2

)2
π

4
. (3)

The FEM-simulation indicated that the calculated maximum
tensile stressσxx for square(s) and elliptical(e) pores (special

Fig. 8. Analytical model of maximum tensile stress (a) as a function of (a) the ratiod/t (Eq. (4)) and (b) porosity (Eq. (5)).

casea = b) depends in a linear relation on thed/t ratio by

σxx = Asquare,elliptical
d

t
− Bsquare,elliptical (4)

whereA andB are geometric constants which account for
the different substructures models (Asquare = 10.02172,
Aelliptical = 10.03866 andBsquare= −2.8 × 10−4, Belliptical
= −3.53551).Fig. 8a shows the calculated tensile stress
σxx as a function of the ratiod/t for different pore shapes.
Accordingly, the tensile stressσxx can be related to the
porosities by:

σxx = As,e

(
Xs,e2

√
Ps,e

1 − Xs,e
√

Ps,e

)
− Bs,e (5)

For the geometric constantX values of 1 (square) andπ/4
(elliptical) were derived.Fig. 8bcompares both the analyt-
ical relations (Eq. (5)) with the results of numerical stress
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Fig. 9. Tentative crack propagation scheme of biomorphous ceramic.

analysis. The maximum tensile stress strongly increases
with increasing porosity. The square cells exhibit a lower
tensile stress at the same level of porosity compared to
spherical pores. It is interesting to note, however, that the
maximum tensile stress applied is similar for both ideal-
ized substructures for the samed/t ratio. The large increase
of the maximum tensile stress for elliptical pores at high
porosities compared to square pores is due to the much
larger decrease in the minimum strut thicknesst.

The seasonal ring patterns of pine primarily contain square
pores in the early wood area and elliptical pores with differ-
ent semi axis in the late wood area. For the analyzed range
of semi axis 0.02 mm< an < 0.17 mm, the maximum stress
σAB

xx in the late wood area does not exceedσAB
xx in the early

wood area. With increasingan, however,σAB
xx increases in

the late wood area, too. The final stress distribution at the
early wood/late wood transition area is the result of both
parameters—porosity and pore shape. The influence on the
maximum stress of each parameter can be determined by
splitting the combined structure back into two parts for the
different pores (early wood and late wood). The porosity of
each part is named aspartial porosity. The partial porosity
δPS for the early wood area (square pores) is 80% and was
kept constant with increasingan. For the late wood area (el-
liptical pores) the partial porosityδPE varies from 20% to
51% for a linear increase ofan (step size 0.01) from 0.02
to 0.17 mm. The range ofan was chosen in accordance to
natural tissue anatomy of wood.

Analyzing the late wood area, the maximum ofσAB
xx in-

creased from 69 MPa (δPE = 20%) to 86 MPa (δPE = 51%)
almost linearly with increasing partial porosityδPE. To
identify the dominating parameter, the resulting maximum
stressσAB(late wood)

xx in the late wood area for different par-
tial porosities has to be compared to the maximum stress
in the early wood areaσAB(early wood)

xx . For the maximum
δPE = 51% the maximum stressσAB(late wood)

xx is 88% of
σ

AB(late wood)
xx . For the minimumδPE = 20% the maximum

stress σ
AB(late wood)
xx obtains 70% ofσAB(late wood)

xx . This
marginal stress increment of only 18% is connected with a
pronounced increase ofδPE of more than 250%.

Local variation of fracture toughness is expected to occur
when the cell size, strut thickness and cell morphology are
changed near the growth ring patterns. Thus, undulations of
low and high-density regions (growth ring patterns and rays)
are likely to affect crack propagation in the crack extension
direction. For a reasonable Weibull modulus of 8, an increase
of fracture toughness by 30% and of strength by 25% was
estimated to be possible in a biomorphous SiC-ceramic.12

Thus, the transition regions might act as crack deflection
interfaces with the growth ring transitions cracking sequen-
tially which gives rise for a series of step like drops in the
stress–strain curve.Fig. 9 finally shows a schematic view
of the crack propagation, which may occur depending on
the loading conditions applied. Crack advance is likely to
be localized on the highly stressed areas whereas regions of
high density should yield higher fracture resistant segments
in the loaded structure.

5. Conclusions

The stress distribution in biomorphous SiC-ceramics
subjected toin-plane tension was calculated by FEM. The
complex cellular structure of the early wood/late wood
transition regions was described by a combination of ide-
alized substructures composed of square and elliptical pore
morphologies. For the idealized substructures, an analytical
correlation between the porosity and the maximum stress
was derived for the ratio between the pore diameter and the
strut thickness. The stress distribution in the early wood/late
wood transition was evaluated by superposition of the lower
hierarchical levels (idealized substructures). The highest
applied stress was found to occur in the square pore region
due to the higher porosity. The regular undulations of early
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wood/late wood regions account for periodical alternations
of density and stress intensification which are supposed to
cause non-planar crack propagation under specific loading
conditions.
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