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Abstract

The ceramization process for the preparation of three-dimensional (3D) biomorphic porous SiC ceramics by chemical vapor infiltration (CVI)
with methyltrichlorosilane/hydrogen mixture has been optimized in this work. As a first step, two alternative ceramization routes have been
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ompared with each other with regard to composition, morphology and bending strength of the resulting ceramics using flat samples. Optimal
eramization route was found to be a three-step process including carbonization of the paper preforms, followed by chemical vapor infiltration
ith stoichiometric SiC layers and a final oxidation step, in which the residual carbon from the template (Cb) is burnt out of the ceramics. Based
n these results 3D honeycomb structures have been ceramized. Prior to these experiments, a computational fluid dynamics simulation of the
as flow in the reactor and through the honeycomb structure has been performed with the software STAR-CD. As a result, homogeneously
nfiltrated three-dimensional structured SiC ceramics could be produced.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Biomorphic ceramics are materials made by a transforma-
ion of biological preforms into a ceramic material. Different
pplications are promising for such materials, especially for
iC ceramics, because of their good performance, including
igh mechanical strength, thermal stability above 1000 ◦C,
igh thermal conductivity and chemical inertness towards
cids and bases.1–4 The main applications for SiC mono-
ithic ceramics or coatings can be found in high performance

aterials in motors or turbine blades or for abrasive wear
rotection.1 The combination of the hardness of SiC with the
ow density and high flexibility of the biological structures

akes biomorphic ceramics a unique material.

∗ Corresponding author. Tel.: +49 9131 852 7428; fax: +49 9131 852 7421.
E-mail address: n.popovska@rzmail.uni-erlangen.de (N. Popovska).

Different processing technologies have been developed
in recent years. The most investigated among them are
liquid Si infiltration,5–8 Si gas infiltration,5,9,10 SiO vapor
infiltration9,11 and chemical vapor infiltration and reaction
(CVI-R).1,12–15

In our previous paper12 the processing of porous SiC ce-
ramics from paper by CVI-R technique was investigated. The
paper fibers were first converted into a biocarbon (Cb) tem-
plate by carbonization. In a second step methyltrichlorosi-
lane (MTS) in excess of hydrogen was infiltrated into the Cb-
template by CVI at relatively low temperatures (850–950 ◦C),
depositing a Si/SiC layer around each fiber. The reaction (R)
between carbon and excess of Si to form additional SiC oc-
curred during the subsequent thermal treatment. As carbon
normally does not react with the Si completely, the residual
carbon has to be burnt out in an additional oxidation step. The
bending strength of the resulting ceramics with a porosity of
70–85% was in the range between 5 and 15 MPa.

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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Fig. 1. Flow chart of the two routes of the ceramization process by CVI.

In this paper an alternative CVI ceramization route with
the same precursor system (MTS/H2) was investigated on flat
substrates, shown as route 2 in Fig. 1. As in this case stoichio-
metric SiC is infiltrated, the carbon from the template remains
unreacted and has to be burnt out in the last processing step.

After thorough investigations we have to select that ce-
ramization route (Fig. 1), which produces ceramics with
higher bending strength, for further use, in order to infil-
trate three-dimensional (3D) structures. Previously, simula-
tions of the gas flow in the reactor were performed with
the computational fluid dynamics software STAR-CD.16 By
these simulations the distribution of the gas along the three-
dimensional structures during the infiltration was analyzed
in order to achieve a homogeneous infiltration, which was
confirmed gravimetrically and by SEM.

2. Experimental procedure

2.1. Substrates

Flat paper sheets (Hahnemuehle GmbH), consisting of a
mixture of linters and soft wood fibers were used for the
conversion to SiC ceramics.1 The paper has a thickness of
0.30 mm, geometrical density of 0.35 g/cm3, an initial poros-
ity of 0.69 and a mean pore size of 7.6 �m. Considering the
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The chemical vapor infiltration process was performed
with methyltrichlorosilane (MTS)/hydrogen mixtures. Two
different layer compositions were used for the infiltration of
the Cb-templates. According to our previous investigations
with this precursor system,12 the layer composition varies
as a function of the deposition temperature and the hydro-
gen excess, expressed as the H2/MTS ratio (α). Basically, at
high temperature and low α values, stoichiometric SiC layers
are obtained, whereas at low temperature and high hydro-
gen excess, Si rich SiC layers are deposited. Stoichiometric
SiC was deposited at 950 ◦C and α = 2. Layers with a Si/C
ratio of 3 were deposited at temperatures between 800 and
925 ◦C and α values above 10. The infiltration experiments
were performed at a reduced pressure of 300 mbar in order to
achieve better infiltration into the pores of the Cb-templates,
especially in the case of three-dimensional honeycomb
structures.

When via route 1 excess Si was infiltrated in addition to
SiC, it had to react with the carbon in a further thermal treat-
ment step. The thermal treatment was performed at 1400 ◦C
for 1 h in inert gas atmosphere. The amount of residual carbon
was determined by thermogravimetric analysis (TGA).

An oxidation step is necessary either when biomorphic
ceramics are produced with stoichiometric SiC layers or in
the case, when Si/SiC layers are infiltrated. In both cases the
residual carbon was burnt out of the inner core of the ceramic
a
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hrinkage of the structures during the carbonization step, the
apers were cut to 40 mm × 40 mm squares and carbonized
t the optimal conditions, described in refs. 1, 12.

Three-dimensional structures were prepared from the
ame thin paper sheets with a flat and a corrugated layer. The
ast one consists of so called A-flute with a depth of 2 mm.
y wrapping the layers and fixing them with standard paper
lue onto the flat paper the shape of the structure was main-
ained after the ceramization process. The diameter of the 3D
tructures was set to 32 mm, while the length was 120 mm.

.2. Experimental equipment

The equipment used for ceramization of paper preforms
nd the carbonization conditions were described in detail
lsewhere.12
t 750 ◦C for 5 h.

.3. Characterization methods

Thermo gravimetric analysis (Simultan-Thermo-Analyse-
eraet STA 429 Firma Netzsch-Gerätebau GmbH) was used

o obtain the weight change of the samples when submitted to
50 ◦C for 4 h in air flow (50 N l/h). By this method the resid-
al carbon in the final ceramics can be determined as it ox-
dizes easily in air at temperatures above 400 ◦C. Therefore,
he weight loss of the samples is proportional to the amount
f unreacted carbon in the ceramic. The TGA is comparable
o the final oxidation step in the ceramization route.

Scanning electron microscopy (SEM Phillips XL 30) was
sed for analyzing the surface morphology of the preforms
fter every processing step.
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Finally, in order to be able to make a statement about the
quality of the processed ceramics, their bending strength was
determined by a double ring bending test according to DIN
52 292.16 The samples were subjected to a bending strength
in radial and tangential direction between two metallic rings.
A scheme of the double ring bending test and the calculations
are presented in refs. 1 and 12.

3. Results and discussion

3.1. Ceramization of flat paper preforms

Flat paper preforms have been converted into SiC ceram-
ics by applying the procedures described above (Fig. 1). In
the case of ceramization route 1, where Si/SiC layers have
been deposited, a subsequent thermal treatment step is nec-
essary so that Si can react with the carbon to SiC as shown in
Eqs. (1) and (2). The global reaction for the infiltration with
stoichiometric SiC layers (route 2) is shown in Eq. (3).

Route 1:

3CH3SiCl3 + 4H2 → SiC + 2Si + 2CH4 + 9HCl (1)

Si + Cb → SiCb (2)

C

b
p
a
s

t

X

The weight loss is inverse proportional to the degree of
conversion of the Cb to SiC, so the weight loss after TGA
as a function of the weight gain after infiltration and ther-
mal treatment is presented in Fig. 2a. Higher conversion
of the Cb to SiC can be observed after the thermal treat-
ment. However, no complete conversion of the Cb to SiC was
achieved at low weight gains. The main reason for this be-
havior is that in the low weight gain region no sufficiently
free Si is being deposited that can react with the Cb (low
Si/Cb ratio). So the main limitation of the conversion in this
case is not the thermal treatment, but the availability of free
Si. Also the slow diffusion of the C or the Si through the
formed SiC layer is an additional limitation for a complete
conversion.

The maximal bending strength as a function of the poros-
ity, measured by Hg-porosimetry, is presented in Fig. 2b. A
clear difference can be seen in the bending strength of the
samples infiltrated with stoichiometric SiC and those infil-
trated with Si/SiC layer and subsequently thermally treated.
A possible explanation for the lower bending strength of the
samples ceramized by route 1 is a crack formation as a result
of volume expansion due to the high temperature reaction
between Si and Cb.

The morphology of the samples prepared by both routes
before the last oxidation step is presented in Fig. 3. Fig. 3a
shows ceramics infiltrated with a Si/SiC layer and thermally
t
c
t
i
s
l

t
t
s
w
a
e

f the ce
Route 2:

H3SiCl3
H2−→ SiC + 3HCl (3)

In the following, samples prepared by routes 1 and 2 have
een analyzed by TGA and double ring bending test and their
roperties have been compared with each other. From this
nalysis the ceramization route with the better results will be
elected.

The degree of conversion of Cb to SiC (X) after thermal
reatment as defined in Eq. (4) is analyzed by TGA.

= Cconverted

Cinitial
= Cinitial − Cresidual

Cinitial
= 1 − Cresidual

Cinitial
(4)

Fig. 2. (a) Weight loss during TGA and (b) maximal bending strength o
reated, while Fig. 3b shows ceramics infiltrated with stoi-
hiometric SiC. A Cb core is observed in both ceramics, but
he SiC layers look smoother than the one obtained from the
nfiltration by the route 1. This confirms the higher bending
trength of the ceramics obtained with the stoichiometric SiC
ayers.

From the results presented above an optimal ceramiza-
ion route can be proposed. The route 2, including infil-
ration of the Cb-templates with stoichiometric SiC with a
ubsequent oxidation step, results in high porous ceramics
ith better bending strength. This route does not involve
high temperature treatment step, which makes it more

conomic.

ramics as a function of the thermal treatment step and the weight gain.
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Fig. 3. SEM micrographs of samples infiltrated with (a) Si/SiC layer and (b) stoichiometric SiC layer.

3.2. Ceramization of three-dimensional (3D) structures

3.2.1. CFD simulation of the gas flow through the 3D
structure

The gas flow during the CVI process of 3D structures
has been simulated with the computational fluid dynamics
(CFD) software STAR-CD.17 For this study, first a grid for the
reactor and the solid sample has been generated. The shape
of the reactor tube with its inlet and outlet pipes has been
modeled with a cylindrical coordinate system very similar
to the actual equipment used. The reactor has a diameter of
32 mm with 130 cm length, while the furnace which is placed
in the center of the tube has a length of 100 cm. The resistive
heated furnace has been simulated by heating up the wall
of the reactor with the measured temperature profile. The
inlet and outlet pipes have a diameter of 7 mm. The inlet gas
velocity in the pipe is set to 160 cm/s which correspond to
a gas velocity in the reactor of 30 cm/s and a residence time
of the gases of 2.0 s. The shape of the 3D structure has been
modeled within the cell walls of the grid network. The same
cells per square inch (cpsi) are set for the modeled structure
as are obtained for the manufactured honeycomb structures,
namely 145 cpsi. The structure walls are defined as baffles
with a porosity of 0.50. So the gas flow is forced to pass along
the whole length of the cells, but due to the porosity of the
templates also some lateral diffusion through the cell walls is

Fig. 4. Positioning of the 3D sample in the reactor.

possible. In Fig. 4, the positioning of the three-dimensional
sample in the reactor and its shape are presented.

In the simulation of the fluid dynamics the gas is entering
the reactor through the inlet pipe and expands slightly, but
a fast gas core remains until it reaches the samples. The gas
mixes when passing through the 3D sample and thus, the gas

for different temperatures at (a) 300 mbar and (b) 100 mbar.
Fig. 5. Geometric density of the individual segments
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Fig. 6. Geometric density of the individual segments with alternative ap-
proaches: normal positioning (- - -) rotated samples and (· · ·) blind lattice.

velocity is more homogeneously distributed. This indicates
that a good infiltration into the structure can be expected
during the CVI process.

3.3. Ceramization of 3D structures

The 3D structures have been ceramized by the ceramiza-
tion route 2, which includes carbonization, chemical vapor
infiltration with stoichiometric SiC and a final burn out of
the residual carbon by oxidation. The optimal parameters to
obtain an axially homogeneously infiltrated structure must be
determined experimentally. A clear effect of each infiltration
parameter: temperature, total pressure and molar fraction of
MTS (xMTS) on the weight gain of the honeycomb structure

was observed. In general, the weight gain increases with in-
creasing the temperature, the total pressure and the molar
fraction of MTS. However, the total weight gain does not
give any information about the homogeneity of the infiltra-
tion within the 3D structures. Therefore, the homogeneity
has been analyzed by cutting the samples in equal segments
and calculating the geometric density of each segment. The
principle is that the higher the geometric density, the higher
the infiltration. An optimal infiltration is achieved at a high
geometric density/h infiltration and homogeneous distribu-
tion along the individual segments. In Fig. 5, the geometric
density for each segment at different infiltration conditions is
presented. It can be clearly recognized that the overall values
of the geometric density for the experiments at 300 mbar (a)
is much higher than those for 100 mbar (b). Even if the distri-
bution of the geometric density after infiltration at 100 mbar
is more homogeneous than that at 300 mbar, the higher total
pressure of 300 mbar will be applied for the following eval-
uations, because with experiments at 100 mbar more than
10 h infiltration is necessary to obtain the desired weight
gain of at least 250%, which represent a geometric density of
0.18 g/cm3. For the experiments at 300 mbar higher deposi-
tion rates are observed, especially at higher temperatures of
900–950 ◦C and a molar fraction of 0.30. However, a high
difference in the geometric density of more than 60% was
observed at these conditions between the first and the follow-
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Fig. 7. SEM micrographs of the ceramized three-dime
ng segments of the 3D structures. Only for the second and
he following segments, the geometric density was more or
ess constant.

In order to improve the homogeneity of the infiltration
long the 3D structure, two approaches were investigated and

sample before (a and b) and after (c and d) oxidation.
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presented in Fig. 6. The first curve (circles) shows the sample
infiltrated at the optimal conditions at its normal positioning.
In the second case (rectangles), the sample was taken out of
the reactor after the half infiltration time and positioned again
in the reactor the other way around. By rotating the samples,
a more homogeneous infiltration can be expected, because
both sides of the structure have been submitted to the same
initial deposition rate. In the third approach (triangles), a thin
3D sample of 5 mm was prepared and placed in the front
of the actual sample. This structure acts as a blind lattice,
where the initially high deposition rate takes place. After that
a more homogeneous infiltration along the complete length
of the sample can be observed.

The results in Fig. 6 show that with both approaches a
more homogeneous infiltration along the whole honeycomb
structure was obtained. In order to simplify the process the
approach of positioning a blind lattice before the actual sam-
ple was favored instead of rotating the sample. Two molar
fractions of MTS have been investigated. At a molar fraction
of 0.30 a high difference in the geometric density was still
observed along the sample length, but at a molar fraction of
0.15 ceramized 3D structures with good homogeneity were
produced. Therefore, the optimal infiltration conditions were
set to 950 ◦C, 300 mbar, xMTS = 0.15 and 5 h infiltration time
with the blind lattice positioned directly before the sample.

In Fig. 7, SEM micrographs of two 3D structure segments
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putational fluid dynamics simulation of the gas flow in the
reactor and through the 3D structure has been performed.
The results showed that a high velocity gas core remains, due
to the thin inlet pipeline, up to the middle of the reactor until
the sample is reached. But the gas flow homogenizes when it
is passing through the 3D structure. Based on the simulation
results a good infiltration can be expected.

Two approaches for further improving the homogeneity
of the infiltration of the 3D samples were investigated and
both were found to be effective. In the first case, the sample
has been rotated in the reactor after half of the deposition
time. In the second case, a blind lattice has been positioned
before the 3D structure to homogenize the gas flow in front of
the sample and also to obtain the maximum deposition rate in
the blind lattice and therefore, more homogeneous deposition
along the actual sample.
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R

re shown. This structure has been infiltrated at the optimal
eposition conditions as indicated above. In Fig. 7a and b, the
tructure after the chemical vapor infiltration is presented,
hile in Fig. 7c and d the structure has already been sub-
itted to the oxidation step for Cb removal. The fibers are

ollow compared to the dense fibers of SiC with the Cb inner
ore before its burning out. No mechanical bending strength
easurements can be performed with these structures due

o their shape, but based on the results from the flat papers
ith the same weight gain in the range of 300–350%, bend-

ng strengths of a single wall between 10 and 15 MPa can be
xpected. And since the structure reinforces itself via the con-
ections on the glued points, the real strength of the complete
tructure should be higher.

. Conclusions

Biomorphic SiC ceramics have been prepared from
at and three-dimensional paper preforms by CVI with
ethyltrichlorosilane–hydrogen. As a first step the optimal

eramization route has been established using flat samples by
nalyzing the composition, the morphology and the bending
trength of the ceramics, the last being the most important
riterion. The optimal ceramization route was found to be
three-step process consisting of carbonization, chemical

apor infiltration with the deposition of stoichiometric SiC
ayers and a final oxidation, in order to remove residual Cb.

After defining the processing route, 3D structures were ce-
amized and characterized. Prior to the experiments a com-
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