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Abstract

Chemical vapor infiltration and reaction (CVI-R) is used to produce biomorphic high porous SiC ceramics based on biological structures such
as paper. The paper fibers are first converted into a biocarhng@plate by a carbonization step. In a second step methyltrichlorosilane
(MTS) in excess of hydrogen is infiltrated into thg-@mplate by CVI technique, depositing a Si/SiC layer around each fiber. The reaction

(R) between biocarbon and excess silicon to form additional silicon carbide occurs during a subsequent thermal treatment as a third step of
the ceramization process. Due to the mild infiltration conditions (8502@D¢he initial micro- and macrostructure of the carbon preform

is retained in the final ceramics. The applied characterization methods after every step of the ceramization process are X-ray Photoelectron
Spectroscopy (XPS), Raman spectroscopy, Thermal Gravimetric Analysis (TGA), and Scanning Electron Microscopy (SEM). The bending
strength of the resulting porous ceramics is measured by the double ring bending test. It is found that a slight excess of free Si in relation to
the amount of carbon from thg,@emplate must be deposited in the Si/SiC layer to achieve a nearly complete conversiongfahmplates

into SiC ceramic. The weight gain after infiltration has to be at least 400 wt.%. Varying the infiltration conditions such as temperature, MTS
concentration and infiltration time, ceramics in a wide range of porosity (55—-80%) and mechanical properties (5—40 MPa) can be produced.
A thermal treatment temperature of 14@is found to be optimal for the reaction between the deposited Si and the biocarbon.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction original cellulose molecules of the paper fibers used in this
study are first converted into a carbon lattice—the biocarbon
In recent years the characteristics and advantages of(Cy-) template—and then transformed into a SiC ceramic
natural structures have been recognized and utilized forby adding Si to the template and subsequently reacting it
specific technical applications such as the imitation of nat- with the G,.57 Additional SiC can be deposited onto the
ural structures by biomimetic design or as the implementa- fibers to reinforce the original structure. During this trans-
tion of biological structures for manufacturing biomorphic formation highly specified structures of paper preforms are
ceramics: 3 Biomorphic high porous ceramics are obtained remained unchanged down to the micrometer level. The
by carbonization and consecutive conversion of biological ceramics obtained from biological preforms, either paper
preforms into ceramics. During the conversion the mi- or wood preforms, show high strength combined with very
crostructure of the biological preform is neither destroyed low density’-8
nor altered, only a homogeneous shrinkage in all directions Up to now it is not possible to produce such high
takes place during carbonizatii. However, its chemical ~ porous ceramic structures using conventional manufacturing
composition changes due to the ceramization process. Theechnologies:® For this reason, new methods to produce
high porous, light weight ceramics from biological pre-
- _ _ _ forms have been developed in the last y€afsnong these
o Jcrzgzslp;lncélgg ?:;hlc.)r' Tek49 9131 852 7437: methods the most investigated are Si liquid infiltratidmnt>
E-mail addressdaniela.almeida@rzmail.uni-erlangen.de Si gas infiltration'®1” SiO vapor infiltration:®18
(D.A. Streitwieser). polymer infiltratiod® and, the method used in this pa-
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per, chemical vapor infiltration and reaction (CVI-R) infiltration conditions, the composition of the deposit and
technique?, /2023 the layer thickness, it is possible to control the porosity and
Earlier investigations have been performed by Greil étal. thus the mechanical properties of the final ceramics. The
on SiC ceramics derived from wood templates to compare main interest of the present study is to find out at which in-
three different ceramization methods. In that study the biax- filtration conditions porous ceramics with high mechanical
ial tensile loading condition perpendicular to the cell elon- strength can be obtained.
gation has been measured and compared between the SiC
ceramics obtained by Si melt infiltration, SiO vapor infil-
tration and CVI-R technique. The study has shown that the 2. Experimental techniques
mechanical tensile strength of the CVI-R derived SiC ce-
ramics is almost twice as high as that obtained by Si melt 2.1. Ceramization steps
infiltrated samples and over five times higher compared to
those obtained from SiO vapor infiltrated samples. For this 2.1.1. Carbonization
reason, the CVI-R technique is further developed for the ce- The substrates used in this study are flat paper preforms of
ramization of G-templates derived from papers. 0.8 mm thickness with a geometrical density of 0.22 gfcm
In the present study, paper has been chosen as the preThe initial porosity of the papers is 82% with a mean pore
forms for the ceramization of biomorphic materials. Paper size of 25.m. Considering the shrinkage in the structures
preforms have, compared to natural products like wood, the during the processing, the papers are cut to 40 mm
advantage of being an industrial manufactured product, sosquares and carbonized at the conditions described below.
that the properties of the paper preforms like composition, The first step in the ceramization process is the carboniza-
porosity and density remain constant for different charges tion of the paper preforms. For the carbonization a tubular
due to the reproducible paper manufacturing process. Thealumina reactor heated in a resistance furnace is used. To
flat paper sheets can also be formed previous to the processebtain flat samples the paper sheets must be placed in the
ing to any complex three dimensional shape, obtaining thusreactor between two metallic plates, so that they cannot de-
a high geometric surface area. form during the carbonization process. The samples are first
The aim of the study is to apply the CVI-R process to heated with a slow heating ramp of 1 K/min up to 380
convert the porous paper preforms into a ceramic catalystand kept constant for 1 h. On a second ramp the samples are
support. In the first step the paper preforms are convertedheated with 2 K/min up to 850C and kept at this tempera-
into a Gy-template by carbonization. During the second step ture for another hour, before cooling down to room temper-
Si/SiC is deposited around each fiber of thet€mplate by ature with 2 K/min. The obtainedyaemplates are used as
CVI. This is followed by a thermal treatment as the last step preforms for the following infiltration process.
of the ceramization process, where a solid—solid reaction
between the excess Si from the deposited Si/SiC layer and2.1.2. Chemical vapor infiltration (CVI)

the carbon from the template takes placeFig. 1, an over- The experimental equipment used for the CVI step is a
all flow chart of the ceramization process with the CVI-R conventional tubular hot wall reactor consisting of an alu-
technique used in this study is presented. mina tube with 32 mm inner diameter and 0.9 m length. The

In this paper, each of the three steps in the ceramizationgases, hydrogen and helium, are dosed by mass flow con-
process is investigated, with a special focus on the influencetrollers. The liquid precursor MTS is brought into the gas
of the infiltration conditions of the CVI step on the prop- phase before entering the reactor by bubbling a carrier gas
erties of the resulting biomorphic ceramics. An isothermal through an evaporator. Based on the vapor pressure curve
and isobaric chemical vapor infiltration (ICVI) process at the desired amount of MTS in the gas phase can be dosed
low temperatures has been applied for the infiltration using exactly by setting the evaporator temperature. A flow chart
methyltrichlorosilane (MTS—CEBICl3) in excess of hy- of the CVD/CVI equipment is presentedhkiig. 2 The inner
drogen as precursors. Under these conditions the depositseactor wall is lined with a graphite foil in order to be able
consists of SiC with an excess of Si. This layer composition to consider the codeposition on the reactor %fa#ind to
is favorable for the formation of biomorphic ceramics from protect the alumina tube. The substrateg;t€nplates, are
Cp-templates, since the Si reacts during the subsequent therpositioned at the beginning of the isothermal zone, where a
mal treatment by a solid—solid reaction with the biocarbon homogeneous deposition rate is observed. The investigated
from the template to SiC, whereas the codeposited SiC rein-parameter scope is limited to the low temperature region
forces the structure in the micrometer level. By varying the between 850 and 90C. The infiltration is carried out at

Paper | C, - sifsic/C, - poraus
preform template template ceramic

Fig. 1. Flow chart of the ceramization process by CVI-R technique.
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Fig. 2. Flow chart of the CVI equipment.

atmospheric pressure. The MTS concentration is varied TGA (Simultan-Thermo-Analyse-Geraet STA 429 Firma
from a low molar fraction of 0.01 to a high molar fraction Netzsch-Geratebau GmbH) is used to obtain the mass
of 0.10 and the corresponding hydrogen to MTS ratio  change of a sample while being submitted to a specified
ranged from 9 to 90. At this deposition conditions the films temperature-time-program. For this study, the residual car-
consist of Si-rich SiC deposits. bon in the final ceramics is being detected by TGA since it
To define the surface reaction limited regime and to de- oxidizes easily in air at temperatures above 400There-
termine the composition of the deposits as function of the fore, the mass loss of the samples oxidized at“T5@or
infiltration parameters, preliminary CVD investigations on 4h in air flow (30 NI/h) is proportional to the amount of
nonporous graphite substrates are performed. For these inunreacted carbon in the ceramic.
vestigations graphite samples, consisting of 30 graphite foil Scanning Electron Microscopy (SEM, Phillips XL 30) is
strips bent to semicircles, are placed along the whole lengtha useful technique for analyzing the surface morphology of
of the reactor in order to determine the axial deposition rate the preforms at every processing step. With this method it
profiles and to analyze the composition of the deposits asis possible to see the changes in the samples after each step

function of the infiltration parametef§. and for the different process conditions.
The porosity of the samples after each processing step is
2.1.3. Thermal treatment (reaction) determined by Mercury (Hg-) porosimetry. It is based on the

The last step in the ceramization process is the chemi- high surface tension property of mercury. When performing
cal reaction between the Si from the Si/SiC deposit and the the pore size measurement, mercury has to be forced into
C from the G-template. This reaction takes place in the the porous specimen with the pressure increased in steps.
solid phase and has to be performed at elevated temperaThe amount of mercury intruded is determined and pore
tures. For this study the temperature is varied between 1250size, pore size distribution and porosity are obtaiffeth
and 1600C. The thermal treatment time is kept constant at this study, Carlo Erba Mercury Intrusion Porosimeter 2000
1h. The effect of the thermal treatment conditions on the is applied?* The results are compared to the values obtained
solid—solid reaction is evaluated by the content of unreactedfrom calculations using the geometrical and the strut density
Si and residual carbon, measured by Raman spectroscopyf the samples.

and Thermo Gravimetric Analysis (TGA), respectively. Finally, in order to be able to make a statement about the
quality of the processed ceramics, the bending strength is
2.2. Characterization methods determined by a double ring bending test according to DIN

52 2925 for flat samples of glasses and glass ceramics. The
The composition of the deposits is determined by X-ray samples are subjected to a bending strength in radial and
photoelectron spectroscopy (XPS, Physical Electronics PHI tangential direction between two metallic rings. A scheme
5600 ESCA System). XPS is performed on the nonporous of the double ring bending test arrangement is shown in
samples to obtain the atomic composition of the deposited Fig. 3. The bending strength of a sample, max is the
films prior to its reaction with the carbon from the template. tensile strength reached at the first crack of the sample. It
Raman spectroscopy (Raman-Spektrometer Type Ren-

ishaw Ramascope 2000) is used to analyze the molecular l,:

composition of the ceramics (C, Si, SiC) on the fibers sur- sample r load ring
face after every step in the ceramization process. In this \ /

method the molecular vibrations are measured in the form of — | s
scattered Raman radiations generated by a monochromatic i Nt
laser beamX = 514 nm). The scattered light is disjointed % |

according to the wavelength and then recorded in the de-
tector, so as to recognize different atoms and functional
groups. Fig. 3. Scheme of the double ring bending test arrangement.

s support ring
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can be calculated from the maximal loaklax and the 0.14
thickness of the sampls,
£ 0.12 A
b max = 1.04—1 1 —
b, max S2 ( ) T 014
By this method, only a spherical area of the sample as : 0.08 4
big as the support ring is submitted to the force, but not the .g '
margins of it. § 0.06 -
§ 0.04 - limitation by limitation by
. . mass transport surface reaction
3. Results and discussion 0.02 4
3.1. Carbonization 0 ; : : . . .

0 05 1 15 2 25 3 35 4
The carbonization reactions of natural fibers have been residence time, 1[s]
extensively studied in earlier papér§®1317 Basically the
paper preforms consisting of cellulose are exposed to a high Fig. 5. Dependence of the precursor conversion on the residence time.
temperature treatment in inert atmosphere. In the first heat-
ing ramp, up to 350C, volatile species like D, CO, CQ, shown. Each fiber retains its initial structure with shrinkage
aliphatic acids, carbonyls, and alcohols are released from thein diameter between 25 and 33%.
substrated2® The major mass loss is observed between 220
and 350C. In the second heating ramp, at high tempera- 3.2. Chemical vapor infiltration
tures polyaromatic carbon compounds are formed. They can
be either transported out of the reactor by the gas phase a.2.1. Preliminary investigations—CVD on nonporous
high viscous bitumen-like by-products or they react further substrates
to form the carbon lattice structure. Preliminary investigations have to be performed on non-
The mass loss of the paper preforms after carbonization isporous substrates prior to the infiltration experiments in or-
about 80 wt.%. Shrinkage in all directions is also observed. der to define a region of deposition conditions where no
The macroscopic shrinkage in length and height is 26% and mass transport limitations take place and where the surface
lies somewhat higher in width with 33% due to the paper reaction controls the overall deposition process. This means,
manufacturing process, where the fibers obtain a certain ori-that in this region the rate of mass transport of the reactants
entation. For the same reason the thin paper sheets tend teo the substrate surface is higher than the deposition reaction
bend and roll during the carbonization. To obtain flat sam- on the surface. Only under such conditions a homogeneous
ples they must be weighted down with a flat heat resistant infiltration in the preforms can be obtained.
support during the process. Generally, mass transport limitation by film diffusion or
The geometrical density of the resulting-@mplates is  convection can easily be verified by varying the residence
0.125g/cni with a porosity of 90%. IrFig. 4, SEM micro- time of the gases, expressed as the gas flow velocity, keep-
graphs of a papeig. 49 and a G-template Fig. 4b are ing other reaction conditions constant. The surface reac-

Fig. 4. SEM micrograph of the structure of the (a) paper and pje@plate.
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tion limited regime lies at a residence time region where a
maximum conversion of the precursor is observed. 5

shows the influence of the residence time of the reactant

gases on the conversion of the precursor MTS. It can be

seen that at residence times smaller than 1.5s the con-

version increases with the residence time, which indicates
that the deposition process is limited by mass transport.

By increasing the residence time above 1.5s the conver-

sion achieves a maximum value remaining constant inde-
pendent from the residence time, which indicates that in
this region the deposition process is limited by the sur-
face reaction. Therefore, a residence time of 1.5s, corre-
sponding to a gas flow velocity of 30cm/s, is assumed
to be optimal for the following experiments, in order to
achieve a homogeneous infiltration into the pores of the
Cp-template.

Furthermore, the composition of the deposited films as a
function of temperature and hydrogen excess has been an
lyzed on nonporous graphite substrates by XPS. A detailed
decomposition mechanism of methyltrichlorosilane and hy-
drogen to SiC, Si/SiC, and C/SiC is postulated by Popovska
et al?% in a previous study. Though, for better understand-
ing a simplified overall deposition reaction of Si/SiC is pre-
sented inEq. (2)

(x + y)CHaSICls “2xSi(s) + ySIC(S) + xCHg

+3(x + yHCI 2

The composition of the deposits expressed as the
Si/C ratio depends on both deposition temperature
and hydrogen amount in the reaction gas as shown in
Fig. 6.

It is found that at the chosen infiltration conditions: low
temperature region between 850 and 900and high hy-

a-
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Fig. 7. Influence of the infiltration time on the weight gain of the
Cp-templates T = 850°C).

3.2.2. Chemical vapor infiltration of the,@emplates

The chemical vapor infiltration of the y@emplates
prepared by carbonization of paper has been studied by
performing different series of experiments. The infiltra-
tion parameters with the major influence on the properties
of the resulting ceramics such as temperature, MTS mo-
lar fraction and infiltration time have been investigated
independently from each other. The dependence of the in-
filtrated layer thickness, expressed as percent weight gain
of the Gy-templates, on the infiltration time at MTS molar
fractions of 0.05 and 85QC is shown inFig. 7. As it can
be seen, the weight gain rises as a second order function
with the infiltration time.

After having analyzed the influence of the infiltration
time, the following experiments with variation of tempera-
ture and MTS molar fraction are done with 1-h infiltration.
Fig. 8 shows the combined effect of the variation of the
infiltration temperature from 850 to 90C and the MTS

drogen excess, the deposited layers surrounding the carbomnolar fraction from 0.01 to 0.10 using a maximum amount

fibers of the G-template have a Si to C ratio of 2.5-3.5,
corresponding to a Si/SiC ratio of 1.5-2.5.

100 - \
Si/C > 3.0
A
)
®
) 10 4
'_
-E& = 0 g .
T 2.0<Si/C<3.0
=]
. . . .
Si/lC <2.0
1 T T T ' | :
775 800 825 850 875 900 925 950
Temperature [°C]

Fig. 6. Analysis of the layer composition as function of temperature and
hydrogen excess.

of hydrogen ¢ = Ho/MTS = 99-9). The deposition rate
increases linearly with the MTS molar fraction for all tem-
peratures investigated. At 850 and 9@the weight gain
rises by a factor of 2 when the molar fraction is doubled
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Fig. 8. Influence of the MTS molar fraction and the infiltration temperature
weight gain of the g-templates.



822 D.A. Streitwieser et al. / Journal of the European Ceramic Society 25 (2005) 817-828

from 0.05 to 0.10. Generally, it can be concluded that a tem- si sic  sic c c
perature rise of 25C doubles the deposition rate and has 20 con”' 794 om 'S8 om ! 1360 enl 1580 cm
thus the same effect as doubling the MTS molar fraction. ’
The infiltration conditions affect strongly the properties of
the final ceramics as described below.

3.2.3. Effect of the infiltration conditions on the properties
of the resulting ceramics

In order to investigate the effect of the infiltration con-
ditions on the properties of the resulting ceramics, all the . .
samples have been thermally treated at the same conditions = — ;

(1 h at 1400C) after infiltration. e % 1200 1500 =09
wave length [em™]

intensity [-]

3.2.3.1. Composition of the ceramicsAfter the ceramiza- Fig. 9. Raman spectra of the ceramized samples infiltrated for different
tion process, the ceramics may consist of residual C from infiltration time.
the template, unreacted Si and deposited as well as ther-
mally reacted SiC. In the preliminary investigations (see reaction of Si with the §to SiC. For 4- and 5-h infiltra-
Section 3.2.]1 the composition of the deposited layers tion time, a sharp Si peak appears since not all the Si can
around the carbon fibers of the@mplate at different in-  diffuse through the thick deposited layers in order to react
filtration conditions are determined. Table 1the deposited  with the carbon coreFig. 10 shows the Raman spectra of
masses of free Si and SiC and the corresponding molar ratiothe G,-templates infiltrated at 85 (Fig. 103 and 900°C
between the free Si and thg, @om the templategsi/nc,, (Fig. 10D. Residual carbon is detected at all MTS molar
are listed. Thesj/nc, ratio increases with increasing MTS  fraction values at 850C infiltration temperature. As shown
molar fraction and temperature, since these parameters in4in Fig. 8 the maximum weight gain under these conditions
crease the deposition rate and therefore the weight gain ands 252 wt.% and as;/nc, ratio below 0.56 is calculated in
the overall moles of Si that can react with thg. @ weight Table 1 This explains why residual carbon is still observed
gain of at least 400 wt.% is needed to reach the amounts ofon the fiber surfaces. The amount of the free Si in the Si/SiC
Si necessary for stoichiometric reaction with © SiC. deposit has not been enough to convert theginplate com-
The effect of the infiltration conditions on the composi- pletely into a SiC ceramic. At 90G no carbon peaks are
tion of the resulting ceramics is also analyzed by Raman detected by Raman spectroscopy. The calculaggthc, ra-
spectroscopy and TGARig. 9 shows the Raman spectra of tio lies between 1.1 and 1.9 with a weight gain between 430
the G,-templates infiltrated for 1 up to 5h at 850 and at and 780 wt.%. The Si peak is still observed at all MTS molar
0.05 MTS molar fraction. Already after 3-h infiltration no fractions. For the MTS molar fraction of 0.10 no sharp SiC
more carbon is found on the surface. For 1- and 3-h infiltra- peak is observed. The Si is found to be the major species on
tion time, no Si peak can be observed, indicating a completethe surface.

Table 1
Compositional analysis of the deposited layers
Infiltration parameters Initial mass of Total mass Si/SiC deposit Moles free  Moles Ratio

Cb, ain, Am (% - - Si, ns; Cb, i
T(C) Xwrs « o may (0) g C8) " Vtass of free Si (g) Mass of SiC (g) ° b 1, si/Ncy
850 0.05 19 0.05474 173 0.0554 0.0395 0.0020 0.0046 0.4325
850 0.06 15 0.06290 183 0.0672 0.0480 0.0024 0.0052 0.4569
850 0.07 13 0.06121 203 0.0726 0.0518 0.0026 0.0051 0.5071
850 0.08 11 0.05881 246 0.0749 0.0699 0.0027 0.0049 0.5449
850 0.09 10 0.05734 248 0.0735 0.0686 0.0026 0.0048 0.5481
850 0.1 8.5 0.05736 252 0.0747 0.0697 0.0027 0.0048 0.5570
875 0.05 19 0.06040 279 0.0982 0.0701 0.0035 0.0050 0.6956
875 0.06 15 0.06224 322 0.1170 0.0835 0.0042 0.0052 0.8039
875 0.07 13 0.05941 375 0.1301 0.0929 0.0046 0.0049 0.9367
875 0.08 11 0.06250 377 0.1375 0.0981 0.0049 0.0052 0.9408
875 0.1 9 0.05753 426 0.1429 0.1020 0.0051 0.0048 1.0622
875 0.09 10 0.05846 412 0.1405 0.1003 0.0050 0.0049 1.0277
900 0.05 19 0.01712 430 0.0430 0.0307 0.0015 0.0014 1.0736
900 0.07 13 0.01874 604 0.2038 0.1455 0.0073 0.0048 1.5067
900 0.08 11 0.05786 779 0.0852 0.0608 0.0030 0.0016 1.9438

900 0.1 9 0.05202 773 0.2345 0.1674 0.0083 0.0043 1.9279
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Fig. 11. TGA of the ceramics infiltrated at different conditions: (a) variation of the infiltration time and (b) variation of the temperature and BITS mol
fraction.

The degree of conversion of carbon to SiC ceramic at
different infiltration conditions is also analyzed by TGA,
expressed as a weight change after isothermal treatment

3.2.3.2. Morphology of the ceramicsThe primary goal of
this study is to process stable, high porous SiC ceramics re-
aEaining the initial microstructure of the paper fibers. SEM is

|75S.OC ;-nlaitrrflow, \_Nf;](:rehthe re?idual C ti_s OXi;jtiﬁdaigfiltlj)t'. used to study the morphology of the samples after each pro-
ng. 11lahe weight change for variation ot the infiitration cessing step. The conversion of thg-€mplate to SiC and

time is presented. It can be seen that the degree of conversion
and the weight gain are proportional to the infiltration time.

The sample at 1h infiltration has a weight gain of only e
180 wt.% and ausj/nc, ratio of 0.43 and shows a weight = B
loss over 35wt.%. At higher infiltration times, the weight £ 404
loss lies in the range between 5wt.% and almost no mass § A5
loss after 5 hinfiltration. The same tendency is observed with 5
an increase of the MTS molar fraction and the temperature £ 201
in Fig. 11h Though, the temperature has a much higher "3’1*25 1
influence. At 900C and MTS molar fraction of 0.10 nearly £ -30
no mass loss is observed in TGA, indicating a complete E 35 |
conversion of the ginto SiC. 2 o
Fig. 12shows the relationship between ihg/nc, ratio in *
the ceramics after infiltration and the obtained weight change i VA
during TGA. A complete conversion of thepGnto SiC 00 02 04 0'6_ (_)' 10 1'2_ 1416 18
occurs only if thensi/nc, ratio exceeds 1.0, corresponding /o ARSI e enranica 1]
to a weight gain of at least 385 wt.%. Atig;/nc, ratio of Fig. 12. Relationship between the Si/C ratio in the ceramics and the

1.2 almost complete conversion is achieved. weight change by TGA.
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Fig. 13. SEM micrograph of the infiltrated ceramics at 1, 3, 4, and Bk 850°C, Xu7s = 0.05).

the reinforcement by additional deposited SiC can be clearly the weight gain and can be calculated from the geometrical
seen from the SEM micrographs. fig. 13the SEM micro- density and measured by Hg-porosimetry. No difference
graphs of the samples infiltrated for different times at850  can be observed in samples with similar weight gain but
and 0.05 MTS molar fraction are presented. The sample with obtained under different infiltration conditions.
1 h infiltration time has only a few nanometer thin layer of ~ The geometrical density of the ceramics lies in the range
SiC deposited around each fiber. The corresponding weightbetween 0.3 and 1.3 g/énand it increases linearly with the
gain lies below 200 wt.%. For 3 and 4 h infiltration the fiber weight gain after infiltration as shown iRig. 15 For low
structure is retained to a high extend with much thicker lay- weight gains below 200 wt.% no significant difference can
ers between 2 andm and a weight gain between 250 and be observed compared to thg-@mplate. But for the highest
500 wt.%. After 5 h infiltration, the fibers stick together and value of 800wt.%, the geometrical density increases to a
form clusters of coated fibers. The layer thickness is around maximum value of 1.3 g/cfh Assuming that the ceramic
6 wm. This sample has a weight gain of above 600wt.%. consists only of SiC with a density of 3.22 g/2rthe open

For the experiment series with variation of the infiltration porosity of the ceramics can be calculated. The porosity is
temperature, only the samples infiltrated at a MTS molar inversely proportional to the weight gain and it changes from
fraction of 0.10 are presented fig. 14 Around each fiber  very high values around 80% to a moderate porosity of 55%.
a thick SiC layer has been deposited and some have grown Fig. 16 shows the dependence between the maximal
together with the adjacent fibers. The mean SiC layer thick- bending strength of the ceramics and their final porosity
ness for 850, 875, and 900 lies at 2, 3, and fm, respec- after the ceramization process. The bending strength re-
tively. The carbon core is still present in all the samples, mains almost constant at values between 5 and 10MPa
though at 900C it is very small. for high porous samples with porosity between 70 and

It can be concluded that at weight gains up to 400wt.% 80%, increasing rapidly with decreasing the porosity to
the original microstructure of theg@emplate is retained to  values below 70%. This behavior can be confirmed by
a high degree, while at higher weight gains the structure is the SEM micrographs, where high porous samples are
modified by the formation of SiC clusters and increase in obtained at low weight gains between 200 and 400 wt.%.
the thickness of the individual fibers. The porosity of the The properties of the (template dominate the overall
samples also decreases due to this increase in material, fillingstructure. At higher weight gains, the porosity decreases
the void between the fibers. linearly with the amount of deposited material since the

deposited Si/SiC reinforces the original structure. The val-

3.2.3.3. Mechanical properties.All the ceramics have ues for the maximal strength for ceramics with a weight
been submitted to double ring bending test to obtain a value gain of 800 wt.% and a corresponding porosity of 55% lies
for its bending strength. From the results it can be seen thatabove 40 MPa. This value is extremely high for porous
the maximal bending strength is only a function of the final ceramics compared to ceramics manufactured by any other
porosity of the ceramics. The porosity is linearly related to technique’
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Fig. 14. SEM micrograph of the infiltrated ceramics at 850, 875, and’@0& an MTS molar fraction of 0.1.

Ceramics in a wide range of porosity and mechanical tion of 0.05. The infiltration regimes can be varied depend-
strength can be obtained adjusting the infiltration conditions. ing on the desired characteristics of the resulting ceramics.
The regime lies between denser materials with a porosity of If the ceramics should to be applied as catalysts supports
55% and a bending strength up to 40 MPa and light ceramicsat high temperatures in oxidizing atmospheres, the residual
with a high porosity of 80-65% and a bending strength of carbon must be burnt out before its application.

10-20 MPa. The dense ceramics are produced by infiltration

at 900°C and MTS molar fraction of 0.10 or at longer infil- 3.3, Thermal treatment (reaction)

tration times above 4 h at 85C. The light ceramics can be

produced by an infiltration of 1 h at 87& and MTS molar 3.3.1. Solid—solid reaction

fraction of 0.08-0.10 or at 90@ and low MTS molar frac- During the infiltration step amorphous SiC coatings with
excess of Si are deposited around the carbon fibers of the
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Fig. 15. Influence of the weight gain after infiltration on the geometrical Fig. 16. Maximal strength of the ceramics, as a function of the porosity
density and the porosity of the obtained ceramics. of the final ceramics.
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Fig. 17. Effect of the temperature of the thermal treatment on the conversion of,thealyzed by (a) Raman spectroscopy and (b) TGA.

Cp-template. By a following thermal treatment the excess Si amounts of free Sksj/nc, > 1, have been deposited on the
reacts with the carbon from the,@emplate to form crys-  samples.
talline SiC. The difference between the amorphous and the
crystalline SiC can be seen in the width of the Raman peaks3.3.2. Effect of the thermal treatment conditions on the
as shown irFig. 17 This solid—solid reaction is limited by  properties of the resulting ceramics
the rate of solid phase diffusion of the Si and the carbon In order to investigate the effect of the thermal treat-
through the already formed SiC lay@rThe diffusion co- ment conditions, the infiltration parameter are kept constant
efficient increases with the temperature until approaching at 850°C, 0.05 molar fraction of MTS and 3-h infiltration
the melting point of the species. The melting point of Siis time. The composition of the resulting ceramics at different
1420°C. So at temperatures below 1420 the Si will dif- thermal treatments is analyzed by Raman spectroscopy. The
fuse in the solid phase through the imperfections of the crys- intensity of the peaks increases with the crystallinity of the
talline SiC layer. For temperatures above 1420 melted phases. Since the infiltrated layers are amorphous before the
Si can evaporate and diffuse as a liquid or a gas into thethermal treatment, no peak can be detected after infiltration
carbon core at the fibers center or it can also diffuse out of as shown irFig. 17a After a thermal treatment at 140C
the sample. SiC turns crystalline and Si can still be found on the sample
Kanino et al?® observed in High Resolution Electron Mi-  surface, but after a thermal treatment at 1500 and 1600
croscopy that Si atoms diffuse through SiC, react with carbon only SiC is observed.
and form SiC crystals at about 1400. The diffusion coeffi- This result indicates that Si has either diffused through the
cient of Siin single crystalline SiC is negligible small, so the layer reacting completely to SiC or it has melted and evap-
possibility for Si to diffuse through the growing SiC layer is orated out of the sample. To analyze the residual carbon in
directly proportional to the structural and morphological im- the inner core the ceramics are exposed to TGA isothermally
perfections in the layet® Cimalla et al®® calculated a value  at 750°C in air flow. The weight loss due to the oxidation
of 4.0 x 10~13¢cmé/s at 1250°C obtained for CVD grown of the carbon is shown ifig. 17h For similar Si/C ratios
layers of a few micrometers. Using an Arrhenius dependencethe weight change increases at higher temperatures of the
of the diffusion coefficient on the temperature, the diffusion thermal treatment due to evaporation of liquid Si out of the
coefficient at 1400C is calculated to ® x 10~ 3cm?/s. sample instead of its diffusion through the SiC layer and re-
This value is still too small to obtain acceptable rates of action with G,. Therefore, there is no benefit from thermal
diffusion2” Investigations have been done at temperatures treatment temperatures above 1400
below 1400°C, but no reaction between Si and carbon can In Table 1the ratio of infiltrated free Si to & from
be observed because of the low diffusion coefficients. There-the templatensj/nc,, is presented for different infiltra-
fore, the minimum temperature for the thermal treatment tion conditions. The amount of unreacted carbon is de-
is set to 1400C. At higher temperatures the melting point termined by TGA. The weight loss obtained by TGA in-
of Si is reached, which may cause the unreacted Si to meltcreases at lowsi/nc, ratios linearly, but at highers;/nc,
or to evaporate through morphological imperfections of the ratios above unity, a stagnation in the weight loss is ob-
SiC to the carbon core or out of the sample. Probably a partserved at 5-2% as shown lifig. 12 These results indicate
of the Si diffuses to the inner core of the carbon, but some Si that at a thermal treatment of 1 h at 14@no complete
nearer to the outer surface evaporates out of the sample. Foconversion to SiC is achieved even if overstoichiometric
this reason, as already shown, unreacted carbon is still foundamounts of free Sisj/nc, > 1.2, are available. The calcu-
after TGA when stoichiometric and over-stoichiometric lated diffusion distance after 1-h thermal treatment is only
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0.66um.2’ For that reason a longer treatment time should be &
applied.

4. Conclusions
8.

The ceramization of paper fibers by a three-step process
consisting of carbonization, chemical vapor infiltration and
solid—solid reaction during a thermal treatment has been
investigated.

After the carbonization step the obtained biocarbogtC
templates retain its exact microstructure. The consecutive1l.
chemical vapor infiltration and reaction steps convert the
Cp-templates into ceramics with properties varying in a wide 12
range.

Itis found that for a higher degree of conversion of carbon
into SiC ceramic as;i/nc, ratio after infiltration higher than
1.2 and a weight gain of at least 400 wt.% is necessary. From13.
the SEM micrographs it can be seen that the fibers grow
together when the weight gain is around 800 wt.%.

The geometrical density of the SiC ceramics is propor-
tional and the porosity is reverse proportional to the weight 14.
gain. This shows a clear dependence of the properties of the
ceramics on the infiltration conditions. The bending strength
of the ceramics with its 5-10 MPa is almost independent
of the weight gain in a region between 200 and 400 wt.%,
where porosity between 70 and 80% of the samples is ob-
served. At lower porosities the strength increases rapidly to
the obtained maximum value of 42 MPa at 55% porosity.

The thermal treatment at temperature above 2400
shows no benefit in the conversion of carbon to SiC as no
more Si has diffused and reacted with the carbon, but rather
it has evaporated out of the sample.

10.
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