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Abstract

Polysiloxanes [RSiO; 5], with R=CHj3 (PMS) and C¢Hs (PPS), respectively, were transformed to Si—-O—C ceramics of variable
composition and structure upon pyrolysis in inert atmosphere at 800—1500°C. The electrical conductivities of the Si-O—C ceramics
in air were measured at room temperature by using a shielded two point configuration. In situ measurements of the dc-conductivity
during the pyrolytic conversion from the polymer to the ceramic phase were carried out up to 1500°C with four point contacted
carbon electrodes in inert atmosphere. During polymer-ceramic conversion excess carbon precipitates above 400°C (PPS)-700°C
(PMYS). At temperatures above 800°C (PPS) and 1400°C (PMS) coagulation and growth of the carbon clusters results in a perco-
lation network formation. While below the percolation threshold electrical conductivity can be described according to Motts
mechanism by variable-range-hopping of localized charge carriers, regular electron band conduction due to the instrinsic con-
ductivity of turbostratic carbon (8x10~* (Qcm)~!) predominates above. Thus, the in situ measurement of non-linear electrical
property changes can be used as a microprobe of high sensivity to detect microstructural transformations during the pyrolysis of

preceramic polymers. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceramics with an amorphous or nanocrystalline
microstructure are obtained when preceramic polymers
such as poly(carbosilane), -(silazane), -(siloxane), etc.
are pyrolysed at temperatures above 600—800°C in inert
atmosphere.' Cleavage of chemical bonds between
silicon and various functional groups gives rise to vola-
tilization of organic fragments. The low density organic
polymer structure transforms to a metastable inorganic
network structure (amorphous residue) of substantially
higher density which may crystallize into multiphase
ceramic materials at temperatures above 1000-1400°C.
Due to the tailorability of their structure on a molecular
scale preceramic polymers have become a matter of
increasing research efforts® for the development of novel
ceramic materials such as high temperature resistant
ceramic fibers, wear resistant coatings, low density
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insulating foams, advanced joining systems, etc. Using
preceramic polymers as advanced reaction binders in
powder systems low temperature processing becomes
possible’” which may be of particular benefit for net
shape manufacturing of complex shaped components as
well as for new solid free form fabrication techniques.®

Among the phases occuring in the polymer derived
Si-C, Si-O-C, Si—-C-N, Si-O-C-N and Si-B-N-C
materials SiO, BN, and Si3;N, are insulators (o4.(RT) =
10714 —10"'2(Qcm) ") whereas SiC, amorphous carbon
(a-C) and Si,C,N. are semiconductors (oq.(RT) =
10~4—10%(2cm)~"). Turbo stratic carbon and graphite
have a significantly higher conductivity (o4.(RT) =
1—10°(S2cm) ™). The conductivity of amorphous semi-
conducting materials is influenced by the presence of
dangling bonds (unsaturated bonds) which give rise to
midgap-states in the band gap of the amorphous
semiconductor.® Temperature dependence of amor-
phous semiconductors at low temperatures was found
to follow

o) ~ exp 717 n
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which describes the variable range hopping mechanism
as derived by Mott.!? At high temperatures,

oD~ exp( = 1) o

is associated with tunneling of charge carriers between
excited states as well as excitation into the conduction
band resulting in an Arrhenius type of temperature
dependence of the electrical conductivity.'!

Amorphous a-SiCN and a-SiBCN pyrolysis products
of poly(silazanes) and poly(borosilazanes), respectively,
were found to behave as electron semiconductors fol-
lowing Eq. (1) over a wide range of temperatures.'!-!?
Large polarons with overlapping wave functions repre-
sent the major charge carriers the formation of which
might be facilitated by the high degree of disorder in the
polymer derived residue.!! Crystallization of the amor-
phous polymer residue phase at elevated temperatures
results in an increase of the conductivity by several
orders of magnitude due to the formation of an inter-
connected percolation network of SiC or C. In fact, it
was found that any of the materials prepared from Si—
C, Si-C-N, Si—C-0 and Si—C-N-O precursor polymers
developed a free carbon phase even for C/Si-ratios as
low as 0.7.'3 dc-Conductivity of polycrystalline materi-
als was found to follow Eq. (2) and a distinct effect of
the grain boundaries could be confirmed. Carbon con-
tent and interconnectivity of the carbon network was
identified to exert a major influence on the electrical
properties.!3"!7 High fractions of carbon with sp?
hybridization result in high conductivities of the pyr-
olyzed materials. The ratio of sp? to sp> bonding of the
carbon species was associated with the residual hydro-
gen content which depends on the polymer composition
as well as on the pyrolysis conditions e.g. temperature,
atmosphere. Thus the ectrical conductivity oq.(rt) mea-
sured at room temperature can be varied in a wide range
(Si-C-0): 10~"3-10"1(Qcm)~1,1>17 Si-C-N: 10715~
109%(Qcm)~ 1! Si-B-C-N: 10~7-10'(Qcm).!!

This large variation of the electrical conductivity and its
sensitivity to the carbon distribution during processing
offers the possibility to use the electrical property changes
as an internal microprobe for microstructure transfor-
mations during pyrolysis. Detection of carbon redistri-
bution reactions serves as a highly sensitive tool to
analyze rearrangement, phase separation, crystallization
etc. during thermal treatment of polymeric precursor
systems. As a model system two poly(siloxanes)
[RSiO; 5], with different carbon content were investi-
gated. Highly crosslinked poly(siloxanes) with
R =alkyl-, aryl-, vinyl-groups etc. and n>> 100 are
obtained by controlled hydrolysis-condensation of
chloro- or alkoxy-silanes of mean functionality greater
than two (R,SiCl,, RSiCls). While the oxygen content
limits their use as precursor materials for ceramics to be

applied at temperatures below 1200°C (at higher tem-
peratures carbothermal reduction by elementary C or
SiCc!8

SiOx(s) + C(s) — SiO(g) + CO(g)
2Si05(s) + SiC(s) — 3SiO(g) + CO(g)
SiO,(s) + 3C(s) — SiC(s) 4+ 2CO(g)

results in extended porosity formation) they offer
attractive advantages: industrial availability, non-toxic
decomposition products, stability in air and humid
atmospheres as well as a high ceramic yield of more
than 90 wt%. Recently, poly-(siloxanes) have received
attention as precursor materials for ceramics such as
silicon carbide and silicon oxycarbide (SiOC) from
which ceramic fiber composites, coatings, joinings and
foams were made.!®—24

Pyrolysis in inert atmosphere generally involves several
distinct steps:'”-? (i) an organometallic-inorganic tran-
sition between 500 and 800°C, leading to an amorphous
hydrogenated solid a-SiOCH built on tetrahedral struc-
tures of the type Si(O,C,) with a+b=4, depending on
the inital polymer composition; (ii) nucleation of clus-
ters of excessive carbon generally as so-called basic
structural units (BSUs) which are small stacks of 2-3
polyaromatic layers (graphenes)'? above 800°C and (iii)
precipitation of nanocrystals of SiO, and SiC at tem-
peratures between 1200 and 1600°C. Grain coarsening
results in consumption of the residual amorphous phase
and reduction of oxygen content due to a probable
evaporation of SiO and CO. The formation of a con-
tinous network of polyaromatic, turbostratic carbon
results in a sharp insulator-quasi metal transition. The
percolation threshold depends on the carbon content in
the polymer precursor and the processing conditions. A
pore phase is also present at 5-20 vol% with glo- bular
nanopores of 1-50 nm.2® The average pore size increases
and volume fraction of porosity decreases with increas-
ing pyrolysis temperature, resulting in irreversible
shrinkage (densification) on heating the ceramic residue
above the maximum pyrolysis temperature.

In the present paper electrical conductivity measure-
ments on two poly(siloxanes), a methyl- and a phenyl-
containing polymer, which differ in the carbon content
of 17-45 wt%, respectively, will be reported. An in situ
dc-conductivity measurement technique was developed
which allows to monitor the conductivity changes during
the organometallic—inorganic transition upon heating.
Thermal balance as well as IR, Raman and EPR spectro-
scopy techniques were applied to analyze the structural
transformations from the amorphous a-SiOCH to the
crystalline material which consists of SiO,, C and SiC,
respectively. Among the variety of different statistical,
geometrical and thermodynamic models to explain elec-
trical conductivity of phase mixtures?’ general effective
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Table 1
Characteristics of the poly(siloxanes) PMS and PPS

Polymer
PPS

Composition RSiOy,5

R =[(CsHs)2,8,(CH3)1,5,(CH,=CH), (H)]

liquid
Producer Wacker Germany
Polymerisation mechanism Polyaddition
Solvent Isopropanol, Aceton

Density (23°C) (kg m~?) 1L1-1,15

Melting point (°C) RT liquid
Kinematic viscosity (23°C) (m? s~1) 1.4x1073+4x 1074
Shelf life (23°C) 12 Months

Poly(phenylmethylvinylhydrogensiloxane)

Poly(methylhydrogensiloxane)
PMS

RSiO,5
R=[(CH3)]
powder

Nuenchritz Germany
Polycondensation
Isopropanol, Aceton
1,1-1,31

>45

Powder

Unlimited

media (GEM) theory?® was used to fit electrical con-
ductivity as a function of the volume fractions of the
non-conducting matrix (SiO,) and the conducting
inclusion phase (SiC, C).

2. Experimental procedure
2.1. Specimen preparation

A methyl-containing poly(siloxane) (PMS) (NH2100,
Huels AG, Marl, Germany) of low carbon content
(17wt%) and a phenyl-containing poly(siloxane) (PPS)
(H62C, Wacker Chemie, Burghausen, Germany) of high
carbon content (45.5 wt%) were used as polymer precursor
materials. Table 1 summerizes the material data as pro-
vided by the suppliers. The PMS contains silanol groups
which undergo a condensation reaction upon heating
above 150°C resulting in the release of H,O. Curing
reaction of PPS is governed by a hydrosilation reaction
(B-addition) via vinyl groups at similar temperatures.

Disks (diameter 25 mm, height 3 mm) and bars
(2x4x50 mm?®) were prepared for the electrical mea-
surements. While the PMS powder was cured in a
thermo-press at 250°C for 3 h applying an uniaxial
pressure of 20 MPa the PPS liquid was pressureless
cured in Teflon dies at 230°C for 4 h.

2.2. Electrical dc-conductivity measurements

In situ measurements of the electrical resistance during
pyrolysis from room temperature to 1500°C were con-
ducted in an electrically heated alumina tube furnace in Ar
atmosphere. Temperature at the specimen site was con-
trolled using an encapsulated Pt-PtRh thermocouple.
Resistance measurements at temperatures below 1000°C
(high resistance regime) were conducted in a shielded two
point configuration with an ammeter (6162, Keithley,
Munich, Germany) using thin pellets. The pellets were
coated with conducting carbon to achieve electrical contact
with the carbon electrodes pressed on the samples.

Above 1000°C (low resistance regime) a four point con-
figuration was applied using a multifunctional resistance
analyzer (2010, Keithley, Munich, Germany). Molybdenum
wires were fixed on the rectangular specimen with tungsten
paste at 1000°C. The electronic conductivities of samples
were measured by dc-circuit at 50-300 V. Both mea-
surement configurations were integrated in specially
designed carbon holders, Fig. 1.

2.3. Microstructure analysis

Weight loss upon pyrolyis was examined by heating
compacted specimens in a thermal balance (STA 409,
Netzsch Geraetetechnik, Selb, Germany) in flowing Ar
atmosphere with a constant heating rate of 5°C/min.
The bulk densities of the pyrolyzed samples were measured
by the Archimedian method, using distilled water. The
open porosity was determined by high pressure mercury
intrusion (Porosimeter 2000, Carlo Erba, Rodano, Italy).

voltage high

RT — 1000 °C "

o<

High l— Ammeter
voltage current input (Keithley
<1000V | yoitage low |Ground 6162)
> 1 000 oC voltage low
voltage high ;
Four-point
AT i
SRRy | Multimeter
(Keithley 2010)
current high

current low

Fig. 1. Experimental set up of in situ electrical dc-measurements in the
low temperature regime from RT to 1000°C (top) and in the high
temperature regime from 1000 to 1500°C (bottom).
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Thermal degradation and release of organofunctional
groups of the polymers was examined by FTIR (420,
Nicolet, Madison, US) in the range 450-4000 cm~! with a
resolution of 1 cm~!. Compact specimens were measured
in diffusive reflectance mode and the following vibration
bands were observed (wave number in 1/cm): (Si—O-Si)
1000-1100, (Si—CHj3) 800, (Si—-C¢Hs) 1275, (C=C) 1600,
(Si-H) 2160, (C-Hj3) 2900, and (C-H) 3060.

The state of hybridization of carbon e.g. sp? and sp?
was characterized by Raman spectroscopy using the
vibration bands at 1330 and 1580 cm~!. The Raman-
spectra (Ramascope 2000, Renishaw, Gloucestershire,
GB) were counted with a laser at 514 nm and a lateral
resolution of 1 ecm~!.

The precipitation of carbon clusters was analyzed by EPR
spectroscopy. 10 mg of powdered sample was examined
in a X-band spectrometer (ESP300, Bruker, Rheinstetten,
Germany). The operation frequency was 9.5 GHz with a
modulation of 100 kHz. The relative number of para-
magnetic spins N = I(AH)* was calculated from the signal
intensity for carbon at 3450x10~* T (Landé factor
g=2.003), I, and the line width, AH.?® High resolution
TEM (EM 400 T, Philips, Eindhoven, NE) of ion thinned
specimens at an acceleration voltage of 40 kV was used
to visualize the microstructure of the carbon network
which was supposed to have fully developed after pyr-
olysis at 1400°C.

3. Results

Fig. 2 shows the weight loss resulting from thermal
degradation of the two polysiloxanes during heating.
Total weight losses of PMS and PPS at 1200°C are 15.9

and 27.4 wt%, respectively. Chemical analysis reveals a
total carbon content in the ceramic residue of 14.5 wt%
(PMS) and 41.1 wt% (PPS) at 1400°C, respectively,
indicating a carbon loss due to evaporation of 2.5 wt%
(PMS) and 4.4 wt% (PPS). Assuming SiO,, SiC and C
to be the only thermodynamically stable phases, the
elemental anlysis data can be attributed to the following
phase compositions (in wt%, pyrolysed in argon at
1400°C) which was confirmed by a thermal barometric
analysis technique:3° PMS (69.3 Si02, 23.1 SiC, 7.6 C)
and PPS (40.1 SiO2, 26.8 SiC, 33.1 C).

As may be concluded from the weight loss rate curves,
cleavage of Si—(C¢Hs) bonds and release of C¢Hg is the
dominating degradation reaction between 300 and 600°C
(PPS) whereas cleavage of Si—(CHj3) bonds and volatili-
zation of CHy (PMS) prevails between 600 and 800°C.
At higher temperatures dehydrogenation still occurs
resulting only in a minor weight reduction up to 1200°C
(above this temperature carbothermal reduction
Si0, + C—SiO + CO may result in further weight loss).

Fig. 3 shows the results of FTIR measurements in the
temperature range between 400°C and 900°C where the
organic—inorganic transition occurs. Realease of methane
due to cleavage of Si—-C(Hj3) bonds in PMS, Fig. 3a, is
observed above 600°C and almost terminated at 700°C.
A maximum of newly formed Si—-H bonds occurs at
800°C. In PPS, Fig. 3b, cleavage of the functional group
Si—-C¢Hs can be observed at lower temperatures
(>400°C) whereas C=C double bonds from the vinyl
groups remain stable up to >800°C.

As a result of the release of organic fragments the
character of the residue changes from an organic net-
work to an inorganic solid which is associated with a
substantial increase of the density, Fig. 4. Mercury
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Fig. 2. Relative weight loss and rate of weight loss versus temperature at a constant heating rate of 5°C/mm in Ar-atmosphere.
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Fig. 3. Relative IR-peak intensities (normalized to the maximum intensity /;,,x) of (a) PMS and (b) PPS after pyrolysis.

intrusion measurements confirm the formation of a
large transient open porosity in the temperature range
where thermal degradation occurs. The interconnected
pore network is necessary as a pathway for the release
of the volatile decomposition products.

Eliminination of transient porosity due to viscous
flow and sintering at temperatures above 800°C indi-
cates the transition to the inorganic a-SiOC(H) network
(Si—H vibrations in the IR spectra still show the presence
of some hydrogen). Porosity elimination and density
increase give rise for an extended volume change resulting
in a large linear shrinkage of up to more than 30%
which makes it difficult to manufacture bulk components

from preceramic polymers. Incorporation of particulate
fillers, however, could be successfully used to compen-
sate for part of the polymer shrinkage so that bulk
component manufacturing becomes  accessible,’
Depending on the electrical properties of the fillers and
their connectivity (determined by particle size and
volume fraction) conductivity of the polymer/filler
derived ceramics may be tailored in a wide range.’!
While thermogravimetric analysis, density and poros-
ity measurements provide a picture of the overall
microstructural changes that are associated with the
polymer pyrolysis, electrical conductivity measurements
during the pyrolysis (in situ measurements) are more
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sensitive to detect structural rearrangement reactions such
as phase separation, precipitation, network formation, etc.
Fig. 5 shows the change of dc-conductivity from room
temperature to 700°C and Fig. 6 from 1000°C to
1500°C. Both poly(siloxane) polymers exhibit insulating
behavior at room temperature (oy<10~'2(Qem)™).
Generally, the conductivity increases upon heating
resulting in an insulator-conductor transition after the
polymer-ceramic conversion is completed above 1400°C
(PMS 01400°C = 1072(9011'1)71; PPS: 01400°C = IOO(Qcm)fl).
Both polymers show nonlinearities in the low tempera-
ture regime of the conductivity-temperature curves at
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430-530°C (PMS) and at 300-320°C and 480-500°C
(PPS), respectively, which indicate chain rupture due to
bond cleavage. In the high temperature regime PMS
exhibits another nonlinear increase of conductivity at
approximately 1300°C when the carbon precipitations
form a percolation network.

EPR spectra obtained from pyrolysed specimens
reveal the formation of elemental carbon in PPS even at
400°C whereas in PMS temperatures above 700°C are
needed. Fig. 7 shows the total EPR spin density of both
polymers versus the pyrolysis temperature. Above 800°C
both polymers exhibit almost the same concentration of
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Fig. 4. Open (transient) porosity and density versus temperature during heating with a constant heating rate of 5°C/min in Ar-atmosphere.
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Fig. 5. In situ electrical dc-measurements from room temperature to 700°C.
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Fig. 6. In situ electrical dc-measurements from 1000 to 1500°C.
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Fig. 7. EPR-spin densities of carbon versus pyrolysis temperature.

paramagnetic centers associated with precipitation of
carbon even though the total carbon content is different.

Raman spectra were taken to analyze the type of carbon
hybridization. Fig. 8 shows the ratio of C-sp® to C-sp?
in the temperature range from 900 to 1600°C. Above
1100°C the bonding character of carbon precipitated
from PPS changes from sp® to sp?> which indicates the
formation of carbon with a turbostratic structure of
aromatic carbon sheets (BSU).3?> TEM analyses clearly
show the morphology of the turbo-stratic carbon form-
ing an interconnected network after pyrolysis at 1400°C,
Fig. 9. While the thickness of the carbon ribbons are

similar in both polymer derived residues (approximately
80 nm) the network density (e.g. the mean distance
between the ribbons) is significantly higher in the carbon
rich PPS derived material.

4. Discussion

After reaching the thermal decomposition tempera-
ture, bond rupture at 300°C (Si—-C—C-Si from hydro-
silation curing reaction) and 500°C (Si—O-Si) gives rise
for the nonlinearities observed in the conductivity ver-
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sus temperature curves, Figs. 5 and 6. In analogy to
Peierls instabilities in one-dimensional conducting sys-
tems thermally induced bond rupture affects conduction
via localised electron states along the macromolcular
polymer chains. A variety of decomposition reactions
involving cleavage of Si—C and Si—O bonds and formation
of radicals have been described to occur in poly(silo-
xanes):33-34

[Si—OH] + [H;C—Si] — [Si—O—Si]+ CHy4
[Si—OH] + [HsCs—Si] — [Si—O—Si] + CsHs
[Si] +[H-C] — [Si—H]+[C:]

[Si—O] +[H-C] — [Si—OH]+ [C*]

Decomposition of hydrocarbon fragments resulting
from cleavage of the functional groups bonded to sili-
con (Si—C¢Hs and Si—CH3) results in the precipitation of
clusters of aromatic carbon in PPS above 400°C and of
homogeneously distributed carbon in PMS above
600°C, respectively. Hydrogen is usually bondend to the
periphery of the BSUs.!3 Removal of hydrogen is rela-
ted to an increase in the number of free radicals due to
the rupture of C-H side-bonds in the carbonaceous
phase.!'® Formation of [C+] radicals with unsaturated
electrons are supposed to give rise for the EPR signals
at 0.03450 T (g=2.003) observed above 600°C.?° With
increasing temperature the clusters of turbostratic carbon
grow!” and may coalesce by edge-to-edge linkage of
neighboring BSUs'? to form an interconnected network
(cluster size to infinity) of turbostratic carbon above
800°C in PPS and 1400°C in PMS, respectively. In the
polyaromatic carbon network nanometer size SiC crys-
tals were found to be inserted as within uncomplete

carbon cages.!* Fig. 10 summerizes a model of the
major structural transitions during heating of the two
pol(siloxane) precursors.

From various results presented in literature, conduc-
tion dominated by direct particle—particle contact has
been found when the materials were filled with large
particles (larger than 0.1 um, short carbon fibers).*> On
the other hand, tunneling conduction has been discussed
when particles are very small (less than 0.1 pm).
Depending on their size, particles involved in conducting
aggregates or clusters either make direct contact (per-
colation regime) or remain at finite distances from one
another (tunneling regime). The semiconducting behavior
in the tunneling regime [room temperature to 800°C
(PPS), 1400°C (PMYS)] is attributed to thermal fluctua-
tion-induced tunneling of electrons among evenly dis-
tributed charge carrier clusters, the temperature
dependence of which is described by Eq. (2). An impor-
tant conclusion from experimental observation in carbon
black filled polymers3® was that the tunneling junction
characteristics (width, potential barrier) remain indepen-
dent of filler concentration. In contrast the conductivity in
the percolation regime at higher temperatures depends on
the concentration of carbon clusters e.g. the distance
between the particles in the macroscopic conductivity is
a function of particle size and concentration.

Conductivity in the percolation regime above the cri-
tical temperatures where a continous network of carbon
could form may be described using general effective
media theory, GEM. GEM, which combines most
apects of both percolation and effective media theories
predicts the percolation transition in a continous media
near the insolator-conductor transition® as a function
of volume fraction ® of the high conductivity phase e.g.
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carbon in a matrix of low conductivity e.g. SIOC(H). The
mean conductivity o, of a composite material which
consists of a high (h) and a low (1) conducting phase
with finite values for oy, and o7 is given as’’

(1- CD)(UII/I — O‘rln/t) Q(G}ll/t - arln/’>

oll/[ + Aorln/t

)
o+ Ao

The constant 4 is a function of the critical volume
fraction @, of the high conductivity phase

(b)

Fig. 9. TEM-micrographs of turbostratic carbon network formation
in (top) PMS and (bottom) PPS after pyrolysis at 1400°C.

-,

a=—5 4)

Although the value for the morphology parameter ¢
for composites is most often found to lie in the range of
1.65-2.0 signficantly higher values up to 3.1 were found
for graphite (flaky) particles in polymers.® Such high
values of ¢ were related to tunneling processes between
the conducting particles.?® Percolation threshold, ®.,
was found to depend on the shape of the high con-
ductivity cluster particles and typically varies between
0.01 and 0.6 in composite materials.”?® Monte Carlo
studies of the percolation threshold in conducting fiber
like particles containing insulating polymers showed
that the higher the aspect ratio of the fibers the lower
the critical volume fraction for onset of percolation.*’
For short fiber containing composites a percolation
threshold below 5 vol% was estimated when the aspect
ratio exceeds 100.4! Though PMS exhibits a much lower
content of free carbon (7.6 wt%/9 vol%) than PPS (33.1
wt%/37.8 vol%) an extended growth morphology of
ribbon like carbon clusters may well exceed this perco-
lation threshold.

Assuming typical values for 01(Si0,) &~ 10~ 4(Qcm) !,
on(C) ~ 10*(Q2cm) """ the mean composite conductivity
om was calculated as a function of the volume fraction
of high conductivity phase ® according to Eq. (3) for
different values of ¢, Fig. 11. To account for the influ-
ence of carbon particle morpholgy, the percolation
threshold was set from ®. = 0.2 to 0.05 whereas ¢ was
varied from 1.1 to 4. With increasing elongation of the
carbon precipitates e.g. increasing ¢ and decreasing @,
the jump of conductivity at the percolation threshold
decreases and the conductivity below the threshold e.g.
in the tunneling regime, seems to be significantly higher
compared to the regular particle morphology containing
system. At lower temperatures, when the percolation
network has not yet been formed or the carbon content
is too small conduction is admitted by hopping of car-
riers among neighbouring particles or aggregates of
carbon as it has been similarly described for carbon
black- polymers (particle sizes in the range between 0.01
and 0.1 pm).3°> The ¢ values obtained in carbon black
filled materials are in good agreement with the value of ¢
=~ 2 predicted by percolation theory whereas in short
fiber filled composites ¢ is much larger.

Adding additional filler materials with high con-
ductivity such as metals or intermetallics offers the pos-
sibility to obtain composite materials of high
conductivity even at low heat treatment temperatures
(e.g. tunneling regime of the SiOC(H) matrix). For
example poly(methylsiloxane) loaded with 40-60 vol%
of MoSi, filler (mean particle size 2 um, op ~ 5x
102(Qcm) ') was processed into heating elements which
obtained a conductivity of 10-2 ((cm)~! at 600°C and
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Fig. 10. Model of carbon redistribution reactions during pyrolysis in (bottom) PMS and (top) PPS derived ceramic residue.
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Fig. 11. Insulator-conductor precolation transitions calculated from
Eq. (3) according to theory for different values of 7 and ®..

10* (2ecm™!) at 1400°C.3" The electrial behavior of the
polymer/filler composite is dominated by the intrinsic
filler conductivity, the morphology of the filler network
and the particle/particle contacts. Due to the reaction of
the filler with decomposition products of the polymer
during pyrolysis (7 MoSi, + 12 C—Mo,C+ MosSiz+ 11
SiC) a complex nonlinear behavior is observed which
gives rise for pronounced hysteresis of conductivity
versus temperature (will be presented in a following
paper).

5. Conclusions

Preceramic polymers have found increasing interest
for the development of new ceramic materials and pro-
ducts. The thermal induced polymer to ceramic conversion
(polymer pyrolysis) involves a complex series of micro-
structure transitions which may be examined by means of
in situ electrical conductivity measurements. Depending
on the carbon content in the polymer two different
temperature regimes may be distinguished: at low tem-
peratures (< 800°C PPS, < 1400°C PMS) semiconduction
is attributed to tunneling of localized electrons (tunneling
regime) whereas at higher temperatures a percolation
network of precipitated turbostratic carbon provides
electron conduction (percolation regime). Thus, kinetics
of carbon precipitation and subsequent cluster growth
are supposed to govern the electrical behavior of carbon
bearing preceramic polymers upon heating. Tailoring of
new polymer derived ceramics with respect to their
electrical behavior should focus on the precipitation
cluster dynamics. Using fillers which may react with
carbon to form new carbide phases are, therefore, of
particular interest to influence the carbon distribution.
Fillers may additionally provide new functionalities
such as improved strength, toughness, wear resistance,
oxidation stability, etc. which are of particular impor-
tance when these new materials will be used in electrical
and mechanical applications.
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