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Thermophysical properties of ceramic matrix 
composites produced by polymer pyrolysis 
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A unidirectional composite and a series of bidirectionally reinforced composites were 
fabricated using carbon fibre reinforcement in a silicon carbide matrix, which was produced 
by the pyrolysis of a polymer precursor. The thermal expansion over the temperature range 
20-1000 ~ has been measured and the thermal diffusivity measured over the temperature 
range 200-1200 ~ Thermal diffusivity data was converted to conductivity data using 
measured density and literature specific heat data. Metallographic examination has been 
carried out on the composites and the results are discussed in terms of the observed 
microstructural features. 

1. Introduction 
Ceramic matrix composites have great potential for 
use in high temperature applications and successful 
composites are made by impregnating an orthogonal 
fibre array with a matrix of carbon or silicon carbide, 
deposited by chemical vapour deposition (CVD) [-1]. 
The major barriers to more widespread use of these 
composites are the long production times and their 
high production costs. If ceramic matrix composites 
are to find more widespread markets then new, more 
cost-effective, methods of production have to be 
found. One potentially attractive route is via polymer 
pyrolysis where the fibre reinforcement is infiltrated 
with a ceramic-precursor polymer. Such polymers are 
based upon a backbone chain comprising silicon 
atoms or alternating silicon and carbon atoms, and 
they are produced with a variety of side chains which 
govern the properties of the polymer and its 
subsequent ceramic yield. Polymers that are liquid at 
room temperature can be used for infiltration without 
further processing whereas those that are solid need to 
be dissolved prior to infiltration. A short curing heat 
treatment to ca. 300~ in air renders the green 
composite infusible by cross-linking the polymer 
chains and a subsequent pyrolysis heat treatment to 
ca. 1000 ~ in inert atmosphere converts the polymer 
to ceramic [2]. 

For ceramic matrix composites that are to be used 
in high temperature applications, it is important to 
know their thermophysical properties as a function of 
temperature so that the service behaviour of 
components made from such materials can be 
predicted. Composite properties will be strongly 
influenced by the micro- and macrostructural features 
of the composites. These in turn will be dependent 
both on the processing route used and the variation in 
processing parameters. This study examines the 
thermal diffusivity and thermal expansion of carbon- 
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fibre-reinforced silicon carbide produced by a polymer 
pyrolysis route [3], and seeks to relate the properties 
measured with the microstructure of the composites. 

The thermophysical properties of a range of 
orthogonally reinforced composites have been 
measured by a number of workers and these have been 
reviewed by Mottram and Taylor [4]. Whittaker et al. 
[-5] measured the thermal transport properties of 
carbon/carbon fibre composites from 300 to 3000 K. 
Relatively few measurements have been undertaken 
on ceramic matrix composites. Tawil et al. [6] used 
the laser flash technique to measure the thermal 
diffusivity of SiC- or carbon-fibre-reinforced SiC 
matrix composites produced by CVD. Measurements 
on similar materials were reported by Taylor et al. [7]. 
In each case the reinforcement was Nicalon fibres. 
lzawa et al. [-8] and Scaf~ et al. [9] have both 
measured the room temperature expansion coefficient 
and thermal conductivity of a silicon/silicon carbide 
composite constructed by reacting molten silicon with 
graphite. Results have been reported by Wang et al. 

[10] on carbon/silicon carbide composites. They 
produced a whole range of carbon/silicon carbide 
ratios by chemical vapour deposition and measured 
the thermal conductivity of these composites in the 
temperature range from room temperature to 1200 K. 
They also measured the thermal expansion of the 
composites to 900 K. The only measurements on 
composites with a matrix made by the 
polymer-pyrolysis route are those by Semen and 
Loop [11] on SiC powder/Si3N4 composites where 
the Si3N4 matrix was formed from pyrolysis of 
a polysilazane precursor. 

2. Experimental Procedure 
The composites examined in this study were 
unidirectional and bidirectional layups of sheets of 
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filament-wound carbon fibre in a silicon carbide 
matrix produced by Dornier GmbH [3]. The 
thicknesses of these varied from eight to 15 layers, i.e. 
from 2.5 to 5 m m  thick with the layups for the 
bidirectional composites alternating. 0~176176176 
90~176176 ~ . The fibre tows were impregnated with 
a slurry of silicon carbide powder in liquid precursor 
polymer. The composites were laid up in the green 
state, cured and then subjected to a pyrolysis heat 
treatment to convert the polymer to silicon carbide. 
A table of the different materials with their 
designations is given in Table I. Some of the 
composites were re-impregnated several times in order 
to increase their final density, each impregnation with 
liquid precursor being followed by a pyrolysis heat 
treatment; three infiltrations thus means pyrolysed 
in the prepreg stage followed by three further 
infiltrations of liquid precursor. 

Cuboids of materials ca. 10 mm long were cut from 
the composite using a diamond wafering blade and 
were trimmed by grinding to ensure that, as measured 
using a ball micrometer, their ends were parallel 
within a few micrometres. The thermal expansion 
measurements were to be carried out in argon 
atmosphere but this would still contain oxygen as an 
impurity and the experimental times were long. Thus, 
in order to avoid degradation of the carbon fibres 
through oxidation, a gold coating of a few tens of 
nanometres was given to the composites for additional 
protection. Gold was used as the most readily 
available thin coating material and such a thin layer 
should have no effect on the expansion measured. 

For  the thermal expansion experiments the samples 
were placed individually in a vertically mounted 
alumina pushrod dilatometer. The dilatometer used 
a linear variable differential transducer to detect the 
changes in length with the sample placed between the 
recrystallized alumina pushrod and the flat end of the 
recrystallized alumina containment tube. A run 
without a sample was carrkzd out first in order to 
calibrate the expansion of the tube and pushrod 
assembly. The thermal expansion was measured only 
in the plane direction parallel to one of the fibre 
directions for the 2D layup composites but in two 
directions, parallel and perpendicular to the fibre axes, 
for the unidirectional layup composite. 

The heating and cooling cycles used for each sample 
were identical, comprising a heating ramp of 1 ~ 
min -1 from room temperature to 1000~ followed 
immediately by a cooling ramp to room temperature 
at the same rate. This slow heating/cooling rate was 
used so that thermal equilibrium could be reached in 
the sample. The data sets of expansion against 
temperature were then corrected for system effects, 
point by point, using the data from the run without 
a sample. 

The thermal diffusivities of the samples were 
measured in vacuum using the laser flash technique 
[12]. In this technique one face of a thin piece of the 
material is subjected to a heat pulse supplied by 
a laser. The transient temperature rise of the other face 
is measured and the time for the temperature to reach 
half of its maximum value, fl/2, is determined. This 
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TABLE I Specimen details for the composites studied 

Layup Production details 

UM1 1D 
UM2 2D 
UM3 2D 
UM4 2D 
UM5 2D 

Three infiltrations 
Three infiltrations 
Three infiltrations 
Pyrolysed prepreg, no further infiltrations 
Pyrolysed prepreg, no further infiltrations 

half-rise time, together with the thickness of the 
sample, L, and a dimensionless heat term, c0/rc 2, give 
the diffusivity of the material using Equation 1 

((.o/~2)L 2 
- - -  ( 1 )  

tl/2 

The apparatus used [13] comprised: a 100 J Nd/glass 
laser with a wavelength of 1.067 gm and a pulse 
dissipation time of 0.6 ms; a calcium fluoride lens and 
mirror system to focus the radiation from the back 
face onto an InSb infrared detector; an induction coil 
to heat the graphite susceptor that contained the 
sample in its graphite holder. The whole was enclosed 
in a containment vessel that could be evacuated or 
filled with inert gas. 

The unidirectional layup composite was again 
measured in directions parallel and perpendicular to 
the fibre axes, whereas the bidirectional composites 
were measured in directions parallel and 
perpendicular to the plane of the fibre layup. When 
measured perpendicular to the layup planes the 
samples had to contain at least three fibre layers in 
order to ensure a homogeneous medium response for 
the composite for which fibre and matrix 
conductivities could be markedl3/ different [14, 15]. 
Densities of the composites were measured using the 
Archimedean displacement method and the specific 
heats of the composites were calculated using 
a weighted mean of the standard values for silicon 
carbide and graphite. Microstructural analysis was 
carried out by light microscopy. Sections of the 
composite were cut using a high speed diamond saw 
and were polished to a 1 ~tm diamond finish prior to 
examination. The volume fractions of fibre and 
porosity in the matrix were measured using image 
analysis. This was carried out using an Olympus BH2 
microscope in conjunction with the GENIAS v4.6 
image analysis software. 

3. Results 
The thermal expansion results for sample UM1 in the 
longitudinal and transverse directions are shown in 
Fig. 1. The thermal expansion measured in the 
longitudinal direction is significantly higher than that 
measured in the transverse direction and, significantly, 
both curves exhibit very little hysteresis. Both curves 
also show a change in slope at ca. 600 ~ with the 
most noticeable change being shown by the transverse 
curve for which the thermal expansion changes from 
almost zero to a slight positive value. 
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Figure 1 Thermal expansion of UM1. 
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TABLE II Coefficients of thermal expansion for the 
unidirectional composite 

Linear coefficient of thermal expansion (K- 1) 

Longitudinal 6.36 + 0.04 x 10 6 
Transverse 2.45 4- 0.03 x 10 .6 
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Figure 2 Thermal expansion of UM1 compared with the thermal 
expansion of its components. --, Composite; Ik, SiC; [], C fibre 
radial; II, C fibre axial. 

Figure 3 Light micrograph of a longitudinal section of UM1. 

The lack of hysteresis allows the point-by-point 
average of the heating and cooling curves to be taken 
and this average is displayed in Fig. 2, where it is 
compared with reference book data for SiC [16] and 
literature data for the axial and radial thermal 
expansion of T300 carbon fibre deduced from 
transmission electron microscope observations of the 
change in dimensions of the fibre when heated [17]. 
No data was available for T800 fibres but the two 
fibres are produced by the same manufacturer and 
have similar microstructures so use of T300 data 
seems justifiable. 

In the longitudinal direction of the composite, the 
measured expansion curve closely follows the 
reference book data for silicon carbide, whereas the 
thermal expansion of the axial carbon fibre is much 
higher and a different shape. As the composite has 
a large proportion of fibres and matches the silicon 
carbide expansion to within 10%, it would appear 
that the carbon fibres do not make a significant 
contribution to the thermal expansion of the 
composite in this direction. 

The transverse expansion curve shows very little 
overall expansion regardless of the fact that the radial 
expansion of carbon fibres is higher than the 
expansion of silicon carbide. Clearly the fact that the 
composite expansion is nominally zero up to 

Figure 4 Light micrograph of a transverse section of UM1. 

500 ~ suggests that all expansion of matrix and fibre 
is completely taken up by the porosity present. The 
porosity is due mainly to interracial voids and 
shrinkage of the matrix when the polymer is 
pyrolysed, but also partly due to microcracking on 
cooling from the processing temperature. The change 
in slope between 500 and 600 ~ to a finite positive 
value indicates that some, but not all, of the porosity is 
squeezed shut. The slope of the transverse expansion 
never reaches that of the longitudinal expansion curve 
nor that of silicon carbide. This change in slope can 
also be seen in the longitudinal expansion curve. 

Fitting the portions of the two curves to a straight 
line above 600 ~ gives values for the linear coefficient 
of thermal expansion in each direction (Table II). 

Light micrographs of polished sections of the UM1 
composite in the longitudinal and transverse 
directions are given in Figs 3 and 4. The longitudinal 
section appears dense, exhibiting little porosity and no 
matrix cracking. The transverse section shows rather 
more porosity including some elongated porosity at 
the interfaces between fibre tows. Image analysis gives 
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the volume fractions of porosity and fibre to be 12 and 
54%, respectively. 

A variety of mathematical models have been 
developed to predict the thermal expansion of aligned 
fibre composites. These models have been reviewed by 
a number of authors [18,19], and most of the 
treatments are based on the assumptions that perfect 
adhesion exists between fibre and matrix and the 
porosity levels are small. These models, which predict 
that the composite expansivity is intermediate 
between fibre and matrix, have been used with varying 
levels of success, mainly with polymer-matrix 
composites. For carbon fibre/silicon carbide matrix 
composites which have been fabricated at much 
higher temperatures, the assumptions of perfect 
interracial contact and low porosity levels are unlikely 
to be valid. 

Yates et aI. [20] successfully used the following 
equation 

Em Vm =m + vf d 
~c = E m g m Jr- Ep Vf (2) 

to explain the axial thermal expansivity of 
unidirectional carbon-fibre-reinforced polymer matrix 
composites although, as noted by Schapery [21], this 
simple equation is only valid if the Poisson's ratio for 
the two components are the same. Here, E is Young's 
modulus, V is the volume fraction, ~ is the thermal 
expansion coefficient, the subscript m refers to matrix 
and the subscript f and superscript [[ refer to the 
carbon fibre parallel to the fibre axis. The Poisson's 
ratio for the carbon fibre is 0.22 [17] and that for the 
matrix 0.18 [22], so Equation 2 may not be entirely 
valid. Using values of: E m = 410 GPa [22]; 
Er = 300GPa [23]; am = 4.3 x 10 - 6  K -1 [22]; 
0~f = 4.5 i -  5 X 10 - 6  K -1  [17] for these parameters, 
Equation 2 yields a theoretical value of the composite 
expansion coefficient in the longitudinal direction of 
4.4 _+ 6 x 10 -6  K -1.  The large error is entirely due to 
the uncertainty in the longitudinal expansion 
coefficient of the carbon fibre. 

Clearly, any attempt to compare the transverse 
thermal expansion with existing models would be 
pointless because of the high porosity levels. 
Undoubtedly, the low, almost zero, expansion 
coefficient noted on heating up to 600 ~ is due to the 
fact that the solid expansion is filling the porosity 
which is in the form of cracks in the composite. 

The other four samples are all 00/90 ~ layups and 
should have in-plane thermal expansions that reflect 
the 0 and 90 ~ fibre orientations in alternate layers; 
ideally, an average of the axial and transverse thermal 
expansions of the unidirectional composite UM 1. The 
expansion curves for samples UM2-5 are shown in 
Figs 5 8. Features similar to those observed in the 
unidirectional composite are noted, namely that there 
is a change in slope above 400 ~ Linear coefficients 
of thermal expansion for the higher temperature part 
of the curve are listed in Table III. 

However, real variations may be noted in the ap- 
pearance of the curves. The curve that is most similar 
to that exhibited in the longitudinal direction of 
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Figure 5 Thermal expansion of UM2. 
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Figure 6 Thermal expansion of UM3. 
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Figure 7 Thermal expansion of UM4. 

sample UM1 is exhibited by sample UM3. This shows 
very little hysteresis and, although it does not exhibit 
the highest expansion coefficient, results in the largest 
total expansion of the 2D composites. The other three 
samples show significant hysteresis and a lower level 
expansion. Samples UM2 and UM4 show large devi- 
ations from the heating curve on cooling to 600 ~ It 
is also worth noting that the final total contractions 
for samples UM4 and UM5 are almost identical. With 
the exception of sample UM2, the values for the 
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Figure 8 Thermal expansion of UM5. 

140() 
Figure 10 Light micrograph of a transverse section of UM3. 

TABLE III  Coefficients of thermal expansion for the 
bidirectional composites 

Linear coefficient of thermal expansion (K 1) 

UM2 !.0 + 0.05 • 10 .6 
UM3 2.58 • 0.01 x 10 .6 
UM4 2.0 _+ 0.02• 10 -6 
UM5 2.76 • 0.04 x 10 .6 

Figure 11 Light micrograph of a transverse section of UM4. 

Figure 9 Light micrograph of a transverse section of UM2. 

expansion coefficients given in Table I I I  are broadly 
similar to the transverse expansion coefficient of the 
unidirectional composite.  This would imply that  the 
expansion of the bidirectional composites is being 
domina ted  by the transverse layers. 

Light micrographs  of polished transverse sections of  
samples U M 2 - 5  are given in Figs 9-12. It  can be seen 
from these that  there is a large amoun t  of transverse 
cracking together with substantial porosi ty  in all of 
the composites.  As expected, the most  dense com- 
posites are those that  have had multiple impregna- 
tions: i.e. samples U M 2  and UM3.  Image  analysis 
results for the volume fractions of  porosi ty  and fibre 
are given in Table IV. 

Clearly, the cracks, caused by shrinkage during the 
pyrolysis of the precursor  polymer  and thermal expan- 
sion mismatch on cooling from the product ion  tem- 
perature, run mainly transversely to the direction of  

Figure 12 Light micrograph of a transverse section of UM5. 

TABLE IV Volume fractions and porosity levels in the bidirec- 
tional composites 

Sample Porosity (%) Fibre volume fraction (%) 

UM2 21 48 
UM3 24 47 
UM4 31 45 
UM5 30 42 

the expansion and will substantially lower the meas- 
ured thermal expansion until they have closed. It 
would be expected from the porosi ty  results that  
sample U M 2  should have a higher expansion than 
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Figure 14 Thermal conductivity of UM1 derived using Equation 3. 
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Figure 15 Thermal conductivity of the composite matrix derived 
using Equation 6. 
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cooling. 

UM3, having a lower porosity level. The differences 
between sample UM3 and samples UM4 and UM5 
can be explained by the larger amount  of porosity and 
cracking leading to a lower initial expansion and 
a lower total expansion. The fact that UM2 is similar 
to UM4 and UM5, whilst having a lower porosity 
level than UM3, is anomalous and suggests that the 
detailed microstructures and geometry of the porosity 
are important  in governing the thermal expansion of 
2D composites. 

The thermal diffusivity results for the unidirectional 
composite, sample UM1, are shown in Fig. 13. The 
composite shows a roughly consistent diffusivity over 
the whole temperature range in both longitudinal and 
transverse directions. Parallel to the fibre axis the 
average thermal diffusivity was 4.5 x 10 - 6  m 2 s - I ,  

whereas normal to the fibre axis the average thermal 
diffusivity was 1.2 x 10-6 m e s-1. Negligible 
hysteresis was noted between the heating and cooling 
curves. The measured diffusivity (~c) can be converted 
to thermal conductivity (Lo) (Fig. 14) using the follow- 
ing equation 

~c ~--- ~c(Pf  r f c f  -~- p m V m C m )  (3) 

where 9f and Pm are the densities of the fibre and 
matrix, and Cf and Cm the specific heats of fibre and 
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matrix [24], respectively. The specific heats of the fibre 
and matrix are given as polynomials by Touloukian 
and Buyco [25] 

Cp(fibre) = -- 683 + 5.9199T -- 5.5271 x 10-3T 2 

+ 2.6677 x 10- 6 T 3 

- 6.4429 x 10-1~ r 

+ 6.1622 x 10-14T 5 (4) 

Cp(sic) = - 1263.208 + 1 1 . 7 8 6 9 T -  0.0242T 2 

+ 2.495 x 10-5T 3 -- 1.2547 x 10-ST 4 

+ 2.4549 x 10-12T5 (5) 

The conductivity of the composite in the direction 
parallel to the fibre axes is given by the series model of 
heat conduction [26] 

~e = Vm~m Jr- Vf~ f  (6) 

where Vm and Vf are the volume fractions of matrix 
and fibre, respectively, and Xm and )~f their respective 
conductivities. The volume fractions are obtained from 
image analysis of the polished sections of the composites, 
Table IV. Using conductivity data for TS00 fibres of 
Taylor et al. [26], the conductivity of the composite 
matrix may be deduced; this is shown in Fig. 15. 
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TABLE V Average thermal diffusivities for the 2D composites 

Diffusivity normal to fibre Diffusivity in plane of fibre 
layup (10 -6 m 2 s-') layup (10 .6 m 2 s-') 

UM2 1.2 3.6 
UM3 1.0 2.8 
UM4 0.5 2.4 
UM5 0.9 3.1 

in-plane thermal diffusivity is much higher than the 
diffusivity normal to the plane of the weaves by a fac- 
tor of 3-4 times. 

Since the diffusivity curves show little variation with 
temperature, their conductivities will all follow the 
specific heat curve and show the same trend with 
temperature as the conductivity curve for UM1. The 
conductivity, or diffusivity, within the plane of a bi- 
directional fibre-reinforced system (X2D) is composed 
of two components: parallel and perpendicular to the 
fibres. Hence, if the fibre count is the same in both 
cross-ply directions of the 00/90 ~ laminate, the 
in-plane composite conductivity may be obtained 
from Equation 7 

1 1 k 
X2D = ffX~nll + ~ ~D• (7) 

where Xmll and Xln~ are the conductivities of the 
unidirectional composite in the longitudinal and 
transverse directions, respectively [26]. This assumes 
that the generic shape of the porosity is similar in the 
one and 2D composites. It is important, however, to 
realize that the terms in Equation 6 need to be 
re-evaluated for the bidirectional composite because 
the fibre volume fractions and porosity levels will be 
different. In order to do this, however, the exact geo- 
metry of the porosity needs to be characterized [26], 
and this is not practical. For  the 2D composites the 
porosity levels are higher than for the 1D composite 
by a factor of more than two, and the fibre volume 
fractions slightly lower. Nevertheless, the conductivity 
or diffusivity is intermediate between that of the 1D 
parallel and perpendicular directions and an average 
value of 3.0x 1 0 - 6 m e s  -1 is obtained for the 2D 
composites. 

For the bidirectional composites in the direction 
perpendicular to the weaves, if their porosity levels 
were similar, the diffusivities of the 2D composites 
should be similar to that for the unidirectional com- 
posite perpendicular to the fibre axis. A higher poros- 
ity level should result in a lower diffusivity and this 
trend is seen in the results in Table V. 

The graphs of diffusivity against temperature for 
samples UM2-5 are given in Figs 16 19, respectively. 
For all these graphs, the values for the heating and 
cooling curves for one direction both remain constant 
and equal over the whole temperature range. The values 
for UM5 perpendicular to the layup are limited to 
1000 ~ because of equipment malfunction. The average 
diffusivity values are listed in Table V. In each case the 

4. C o n c l u s i o n  
Thermal expansion data and thermal conductivity 
data have been measured for a unidirectional and four 
bidirectional carbon fibre/SiC matrix composites. The 
results have been found to be entirely consistent with 
the microstructures caused by the filament-winding 
process and the polymer pyrolysis. For  the unidirec- 
tional composite, the thermal expansion parallel to 
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the fibres has been found to be in reasonable agree- 
ment with that for pure silicon carbide. A conductivity 
curve for the matrix has been calculated using thermal 
transport theory and is found to rise over the temper- 
ature range used. 
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