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It is suggested that the thermal conductivity of very fine fibres can be evaluated indirectly
with the aid of composite theory using the experimental data for the heat transport
properties of an appropriate composite which contains the fibres. The feasibility of this
approach was investigated by determining the thermal conductivity and diffusivity of
fibres of amorphous silicon carbide from 25° C to 1000° C contained within a lithium
aluminosilicate glass-ceramic using the laser-flash technique for measurement of the
thermal diffusivity of the composite. Due to the amorphous nature of the fibres, values
for their thermal conductivity and diffusivity were found to be far less than the corre-
sponding data for crystalline silicon carbide. The positive temperature dependence of the
thermal conductivity, coupled with the independent observation of an increase in thermal
conductivity with specimen thickness, suggests that radiative heat transfer makes a signifi-
cant contribution to the total heat transferred. A number of advantages and limitations of

the composite method for the evaluation of thermal transport properties of fibres are

discussed.

1. Introduction

The technical and scientific need for quantitative
data for the heat conduction properties of solids
has led to the development of a nearly innumer-
able number of methods for the measurement of
these properties [1]. For a given material, the
choice of the most appropriate method depends
on a number of variables such as the temperature
range over which the data are required and the
configuration of the material to be measured. In
this respect, micrometre sized fibres present
special difficulties.

Materials in fibre form are used extensively in
the development of mechanically reinforced com-
posites. One such composite developed during the
last few years consists of a glass or glass-ceramic
reinforced with fibres of silicon carbide [2]. The
mechanical properties of these composites indicate
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excellent service performance at elevated tempera-
ture. For a micro-mechanical analysis of these
composites under conditions of transient heat
flow, experimental data for the thermal conduc-
tivity and diffusivity were required as a function
of temperature. The choice of the method for the
measurement of these properties presented a
number of difficulties. Firstly, their method of
preparation precluded the synthesis of larger
samples with properties identical to those of the
fibres. For this reason, the fibres themselves had
to be used. Secondly, silicon carbide fibres are not
electrical conductors. This eliminated the resistive
heating method [3] for measuring the thermal
conductivity. Although, in principle, a number of
techniques could be devised, it was decided to
measure the thermal conductivity and diffusivity
of these fibres by an indirect method. This method

2337



consisted of measuring the thermal diffusivity of
the composite as well as the matrix (without
fibres), followed by calculation of the required
data by means of the theory for the thermal con-
ductivity of composites. It is the purpose of this
paper to report the data so obtained.

2. Experimental procedure

2.1. Materials

The silicon carbide fibres made from an organo-
metallic polymer by the method of Yajima [4] were
obtained from a commercial source®. Chemical
analysis showed the fibres to consist of approxi-
mately 65wt% SiC, 25wt% Si0, and about
10wt% C. The fibres were in the form of tows of
yarn containing about 500 fibres per tow. The
average fibre diameter was approximately 10um
and the density was approximately 2.55gcm™.
X-ray analysis showed the fibres to be amorphous
with a crystallite size of 2,5 to 3.0 nm, determined
from peak broadening.

The matrix material with density of 2.52gcm™
consisted of a lithium aluminosilicate glass-ceramic
essentially identical to that of a commercial glass-
ceramic’ except that the approximately 3wt%
TiO, nucleating agent was replaced by about
2wt% Z10, due to reactivity between the TiO,
and the SiC fibres.

The composite was manufactured by passing
the SiC yarn through a slurry of powder of the un-
crystallized glass and isopropyl alcohol. Following
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drying, the coated yarn was cut to fit the graphite
die for hot-pressing in vacuum for times of between
S5min and 1h at 1400 to 1500° C and a pressure
of 14 MPa. Following hot-pressing, crystallization
of the glass was carried out by heat-treating for
1 to 2h at a temperature ranging from 880 to
1100° C. Composite samples were made in which
the fibres were all parallel or with alternate layers
oriented at 90°. Fig. 1 shows a photomicrograph
of such a 0/90° cross-ply composite. A sample of
the miatrix phase without fibres was also prepared.

2.2. Measurements of the thermal
properties

The thermal diffusivity of the composite and matrix
samples was measured by the laser-flash method
[5] using a Nd-glass laser. The specimens used for
these measurements were cut from the hot-pressed
blanks, and were in the form of square plates of
dimensions 9 to 12mm x ~ 2mm. Direct trans-
mission of the laser beam was prevented by coating
the specimen surfaces with carbon. The transient
temperature response of the specimen rear surface
was monitored by optical means. For measurements
above room temperature the specimens were held
in an appropriate holder contained within a carbon
resistance furnace with nitrogen atmosphere. In
the evaluation of the thermal diffusivity from the
transient temperature response, the corrections for
heat-loss were taken into account using the analysis
given by Heckman [6]. Changes in specimen thick-

Figure 1 Optical micrograph of
0/90° composite of lithium alu-
minosilicate glass-ceramic with
45vol% amorphous silicon car-

* Nippon Carbon Company, Japan.
1C-9608, Corning Glass Works, USA.
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ness with temperature due to thermal expansion
were also taken into account.,
The specific heat of the fibres and the glass-

ceramic matrix was determined by differential

scanning calorimetry using appropriate equipmenti.

2.3. Evaluation of the thermal

conductivity and diffusivity of

the fibres from composite theory
For heat-flow parallel to uniaxially aligned fibres,
the thermal conductivity, K, of a composite is

K. = KV + K Vp, 48]

where K is the thermal conductivity, V is the
volume-fraction and the subscripts ¢, mand p, refer
to the composite, matrix and fibres, respectively.

For heat-flow perpendicular to the fibre direc-
tion, the thermal conductivity, as derived by
Bruggeman [7], can be written

K, — K, K.—K,

——— | Vm = |7V,

Ko t+K, K.+K,
From the measured value of the thermal

diffusivity, the corresponding value of the thermal
conductivity, K, can be calculated from

@

(3)

where k is the thermal diffusivity, p is density and
c is the specific heat. The specific heat of the com-
posite can be calculated from the measured values
for the specific heat of the fibres and the matrix
by means of the rule of mixtures. Substitution of

K = kpc,

the values for the thermal conductivity of the
matrix and the composite into Equation 1 or 2
permits calculations of the thermal conductivity of
the fibres. The thermal diffusivity may then be
determined using Equation 3.

3. Experimental results

Fig. 2 shows the experimental data for the specific
heat as a function of temperature for the glass-
ceramic matrix and the silicon carbide fibres. The
data for the glass-ceramic agree very well with
those obtained from the manufacture of a glass-
ceramic of similar composition {8]. The specific
heat of the silicon carbide fibres significantly
exceeds the corresponding values for crystalline
silicon carbide [9]. The difference can most
probably be attributed to the non-crystalline
nature of the fibres, since large relative differences
in the specific heat of amorphous and crystalline
polymers are also observed [10].

Table I lists the experimental data for the
thermal diffusivity at room temperature for a
number of composite samples of different thick-
nesses with a range of volume-fraction and both
fibre orientations. Also included in TableI are
the values for the room temperature thermal con-
ductivity and thermal diffusivity of the fibres
calculated from the data for the specific heat,
density and thermal diffusivity.

Fig. 3 shows the experimental data for the tem-
perature dependence of the thermal diffusivity of
the glass-ceramic matrix and two composite
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Figure 2 Specific heat of lithium alumino-
silicate glass-ceramic and of amorphous
silicon carbide fibres.
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TABLE I Thermal diffusivity at room temperature of LAS-SiC composites with a range of sample thicknesses and
SiC contents and calculated values for the thermal diffusivities and conductivities of the SiC fibres

Measured values for composites

Calculated values for SiC fibres

SiC content Orientation of fibres Thickness Thermal Thermal Thermal

(vol%) with respect to the (mm) diffusivity diffusivity conductivity
direction of heat-flow (X107% cm?sec™!) (X107%cm?sec™’) (Wm™K™)

48 L 1.020 722 642 1.10

48 1 1.520 824 845 1.44

48 L 2.250 837 873 1.49

48 Il 1.050 744 669 1.14

48 il 1.540 818 831 142

48 1] 2.130 828 854 1.46

48 i 2.690 826 848 1.45

48 i 2.785 849 899 1.53

45 L 0.975 735 653 1.12

45 L 1.485 806 803 1.37

45 1 2.275 855 915 1.56

38 1 1.235 710 587 1.17

38 L 1.245 753 685 1.00

32 L 1.305 739 624 1.07

samples containing ~ 49 vol% SiC with heat-flow
parallel and perpendicular to the fibres. The data
for the LAS matrix show reasonable agreement
with data obtained earlier [11] for a sample of a
similar glass-ceramic (C9608) supplied by the
manufacturer.

Fig. 4 shows the values for the thermal conduc-
tivity and thermal diffusivity of the silicon carbide
fibres parallel and perpendicular to the fibre axis,
calculated from the experimental data given in
Figs 2 and 3.

4. Discussion

The values of the thermal conductivity and
thermal diffusivity of the silicon carbide fibres are
far below the corresponding values of crystalline
silicon carbide [12, 13]. The low values for the

present fibres are most likely the result of their
amorphous nature which limits the contribution of
the phonon conductivity.

The relatively small negative temperature
dependence of the thermal diffusivity and the
positive temperature dependence of the thermal
conductivity of the fibres is an indication that a
significant fraction of the total heat conducted
occurs by radiative heat transfer. Additional
independent support for the latter conclusion is
also provided by the observations, shown in
Table I, that the thermal diffusivity of the com-
posite samples with the SiC fibres increases with
increasing specimen thickness, in accordance with
theoretical expectations [14]. Assuming that at
room temperature the radiation contribution is
negligible, the data shown in Fig. 4 suggest that at
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diffusivity as a function of temperature for
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men thicknesses of 1.32, 1.29 and 1.29 mm,
parallel and perpendicular to the fibre axis,
respectively.

1000



® O PARALLEL
8 O PERPENDICULAR

Figure 4 Temperature dependence of the
thermal conductivity and diffusivity of
amorphous silicon carbide fibres calcu-
lated from the composite data shown in
Fig. 3.
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1000° C the radiation contribution is in excess of
half of the total heat transferred. This suggests
that, although no supporting experimental data
appear to be available, these SiC fibres are possibly
excellent transmitters of infra-red radiation of
relatively long wavelength.

The thermal diffusivity and conductivity
perpendicular ‘to the fibre axis is somewhat less
than parallel to the fibre axis. This could possibly
be attributed in part to a structural anisotropy
within the fibre resulting from its original organic
structure. No such preferred orientation, however,
was detected by Yajima ef al. [4]. Possibly also, an
interfacial contact resistance due to a lack of
perfect adhesion or the factor of 2 to 3 difference
in the thermal expansion between the glass-
ceramic matrix and the fibres could be responsible
for this effect. This would manifest itself as an
apparent decrease of the thermal conductivity
perpendicular to the fibre axis, because Equation 3
does not take such an interfacial resistance into
account, Such an interfacial resistance would have
a much smaller effect (if any) on heat-flow parallel
to the fibre axis. For this reason the evaluation of
the fibre conductivity by the composite method
should preferably rely on experimental data using
uniaxially aligned composite samples with heat-
flow parallel to the fibre length.

Some general remarks are in order on the
general feasibility of the “composite method” for
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obtaining heat conduction data for fibres. It is
critical to note that this method relies on the
accuracy of the theory for the thermal conduc-
tivity of composites. In general, such theory is
exact only for dilute concentrations of the second
phase. At higher volume-fractions, at which the
local temperature fields around the disperions will
interact, the composite theory must be considered
to be an approximation only. Any deviations
between composite values calculated from such
approximations and actual values increase with the
relative difference in the values of the thermal
conductivity of the individual phases. For this
reason, increased accuracy of the value for the
thermal conductivity of fibres obtained by the
“composite method” can be achieved by choosing
a matrix material with a value of the thermal
conductivity as close as possible to that of the
fibres. This condition is met for the composites of
this study. For the same reason, the choice of the
composite equation used to calculate the thermal
conductivity of the SiC fibres is not critical.
Furthermore, for the “composite method” to
yield reliable data for the heat transport properties
of the fibres, it is essential that the scale of the
microstructure and the size of the sample of the
composite is such that, in its transient response, the
sample, in effect, behaves as a continuum. Criteria
for this condition were examined by Kerrisk
[15, 16], Lee and Taylor [17], and Nomura and
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Chou [18]. For the samples used in the present
study, these criteria were met,

In summary, it is proposed that the thermal
conductivity of fibres can be obtained from the
corresponding data for composites by means of
the theory for the thermal conductivity of com-
posites. The data presented indicate the feasibility
of this method.
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