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Carbon fiber-reinforced carbon (C/C) composites consist in a carbon matrix, which holds carbon or
graphite fibers together. Their physical properties are determined by the fibers, matrix materials, layer
buildup, as well as the material preparation and processing. They are designed as materials of high
performance for highly demanding applications, looking for low thermal expansion, low density, high
resistance to thermal shock, very good creep resistance at elevated temperatures, good chemical stability,
among others. The complex structure of the C/C composites causes that mechanical, electrical, and
thermal properties have different values related to the orientation of the fibers axis. In this work, we use
Laser Flash Technique to study the thermal diffusivity and thermal conductivity of carbon fiber-
reinforced carbon (C/C) composite consisting in laminates of weaved bundles of carbon fibers, forming a
regular and repeated orthogonal pattern, all of them built into a matrix of graphite. Experimental data
were fitted to mathematical model for the effective thermal conduction based on the solid heat transfer
contribution and the radiative contribution. Results show that the values on thermal diffusivity and
thermal conductivity measured in the perpendicular plane to the fiber axis decreases almost six times with
respect those obtained in the parallel plane of laminate. It is also shown that in the temperature range
from 373 to 1673 K, the thermal conductivity of the C/C composites remains almost constant at the value
of 5.28 £ 0.42 W/mK in the direction perpendicular to the fiber axis.

Keywords: Carbon fiber-reinforced carbon, Solid thermal conductivity, Radiative conductivity, Rosseland
extinction coefficient

Introduction

Carbon fiber-reinforced carbon (C/C) composites are ideally suited to applications where strength,
stiffness, and others mechanical characteristics have critical requirements[1],[2]. Carbon fibers consist in
long thin filaments composed mostly of carbon atoms joined together to form microscopic crystals
(graphitic planes) aligned in parallel along the fiber axis[3],[4]. Graphitic planes exhibit a highly
anisotropic due to the difference between in-plane and out-of-plane bonding of carbon atoms. This fact
makes that the thermophysical properties of the fibers are more longer in the plane than it is perpendicular
to the plane[5], [6]. Carbon fibers can reach values in modulus, thermal and electrical conductivity in the
order of 900 GPa, 1000 W/mK, and 10% S/m, respectively and a very low mass density (1.75-2.0
g/cm®)[7], [8]. C/C composites consists in laminates of bundles weave of carbon fibers those forming a
regular and repeated pattern, these are contained within a carbon matrix. The addition of the fibers in to
the matrix contributes to the high degree of mechanical stability to the material[9], [10]. Individual
properties of C/C composites are determined by the fiber (type, volume fraction, and orientation), the
architecture (layer buildup, pores distribution, etc.) and thermal treatment that includes carbonization and
graphitization[6]; graphitization process improves some of the composite material’s properties such as
thermal diffusivity, electrical conductivity, thermal stability and resistance to both oxidation and
corrosion. In other hand, the number of impregnation and re-baking implies changes on physical
properties such as inter-laminar shear strength, flexural and tensile strength, bulk density, pore volume
and Young's modulus, compressive strength, and resistance to alternating loads. The appropriate
selection of the production parameters as well as the constituent materials allows us to obtain C/C
composites with physical and mechanical properties suitable for a wide range of applications[11]-[14].



Application of C/C composites materials in high temperature technology includes solar technology [15],
furnace construction and heat treatment, internal combustion engines, aerospace technology, among
others[2], [16]. The vibrations of the crystal lattice are the main source of heat conduction in C/C
composites[17], crystal lattice vibrations can be described by the phonon interactions and they are dived
in: phonon—phonon interaction, phonon—defect interaction and phonon—interface interaction. It is well
known that at low temperature the energy of the optic phonon is small and can be ignored[18], so heat
transfer mainly depends on the acoustic phonon (the elastic wave interacting with matter). In phonon—
phonon interaction, the mean free path is very sensitive to temperature[19], this is because at low
temperatures phonons do not scatter frequently with other phonons and defects, so the mean free path is
limited mainly by the boundary of the sample. Thermal conductivity of C/C composites at elevated
temperature exhibits an important grown since the amplitude of atomic vibrations in crystalline lattice
increases with temperature, therefor increases the phonon—phonon interaction which is responsible for
thermal conductivity. Also, at elevated temperature T heat capacity is independent of temperature and the
number of phonons are proportional to T, then the mean free path A is proportional to 1/T¥[20][21], at
intermediate temperature phonon scatter from defects and other phonons. In this work, we present the
results obtained in the thermal and optical characterization of carbon fiber-reinforced carbon, thermal
diffusivity and thermal conductivity at the perpendicular direction to the fibers axis, heat capacity was
determined by mean an indirect method[22], all of them were obtained in the range of temperatures from
298 to 1700 K with the Laser Flash Technique (LFT)[23]. Due to the anisotropy of the C/C composites
samples, both the thermal diffusivity and thermal conductivity were obtained in three different directions
(two parallel to fibers axis and another perpendicular) with a calorimetric method[24]. Additionally, solar
absorptance and thermal emittance were obtained in the UV-VIS-NIR-MIR wavelength range, to know
the response of the material under solar radiation and its behavior at elevated temperature surrounding.

Materials and methods

Heat transfer in any composite that comprises an orthogonal arrangement of fibers within a matrix will be
governed by the thermal conductivities of the two components, their relative volume fraction and their
geometrical arrangement[3], when the matrix contains porosity (cracks or pores) it is necessary taking in
account a third phase due to a pore is a barrier to heat flow and its presence and distribution has an
important influence in heat transfer[25]-[27]. Photothermal techniques are based on the heating of the
material under test, the material response to that excitation depends on their thermophysical properties.
Laser flash technique (LFT) is a dynamic method used in order to measuring the thermal diffusivity of
solid materials in a wide range of temperature[28]. In general, LFT consists on illuminating one side of a
sample by impinging a laser pulse of short duration, the laser energy absorbed by the sample surface
causes local heating which is transmitted through the sample and a temperature increase occurs on the
opposite side[29]; this increment in temperature is measured as a function of time using an infrared
detector located just in front of the sample [30]. The recorded temperature signal is processed using
adequate mathematical models, to obtain the thermal diffusivity. LFT has its theoretical basis on the
solution of the differential equation for heat conduction in transient regime [31]. The simplest model for
describe the temperature field at the opposite side of the sample was proposed by Parker et al. [23],
assuming one-dimensional heat transfer with adiabatic boundary condition[32]. Parker’s model is valid
only if the sample is homogeneous, heat flux is predominantly one-dimensional, heat losses are negligible
and uniform absorption of the laser energy, and short pulse length of the laser compared to the heat
transport times[33]. This last are ideal situations since there are generally radial heat losses[34] which
depends of the material as well the dimensions. Under these conditions, it is essential to make the
necessary corrections to the mathematical fitting model[35], [36]. In order to obtain the thermal properties
of C/C samples in the direction parallel and perpendicular to the plane of laminate, we implemented an
experimental set based on the modified Angstrom method[24]. This method involves heating periodically
one end of a bar and monitoring the temperature oscillations at the opposite end of it, phase lag of the
signal is related with material's thermal diffusivity [37]. From the measurement of the thermal diffusivity
(o) we can determine the thermal conductivity (x) when knowing the data of specific heat (c) and mass
density (p). C/C composites samples consist on disks (25.2 mm in diameter and 1.6, 2.1 and 5.2 mm on
thickness) and rods (30.2 x 9.6 x 5.2 mm), bulk density: 1.509+0.012 g/cm?, fiber volume fraction: 60 %,
porosity: 8 %[38]. Figure 1 shows an image of C/C composite material, it consists in laminates of weaves
of bundles (tows), everyone containing approximately 12 000 filaments of carbon fibers forming a regular
and repeated orthogonally pattern, all of them are contained within a carbon matrix. Samples were
darkening by applying a thin layer of graphite (GRAPHIT 33, CRC Industries Europe NV), this treatment
is usually applied in the laser flash technique; it was done to ensure the uniform absorption on the sample
surface of the laser energy and the emission of infrared energy[39].



Figure 1. C/C composite material that consisting in laminates of weaves of bundles (tows) of carbon fibers forming a
regular and repeated orthogonally pattern, all of them are contained within a graphite matrix.

Results

Figure 2 shows the values of the thermal diffusivity measured perpendicular to the plane of the
laminate (through-thickness direction) in the C/C composites and a disk of standard graphite (thickness:
2.01 mm, mass density: 1.79 g/cm?, mass: 1.79 g) in the temperature range from 298 to 1673 K with the
LFT. Measurements were performed with a laser flash apparatus (LINSIES, LFA1000). Materials with
anisotropic structures such as C/C composite samples have different linear expansion coefficients in
different directions[18], as result of this; the total volumetric expansion is distributed unequally among
the three axes. Bulk density as function of temperature was determined by using the relation
p(T)=p0/(0.9965-1.3192x105T+4.5842x108T2 -4.9752x101 T3)[40] being po the value of mass density at
298 K. To calculate the heat capacity of the C/C composites samples, we implement an indirect method,
where the maximum of the temperature raise in the sample is compared to the maximum of the
temperature raise of the reference sample (standard graphite) both, the composite and the reference
samples are measured under the same conditions [22] so the energy of the laser pulse and the sensitivity
of the infrared detector are the same for both measurements. Since the energy is the same for sample
(sam) and reference (ref), the heat capacity of the sample can be calculated according the following
relation:

CrefATrefMyref
= Eq.l
Csam ATsgmMsam (Ea.1)

Where AT is the raise in temperature (K), m is the weight (g) and c is the heat capacity (J/gK), Value
of heat capacity as a function of temperature for the C/C composites samples presents an exponential
behavior. It can be fixed to c(T) =1.8946-4.164 exp(-T/254.7). Results are consistent whose are reported
in literature[41][42], see Fig. 2. Once the thermal diffusivity has been obtained we can determine the
thermal conductivity as a function of temperature x(T) with data of specific heat[38] and mass density
according to: x(T)=a(T)c(T)p(T). Values on thermal diffusivity as a function of temperature for the C/C
composites samples as well as standard graphite measured through-thickness direction plane presents an
exponential decay behavior, «(T)=0.01825+0.1307 exp(-T/195.9) for C/C composite and
a(T)=0.14808+0.84719 exp(-T/238.86) for standard graphite. Fig. 3 presents the thermal conductivity
obtained for the C/C composite samples and a sample of standard graphite. As can be seen from this Fig.
3, in the temperature range of 373 to 1673 K the thermal conductivity of C/C composites samples remains
almost constant in the value of 5.28 + 0.42 W/mK. Experimental data obtained in thermal conductivity
for standard graphite can be fit to ~ 1/T* (being x=0.6) in the temperature range from 800 K to 1800K.
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Figure 2. Values of the thermal diffusivity measured perpendicular to the plane of the laminate (through-thickness
direction) and heat capacity in the temperature range from 298 to 1673 K with the LFT.
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Figure 3. C/C composite”s thermal conductivity measured perpendicular to the plane of the laminate (through-
thickness direction) and the reference sample (standard graphite) in the temperature range from 298 to 1673 K with
the LFT.

Thermal diffusivity of C/C composite was measured in three directions; a and b in the plane of
laminate (x-y plane), and ¢ perpendicular to the plane of laminate (through thickness, z plane). For this
purpose, we implement a colorimetric method and specimens like bars of length L were prepared (table
1), periodic heating frequency was 0.048 Hz[37]. Table 1 shows the results obtained in C/C composite
characterization. There is not a significant difference in thermal diffusivity values in a and b directions,
due to the fiber counts in the warp and weft directions are equivalent and that there is no preferential
formation of porosity in either direction. As result of these, the thermal conductivity will be invariant in
the plane of the weave [43]. In other hand, through the plane (c direction), thermal diffusivity drops one



order of magnitude compared with in plane measurements. The last result implies that there is an
anisotropic behavior in sample's heat conduction, which is related with its laminate structure. The heat
flows better in the laminated planes than through the volume (perpendicular to the planes), this last is due
to large number of long fibers provide the continuous path for the phonon transmission, however in the ¢
direction, the phonon movement is readily obstructed[18]. The thermal conductivity measured in the
direction parallel to the laminate plane is close to five times greater than that obtained in the plane
perpendicular to the laminate, this result agrees with is reported in literature[18], [41], [44], [45].

Table 1. Thermal diffusivity and thermal conductivity measured in three different directions, two parallel
to the plane of the laminate (a and b) and the other one perpendicular to the plane of the laminate (c
direction). Temperature of the sample was 308 K in average[37].Values for heat capacity and mass
density were 0.652+0.024 J/gK and 1.509+0.012 g/cm?®, respectively. (i) Values of the thermal
conductivity and thermal diffusivity measured with LFT technique in the ¢ direction.

Direction Thickness Thermal Diffusivity Thermal Conductivity
(mm) (102 cm?/s) (W/mK)
a (x-y plane) 30.1+0.1 14.8+0.9 14.5£15
b (x-y plane) 30.2+0.1 15.1+1.1 14.8+£1.7
¢ (z plane) 5.2+0.1 2.6+0.1 2.620.2
c (z plane) (i) 2.1+0.3 4.5+0.5 4.6+0.8

The effective thermal conductivity as a function of the temperature of the composite C/C is
determined by the sum of the solid thermal conductivity and radiative conductivity. In a simple model for
heat transfer in C/C composites the overall heat transfer is the sum of three contributions: solid heat
conduction, radiation heat transfer and, heat transfer through the gas present in the pores[46], in present
work thermal conduction by gas convection is ignored due to its low value with respect to the other heat
conduction mechanisms. The effective thermal conductivity as a function of the temperature of the
composite C/C is determined by (see appendix A Eq. Al14):

Ko (T) = (1= P) 2o (T) |@(T) + 5 B(TY? + B(T) /a(T) + &| + 205, 0T (Eq2)

In Fig. 4, the values of the experimental data obtained from the thermal conductivity and the fitting of
such data with the equation 2 can be observed, the best fit is obtained for values of thermal conductivity
in a temperature range higher than 750 K, this it is because the data of the conductivity of the fibers in the
temperature range below 750 K is not entirely reliable (Eq. A8).
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Figure 4. Experimental data values obtained for the thermal conductivity and the equation 2, the best fitting is
obtained for values of thermal conductivity in a temperature range higher than 750 K

Reflectance spectroscopy

Reflectance spectroscopy is a powerful tool for characterizing the optical properties of a great diversity of
materials applied in solar technology [47]-[50]. The analysis can be done in two wavelength ranges of
interest: Ultraviolet/visible/near infrared and medium infrared, where solar spectrum radiation
wavelengths and infrared emission range are located respectively. Reflectance spectra were obtained in
the range of 0.3 to 2 microns using two UV-VIS-NIR spectrometers (Avantes, model AVASpec2048 and
model AvaSpec-NIR256-2.5), in both cases, measures were performed with an integrating sphere
(Avantes, model 50-LS-HAL). The reflectance spectra in the range of 2 to 15 microns were obtained with
an FTIR spectrometer (Perkin Elmer, model Frontier NIR / MIR) equipped with an integrating sphere
(PICO, model IntegratiR). In Fig. 4, the reflectance spectrum is shown in the range from 0.3 to 15
microns and the solar irradiance spectrum [51]. Values on solar absorbance (a(4)) were calculated in the
range from 0.3 to 2.5 microns by weighting the reflection spectra data against the solar irradiance
spectrum ASTM G173-03[51]. Whereas, values on thermal emittance (¢(T)) were determined in the range
of 2 to 15 microns by weighting the IR spectra data against the black body radiation (lgg) at 373.2 K.
Both, solar absorbance and thermal emittance were calculated with the following relations [52]:

jz'sl ()-L-RW)] da j15| (AT)-L-R()] d2
a(z) =03~ o(T) =22 (Eq.3)

25 5
Io.s Isun (4) L lgs(4,T)

Where lIsun(A) is the solar irradiance spectrum, R(4) is the reflection spectra data and Iys(4) is the black
body radiation function. Values obtained for solar absorbance and thermal emittance were 78.5 +2% and
59.4 +1%, respectively. Spectral selectivity # (solar absorptance o to thermal emittance ¢ relation) has
been determined using different methods in accordance with the operating temperature[53]-[55][56]. One
of the simplest methods uses the relation n=a/e, but this method is not very reliable since it has been
reported that a high absorption properties at low wavelengths have a stronger influence on the spectral
selectivity than a low emittance at longer wavelengths[57]. Due this, solar absorptance effect is more
important than the thermal emittance for the spectral selectivity, a more accurate way of determining
spectral selectivity is to use the relation #=a-0.5¢[58], this equation reflects in a better way the weight
factor of solar absorptance on the spectral selectivity. Fig. 4 (inserted graphic) shows the thermal
emittance (Eq.3) calculated as function of the thermal emission of a black body in the temperature range
from 373 to 3073 K. In concertation ratios over 600 suns [59] the influence of thermal emittance



(operating temperatures above 1500 K) is less important, and in operating temperatures higher than 2000
K thermal emittance is almost independent of temperature.
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Figure 4. Reflectance spectrum of the samples of carbon composite in the range of 0.3 to 15 microns and the sun
radiation spectrum ASTM G173-03[51]. The inset graphic corresponds to the thermal emittance (Eq.3) calculated as
function of the thermal emission of a black body in the temperature range from 373 to 3073 K.

Conclusions

In this work, we have determined the thermal conductivity of carbon fiber-reinforced carbon (C/C)
composite, for this purpose, a mathematical model for the effective thermal conduction based on the solid
heat transfer contribution and the radiative contribution has been developed. Results show that solid heat
conduction is the principal contributor to the overall heat transfer, but its influence decreases when the
temperature increases, this last is due to the sum of different scattering process. However, these scattering
processes are predominantly dominant at different temperature ranges, for temperatures above 1000 K,
the influence of radiative conduction becomes more important in the overall heat transfer. Using a
calorimetric method, we found that values on thermal diffusivity and thermal conductivity measured in-
plane to the fiber axis decreases almost six times with respect those obtained out-plane of laminate.
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Appendix A
Thermal conductivity modeling

Mathematical models for determining the effective thermal conductivity of C/C composites are many and
varied, effective thermal conductivity may be expressed in terms of the corresponding thermal
conductivities of the fibers, and the matrix, fibers volume fraction[60], fiber mass fraction[61], graphitic
planes direction[62], contact heat transfer rate between fibers[13], effective contact volume between two
plates[5], some other models are based on the solid heat transfer contribution (xs), the radiation
contribution (kgr), and the contribution of the gas (kg) to the whole thermal conductivity [46]. Considering
a composite made up of laminate bundles of fibers forming a regular orthogonal pattern embedded in a
solid matrix, as shown in Fig. Al, if we assume that the delamination between fiber mats is regular; then
the in-plane (x;) and out-plane (x, ) thermal conductivities of this bidirectional composite are given by:

Ky = nyky(0) + npk, (g - ‘9) (Eq. Ala)

K -Kqi, (Eq. Alb)

where k,, is the composite thermal conductivity perpendicular to unidirectional fibers (see Fig. Al), n,
and n;, are the number fractions of fibers in the vertical and horizontal directions, and the in-plane
thermal conductivity x,(8)in a direction making an angle 6 with the axis of unidirectional fibers is
defined by[43]:

K, (6) = Ky cos?(0) + Ky, sin?(0) (Eg. A2)

Where x, is the composite thermal conductivity parallel to unidirectional fibers, as shown in Fig. Al,
considering that the numbers of fibers in vertical and horizontal directions in Fig. 1(a) are equal (n, =

ny, = 3), Egs. (Ala) and (A2) yields to:

Ky = %(Klll +K11) (Eq. A3)

Equation (A3) explicitly shows that the in-plane thermal conductivity of the composite in Fig. Al is
independent of the direction in which is measured, as was first predicted by Pilling et al.[60].



Figure Al. Two-dimensional twill woven fabric and 3D unit cell.

The thermal conductivity x,, of the unidirectional composite in Fig. Alis simply given by the series
model, as follows:[63]

Ky = frp+ (A= f —D)kmy (Eq. A4)

where f and p are the respective volume fractions of the fibers and pores, while kg and k., are the fiber
and matrix thermal conductivities in the axial direction of the fibers, respectively. On the other hand, the
out-plane thermal conductivity k;, can be determined by means of the Bruggeman’s model[64] applied
to cylindrical particles[65], as follows

L=a+ip+pfatl (Eq. A5a)
B=1Q-a)(1-v) (Eq. A5b)
a=(my ) (Eq. ASC)

where K, and k,, are the respective thermal conductivities of the continuous (matrix) and discontinuous

(fibers) phases interacting with an interface thermal resistance R, a,, = Rk, is the Kapitza radius[66], a
is the average radius of the fillers composing the discontinuous phase of volume fraction v and « is the
composite thermal conductivity. Considering the fibers and matrix like an effective matrix for the usually
cylindrical pores present among the fibers (see Fig. A2), we take k,, = k;, (p=0), k, = 0 (air thermal
conductivity), R — o0 and v = p in Egs. (A5a) to (A5c), which render:

k1 = (1 —p)k, (p=0) (Eq. Ab)

Equation (A6) indicates that the presence of pores reduces the effective thermal conductivity of the
matrix and fibers (ic;, (p = 0)) by a factor of (1 — p)?2. The thermal conductivity «,, (p = 0)can now be

calculated by reusing Egs. (A5a) to (A5c) with K, = Ky, kp = kpyp and v = é being the volume

fraction of fibers in the solid matrix alone. After making these substitutions in Egs. (A5a) to (A5c) and
combining the result with Eq. (A6), one obtains:

1 2
K1 = (1= p) iy (ay + Eﬂf + B Ja + i_l) (Eq. A7)



where B, and a, are defined by Eqgs. (A5b) and (A5c), for ky,,, kr; and v = 1’_r—p. Equation (A7)
considers the effects of the radius a and volume fraction f of the fibers, as well as of the porosity p and the
interface thermal resistance R. The thermal conductivities x,; and x,, of a composite with unidirectional
fibers thus determine the overall thermal conductivities x, and x; of the bidirectional composite shown in

Fig. AL

Figure A2. Scheme of the cylindrical pores present among the fibers.

In-plane and out-plane thermal conductivities of a simple carbon fiber

To calculate the thermal conductivity as a function of the temperature of the CC composites (Eq. A7)
it is necessary knowing the data of the axial and transverse thermal conductivities of a simple carbon fiber
and the pure matrix (without carbon fibers). The effective transverse thermal conductivity of the pitch-
based carbon fibers, was predicted by H.S Huang et al.[67], they calculated the in-plane and out-plane
thermal conductivity for straight graphite sheets. The value of the simulated equivalent transverse thermal
conductivity was 50.8 W / mK for perfect fibers and the measured value for real fibers was 12 W/mK.
Therefore, we can take the value of 26.74 for the anisotropy factor (x;/x, ) this value is consistent with
those reported in literature[3]. We can also have assumed that this factor does not change significantly as
function of temperature[61]. C. Pradere et al.[68] report the longitudinal thermal conductivity in the
temperature range from 750 to 2000 K, of simple carbon fibers made with the same raw materials and
exposed to a heat treatment similar those C/C composites examined in this work. Out -plane thermal
conductivity of the fibers in the temperature range from 750 to 2000 K can be adjusted to the expression:

Kp(T) = 5.5045 + 4.97x1073T — 4.78x107°T2 + 1.20x10~°T3 (Eq. A8)

Pure matrix thermal conductivity

There are different and varied methods to build C/C composites, usually these methods consist on
impregnation of sheets of carbon fiber fabrics with precursors (i.e. phenol-formaldehyde resins or gas
phase precursors such as propane) that give rise the matrix of the composite[69]. Once the sheets are
impregnated, the composites are molded and cured, subsequently they are carbonized at 1000°C under
vacuum. The processes of impregnation and carbonization are repeated several times to change the
density and porosity of the composite. Under these conditions the thermal conductivity of the composite
obeys the simple mixing rule for two phases system: 4. = A¢V; + A, Ve, (4 is the thermal conductivity, V
is the volume fraction, and c, f, and m refer to composite, filler and matrix, respectively), due to A¢Vy >>
AmVem, then A, ~ A:Vy. However, when the C/C composites are subjected to a Hight Temperature
Treatment (HTT) at temperatures above 2000 °C, the experimentally thermal conductivity value of the
composite increases significantly with respect to that calculated from the simple mixing rule[19], [62]. In
addition, it has been demonstrated that after several HTT cycles, the thermal conductivity value of the
C/C composite is no longer affected. Due to the thermal conductivity of the single fibers does not change
significantly during the HTT cycles of C/C composites, because the fibers were previously subjected to a
similar HTT and their structural parameters are well formed[6], then the increase of the thermal



conductivity of the C/C composite can be attributed to changes in the structural and microstructural
parameters of matrix (dooz and L¢)[70]. For all the above, C/C composites with same fiber fabric and
matrix precursors but subjected to different HTT may have different thermal conductivities[71], and this
behavior is most noticeable at high temperature. One way to determine and to distinguish the effect of
components in the C/C composite (carbon fibers and matrix), is by obtaining the thermal conductivity of
samples of pure matrix (without carbon fibers). A good approximation to thermal behavior of the pure
matrix is to consider it as glass-like carbon (GC) material [70], then the effective thermal conductivity of
the matrix (x,,.) can be expressed by: k.. = Ekgc, Where & is a constant that depends on volume fraction
of solid matrix and porous, as well as the pore shape factor[72]. Effective thermal conductivity of the
matrix out-plane can be expressed as[22]:

Kme (T) = —0.219975 + 0.012285 T — 1.08x1075T5 + 4.46x10~°T2 — 7.12x10-13T* (Eq. A9)

Solid thermal conductivity as a function of the temperature x.(T) of the C/C composites (Eq. A7) can be
rewrite as:

Ke(T) = (1= P) oo (T) |a(T) + L B(T)? + B(T) Ja(T) + M| (Eq. AL0)

Radiative thermal conductivity

Effective thermal conductivity in porous materials can be expressed in terms of the solid thermal
conductivity and the radiative conductivity (thermal conduction by gas convection is usually ignored due
to its low value with respect to the other heat conduction mechanisms). Radiative conductivity (i, (T)) is
based on Rosseland diffusion approximation[73], and it can be expressed by[74]:

r () = 2 g "D 73 (Eq. AL1)

SB (1) 7

where osg is the Stefan-boltzmann's constant (5.67x10® W/m?K#), n is the effective refractive index, and
0,(T)is the Rosseland mean extinction coefficient[75] witch is an average value of the spectral

extinction coefficient(oe,v(T)) weighted by the local spectral energy flux. Rosseland mean extinction
coefficient is defined as follows :

foo 1 AI(T,v) dv
1 0 Ggy(T) T
_h5 , Eq. Al2a
0e(T) foco—ag(;:”) dv (& :
v
2.4 kgT
dI(Tv) _ 2h?v*  &*B (Eq. A12b)

T  KkpT2c2, hv 2
(eKBT_1>

Where ol (T,v)/0T is the temperature derivative of Planck’s function. For homogeneous media, and
considering o, ,,(T) independent on thickness, according to Beer’s law:

ey (T)d = —In[7,,,,(T)], (Eq. A13)

Being d the thickness of the sample composite and ,, ;(T') is the spectral transmittance percentage, which
could be measured with a Fourier transform infrared (FTIR) spectrometer. Fig. A3 shows the spectral
transmittance percentage (t, (7)) for two samples (600 and 800 + 30 microns on thickness) obtained
with a FTIR spectrometer (Perkin Elmer, model Frontier NIR / MIR), and the Rosseland mean extinction
coefficient (g, (T)) calculated with Eq. Al2a.
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Figure A3. Spectral transmittance percentage (t,, 4(7)) and Rosseland mean extinction coefficient (o, (T))

The effective thermal conductivity as a function of the temperature of the composite C/C is then
determined by the sum of the solid thermal conductivity ((KC(T))and radiative conductivity ((x,-(T))

Keff(T) = Kc(T) + k. (T)

Figure A4 shows the effective thermal conductivity (Eq. Al4), the solid thermal conductivity (Eq. A10)
and radiative conductivity (Eq. A11) as function of temperature. The effective thermal conductivity of the
C/C composite for temperatures below 1000 K is dominated mainly by solid thermal conductivity
(99.4%). However, for temperatures above 1000 K, the contribution of radiative conductivity increases
appreciably until reaching the value of 4.5% of the effective conductivity of the C/C composite at 2000

K.
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Figure A4. Effective thermal conductivity, the solid thermal conductivity and radiative conductivity as function of
temperature.
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