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Determination of the Anisotropic Thermal Conductivity

of a Carbon Aerogel-Fiber Composite
by a Non-contact Thermographic Technique'

V. Drach,>3 M. Wiener,* G. Reichenauer,* H.-P. Ebert,? and J. Fricke?

The carbon-composite under investigation consists of a felt of carbon fibers
infiltrated by a nanoporous sol-gel derived carbon aerogel; in addition, cracks
caused by the shrinkage of the gel upon drying are present within the com-
posite. Due to the anisotropic structure of the felt, consisting of a pinned
stack of fiber mats, the thermal conductivity of the compound is anisotropic.
The components of the thermal conductivity in the different directions were
measured at room temperature using a non-contact technique, which was for-
merly established for fibers and foils. Here, a high-power laser diode is used
for non-contact heating and a thermographic system for non-contact detec-
tion of the surface temperature of the samples. The stationary profile of
the surface temperature next to the laser focus was evaluated with respect
to the lateral thermal conductivity. Using a line-shaped laser focus, a one-
dimensional heat flow within the samples was established and the two rele-
vant components of the thermal conductivity in the different directions could
be separated by investigating slices of the composite with different orientation
to the main fiber orientation of the felt. The anisotropy of the thermal con-
ductivity, i.e., the ratio of the components perpendicular and parallel to the
felt surface, was determined to be about two under vacuum conditions. This
relatively small thermal anisotropy was in qualitative agreement with prelim-
inary tests of the electrical conductivity. In addition, local inhomogeneities
due to macroscopic voids within the samples influenced the observed tem-
perature profile. As alternative measurement variants, point-shaped laser-heat-
ingof sample discs was used and evaluated in terms of a two-dimensional
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heat flow and periodic, i.e., dynamical heating of the sample slices with a
line-shaped laser focus was used. The reliability of the results was also tested
by comparing them to data derived with a guarded-hot-plate measurement of
a (1.1 x 15 x 15) ecm? large tile.

KEY WORDS: aerogel; anisotropy; carbon; thermal conductivity; thermogra-
phy.

1. INTRODUCTION

Nanoporous carbon aerogels and composites based on them are of inter-
est for high temperature applications such as insulation materials, or as
functional materials in filters or catalysts. The composite consists of a felt
of carbon fibers, infiltrated by a nanoporous carbon aerogel. The synthe-
sis of the latter starts with a solution of resorcinol (R), formaldehyde (F),
catalyst, and water. Gelation of the solution and aging provide the nano-
structured network. The solvent (water) in the pores is replaced by acetone
and the gel is (subcritically) dried. The resulting RF-aerogel can be con-
verted into a pure carbon-aerogel by pyrolysis [1]. The pore sizes within
the carbon-aerogel can be tailored to be in the range of several tens of na-
nometers up to several micrometers, depending on the processing param-
eters [2]. The nanoporous carbonaceous structure of the aerogel reduces
gaseous thermal conduction as well as radiative thermal transport. Thus,
its potential use as an insulation material is obvious [3].

In order to improve the mechanical stability of the carbon-material,
the formation of the RF-aerogel is performed within a carbon-felt as a
matrix. The latter is a felt consisting of a pinned stack of fiber mats (see
Fig. 1). The pinning fibers are bundles of long fibers and are a substan-
tial portion of the whole amount of fibers. Cracks of up to about 0.5mm
in size (visually estimated) arise within the aerogel phase, caused by the
shrinkage of the gel upon drying, with the fiber matrix acting as a stiff
skeleton. While the density of the carbon-fiber felt is about 100kg-m~3,
the density of the investigated composite is about 230 kg-m—>. Due to the
anisotropic structure of the felt, the thermal conductivity of the compound
is also anisotropic, i.e., a higher thermal conductivity within the plane of
the fiber mats occurs. It was the aim of the present investigation to deter-
mine the components of the anisotropic thermal conductivity of this com-
posite material.

Due to the inhomogeneities, i.e., the cracks of up to about 0.5mm
in size and the correspondingly rough sample surface, a standard laser-
flash experiment [4] appeared to not be suitable for this task. On the other
hand, non-contact methods such as the laser-flash technique or photother-
mal techniques have the advantage of simplicity in sample preparation and
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Fig. 1. Schematic diagram of the fiber arrangement in the car-
bon-fiber felt (top) and REM-picture of the investigated material
with carbon-aerogel incorporated (bottom). In detail, the pinning
fibers are bundles of long fibers, which intersect the fiber mats.
The orientation of the fiber mats is not obvious in the SEM-
image due to the inspection at a point of fracture.

the lack of disturbing sensor/heating elements [5-7]. The use of non-con-
tact temperature detection by infrared detectors also allows the investiga-
tion of thermal anisotropy for plastic foils [8]. Here, a fully non-contact
technique was used, which was formerly applied for the thermal charac-
terization of a variety of small sample systems [9,10]. With the availability
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of high-performance thermography systems [11], there is enough flexibility
to perform non-contact measurement techniques in thermal analysis. In
principle, many experimental modifications can be realized by changing
the geometry of the heating source (point-like, line-wise, or plane), the
type of temporal evolution (stepwise, periodical, or stationary) and the
method of temperature measurement (spatial and/or temporal, backside,
or front-side) (see, e.g., Refs. 12 and 13). The present article demonstrates
the application of the non-contact measurement technique for the thermal
analysis of an anisotropic carbon-fiber-felt system.

2. EXPERIMENTAL SETUP

The main feature of the experimental setup is a thermography system,
which acts as a non-contact detector for the spatial variation in temper-
ature of the sample (see Fig.2). Therefore, we use the acronym “Ther-
moscan” for this technique. In the setup in question, local (line-wise or
point-like) continuous heating of the sample is provided by the absorption
of the (visible) beam of a high-power laser diode. The laser-diode emis-
sion is mainly divergent in the vertical direction. The beam profile on the
sample surface is defined by slits, lenses, and mirrors to achieve line-wise
or point-like heating of the sample. After the stationary state is achieved,
the temperature distribution on both sides of the laser-heated region is
detected by a thermography system and used for further evaluation.

The thermography system is an AEGAIS-system from AIM,
Heilbronn, Germany, with a PtSi-based focal plane array of 256 x 256
pixels. It is sensitive to wavelengths between 2 and 5um and has a res-
olution (NETD =noise equivalent temperature difference) of about 0.07 K
in a typical configuration at 300 K. For the case of stationary conditions,
pictures are taken by averaging thermal emission over about 2s. For eval-
uation, a zero picture without laser heating was subtracted in order to
extract the temperature increase and to optimize spatial homogeneity.

Periodic heating was realized by controlling the output of the laser
diode with the voltage of a frequency generator. The temporal evolution
of the temperature on the sample surface was recorded by use of the
(smaller) 128 x 128 pixel subframe of the thermography system and acqui-
sition of a series of 126 pictures.

The sample is placed within a vacuum chamber in order to eliminate
convection and to render gaseous conductive heat transfer negligible com-
pared to the radiative heat transfer from the sample surface. The vacuum
chamber contains a glass entrance window for the laser beam and a cal-
cium fluoride (CaF;) window for observing the sample with the infrared
system. With the sample surface being black in the visible and infrared
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Fig. 2. Schematic of the experimental setup called “Thermo-
scan”.

spectrum, no additional coating was necessary to improve the absorption
of the impinging laser light and the emission of thermal radiation. The
measurement principle is based on the detection of a stationary temper-
ature profile.

The samples were prepared as slices of about 1.5-mm thickness, which
were cut from a larger cylindrical body either along the main fiber orienta-
tion, i.e., of the fiber-mat, or perpendicular to the fiber orientation. Both
disc-shape and plate-shape samples were prepared and used for different
measurement variants (see Fig. 3). The size of the plate samples was about
(21 x 43)mm?; the diameter of the disc samples was about 24 mm.

3. STATIONARY LINE-SHAPED LASER-HEATING
3.1. Analytical Treatment

The detected temperature increase along the sample surface is eval-
uated under stationary conditions. When using the line-wise laser focus
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Fig. 3. Illustration of the prepared sample slices: Left: disc- and
plate-shaped samples, whose fiber orientation is parallel to the
slice plane; right: perpendicular case. The orientation of the fiber
mat is schematically indicated.

(focal line extending along the z-axis, see Fig.4), heat transport along the
sample is mainly one-dimensional. With this assumption, the stationary
temperature distribution can be derived in analogy to a thin rectangular
fin, which is partly fixed to a surface of given temperature and cooled
by radiation (and convection) from its free surface. The following relation
holds for the freestanding part of the sample [14]:

cosh[(L —x)/1y] ty<L ATOeXp( le).

AT(x)=ATy cosh[L /o] Tl

(M

Here, ATy denotes the (maximum) temperature increase within the focus
line of the laser beam at x =0. L denotes the free-standing length mea-
sured from the focus line (see Fig. 4). The quantity /y is the characteris-
tic decay length, which depends on the lateral thermal conductivity A the
thickness D of the sample, and the heat transfer coefficient & from the
sample surface to the surrounding area;

rD
20"
This decay length [y is a measure of the spatial variation of the tem-
perature and does not depend on the absolute value of the temperature
increase. For small decay lengths, the edge effect due to the finite sample
length L can be neglected and the approximation on the right-hand side
of Eq. (1) can be used.

The heat transfer coefficient o is solely determined by radiative
heat transfer. Assuming the surrounding surfaces to be black, the radi-
ative heat transfer coefficient can be calculated using the linearized
Stefan-Boltzmann law at the sample temperature (7 = 300 K);

lp=

2
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Fig. 4. Schematic diagram of the plate-like sample and the line-
shaped laser beam including the relevant geometrical and thermo-
physical parameters.

a=40¢eT>. 3)

with the Stefan-Boltzmann constant o. The emissivity ¢ of the sample
surface was determined separately from spectroscopic measurements of
the infrared properties of the sample surface and appropriate Planck-
weighting. Samples with different fiber orientation were characterized and
the dependence on the fiber orientation was found to be negligible, result-
ing in a value ¢(300K)=0.93 + 0.03.

3.2. Numerical Simulation

The assumption of purely one-dimensional heat transport involves the
assumption that the temperature gradients in the y-direction are negligible
compared to the gradients in the x-direction, i.e., a perfect perpendicular
penetration of heat despite the laser surface heating. The validity of this
assumption has to be tested, when relatively thick samples or highly aniso-
tropic samples are under investigation. This was done by use of numerical
simulations by the software HEAT?2 [16] for the experimental conditions
given here. The geometry, the boundary conditions, and the stationary
temperature distribution of a sample cross-section as derived via simula-
tions are depicted in Fig. 5. While the simulations have identical geometry
and boundary conditions, they differ in the orientation of the fibers with
a chosen reasonable thermal conductivity of A;p=0.8 W-m~!.K~! paral-
lel to the fiber orientation and A, =0.4W-m~!.K~! perpendicular to the
fiber orientation. The simulation is two-dimensional, i.e., it is valid for
an infinite sample extending in the z-direction perpendicular to the plane
shown.

The temperature distribution exhibits a distortion next to the focus,
especially in the case of the parallel fiber orientation, since heat is
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Fig. 5. Simulated 2D-result for the cross-section of a free standing plate sample with
the main fiber orientation parallel (upper part) and perpendicular (lower part) to the
plate surface, i.e., the surface of detection (see also Fig. 4). The geometrical setup is rep-
resentative of the experiments described, the thickness of the samples is D =1.25mm.
The boundary conditions are the maximum temperature increase ATy, the location of
the laser focus, a (position independent) heat transfer coefficient of o =57 W-m~2.K~!
and a fixed temperature AT =0 at the sample holder (x =17 mm). The stationary tem-
perature distribution is visualized by the gray scale and the isotherms, which are sepa-
rated by 1K.

transported mainly laterally. The distortion due to superficial laser heat-
ing is also reflected in the corresponding surface temperature profiles
(see Fig.6), which differ for the surface of laser impingement and the
opposite side in the vicinity of the focus. Due to the non-isotropic ther-
mal conductivity, the temperature decay differs for the two fiber ori-
entations, i.e.,, the outer temperature AT (x = —L) differs. As expected,
the assumption of one-dimensional heat transfer, which is characterized
by vertical isotherms, is best fulfilled for the perpendicular fiber orien-
tation. Here, the best agreement with the analytical correlation (Eq. 1)
is obtained. Deviations arise from the multi-dimensional effects next to
the laser surface heating and the additional heat losses at the end of the
sample strip. As a result, the analytical correlation appears to be appli-
cable in the lateral region, which is not too close to the focus and not
too close to the edge, i.e., in a range of about —0.012 <x/m < —0.002.
Deviations between simulation and analytical correlation within the right
branch of the sample, which is fixed to the sample holder, are stronger
due to the different boundary conditions, but are not relevant for further
evaluations.
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3.3. Experimental Results

In Fig.7, the experimental results for two sample plates with differ-
ent fiber orientations are shown. Obviously, a steeper temperature gradi-
ent illustrates the lower thermal conductivity for the case of perpendicular
fiber orientation. This is accompanied by a higher maximum temperature
at the focus location, since laser power is identical for the two measure-
ments shown. The temperature profiles are extracted within an appropriate
sample region and compared with the analytical correlation (Eq. 1). From
the fit, the decay length (ly) is obtained, yielding the unknown thermal
conductivity A according to Eq. (2). An additional fit quantity is the max-
imum temperature increase ATy. The latter depends on the laser power,
which was also varied for consistency checks, since the decay length (Ij)
must be independent of the applied ATy as long as the temperature depen-
dence of A can be neglected.

For the thermal conductivity parallel and perpendicular to the fiber
orientation the values of Ay =(0.76£0.05)W-m~1.K~! and A, =(0.40 +
0.03) W-m~—1.K~! were obtained. The uncertainty in the thermal conduc-
tivity results from the uncertainty in the heat transfer coefficient « (over-
all relative uncertainty 5%) and from the uncertainty in the decay length
(Alp ~ £ 0.1 mm), which is due to uncompensated temperature inhomo-
geneities and scatter within the fit. Additionally, an uncertainty in the
free-standing length (AL ~+ 0.5mm) arises from the geometrically imper-
fect sample positioning which affects /y. Furthermore, the uncertainty
for the sample thickness (d =1.30mm or 1.25mm) was assumed to be
Ad~+ 20 um. The overall uncertainty in A, computed by error propa-
gation of these uncertainty sources, coincides with the scatter of different
single measurement points.

For the sample with perpendicular fiber orientation, voids were visible
in some parts of the samples. While for the measurements shown in Fig. 7,
these voids were not situated in the evaluated region on the left side of
the focus; they become thermally important when the fixation of the sam-
ple is reversed. Corresponding results are shown in Fig.8, which can be
directly compared to the left side of Fig.7. A steeper temperature slope
is obtained in the region of the voids, corresponding to a locally reduced
thermal conductivity. An effective value of the lateral thermal conductivity
is computed by fitting Eq. (1) to the whole temperature profile, resulting in
AL~ 0.2W-m~1.K~!, which is about half the value for the homogeneous
region. This effective value is only a estimation for the lower limit, since
the sample thickness is in the order of the void size and does not represent
mean sample properties. Additionally, sample inhomogenieties became vis-
ible as local variations of the maximum temperature within the focal line
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Fig. 6. Temperature profiles derived from simulations according
to Fig.5 for the parallel fiber orientation (upper part) and the
perpendicular orientation (lower part). Full lines depict the sim-
ulated temperature at the upper and lower sample surfaces; the
two branches differ only in the focus region (x =0); the largest
AT belongs to the surface of laser impingement, the somewhat
smaller AT belongs to the opposite surface. Dotted line is the
corresponding analytical solution (Eq. 1) for the one-dimensional
case.
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Fig. 7. Measurement results for line-wise, stationary laser heating (P =400mW) of a
sample plate with parallel fiber orientation (left) and perpendicular fiber orientation
(right). In the upper part the thermography pictures of the sample surface opposite to
the incident laser focus line are shown. In the lower part, semi-logarithmic plots of the
temperature profiles are depicted: single scan data extracted from the thermography are
shown as dashes. Averaged data are depicted as cycles on the free-standing side x < 0.
The fit to Eq. (1), which is valid for |x| <L =0.0017m, is shown as full line.

of the laser (see Fig.7 top right). No inhomogeneity was detected for the
sample with parallel fiber orientation, where the distance of fibers within
the mats is much smaller than the distance between the fiber mats (see
Fig. 1).
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Fig. 8. Results for a region with a visible sample inhomogene-
ity, i.e., a row of voids along direction z, which are indicated in
the upper thermography. In the lower part, the fit (full line) is
arbitrarily extended over a larger region of the sample (circles) to
obtain an effective value for the lateral thermal conductivity.

4. STATIONARY POINT-LIKE LASER HEATING
4.1. Analytical Treatment

Replacing the cylindrical lens in Fig.2 with a spherical lens and
appropriate focussing allow point-like laser heating of the sample (see
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Fig.9). If a disc-shaped sample of relatively small thickness (D <« R) is
used and heated on its axis, the resulting heat flow is radial, provided the
thermal conductivity is isotropic within the disc plane. For a free-standing
edge of the disc, the analytical solution for the stationary temperature
increase is [15]

AT () =C[K1 (R/10) I (r/10) + Ko (r/10) T (R/10)] 255 Co Ko (—%) .
4)

Here ly denotes the same decay length as for the line-shaped focussing
(see Eq. 2). K, denotes the modified Bessel-function of the second kind
and nth order, I, is the modified Bessel function of the first kind and nth
order, and C is a constant, which depends on the power input. The pre-
factor (C) and the decay length [y are fitted for evaluation of measured
temperature profiles. The latter yields the lateral thermal conductivity as
in the case of line-wise laser focussing. The limiting case of negligible edge
effects is also included in Eq. (4), but is only valid for a steep temperature
gradient next to the focus.

4.2. Experimental Results

Measurements with disc-shaped samples and appropriate point-like
heating are shown and compared in Fig. 10. For the parallel fiber orien-
tation, the broader temperature distribution and the lower peak tempera-
ture are obvious when compared to the thermography picture for the per-
pendicular fiber orientation. This is the same qualitative behavior as in the
case of line-wise heating. With perpendicular fiber orientation and vertical
arrangement of the fiber mats, a distortion of the isotherms next to the
focus can be observed, indicating an anisotropy of the thermal conductiv-
ity within the disc plane (see Fig. 10, top right). A quantitative evaluation
of the ellipsoidal temperature distortion was not applied due to the mis-
match with respect to the boundary conditions involved in the derivation
of Eq. (4).

Even for the parallel fiber orientation the radial symmetry is not perfect,
as indicated by the difference between vertical and horizontal temperature
profiles (see Fig. 10 bottom). This indicates material inhomogeneities or an
influence of the fixation at the right edge. Nevertheless, the data derived from
radial averaging of the temperature distribution are in agreement with Eq. (4).
The fit yields an effective value for the lateral thermal conductivity of A;; = (0.79
+ 0.08) W-m~—!.K~!. The uncertainty is increased compared to the line focus
case due to the imperfect shape of the sample edge. The described asymmetry of
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Fig. 9. Schematic diagram of the disc-like sample and the point-
shaped laser beam, analogous to Fig.4.

different radial temperature profiles correspond to a variation in Ay of about
10%. Nevertheless, the obtained value agrees with the fore-mentioned result
for line-wise heating.

5. PERIODIC LINE-WISE HEATING
5.1. Analytical Treatment

The evaluation of the dynamic measurement is based on the one-
dimensional heat conduction equation, taking surface heat losses into
account and neglecting edge effects. In the following, only the oscillatory
part is considered, which is superimposed on the stationary temperature
profile AT(x), caused by the (time-averaged) mean power input of the
laser:

T(x,t)=Ty+ AT (x)+ 8T (x)e'". (5)

In Eq. (5), Ty denotes the constant temperature of the surroundings
and the stationary temperature increase AT (x) is given by Eq. (1).
The third term in Eq. (5) represents the temperature oscillation under
quasi-stationary conditions with the heating angular frequency w and the
complex pre-factor 87 (x). The latter can be derived for the boundary con-
ditions under consideration [13,17] as

(-1 ©

where p is the sample density and ¢, is the specific heat capacity; the
other quantities are defined the same as in Eq. (2). The spatial variation
of the thermal wave can be expressed separately for the amplitude;

8T (x) xe

8T (x)| =8Tpe PV/a (7)
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Fig. 10. Experimental results for disc-shaped samples of different fiber orientation in a
representation analogous to Fig. 7. Samples are fixed at their right edge. Only for the case
of parallel fiber orientation (top left), the evaluation with respect to the radial distance
r is performed (lower part). Here single profiles in vertical and in horizontal directions
are shown as dashed lines. The evaluated region, which was radially averaged in the free-
standing half, is depicted as circles, the corresponding fit (Eq. 4) as full line.

and the phase is

¢ (x)=arg[8T (x)]=—|x|/lp+ oo

®)
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by rearranging Eq. (6) [13] with ¢¢ as a constant phase shift. In Eqs.
(7) and (8), the spatial variation is given in terms of a thermal diffusion
length for the amplitude /, and for the phase /,. Using these diffusion
lengths I, and I, the thermal diffusivity a =2/(ocp) can be estimated from
the amplitude or the phase of the thermal wave according to a, =I2w/2 or
apzlga)/Z [18]. In general, these two quantities differ for the case of sur-
face heat losses, i.e., ap > a,. It can be derived from the detailed analytical
solution that the geometric mean of these two (apparent) thermal diffusiv-
ities is independent of surface heat losses [13,17]. The geometric mean a,
representing the “true” value, is given as

a=1/(pcp) = /Gatip = lalpay2. ©

The effect of heat losses is influenced by the heating frequency, which is an
independent measurement parameter to test the validity of Eq. (9) [13]. As
for the stationary method, only the spatial variation of the thermal wave,
i.e., the quantities /, and [, are used for evaluation together with the heat-
ing frequency f=aw/2m).

5.2. Experimental Results

The periodic heating was realized by modulating the output of the
laser diode and the recording of a series of 126 pictures by the thermog-
raphy system. The data acquisition was started without triggering after
some minutes of periodic heating, which is necessary to reduce the effect
of transients. The time interval for acquisition of IR-pictures was adapted
to the heating frequency, in order to acquire at least three full time periods
of oscillation. For further data evaluation a “zero picture” with equivalent
stationary heating was subtracted from the acquired series of IR-pictures,
in order to separate the oscillatory temperature signal. As in the station-
ary case, the temperature was extracted from the thermography by vertical
averaging for each time step and lateral position. The temperature history
of each lateral position was fitted to a sinusoidal curve yielding the ampli-
tude and phase (with respect to the arbitrarily chosen phase in the focus
position). As clearly shown in Fig. 11, the lateral region for further evalua-
tion was restricted by the disturbing effects of multi-dimensional heat flow
in the focus region and by the decrease of the temperature signal for larger
distances from the heating laser. The fit of the phase and the amplitude to
Egs. (8) and (7), respectively, exhibited good agreement between measured
data and the correlation, yielding the decay length for both the phase and
amplitude (Fig. 12).
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Fig. 11. Results derived from a single dynamic experiment with
periodic line-wise heating at a frequency of 0.025Hz for the sam-
ple with perpendicular fiber orientation. Both phase (circles) and
amplitude (crosses) are depicted as a function of the lateral dis-
tance from the focus line. Data for the whole lateral range are
represented by dotted line, values used for evaluation by symbols
and the corresponding fit by a full line.

The decay lengths were used for calculation of the apparent ther-
mal diffusivities a, (amplitude) and ap (phase) and their geometric mean
(a). As shown in Fig. 12, the difference between a, and a, is largest
for smaller frequencies, since the measurement approaches the stationary
case. The difference decreases with increasing heating frequencies, since
the oscillatory heat flow is dominated by effects of the heat capacity. On
the other hand, the heating frequency is limited by the decrease of the
measured temperature signal, i.e., the amplitude, which is responsible for
the relatively large measurement uncertainty indicated by the error bars in
Fig. 12. Nevertheless, the geometric mean thermal diffusivity is indepen-
dent of the heating frequency, taking the uncertainty of the single data
points into account. This is in agreement with Eq. (9) and is valid for
measurements with both parallel and perpendicular fiber orientations. For
the case of parallel fiber orientation, an influence of the fit results from the
chosen spatial region was obtained, since the effect of multi-dimensional
heat flow next to the focus is enhanced (see Sec. 3.2). This was taken into
account by choosing larger distances (—x) for evaluation.

Resulting thermal diffusivities are a;p=(3.9 + 0.4)mm?-s~! and a, =
(2.22 4+ 0.15)mm?.s~! for the case of parallel and perpendicular fiber
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Fig. 12. Evaluation of the dynamical experiments for different heating frequencies
(abscissa) for the parallel fiber orientation (top part, full symbols, left axis) and the
perpendicular fiber orientation (bottom part, open symbols, right axis). The (appar-
ent) thermal diffusivities, derived from the spatial variation of amplitude and phase,
are depicted as triangles. Calculated geometric means, representing the “true” thermal
diffusivities, are shown as squares, their averaged values as horizontal line. The depicted
uncertainties are derived only from the uncertainty of the corresponding fit to Eq. (7) or
Eq. (8).

orientations, respectively. The given uncertainty is estimated from the
influence of the spatial evaluation region on the result. The uncertainty,
which is enhanced for the case of parallel fiber orientation, is reflected
in the scatter of the results for different heating frequencies, for which
the spatial evaluation region had to be adapted. With the measured sam-
ple density (p=230kg-m~3) and a literature value for the specific heat
capacity of carbon (c, =800J-kg=!-K~! [19]), the following thermal con-
ductivities are calculated: A;p=(0.89 + 0.09)W-m—1.K~! and A, =(0.41 +
0.03) W-m~—L.K-1.

6. COMPARISON BETWEEN RESULTS FROM THERMOSCAN
AND HOT-PLATE MEASUREMENTS

Besides the mentioned variations, additional tests were performed and
summarized in Table I. An averaged value of thermal conductivity perpen-
dicular to the fiber orientation was obtained by use of a guarded-hot-plate
apparatus (GHP) with an imposed temperature difference of 10K, i.e.,
temperature levels of 19°C and 29°C at the cold and hot plates, respec-
tively. A relatively large sample with dimensions of (1.1 x 15 x 15cm?)
was used, which was produced in a similar way as the samples used for
the Thermoscan technique. The sample has a density of p =240kg-m~3.
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The fiber-mats are orientated parallel to the surface of the tile. So, the
GHP-apparatus imposed a heat flow perpendicular to the fiber-mats, yield-
ing a spatially averaged value for the perpendicular thermal conductivity
Al [20].

For the Thermoscan technique, the dependence of the perpendicu-
lar thermal conductivity on the gas pressure (p) was tested by varying
the gas pressure within the vacuum chamber. This is of interest for accu-
racy reasons and because the use of insulation material might be under
normal gas pressure conditions. In addition, the results of the guarded-
hot-plate measurement were obtained at ambient gas pressure and thus
an estimate of the gaseous conductivity is needed to compare the results
derived via the two different techniques. Hereby it has to be kept in
mind that evaluation of the Thermoscan technique is based on the valid-
ity of Eq. (3), i.e., heat transfer from the sample surface to the surround-
ings must not be increased by gaseous conduction or even free convec-
tion. Based on tests with a (bulk) reference-sample without gas-pressure
dependence, the applicability of the Thermoscan technique up to pres-
sures of 30mbar was confirmed. With the carbon-aerogel felt, a 20%
increase of the component A; was observed for p =30mbar. Thus, the
influence of the presence of atmospheric gas on the thermal conductiv-
ity cannot be neglected at these gas pressures, in contrast to the case for
a pure nanostructured aerogel. Within the long cracks of the composite
under investigation, the gas conductivity increases at significantly lower
gas pressures as in the small pores of the aerogel network. In the latter,
an increase of the gas thermal conductivity is expected at gas pressures
above about 100 mbar. Nevertheless, it can be also concluded for the com-
posite that full gaseous conductivity is smaller than the contribution of
solid thermal conductivity, which is measured in vacuum by the Thermo-
scan technique.

As shown in Table I, the results of different methods for the ther-
mal conductivity parallel to the fiber-mats (Ay) are in good agreement,
taking into account the larger uncertainty for the value from the Ther-
moscan experiment with periodic heating. The results perpendicular to the
fiber-mats (A ) scatter to some extent, which is probably due to material
inhomogeneity. This is consistent with the fact that the spatially averaged
value from the guarded-hot-plate measurement lies between the values
obtained by the Thermoscan-method. The uncertainty of the guarded-hot-
plate results is estimated to be about 12%. This large uncertainty is due to
the relatively high thermal conductivity of the sample and possible ther-
mal contact resistances between the sample and measuring plates, which
can cause systematically lower A-values.
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Table I. Thermal Conductivities of the Carbon-Aerogel Felt under Investigation

Orientation of

the fibers with Thermal con-
Gas pres- respect to heat ductivity

Method (heating) sure (mbar) flux (W-m~L.K™1)
Thermoscan (stationary, line-wise) 21073 Parallel Ayq 0.76 £ 0.05
Thermoscan (periodic, line-wise) 0.89 + 0.09
Thermoscan (stationary, point-like) 0.79 £ 0.08
Thermoscan (stationary, line-wise) ~ 1073 Perpendicular 2,  0.40 £+ 0.03(>0.20)
Thermoscan (periodic, line-wise) 0.41 + 0.03
Thermoscan (stationary, line-wise) =30 0.48 £+ 0.03
Guarded-hot plate (GHP) 1013 0.34 + 0.04

(Results were obtained at ambient conditions (7'~ 25°C) with different measurement tech-
niques, conditions, and fiber orientation. For the Thermoscan results with perpendicular
fiber orientation, the estimate of the lower limit is given in brackets.)

7. CONCLUSION

Using the Thermoscan technique, we succeeded in determining the
thermal conductivity components of an anisotropic carbon aerogel-fiber
composite both in stationary and in dynamical measurement variations.
This technique allows the thermal characterization of relatively small sam-
ples, which are too small for a guarded-hot-plate measurement and too
inhomogeneous for the laser-flash technique. The results of different meth-
ods for the thermal conductivity both parallel to the fiber mats (A1) and
perpendicular to the fiber mats (A;) are in good agreement, taking mate-
rial inhomogeniety into account (see Table I). As a result, the structural
features of the carbon-aerogel-felt under investigation lead to a thermal
anisotropy ratio of about two. This anisotropy is moderate, probably since
the portion of the pinning-fiber bundles is substantial.

Additionally, preliminary tests were performed to determine the
anisotropy in the electrical conductivity (o), which should also be influ-
enced by the microstructure and its anisotropy. A simple four-probe tech-
nique with copper plates as current leads and needles as voltage taps
was applied to large samples with similar preparation parameters as the
samples for thermal characterization. The felt without aerogel exhibited
an anisotropy factor (oy/o;) of about 2.5, the aerogel-fiber compound
of about 3.3. A relatively large measurement uncertainty of about 50%
arose from the small resistance values, inhomogeneous structure, and the
resulting scatter of the single measurement points. Nevertheless, the fact of
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moderate anisotropy was confirmed in agreement with the thermal proper-
ties, indicating the essential influence of the pinning-fiber bundles.
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