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The effects of test temperature and a graphitization heat treatment on thermal and
thermo-mechanical properties of a carbon-based foam material called CFOAM® are
investigated experimentally. Thermal diffusivity is determined using a laser flash method,
heat capacity via the use of differential scanning calorimetry, while (linear) thermal
expansion is measured using a dilatometric technique. Experimental results are next used
to compute the effective thermal conductivity and the coefficient of thermal expansion as a
function of test temperature. The computed thermal conductivity results are then compared
with their counterparts obtained using our recent model. The agreement between the
experiment-based and the model-based results is found to be fairly good only in the case
when the graphitization temperature is high relative to the maximum test temperature and,
hence, CFOAM® does not undergo a significant additional graphitization during testing. A
potential use of CFOAM® as an insulation material in thermal protection systems for the
space vehicles is discussed. © 2006 Springer Science + Business Media, Inc.

Nomenclature

o — Thermal diffusivity

C, — Heat capacity

CTE - Coefficient of (linear) thermal expansion

doozy — The (002) inter-planar spacing in nanometers

AL - A change in the linear dimension relative to
the reference linear dimension L

AT — Temperature change relative to the reference

temperature

k — Thermal conductivity

Ly — Reference-temperature value of the linear
dimension

p — Degree of graphitization

p — Foam density

T — Temperature

1. Introduction

Due to their light weight and potential tailorability of
their physical and mechanical properties over a wide
range, foam-like materials based on metals, ceramics,
polymers and their mixtures have received over the last
several years a great deal of attention [e.g. 1-7]. Re-
cently, a new carbon-based foam called CFOAM® was
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developed which possesses an excellent combination of
tailorable thermal, mechanical and physical properties
[8]. For example, electrical conductivity of CFOAM®
can be varied over seven orders of magnitude using dif-
ferent heat treatments which produce various levels of
graphitization in this material. This material does not
produce off-gases at elevated temperatures and does
not support ignition and, hence, possesses a high fire
resistance. In addition, CFOAM® has excellent sound-
absorbing capabilities [8].

CFOAM® is produced by Touchstone Research
Laboratory, Ltd. from high sulfur bituminous coal
using a proprietary technology and it is available
in two principal microstructures: (a) an open-cell
reticulated microstructure consisting of a ligament
network and (b) a cellular microstructure consisting of
thin-wall spherical cells. CFOAM® with the open-cell
reticulated microstructure has the lowest densities
and, since it easily graphitizes, it possesses the highest
levels of thermal and electrical conductivities among
the CFOAM® family of materials. Since the open cell
structure in reticulated CFOAM® is composed of car-
bon ligaments, this type of CFOAM® offers polymer
reinforcement capabilities [8]. This type of CFOAM®
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is commonly referred to as CFOAM-17® where the
number 17 pertains to its density in 1bp,/ft3. The cellular
CFOAM®, commonly referred to a CFOAM-25®
has a microstructure consisting of sintered thin-wall,
hollow spheres with only sporadic pinholes in the
cell walls. Consequently, this type of CFOAM® has
a very low permeability for fluids (e.g. flammable
liquids and gases) and acquires a high fire-resistance
and good fire-retardation properties. In addition, since
CFOAM-25® is less graphitizable, it possesses a lower
thermal conductivity and a higher strength, relative
to those encountered in lighter-weight CFOAM-17®
materials. Currently, both types of CFOAM® are being
considered for use in thermal-insulation and structural
applications. Specifically, the CFOAM® materials are
presently being studied as candidate insulation filling
materials in metallic thermal protection system (TPS)
panels and for backside insulation of the carbon-carbon
TPS sections of the nose cap and the leading edges on
the future space vehicles.

As mentioned above CFOAM® is being considered
as an insulation material in high-temperature thermal
protection systems. At the present time, the key ther-
mal properties of CFOAM® at elevated temperature
are not known. Therefore, the objective of the present
paper is to determine and analyze the main thermal
conduction properties (thermal diffusivity and thermal
conductivity) of CFOAM-17® at temperatures ranging
from the room temperature up to 2300K. A critical
step during processing of CFOAM® and controlling
the properties of this material is the graphitization heat
treatment. In particular the properties of CFOAM®
are found to be greatly affected by the graphitiza-
tion temperature. In general, lower graphitization
temperatures yield the preferred lower values of
thermal conductivity for CFOAM®. However, when
CFOAM® is graphitized at a lower temperature and
then it is exposed to elevated service temperatures, the
graphitization process may resume causing thermal
conductivity to increase (due to an increase in the
degree of graphitization of the material).

To address these issues, CFOAM-17® | graphitized
at four different temperatures, is studied in the present
work. To better understand the experimentally mea-
sured thermal properties and their variation with tem-
perature, the experimental results are compared with
those obtained using the model proposed in our recent
work [9]. The model treats the transfer of heat through
a foam-like material, such as CFOAM®, as a com-
bined effect of conduction through the solid phase of
the foam, conduction through the gas residing within
the pores of the foam, and radiation of the foam lig-
ament/cell surfaces. The model accounts for the fact
that relative contributions of these three modes of heat
transfer vary as a function of the local conditions of
temperature and pressure and they are also affected by
the microstructure of the foam itself.

The organization of the paper is as follows. A brief
discussion of the experimental procedures used in the
present paper is given in Section 2.1. The effective
thermal conductivity model proposed by Grujicic et al.
[9] has been briefly summarized in Section 2.2. The

experimental and computational results obtained in the
present work are presented and discussed in Section 3.
The main conclusions resulting from the present work
are summarized in Section 4.

2. Procedure

2.1. Experimental procedure

The objective of the experimental procedures used
in the present work is to determine the effect of
test temperature on thermal conductivity in CFOAM-
17® graphitized at four different temperatures (1473K,
1923K, 2273K and 2773K). Heat treatment designa-
tions used and the tests carried out for each heat-
treatment of CFOAM-17® are given in TableI. Since
the experimental facilities for direct measurement of
thermal conductivity at various temperatures were not
available in the present work, thermal conductivity, &,
was determined from the measured values for thermal
diffusivity, «, heat capacity, C,, and density, p, using
the following equation:

k=— (1)

In the following three subsections, brief descriptions
are given of the experimental procedures used to deter-
mine the effect of temperature on thermal diffusivity,
heat capacity and density of CFOAM-17® .

2.1.1. Thermal diffusivity measurements
The use of thermal diffusivity measurements for deter-
mination of the thermal conductivity is often preferred
over the direct determination of thermal conductivity
via heat flux measurements because of the ease of sam-
ple preparation, fewer material requirements, relatively
fast measurements and a typical high level of 4= 5% ac-
curacy.

Within the laser flash method used in the present
work, which is one of the most popular thermal diffu-
sivity measurement methods, an unfocused laser beam
is absorbed in a thin surface layer at the front face of a
test sample, while the temperature of the back face of
the sample is monitored as a function of time. To deter-
mine thermal diffusivity from the temperature vs. time
data at the rear face of the sample, a corresponding
one-dimensional transient Fourier-type heat conduc-
tion problem has to be solved. In this problem, the initial
condition is typically assumed to involve two constant-
temperature layers: (a) a thin layer (whose thickness is
small relative to the test-sample thickness) at the front
face of the sample within which a pulse of radiation en-
ergy has been instantaneously and uniformly absorbed
resulting in a constant high — temperature profile and
(b) the remainder of the sample subjected to a constant
lower test temperature. Since the sample is typically in
the shape of a thin disk, the thermal conduction problem
can be considered as nearly one-dimensional and can
be solved in a closed form. The only unknown param-
eter in this solution is thermal diffusivity. Thus, ther-
mal diffusivity is determined by varying its value, in a
systematic manner, until the overall difference between
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TABLE I Designation Used for Various CFOAM-17® Heat Treatments and a List of Experimental Measurements Carried Out in the Present
Work.

Property Measured

Coefficient of
Heat Treatment Designation ~ Graphitization Temperature K Thermal Diffusivity Specific Heat Thermal Expansion
A 1473 Yes Yes Yes
B 1923 Yes Yes Yes
C 2273 Yes Yes Yes
D 2773 No No Yes

the measured and the model-predicted temperature vs.
time curves at the back face of the sample is minimal.

Thermal diffusivity of CFOAM-17® studied in the
present work has been determined using a Netzsch laser
flash apparatus, Model LFA-427. This equipment en-
ables thermal diffusivity measurements at temperatures
up to 2273K. The active medium, a neodymium: doped
gallium-gadolinium garnet (Nd:GGGQG) of the laser in
this equipment emits a 1064nm wavelength radiation
in the infrared range. Two krypton discharge lamps are
used to supply excitation power to the Nd:GGG crys-
tal, which provides the higher pulse energy required
for the laser flash method. A liquid-nitrogen cooled
infrared sensor, which is housed in a separate casing
directly above the tube furnace of the laser flash ap-
paratus, has a “visual contact” with the back face of
the test sample through a calcium fluoride window, and
enables measurements of the temperature at the back
face of the sample.

Thermal diffusivity measurements are typically car-
ried out using an unfocused laser beam of a sufficient
intensity which is evenly absorbed, in an infinitely short
time, over the entire front face of the test sample. How-
ever, it is important to note that while thermal dif-
fusivity is an inherent property of the material under
investigation, the accuracy of thermal diffusivity mea-
surements is affected by a combination of the applied
laser power and the sample thickness. It should be noted
that measurements will be valid only if the entire laser
energy is absorbed in a thin layer adjacent to the front
face of the sample. This is accomplished by adjusting
the laser power and the pulse width. In general, the tem-
perature increase in the test sample due to laser energy
impulse should not be large when one studies the effect
of test temperature on thermal diffusivity. However, the
laser intensity resulting from low power settings may
produce a signal at the back face of the sample, which is
below the detection limit of the infrared detector. Con-
sequently, the laser parameters have to be established
to obtain the minimum amount of power, while exceed-
ing the minimal required signal at the infrared detec-
tor. It is also important to note that materials exhibit-
ing relatively high thermal diffusivity generally require
thicker samples in order to produce a long enough rise
time for temperature at the sample back face. However,
a disproportionate length-to-diameter ratio promotes
heat losses through the side surfaces of the sample and
may invalidate the one-dimensional nature of the heat
transfer problem. While some of these effects can be
corrected with the use of a variable laser power and
pulse width, the establishment of an optimum sample

length-to-diameter ratio is critical for determination of
an accurate value of the thermal diffusivity.

CFOAM-17® test samples investigated in the
present work were disk-like in shape and had a 12.5mm
diameter and a 4 mm thickness. This geometry of the
test samples is consistent with the one-dimensional heat
transfer analysis used during determination of thermal
diffusivity.

2.1.2. Heat capacity measurements

The rate at which the heat (enthalpy) is absorbed by a
material as its temperature is increased under constant
pressure is defined as the constant-pressure specific
heat or heat capacity. Since the computation of thermal
conductivity from the measured values of thermal dif-
fusivity according to Eq. (1) entails the knowledge of
heat capacity (and its variation with temperature), heat
capacity as a function of temperature is measured in
the present work. Within graphite based materials, like
CFOAM®, heat capacity is typically found not to be
a sensitive function of material’s heat treatment/micro-
structure. However, the heat capacity is generally found
to be a very sensitive function of temperature.

The heat capacity for CFOAM-17® studied in the
present work was determined using a Netzsch STA-429
Heat Flux DSC/TGA/DTA Analyzer. This equipment,
in its Differential Scanning Calorimetry (DSC) mode,
enables heat capacity measurements in a temperature
range between the room temperature to 2673K, and
also, in its Differential Gravimetric Analysis (DGA)
mode, allows for the simultaneous measurements of a
weight loss in the test sample. The Differential Scan-
ning Calorimetry technique used to measure the heat
capacity of CFOAM-17® is based on monitoring the
difference in heat flow to or from a test sample and to
or from a reference sample as a function of temper-
ature while the samples are subjected to a controlled
temperature program.

Instrument calibration, i.e. validation of the heat ca-
pacity values at different temperatures for a standard
material, was accomplished using a Sapphire standard
sample and the test temperatures between 323K and
1298K. All measurements were carried out at a constant
10K/min heating rate and under an argon atmosphere.

Initial measurements involving solid disk-shaped
CFOAM-17® samples were not successful since a very
low density of this material yielded insufficient mass of
the test samples. To overcome this problem, CFOAM-
17® was milled to a fine powder and 1g of the powder
was placed into a platinum crucible with a diameter of
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1.25 mm. Next, a forming tool was used to compress the
powder inside the platinum crucible to the thickness of
approximately 4mm. Compaction of the powder gave
rise to an improved heat transfer and improved experi-
mental accuracy so that a typical error range was about
+3%.

2.1.3. Thermal expansion measurements
According the Eq. (1), the computation of thermal con-
ductivity from thermal diffusivity entails the knowl-
edge of both heat capacity and density, both as a
function of temperature. Variation of the density of
CFOAM-17® with temperature is determined via the
experimental measurements of linear thermal expan-
sion in a temperature range between the room temper-
ature and 2273K. Linear expansion, which is defined
as a percentage change in a linear dimension of the test
sample caused by a temperature change relative to the
room temperature, is found to be nearly isotropic and
hence only its values averaged in the three orthogonal
directions are represented here. The averaged thermal
expansion values are next used to compute the test sam-
ple volume at a given temperature. The current apparent
density is then obtained by dividing the current sample
mass by its current volume.

Determination of thermal expansion for CFOAM-
17® studied in the present work has been done as a
function of temperature using a Netzsch Single-sample
Dilatometer Model DIL 402E. The furnace in this in-
strument is rated to 3073K, and an optical pyrometer
is used to determine the sample temperature at tem-
peratures above 800K. At lower temperatures, a type
S thermocouple is used in lieu of an optical pyrometer
since the pyrometer does not accurately determine the
temperature at temperatures below 800K. The instru-
ment was calibrated by validating the values of thermal
expansion for a standard material. A standard graphite
sample was used in this calibration.

A typical test sample used for determination of ther-
mal expansion was rod-like in shape with a 1.25 cm
diameter and 4 cm length.

2.2. Computational method

In this section a brief overview is given of the effec-
tive thermal conductivity model for foam-like materials
recently proposed by Grujicic et al. [9]. The model ne-
glects the contribution of convection to the heat transfer
through the foam since the internal structure of the foam
partitions the gas residing within the foam into isolated
packets and prevents a large-scale motion within the
gas. Hence, the heat transfer through the foam is as-
sumed to take place by: (a) conduction through the
solid phase of the foam; (b) conduction within the gas-
phase packets; and (c) radiation between ligament/cell
walls of the foam. The mathematical formulation of
the model then involves two coupled partial differ-
ential equations: one pertaining to (one-dimensional)
transient heat conduction and the other pertaining to
the radiation heat transfer between foam ligament/cell
surfaces. The first equation includes a combined ther-
mal conductivity of the solid and the gas phase and

their temperature and pressure dependences. The two
equations are coupled since the first one includes a
term pertaining to the gradient in the radiation heat
flux while the second involves temperature which is
the dependent variable defined by the first differential
equation.

When the two equations are subjected to the ap-
propriate initial and boundary conditions, and solved
using a numerical method, one can calculate the steady
state heat flux through a foam sample. From the knowl-
edge of the temperature difference across the sample
thickness and the steady-state heat flux, the effective
thermal conductivity of the foam material is calculated
as a function of pressure and (mean) temperature. This
quantity represents the value of thermal conductivity
that the foam material would have to possess in order
to yield the same value of the steady-state heat flux
under a condition when the only mechanism for heat
transfer through the foam is conduction. Since, the laser
flash method described in Section 2.2.1 presumes that
heat conduction is the sole mechanism for heat transfer
through the test sample, the effective thermal conduc-
tivity values based on the model of Grujicic et al. [9] are
calculated and compared with their experimental coun-
terparts obtained using the laser flash method described
in Section 2.1.1.

3. Results and discussion

3.1. Experimental measurements

In this section, a brief overview and discussion are
given of the experimental results obtained for thermal
diffusivity, heat capacity and thermal expansion in four
heat treatments of CFOAM-17®_ Refer to TableI for
the graphitization temperatures for the heat treatments
designated A through D corresponding to ranging from
1473K through 2773K, respectively.

3.1.1. Thermal diffusivity

The effect of test temperature on thermal diffusivity
in three heat treatments of CFOAM-17® is shown in
Fig. 1. CFOAM-17® graphitized at the highest temper-
ature of 2773K (heat treatment D) was not tested since
our preliminary experiments showed that the tempera-
ture dependence of thermal diffusivity in this material
was quite similar to that observed in the case of heat
treatment C.

The results displayed in Fig.1 show that, in gen-
eral, thermal diffusivity increases with an increase in
temperature at temperatures above ~1300K. At lower
temperatures, thermal diffusivity is either fairly insen-
sitive to the test temperature (heat treatment A) or de-
creases with an increase with temperature (heat treat-
ments B and C). These results will be discussed later
in conjunction with the effect of test temperature on
the apparent density of CFOAM-17® in different heat-
treatment conditions.
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Figure 1 The effect of test temperature on the thermal diffusivity in
three different heat treatments of CFOAM-17®. Please see Table 1 for
explanation of heat-treatment designations (A—C).
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Figure 2 The effect of test temperature on the heat capacity in three
different heat treatments of CFOAM-17® Please see Table for expla-
nation of heat-treatment designations (A—C).

3.1.2. Heat capacity

The effect of test temperature on heat capacity in three
heat treatments A, B and C of CFOAM-17® is shown in
Fig. 2. It should be noted that since only one set of mea-
surements was carried out no direct estimation of the
standard deviation could be made. However, the tech-
nique used is generally assessed to be accurate within
+ 5%. CFOAM-17® with the heat-treatment designa-
tion D was not tested for the same reasons explained in
Section 3.1.1.

The results displayed in Fig. 2 show that the graphiti-
zation temperature has a negligible effect on heat capac-
ity of CFOAM-17® and its temperature dependence.
This finding is consistent with the previous observa-
tions [8] that heat capacity is essentially a microstruc-
ture insensitive property in carbon-base foam-like ma-
terials. In the temperature range examined, heat ca-
pacity of the CFOAM-17® is dominated by its lattice
(phonon) contribution which is evidenced by the shape
of the C,, vs. T curves in Fig. 2. The fact that heat ca-
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Figure 3 The effect of test temperature on the linear thermal expansion
in three different heat treatments of CFOAM-17®. Please see Table I for
explanation of heat-treatment designations (A-D).

pacity does not level off at the highest temperature but
rather continues to increase with an increase in temper-
ature (although at a progressively decreasing rate), in an
indication of the contribution of lattice anharmonicity
to the heat capacity at very high temperatures.

3.1.3. Thermal expansion

The effect of test temperature on linear expansion in
all four heat treatments of CFOAM-17® is shown in
Fig. 3. As discussed in Section 2.1, thermal expansion
measurements were carried out in order to determine
the effect of temperature on the apparent density of the
material, since this information is needed, according to
Eq. (1), to compute thermal conductivity and its depen-
dence on test temperature. To determine the apparent
density of CFOAM-17® at a given test temperature, the
current test specimen volume is first computed using
specimen dimensions corrected for the effect of thermal
expansion. Next, the current specimen mass is divided
by its current volume. The resulting apparent density
data for four heat treatments of CFOAM-17® at tem-
peratures between the room temperature and 2773 K
are shown in Fig. 4.

The results displayed in Figs 3 and 4 show that only
for the CFOAM-17® with a heat-treatment designation
D, the thermal expansion increases and the apparent
volume decreases monotonically with an increase in
temperature. In the case of other heat treatments, the
variation of these quantities with test temperature is
more complicated. It should be recalled that only in the
case of heat treatment D, the graphitization temperature
(2773 K) is higher than the maximum test temperature
(2273 K).

For the heat treatment designation C (graphitization
temperature = 2273K), the thermal expansion and the
apparent density vary monotonically up to a tempera-
ture which is only 50 K below the calcinations temper-
ature. The fact that only in the last 50K the apparent
density decreases with an increase in test temperature
suggests that, at these temperatures, graphitization of
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Figure 4 The effect of test temperature on the apparent density in
three different heat treatments of CFOAM-17® . Please see Table1 for
explanation of heat-treatment designations (A-D).

the material resumes leading to a more regular arrange-
ment and denser packing of the graphene platelets in
the CFOAM-17®. This conjecture is further supported
by the results for heat treatments A and B displayed in
Figs 3 and 4. In general it is seen in Figs 3 and 4 that
if CFOAM-17® is heat treated at a lower temperature,
that the reorganization and packing of the graphene
platelets start at a lower temperatures giving rise to a
progressively lower (and ultimately a negative) thermal
expansion and to an increase in the material density.

These findings are generally consistent with the re-
sults of a previous experimental investigation carried
out by Morgan [14]. Morgan studied graphitization be-
havior of carbon foams produced from three types of
precursors: (a) a urethane foam, (b) petroleum pitch and
(c) coal. In the case of all three precursors, the foam
is produced through calcination, a heat treatment in an
inert atmosphere at a temperature around 1473K. The
resulting carbonized solid material of the foam consists
of a completely random distribution of the graphene
platelets. This type of material is generally referred
to as “furbostratic carbon”, to be distinguished from
graphite in which graphene layers are stacked regularly
in an ABAB- - - sequence.

The tendency of the turbostratic carbon to undergo a
graphitization phase transformation during the subse-
quent heat treatment is greatly affected by the nature of
the carbon precursor. In the case of urethane precursors,
the carbonized material is quite “hard” and does not
readily graphitize. Conversely, in the case of petroleum
pitch precursors, the turbostratic carbon is quite “soft”
and can readily graphitize. Coal-based foams, on the
other hand, are found to have an intermediate graphiti-
zation tendency.

Franklin [11] proposed a simple and convenient X-
ray diffraction based method for assessing the degree
of graphitization, p, in the carbonized material as:

diooz) = 0.344 — 0.0086(1 — p?) 2)

where do2) is the (002) inter-planar spacing in
nanometers.

According to Eq. (2), the higher is the degree of
graphitization, the smaller is the (002) inter-planar
spacing, i.e. the larger is the material density.

A detailed X-ray characterization of the effect of
test temperature and the graphitization temperature on
the (002) inter-planar spacing is being currently car-
ried out by the authors and the results of this study
will be reported in a future correspondence. The pre-
liminary X-ray results obtained in this ongoing work
support our previous contention that an increase in the
degree of graphitization and the resulting reduction in
the (002) inter-planar spacing during heating, are in-
deed responsible for the observed increase in the ap-
parent material density in the case of CFOAM-17® in
heat treatments A, B and C, Fig. 4. The reduction in the
(002) inter-planar spacing with an increase in the ex-
tent of graphitization is not unique to CFOAM-17® but
has been rather observed in a number of carbon-based
materials (e.g. [8]).

The results displayed in Fig. 4 show that the density
of CFOAM-17® in the heat treatment condition B is
lower by about 7% than its counterparts in the other
three heat treatments. This is simply a reflection of the
natural variation in the material density from one batch
to another.

The use of CFOAM® in the advanced TPS appli-
cations entails a consideration of not only thermal but
also of mechanical and thermo-mechanical properties
of this material. The thermal expansion data shown in
Fig. 3 are hence used to compute the average coefficient
of (linear) thermal expansion (CTE) as:

3)

where AL is a change in the linear dimension of the
test sample relative to a reference temperature, L, is the
reference-temperature value of the linear dimension,
and AT is the temperature change relative to the refer-
ence temperature. The room temperature is selected as
the reference temperature in the present work.

The computed values of CTE for the four heat treat-
ments of CFOAM-17® are shown in Fig. 5. The results
displayed in Fig. 5 show that in all four heat treatments
of CFOAM-17®, before an additional graphitization
takes place, the mean coefficient of thermal expansion
is about 6x 107°K~! and increases very little with an
increase in test temperature. In heat treatments A, B and
C, however, when graphitization resumes and graphene
platelets begin to pack more closely and regularly, the
mean coefficient of thermal expansion begins to de-
crease (and ultimately becomes negative in the case of
heat treatments A and B).

3.2. Effective thermal conductivity

The thermal diffusivity data displayed in Fig. 1, the
heat capacity data displayed in Fig. 1 and the appar-
ent density data displayed in Fig.4 are next used in
conjunction with Eq. (1) to compute the effect of test
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Figure 5 The effect of test temperature on the mean coefficient of
thermal expansion in three different heat treatments of CFOAM-17®.
Please see Table I for explanation of heat-treatment designations (A-D).

temperature on thermal conductivity of CFOAM-17®
in heat-treatment conditions A, B and C. The results
of this calculation are shown in Fig. 6. It should be
noted that since only one set of measurements was car-
ried out no direct estimation of the standard deviation
could be made. However, the technique used is gener-
ally assessed to be accurate within + 5%. Along with
these experiment-base results, also shown in Fig. 6 are
the thermal conductivity vs. test temperature results
predicted by the model of Grujicic et al. [9]. As ex-
plained in Ref. [9], the necessary input parameters to
the model are: thermal conductivity of the carbonized
solid phase of the foam, the average diameter of the
foam ligaments, and the relative porosity of the foam. A
careful examination of scanning electron micrographs
of the CFOAM-17® microstructure in the three heat
treatment conditions revealed that the mean ligament
diameter and the foam porosity are not visibly affected
by the choice of the heat treatment. Hence these two
parameters were assigned the values 0.3mm and 88%
[8]. As far as thermal conductivity of the solid phase of
the foam is concerned, this quantity is affected by the
degree of graphitization. However, since the degree of
graphitization was not measured in the present work,
the values of thermal conductivity of the solid phase
of the foam are selected for each of the three heat
treatment conditions in such a way that the room tem-
perature thermal conductivity predicted by the model is
equal to its experimental counterpart. Then the model is
applied to predict thermal conductivity of the CFOAM-
17® as a function of test temperature in the three dif-
ferent heat treatment conditions. In these calculations,
thermal conductivity of the solid phase of the foam is
taken to be temperature invariant and the predicted ef-
fect of test temperature on thermal conductivity arises
from the effect of temperature on thermal conductiv-
ity of air residing within the pores of the foam and
from an increased radiation at elevated temperature.
In should be recalled that due to the fact that heat is
transferred through CFOAM-17® by conduction and
radiation, thermal conductivity considered here is, in
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Figure 6 The effect of test temperature on the thermal conductivity in
three different heat treatments of CFOAM-17®. Please see Table I for
explanation of heat-treatment designations (A—C).

fact, the effective thermal conductivity as defined in
Section 2.2.

A comparison of the experiment-based and the
model-based results in Fig.6 shows that the model
successfully predicts the effect of test temperature on
thermal conductivity only in the case of CFOAM-17®
heat treated at the highest temperature (2273K), the
heat treatment designation C. In the case of heat treat-
ments A and B, the model underpredictes the effect of
test temperature on thermal conductivity. These find-
ings are consistent with those reported in discussed in
Section 3.1 and can be rationalized as follows: In the
case of heat treatment C, the graphitization tempera-
ture is equal to the highest test temperature and, hence,
additional graphitization does not take place to a sig-
nificant extend during testing at elevated temperatures.
Since the model of Grujicic et al. [9] assumes that the
degree of graphitization remains constant, the agree-
ment between the model and the experiment for the
heat treatment C is reasonably good. In sharp contrast,
in the case of heat treatments A and B, significant addi-
tional graphitization takes place during testing. Since
such graphitization increases thermal conductivity of
the solid phase of the foam, and the model does not
account for this change, the model predicts a signifi-
cantly smaller increase in thermal conductivity with an
increase in test temperature relative to such increase
observed experimentally.

The results displayed in Fig.6 show that the ther-
mal conductivity of CFOAM-17® heat treated at lower
temperatures is undergoing a substantial change during
experimental investigation due to the attendant increase
in the degree of graphitization of this material. There-
fore, thermal properties like thermal conductivity of
CFOAM-17® heat treated at lower temperatures and
measured during the first testing thermal cycle repre-
sent tentative properties of this material. To distinguish
between these tentative properties and their counter-
parts in the CFOAM-17® heat treated at high temper-
atures, the former should be labeled as the “apparent”
thermal properties of CFOAM-17®. To demonstrate
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that the thermal properties of CFOAM-17® have in-
deed changed during the first testing cycle, these prop-
erties are redetermined at the room temperature upon
the completion of the first testing cycle. The results
obtained indicated that the room-temperature thermal
conductivity has been increased to the levels essen-
tially identical to those found in the CFOAM-17® heat
treated at high temperatures. This finding suggests that
the effect of thermal- property testing in CFOAM-17®
heat treated at lower temperatures was nearly identical
to the effect of the initial heat treatment in CFOAM-
17® heat treated at high temperatures. In other words,
the attractive low thermal conductivity properties of
the CFOAM-17® heat treated at lower temperatures
are essentially lost during the first thermal cycle.

The results displayed in Fig. 6 show that the values of
thermal conductivity in CFOAM-17® fall into a range
between 0.25 and 4W/m-K. Considering the fact that
thermal conductivity of CFOAM-17® is found to in-
crease as a result of a high temperature exposure (which
is generally viewed as quite undesirable) and that
thermal conductivity of (high-purity polycrystalline-
alumina fibers-based) Saffil® insulation material cur-
rently used in metallic TPS panels [12] is about 0.06W/
m-K, CFOAM-17® does not appear, at the first glance,
to be a viable candidate for thermal protection appli-
cations in the space vehicles. However, in addition to
offering a relatively low level of thermal conductivity,
CFOAM-17® also offers a good combination of high
temperature mechanical properties. Therefore, some of
the structural components in the current design of the
metallic TPS panels such as the structural brackets [13]
which are responsible for carrying the major portion of
the aerodynamic and acoustic load can be downsized
or even eliminated. Since such structural components
are generally made of metal-based super-alloys such
as Inconel 617, and act as heat shorts in a typical TPS
panel, their downsizing or elimination could potentially
compensate for the observed higher values of thermal
conductivity in CFOAM-17® . In other words, the final
decision regarding the suitability of CFOAM-17® for
use in the advanced thermal protection systems will be
based not solely on the level of thermal conductivity
but rather on a consideration of the entire spectrum of
thermal, thermo-mechanical, mechanical and physical
properties of this material.

4. Conclusions
Based on the results obtained in the present work, the
following main conclusions can be drawn:

1. Both the test temperature and the temperature of
a graphitization heat treatment have a significant effect
on thermal properties (thermal conductivity and ther-
mal diffusivity) of the coal-derived carbon-based foam,
CFOAM-17®.

2. When the graphitization temperature is rela-
tively low, the degree of graphitization is smaller and

CFOAM-17® has lower thermal conductivity and ther-
mal diffusivity values. However, when these properties
are experimentally measured at temperatures compara-
ble to or higher than the graphitization temperature, the
graphitization process tends to take place during test-
ing giving rise to an increase in the material’s ability to
conduct heat.

3. The range of thermal conductivity values (k =
0.25 — 4.0W/m-K) obtained in CFOAM-17® graphi-
tized at different temperatures and the tendency of
the material to undergo an additional graphitization
phase transformation during high temperature expo-
sure does not suggest, at a first glance, that this mate-
rial is a strong candidate for insulation applications in
the advanced thermal protection systems. However, the
fact that CFOAM-17® has a relatively high strength
and is able to retain it at high temperatures could
provide opportunities for new designs of the metal-
lic TPS panels. Therefore, the use of CFOAM-17® in
the advanced thermal protection systems is still being
considered.
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