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A high conductivity graphite foam developed at Oak Ridge National Laboratory (ORNL)
owes its unique thermal properties to the highly aligned graphitic structure along the cell
walls. The material exhibits a peak in thermal conductivity at temperatures similar to that of
highly ordered natural graphite, indicating the foam has an extremely graphitic nature. This
paper explores the graphitic structure of the foam and attempts to correlate the
morphology of the ligaments with the bulk thermal properties, up to 182 W/m·K. First, the
manufacturing process of the foam and the resulting material properties are reported.
Then, several models for representing the bulk materials properties are reviewed.
Examination by optical image analysis, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) was used to examine the structure of the graphite
foam. In addition, crystallographic structure determined by X-ray diffraction is reported. A
simple two parameter model of the morphology was developed and then used to predict
the overall thermal properties of the foam based on the assumed highly ordered ligament
structure. This new model correlated (within 5%) thermal conductivity to density of several
foams, provided the average ligament conductivity could be accurately represented. From
the new model and the material characterization data, it was determined that the average
ligament thermal conductivity of the foam is >1650 W/m·K at room temperature, and
increases to more than 2300 W/m·K at liquid nitrogen temperatures. C© 2004 Kluwer
Academic Publishers

1. Introduction
Carbon foams were first developed by researchers in
the late 60’s as a reticulated vitreous (glassy) carbon
foam. Ford [1] reported on carbon foams produced
by carbonizing thermosetting organic polymer foams
through a simple heat treatment. Then, Googin et al.
[2] at the Oak Ridge Atomic Energy Commission Lab-
oratory reported the first process dedicated to control-
ling the structure and material properties of carbon and
graphitic foams by varying the precursor material (par-
tially cured urethane polymer). In the several decades
following these initial discoveries, many researchers
explored a variety of applications for these materials
[3–12] ranging from electrodes to insulating liners for
temperatures up to 2500◦C. In fact, reticulated carbon
foams have been used as the template for many of the
metal and ceramic foams currently used in industry. In
the 1970’s, research focused primarily on producing
carbon foams from alternative precursors. For exam-
ple, Klett [6] (no relation to this author) at the Sandia
National Laboratories produced the first carbon foams
from cork, a natural cellular precursor. Others worked
on various processing and precursor changes in an at-
tempt to modify properties and reduce cost. The ma-
jority of these carbon foams were used for thermal
insulation, although some structural applications were
found.

In the early 1990’s, researchers at the Wright
Patterson Air Force Base Materials Lab pioneered
mesophase-derived graphitic foams, specifically for re-
placing expensive 3-D woven fiber performs in polymer
composites and as replacements for honeycomb mate-
rials [13–20]. Their work was centered on developing
a highly structural material that was lightweight, and
to date, exhibits the highest specific strength of car-
bon foams. Concurrently, Ultramet Corp, performed
research on RVC foam and used chemical vapor depo-
sition (CVD) as a technique to place pyrolytic graphite
on the glassy carbon ligaments of RVC, producing 3-D
carbon structures with high-modulus ligaments.

With the goal of producing very inexpensive car-
bon foams, researchers at West Virginia University de-
veloped a method that used coal as a precursor for
high strength foams with excellent thermal insula-
tion properties [21–24]. In 1997, Klett [25–35] at the
Oak Ridge National Laboratory (ORNL) reported the
first graphitic foams with bulk thermal conductivities
greater than 40 W/m·K (recently, conductivities up to
180 W/m·K have been measured [36]). By combining
an open cellular structure with a thermal conductivity
to weight ratio (κ/ρ) of greater than 200 (compared to
45 for copper), this material presents a unique opportu-
nity to radically change the approach to solving many
heat transfer problems. This graphite material has been
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examined for the core of heat transfer devices such as
radiators and heat sinks, evaporative cooling and phase
change devices. Furthermore, the ability of the graphite
foam to intercalate lithium and absorb acoustic energy
makes them candidates for several applications beyond
thermal management.

2. Experimental
2.1. Production method
The ORNL process for the manufacture of graphite
foam is simple and free of oxidative stabilization
traditionally required for processing of pitches and
mesophases [19, 20, 37, 38]. First, a mesophase pitch
precursor is heated, in a oxygen-free environment to
about 50◦C above its softening point.

Once the pitch has melted, the furnace pressure is
elevated and the temperature raised at a controlled rate.
While the pitch is molten, it begins to evolve low molec-
ular weight species. These volatile gases form bub-
bles at nucleation sites on the bottom and sides of the
crucible and rise to the top, beginning to orient the
mesophase crystals in the vertical direction. With time,
a significant amount of the mesophase crystals are ori-
ented vertically.

At high temperatures the mesophase begins to
pyrolyze (polymerize) and create additional volatile
species. This pyrolysis weight loss, which can be very
rapid and is dependent on the precursor, is accompa-
nied by an increase in the molecular weight of the pre-
cursor which, in turn, increases the melt viscosity of
the liquid mesophase. As the rapid evolution of gases
progresses, the increase in viscosity tends to capture
the bubbles in place, forcing the material to foam in
the unrestrained direction, denoted as the z-direction.
As the temperature of the furnace is further increased,
the foamed mesophase continues to pyrolyze, further
increasing the viscosity of the material until it has suf-
ficiently cross linked and is rendered infusible (cannot
be melted).

A typical resultant mesophase foam is illustrated in
Fig. 1. The foam typically exhibits uniformly shaped
bubbles with a normal distribution. The average pore
size, orientation, and distribution is determined primar-
ily by the pitch viscosity and processing pressure dur-

Figure 1 SEM images of mesophase pitch-derived foams.

ing foaming. Additionally, the mesophase foam will
have a preferred orientation of crystals in the z-direction
with an accompanying anisotropy of properties in the z-
direction compared to those in the x-y plane even though
the visual physical structure (bubble shape) may not be
anisotropic.

While the foam synthesis process is rather simple,
the morphological changes occurring during processing
are rather complex. There is a delicate relationship be-
tween the viscosity-temperature behavior, melting tem-
perature, and pyrolysis temperature of the mesophase
pitch. Initially the pyrolysis gases develop at a temper-
ature such that the viscosity is sufficient to result in a
stable foam. Premature pyrolysis gas evolution causes
the pitch to froth (like boiling milk) resulting in foam
with a significant density gradient (this may be desir-
able in some applications). However, if the gases are
evolved too late when the pitch viscosity is high, the
bubbles may not be uniform, and cracking can occur due
to thermal stresses. If the pyrolysis gases are evolved
very slowly, as for certain high melting point Conoco
pitches, the pores will tend to be smaller [39] overall.

Bubble formation is closely related to the autoclave
operating pressure as well as temperature. Typically, the
higher the autoclave gas pressure, the higher the tem-
perature that gas evolution occurs, and the smaller the
resulting pores. However, depending on the unique rhe-
ological properties of the starting pitch, the cell walls
have different thicknesses, the bubble sizes can be dra-
matically different, and the mechanical and thermal
properties can be affected. Unlike some other foam-
ing techniques, such as slurry derived metallic foams,
the resultant properties of the graphitic foam, (such as
bubble size, ligament size, relative density, thermal and
mechanical properties) are not independent properties.
They are all dependent on the starting precursor’s melt
viscosity, pyrolysis temperature, and other pitch rheo-
logical properties.

The foamed mesophase is carbonized by heating to
between 600 and 1000◦C to yield a relatively pure
carbon foam. In this state, the foam is an excel-
lent thermal insulator with a bulk thermal conductiv-
ity of about 1.2 W/m·K for a foam with a density
of 0.5 g/cm3. Because the carbonized foam was formed
with a mesophase that was not oxidatively stabilized
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during the pyrolysis/carbonization stages, the meso-
phase crystals are not inhibited and can grow to very
large sizes. Consequently, when the carbon foam is con-
verted to a highly graphitic foam by heat treatment to
more than 2800◦C under an argon purge, the resultant
graphite crystals are highly aligned and significantly
larger than those found in mesophase derived carbon
fibers. Hence, the ligaments of the graphite foam pro-
duced with this method are more thermally conduc-
tive than even the best mesophase pitch-based graphite
fibers.

Currently, the graphite foam manufacturing pro-
cess has been licensed to Viatherm, Inc. and Poco
Graphite, Inc. (manufactured as PocoFoamTM -
www.pocofoam.com).

Using the process described above, several billets of
foam (15 cm × 10 cm × 2.5 cm) were produced from
Mitsubishi AR mesophase pitch powder with a soften-
ing point of 235◦C. The pitch was foamed at 1000 psi
pressure in aluminum pans utilizing a heating rate dur-
ing foaming of 3.5◦C/min [27]. The foaming consisted
of heating under vacuum to 250◦C, soaking for 1 h un-
der vacuum, applying the foaming pressure, and then
heating at the specified heating rate to 600◦C, soak-
ing for one hour, and then cooling to room temperature
(while simultaneously reducing pressure) at approxi-
mately 1.25◦C/min. All billets were then carbonized
under an atmospheric nitrogen purge at a heating rate
of 0.2◦C/min to 1000◦C. The billets were then cut into
0.625 cm cubes in a regular pattern throughout the foam
billets and the Euclidian density was measured for each
cube by mensuration.

2.2. Materials characterization
2.2.1. Density
Samples were machined into 1.65 cm cubes, cleaned
ultrasonically with ethanol, dried and measured accord-
ing to ASTM C559.

2.2.2. Scanning electron microscopy
A Hitachi S4700 Field Emission SEM at an accelerating
voltage of 5 kV and an emission current of 15 µA was
used to examine the foams at high magnifications. The
samples used for density measurement were attached to
the mounting fixture with electrically conductive car-
bon tape. Due to the high electrical conductivity of the
graphite foams, samples were not gold sputter coated.

2.2.3. Thermal conductivity
The thermal diffusivity was determined using the ther-
mal flash technique [40, 41] at room temperature on the
same cubes used for density and SEM using a xenon
flash lamp source. The diffusivity was measured on all
three Cartesian planes, x, y, and z (with z being the foam-
ing direction). The thermal conductivity was calculated
from the following equation

κ = α · ρ · Cp

where, κ = Thermal conductivity (W/m·K), α = Ther-
mal diffusivity (m2/s), Cp = Specific heat (J/kg·K), and
ρ = Density (kg/m3).

The required values of the specific heat, Cp, are cal-
culated from the following equation (taken from ASTM
C781 [42]) which is valid from 300 to 3000 K.

Cp = 8.426 × 10−18 T6 − 4.300 × 10−14 T5

− 1.245 × 10−10 T4 + 1.353 × 10−06 T3

− 3.765 × 10−03 T2 + 4.796T − 428.1

This equation reproduces the tabulated values within
0.1% for the indicated range of temperatures.

2.2.4. Optical image analysis
One method for characterizing graphitic structures is
optical microscopy under cross-polarized light with a
first-order-red wavelength retarder. This method can
give basic understanding of a graphitic structure, al-
though not detailed structure knowledge. With a wave-
length retarder, graphitic planes oriented parallel to the
axis of the retarder plate are highlighted blue while
planes oriented perpendicular to the retarder plate are
highlighted yellow. Planes that do not fall in either
orientation, which include isotropic carbon as well as
graphite in the 0, or 90 degree orientation, will be high-
lighted magenta. Therefore the sample is viewed as it
rotates through 90 degrees to examine all regions to see
if they shift from yellow to blue. Any magenta region
that shifts to yellow or blue is graphitic and any ma-
genta region that does not shift is most likely isotropic
carbon.

For optical image analysis, foams were mounted
in 1.25′′ diameter mounting cups using Araldite GY
502 (Vantico Inc. North America) resin and Hysol
HD 3416 hardener (Loctite Corporation) with a 10:1
(epoxy:hardener) ratio. Specimens were prepared by
first grinding with 500, 800, 1200, and 2400 grit SiC
grinding paper (30 N force at 150 rpm for 1 min each).
Specimens were then polished with a Struers Polish-
ing Machine (RotoForce 4 head/Rotopol 25 base) with
DP-Purple Lubricant on 3 micron and 1 micron cloths
(30 N force at 150 rpm for 10 min each).

A Nikon microphot microscope was used to examine
the foams and a Polaroid PDMC3 color digital camera
with 2.1 megapixil resolution was used to capture the
images. The software package included with the camera
(simple PCIp) was used for image enhancement. The
first order red wavelength retarder plate was oriented in
the −45 degree direction (90 degrees from typical mi-
croscopes), from the lower right to the upper left. Thus,
graphitic planes oriented in the +45 degree orientation
(perpendicular to the retarder plate) are highlighted yel-
low and those in the −45 degree orientation highlighted
blue, as described above.

2.2.5. Transmission electron microscopy
When preparing the TEM specimens, it was found that
the graphite foam was too soft for standard TEM sec-
tioning. Therefore, the carbon foam was coated using
chemical vapor infiltration with silicon carbide (SiC)
[43], to deposit a layer of SiC approximately 20 mi-
crons thick on the surfaces throughout the cells of the
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foam. The structural integrity of the SiC was sufficient
to allow sectioning into standard TEM specimens. The
final specimens were prepared by using focused ion
beam milling (FIB) [44]. The specimens were analyzed
on a Joel 4000EX TEM with an accelerating voltage of
400 kV.

2.2.6. X-ray diffraction
The crystallinity parameters, d002, Lc, and La, were de-
termined using these same samples on a Scintag PAD
V vertical θ/2θ goniometer. The diffractometer utilized
Cu Kα radiation (45 kV and 40 mA) and a Si(Li) Peltier-
cooled solid state detector. The data were collected as
continuous scans, with a step size of 0.02◦2θ and a scan
rate of 1◦2θ /min between 10 and 90◦2θ . Since a random
orientation of the crystallites is already present in the
foam, and since it was found that rotating the samples in
the x, y, and z directions resulted in little change in the
diffraction patterns, powdering was assumed to be un-
necessary. This non-destructive technique on the foam
allows the ability to perform different heat treatments
on the same sample and measure the effects on the crys-
tallite properties. The cubed samples were mounted di-
rectly in the X-ray beam and the diffraction patterns
measured. Lattice spacing was determined from the
indexed diffraction peak positions [45]. The 002 and
100 diffraction peak breadths were analyzed using the

T ABL E I Properties of various graphite foams made with the ORNL method compared to commercially available PocoFoamTM

Average bulk Maximum z-Plane thermal x-y Plane thermal
Foaming Graphitization density deviation in conductivity λz conductivity λxy

process rate (◦C/min) (g/cm3) density (%) (W/m·K) (W/m·K)

ORNL graphite foam A 10 0.45 3.7 125 41
ORNL graphite foam A 1 0.45 3.7 149 42
ORNL [35] graphite foam B 10 0.59 – 150 –
ORNL graphite foam B 1 0.59 – 181 60
PocoFoamTM, billet 8001013 – – 0.61 3.2 182 65

Figure 2 Effect of final heat treatment rate (graphitization) on the thermal properties of graphitic foams made with process A.

Scherrer equation to determine the crystallite dimen-
sions in the -c and -a direction, respectively:

t = 0.89λ

B cos (2θ )
,

where t is the average crystallite size in the sample, λ is
the X-ray wavelength (1.540 Å), B is the breadth of the
diffraction peak (full width half maximum (FWHM)
minus the instrumental breadth, 0.06◦), and 2θ is the
diffraction angle.

3. Results and discussion
3.1. Thermal properties
Mesophase pitch-derived graphite foam made with the
ORNL process will exhibit high bulk thermal conduc-
tivities, up to 182 W/m·K, at densities up to 0.6 g/cm3

(see Table I). The foam conductivity is very dependent
on the process used to make the foam, as discussed in
the previous section.

Fig. 2 shows the effects of graphitization rate on the
thermal conductivity for an ORNL graphitic foam made
with process A. In all cases, the thermal conductivity
in the z-direction is significantly higher than that in the
x- or y-directions. The thermal conductivity in the x-
y directions are relatively independent of the graphi-
tization rate, while the thermal conductivity in the
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z-direction decreases with increasing graphitization
rate. Kelly [46] reports that the strain energies during
graphitization can be very high which ultimately will
result in microcracks, lattice damage, and delamination
of the graphite planes. Since the thermal properties in
the axis of the graphite planes is many orders of mag-
nitude greater than those normal to the planes, these
graphitization stresses will tend to reduce the thermal
properties in the direction parallel to the basal planes
of the graphite, with little effect in the perpendicular
planes where there is strain relief. With the knowledge
that there is preferred orientation of the graphitic crys-
tals in the z-direction, it is anticipated that heat treat-
ment affects the z-direction conductivity with minimal
impact in the x-y directions.

From Table I, it is apparent that the foaming pro-
cess significantly influences the thermal conductivity
through changes in density of the foam, while the final
heat treatment rate affects the final thermal conductivity
by affecting the structure of the ligaments.

3.2. Cryogenic thermal properties
of graphite foam

One impressive characteristic of the graphitic foam is
its thermal behavior at cryogenic temperatures. Typi-
cally, manufactured graphites exhibit a peak in thermal
conductivity around room temperature [46–61]. As the
order and perfection of the graphitic crystals improve
and approach those of perfect graphite, this peak in
conductivity shifts to lower temperatures around 80 K.
Below this maximum temperature the thermal conduc-
tivity increases with temperature due to increasing spe-
cific heat. The decrease in thermal conductivity above
the maximum temperature is caused by phonons scat-

Figure 3 Thermal properties of PocoFoamTM, Canadian Natural Graphite [62], and Poco AXM-5Q1 [61] versus temperature.

tering from intrinsic lattice defects and self scattering
(Umklapp process). The exact location of the peak is
largely controlled by the concentration of lattice de-
fects. Defect free graphite such as the Canadian natural
graphite [62] in Fig. 3 exhibit a peak at very low temper-
atures, whereas manufactured graphites typically ex-
hibit a peak close to room temperature [61]. Signifi-
cantly, the graphite foam data shows that the peak is
below 100 K, which is characteristic of highly ordered
graphites.

However, the conductivity shown in Fig. 3 for the
foam is a bulk property instead of for the highly or-
dered foam ligaments. Thus, a useful comparison would
be between the foam ligament thermal conductivities,
λligament, and Canadian Graphite. The need for estimates
of ligament conductivity is therefore indicated.

3.3. Heat transport by phonons
Heat is transferred in the graphene lattice by vibra-
tional modes represented as phonons. These vibra-
tional modes are extremely complex [46–54, 63] but
may be represented by the in-plane contributions and
out-of-plane contributions. This heat transfer down the
graphite lattice is extremely fast due to the very stiff
nature of the covalent bonds. However, when a phonon
reaches a defect in the structure, the vibration of the
atoms is interrupted and the phonon is considered “scat-
tered.” In addition, the position and vibration of atoms
in neighboring planes may impede the vibration of the
atoms in the plane of interest.

The crystal perfection controls thermal conductivity.
In addition, the crystal lattice must be oriented in such
a manner that the vibration of atoms in neighboring
planes does not interfere with the phonon transport in
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Figure 4 Planar structure of ABA stacking sequence of hexagonal graphite.

the plane of interest. This requires perfectly aligned, de-
fect free graphene sheets wuth true 3D crystallinity. The
hexagonal graphite structure requires an ABA stack-
ing sequence shown in Fig. 4. In order to maintain the
proper ABA stacking, the graphene sheets must be per-
fectly flat. If there is any curvature, the ABA stack-
ing sequence will be disrupted over a given distance
(depending on the radius of curvature), and the result
will be scattering of phonons. As the radius of curva-
ture decreases, there will be more scattering of phonons

Figure 5 Graphite lattice which has flat planes with only 4◦ rotation of planes.

and decreased heat transfer. Furthermore, bending of a
graphene plane is most likely due to defects (or vacan-
cies) in the graphene lattice which force the structure
to curve such as in fullerenes. Therefore, curvature of
planes will result in scattering due to both out-of-plane
contributions and in-plane contributions.

Even where the graphene lattice is perfect, it must be
oriented in the appropriate direction (see Fig. 5). If there
is any rotation of the planes, the atoms will not line up
in the proper ABA stacking sequence, which will result
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in a larger interplanar distance due to the interaction
of Van der Walls forces and a decreased heat transfer
through phonon scattering. A rotation of only 4 degrees
can result in disruption of the lattice.

As discussed by Kelly [46–52] phonon transport is
dominated by vibrational modes of the crystal lattice.
Simply, the more perfect the lattice, the less the vi-
brations interact destructively to reduce heat transfer.
However, there are many ways to disrupt and interfere
with the phonon transfer. These include:

• Defects in the crystal lattice (vacancies, extra
atoms, imperfect bonding, etc.)

• Folds in the graphite structure (lattice boundaries)
• Interlayer orientation and preferred orientation

The phonon mean free path is effectively the aver-
age distance along the graphene plane a phonon travels
before it is scattered, either by a defect or by another
phonon (destructive vibrational interference). Typically
for most synthetic graphites, this length is small. How-
ever, in highly ordered graphites (like HOPG) the
phonon mean free path can be quite large (on the order
of 1000 nm).

To achieve high thermal conductivity in the graphite
crystal, the structure must be comprised of aligned,
straight graphene planes, resulting in the optimum in-
plane and out-of-plane contributions to phonon trans-
port. Moreover, the structure must have very large
mean free paths for the phonons, requiring a relatively
defect free structure to minimize phonon scattering
along the plane. Any deviation from this simple model
will decrease the phonon transport and the thermal
conductivity.

Another mechanism relevant to the current work is
Umklapp scattering, or phonon-phonon interactions. At
low temperatures, such phonon self scattering is in-
significant. However, as the temperature rises these in-
teractions become more significant than lattice bound-
aries. For all graphites, the thermal conductivity de-
creases with increasing temperature above the maxi-
mum temperature.

3.4. Ligament properties
Table II compares the ligament and bulk thermal prop-
erties of several metal foams along with several ORNL
graphite foams. Although copper and aluminum are

T ABL E I I Thermal properties of various metal and graphite foams

Measured
Relative Ligament bulk apparent
density conductivity conductivity
(%) (W/m·K) (W/m·K)

Aluminum foam [64] 25 180 15
Copper foam [65] 10 400 15
Copper foam [64] 25 400 45
ORNL graphite foama 26.5 ? 150
ORNL graphite foamb 26.5 ? 181

aFoaming rate B, graphitized at 10◦C/min.
bFoaming rate B, graphitized at 1◦C/min.

conductive, reticulated foams made from these mate-
rials exhibit a relatively low bulk thermal conductiv-
ity. For example, copper has a ligament conductivity
of 400 W/m·K but exhibits a thermal conductivity of
only about 45 W/m·K at a relative density of 25%. Ap-
plying the same ratio to foams at a singular relative
density suggests that the ORNL graphite foam liga-
ment thermal conductivity, λligament, is approximately
1200–1800 W/m·K.

4. Physical characterization
From the discussion in Section 2.4, it is apparent that the
crystallographic structure controls thermal conductiv-
ity. Here we present and discuss the results of detailed
characterization of the microstructure of the foam.

4.1. Optical characterization
From optical image analysis using the first order red
wavelength retarder, as shown in Fig. 6, the graphite
foam is highly oriented. In fact, all regions shift from
the yellow to blue upon stage rotation, indicating that
they are graphitic structure. The ligaments appear to
be more perfectly aligned than the junctions between
them. The mesophase domains exhibit excellent flow
texture within the ligaments, and the junctions exhibit
more of a mosaic or random structure. Additionally,
there is significant folding of the graphitic structure
(sharp, crisp lines from yellow to blue). These fold re-
gions could indicate boundaries of crystals with signif-
icant defects, or simply a large crystal with a “kink” in
the graphite planes.

At higher magnifications (Fig. 7a), microcracks are
revealed which predominantly follow the alignment
of the crystals in the junctions running parallel to the
graphite planes. Since the microcracks and crystals are
fairly random in orientation, it would appear that they
will inhibit heat transfer through this region of the foam,
compared to that of the ligaments.

Fig. 7 shows the junctions of ORNL foams (process B
foam graphitized at 10 and 1◦C/min, along with that in a
PocoFoamTM sample). It is clear from these images that
the sample with the higher graphitization rate exhibits
more significant microcracking in the junction, along
with microcracks which traverse the heat conduction
paths (perpendicular to the graphite planes). A slower
heating rate allows the junctions to relieve stresses and
reducing microcracks (with no apparent microcracks
crossing the graphitic planes), resulting in higher ther-
mal properties in this section. Additionally, there seems
to be less folding of the graphitic structure. The ORNL
samples seem to exhibit a fairly high content of discli-
nations in the junctions of the foams compared to that in
the PocoFoamTM. Few disclinations were observed in
the ligaments of both PocoFoamTM and ORNL foam.
Disclinations can serve as stress concentration points
and initiate cracks [66]. Because of the disclinations,
a more turbulent graphitic structure exists, thereby re-
sulting in decreased heat transfer even though material
may be highly graphitic.

The PocoFoamTM exhibited very few disclinations,
resulting in a more aligned flow texture of the

3665



Figure 6 Optical micrographs of ORNL graphite foam graphitized at 10◦C/min on a rotated stage illustrating highly ordered ligaments.

Figure 7 Optical micrographs of (a) ORNL graphite foam graphitized at 10◦C/min, (b) ORNL foam graphitized at 1◦C/min, and (c) PocoFoamTM.

Figure 8 Optical micrographs of PocoFoamTM illustrating high order in the junctions with significant porosity in the ligaments and junctions.
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graphitic planes, enhancing heat transfer (Fig. 8).
The PocoFoamTM exhibits a more desirable structure
throughout the junction regions with little folding and
all the microcracks running parallel to the graphitic
planes. This, along with fewer disclinations in the lig-
aments, would lead to improved heat transfer in the
PocoFoamTM. However, more large pores are evident in
ligaments of the PocoFoamTM compared to the ORNL
foam. In addition, the final heat treatment rate of the
PocoFoamTM is not reported and may be significantly
different than that of the ORNL foams.

It is clear from the initial microscopy observations
that the ligaments will be more conductive than the
junctions because of folding, microcracking, and discli-
nations in the junction regions which inhibit heat
transfer.

4.2. Scanning electron microscopy
The relative three dimensional structure of the graphite
foams can be inferred by applying scanning electron
microscopy. As seen in Fig. 9, the foam exhibits fairly
uniform pore shapes, with a narrow pore size distri-
bution (however quantitative data is best determined
with optical image analysis). Also, virtually all cells are
open and connected to several neighboring cells. Un-
der higher magnification (Fig. 10), the ligaments (or cell
walls) appear to contain highly aligned graphitic sheets
oriented parallel to the ligament axis, confirming anal-
ysis with optical microscopy. The junctions appear to
be graphitic, but exhibit a randomly oriented polycrys-
talline structure, as observed with optical microscopy.

At even higher magnification (Fig. 11), the fold struc-
ture within the junctions can be readily observed. One
of these folds has apparently fractured, most likely due
to residual stresses that form during heat treatment.
The fold region does not resemble that found in poly-

Figure 9 SEM of ORNL graphite foam B graphitized at 1◦C/min.

crystalline graphite, but looks more like a continuous
graphite flow domain with kinks in the structure. These
folds will act as lattice boundaries and phonon scat-
tering points, but are not as severe as a true crystal
interface. Moreover, folds result in an increased heat
flow path, further decreasing the overall heat flux.

The SEM images illustrate that the majority of mi-
crocracks run parallel to the graphene sheets. These
cracks relieve thermal shrinkage stresses and impact the
thermal properties less than transverse cracks. Curi-
ously, there are several regions of highly aligned planes
which appear to exhibit a sharp radius of curvature
without any fractures or cracks (point A on Fig. 11).
Such areas warrant further examination with TEM
analysis.

4.3. Transmission electron microscopy
Transmission electron microscopy allows insight, at
the atomic level, into many materials. However, it is
extremely difficult to get good quality TEM images
of highly graphitic materials because the microtoming
techniques are difficult to apply on soft graphite struc-
tures. Hence, the samples of the graphite foam were
first coated with silicon carbide to stiffen and rigidize
the structure for the sample preparation procedure to
yield reliable TEM images. The silicon carbide coating
allowed for remarkable images to be obtained. Fig. 12
shows a foam ligament with its axis running from the
lower left to the upper right. Clearly, the structure is
highly aligned.

Several conclusions can be drawn from the image.
First, the graphene planes are highly aligned and rela-
tively defect free over extremely long ranges. There do
not appear to be any bifurcations of the basal planes,
which would result in large mean free paths. Moreover,
there are several areas (one shown enlarged) where the
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Figure 10 High magnification image of ORNL graphite foam B graphitized at 10◦C/min illustrating highly aligned ligaments.

structure is aligned in true 3-D order such that both the
002 and the 110 planes are visible. The 002 planes
appear as black and white bands and are easily re-
solved. The 110 planes are harder to identify and run
perpendicular to the 002 planes (point A in Fig. 12).
The TEM observations support the supposition that the
graphite crystals within the foam ligaments are highly
aligned and will exhibit an extremely large thermal
conductivity.

Examination of the junction region (Fig. 13), shows
that the graphene basal planes are continuous around
the fold and that there are bifurcations in the fold region
(region A). Curiously, there is not a continuous line
where the fold occurs, instead there is a general region
where the planes shift direction. A fold is formed when
two mesophase crystals touch and the graphene layers
are unable to align properly. The graphitic planes in
the fold region likely contain defects, resulting in the
curvature around the fold. Due to these defects, the
junctions may act more like a polycrystalline graphite
compared to the ligaments.

Based on our observations of foam structure, the
highest thermal conductivity is expected in the foam
ligaments where the graphite structure is most perfect.
The thermal conductivity should be greater than that of
mesophase fibers but less than that of perfect graphite.
The junction regions, while exhibiting alignment of the
graphite planes, contain defects and folds, reducing the
thermal conductivity.

4.4. X-ray diffraction
Microscopy studies offer purely qualitative data regard-
ing the aligment of the graphite crystals in the liga-
ments and the junctions, while X-ray diffraction can
give quantitative data. X-ray data, however, need to be
treated with extreme caution. Fig. 14 shows diffraction
patterns for three graphite foams with different densi-
ties. Initial inspection shows no discernable differences
in the crystalline nature of the foam. However, further
analysis of the patterns to calculate the crystal parame-
ters reveals that density does affect the stacking height,
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Figure 11 SEM image of graphite foam B graphitized at 1◦C/min illustrating folding of graphitic planes within the junction regions.

Lc, but not interlayer spacing, d002, or coherence length,
La (Table III). This result is expected since a change in
foam density changes the thickness of the ligaments,
resulting in larger stacking of the crystals. Ruland
[67–69] suggests that curvatures in large graphite crys-
tals can affect the length of the coherent stacking by dis-
rupting the ABA structure. The X-ray beam is diffracted
at what would appear to be a lattice defect but, in reality,
is a shift in the ABA positions. If this is the case, the
curvatures of the crystals found in the ligaments would
be measured as a series of short straight sections in
the ligaments to yield an “apparent” coherence length
which would not be dependent on density. This po-
tentially explains why the stacking height of the foam
is more than an order of magnitude greater than the
coherence length which is atypical of highly ordered
graphites.

T ABL E I I I Measured crystallographic parameters of the graphitic foams along with measured data of graphitic fibers found in literature

Density Ligament density d002 Lc,002 La,110 Thermal conductivity
Material (g/cm3) (g/cm3) (nm) (nm) (nm) (W/m·K)

Graphite foam ligamentsb 0.29 2.23a 0.3356 152 28 ?
Graphite foam ligamentsb 0.51 2.23a 0.3356 208 29 ?
Graphite foam ligamentsb 0.64 2.23a 0.3356 437 28 ?
E120 [70] 2.20 2.20 0.3409 18.9 51.4 265
E130 [70] 2.20 2.20 0.3380 24.0 180 525
E1 [55] – – 0.3364 102 – 1060
E2 [55] – – 0.3368 41.5 – 746
P1 [55] – – 0.3368 71 – 862
P2 [55] – – 0.3372 77 – 661
K1100 Fiber [55] – – 0.3366 51 85 884
VGCF [71] – – 0.335 100 – 1950
ThermalGraph©R [55] – – 0.3364 99 – 991

aMeasured with helium pycnometry.
bGraphite foam B, 10◦C/min.

Fig. 15 plots the interlayer d-spacing of the graphitic
materials reported in Table III. As clearly evident, the
thermal conductivity (parallel to the graphitic planes)
of the materials increase significantly with lowering d-
spacing. If we plot the average d-spacing for the foam
ligaments on this graph (dashed line), we can estimate
that the average thermal conductivity of the ligaments
should range from about 1300–1700 W/m·K. So, a con-
servative estimate for the average thermal conductivity
of the foam ligaments would be 1300 W/m·K.

5. Model development and analysis
There have been several models proposed for heat trans-
fer with porous materials [72–82]. Some of these also
include a model for the thermal properties of bulk
foams, typically relating the ligament properties to the
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Figure 12 TEM images of graphite foam ligament illustrating highly ordered nature of the structure.

relative density in some fashion (see Equation 1 [83]
and 2, [84]). The models for foam conductivity can be
much more complicated (see Equation 3 [85]), but will
not be explaind here for simplicity.

λbulk = 0.35

(
ρbulk

ρsolid

)
λsolid, (1)

where λbulk is the bulk thermal conductivity, ρbulk is the
bulk density, ρsolid is the skeletal density, and λsolid is
the average thermal conductivity of the ligaments.

λsolid

(
ρbulk

ρsolid

)1.8

< λbulk < λsolid

(
ρbulk

ρsolid

)1.6

, (2)

λ̄ = 1

4π

∫ π

0

∫ 2π

0
λ∗n(θ, ψ) sin θdψdθ, (3)

where λ̄ is the bulk conductivity, λ* is the average liga-
ment conductivity, and n is the unit normal director for
the ligament.

Assuming a conservative average ligament conduc-
tivity of 1300 W/m·K, predicted bulk thermal con-
ductivities (using Equations 1 and 2) are compared
to the measured data [39] in Fig. 16. Equation 1 pre-
dicts a linear response of thermal conductivity versus
density. In this equation, the coefficient 0.35 is, in ef-
fect, a factor which accounts for the tortuosity of the
heat flow path length. According to Fourier’s Law of
Heat Conduction, the effective heat transfer is related
to the inverse in the path length. Since this path length
is around a sphere, (path length of about pi), the in-
verse is approximately 0.35. This equation was devel-
oped for sintered metal porous media used in heat pipes
[83]. Unfortunately, this is essentially solid particulates
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Figure 13 High magnification TEM image of a fold region in a junction of ORNL graphite foam.

Figure 14 X-ray diffraction patterns of several graphite foams indicating highly graphitic strucuture.

joined at the contact points, rather than a foam, and
Equation 1 under predicts the thermal conductivity for
foams.

Equation 2 predicts a range of thermal conductivi-
ties with an exponential relationship to density. This
model was reported by Haack of Porvair Fuel Cell,
Inc. for reticulated metal foams with hollow ligaments
(similar in structure to Fig. 16a). Although this relation-
ship works well at the higher densities, it under predicts

the thermal conductivity at the lower densities for the
graphite foam. In this equation, the exponent is a fac-
tor expressing the effects of the ratio of the volume of
ligament junctions to the volume of ligaments. In other
words, as the ligament junctions become larger, there
may be more impedance in the heat transfer, reducing
conductivity.

Both Equations 1 and 2 seem to be based on as-
sumptions that do not fit the unique structure of the
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Figure 15 Plot of thermal conductivity parallel to the graphite plane in various graphitic materials versus interlayer d-spacing.

Figure 16 Measured thermal conductivities of ORNL graphite foam compared to typical models for thermal conductivities of foams using an estimated
ligament conductivity of 1300 W/m·K.

graphite foams and the need for improved model is
indicated.

There are three main features that should be included
to model the thermal conductivity of the foam: (1) lig-
ament conductivity, (2) relative density, and (3) heat
flow path length. First, the ligament conductivity is
linearly related to the bulk conductivity (as in both
Equations 1 and 2). Next, as relative density increases
the conductivity increases for two reasons: (1) simply
an increase in mass for heat transfer, and (2) change
in the ratio of junction material to ligament material
(which we have shown can be drastically different in
relative structural order). For example, in a foam that
is reticulated (Fig. 17a), the relative volume fraction of

junctions to ligaments will be much smaller than that
in a foam with a spherical cell structure (Fig. 17b or c).
As the foam increases in density, the ratio of junction to
ligaments (which are more like cell walls) will increase,
so the effect of relative density will be different in each
of these cases. Last, the heat flow path length (which
is an essential element in the Fourier equation for heat
transfer) is critical. Simply, the heat must follow a path
around the sphere, rather than through a linear path as in
a solid material. This coefficient is independent of aver-
age conductivity of the ligaments, and is directly related
to the pore cellular structure. For example, graphite
foams (Fig. 17b) that have been heat treated to differ-
ent graphitization temperatures, would have drastically
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Figure 17 SEM micrographs of (a) reticulated carbon foam (DuocelTM [64]), (b) mesophase carbon foams (ORNL), and (c) urethane derived closed
cell carbon foams.

ligament conductivities in the equation, but exactly the
same structural coefficients. Hence, this coefficient can-
not be linked with the ligament conductivity coefficient.
This is because it is desired to determine an equation in
which different ligament conductivities can be applied
based on different relative graphitization temperatures
of the material.

Unlike metallic or glassy foams, foams made from
graphite contain material that is locally anisotropic and
orientation of the graphite basal planes parallel to the
heat flow is critical. Keep in mind that the theoretical
thermal conductivity of perfect graphite along crystal-
lographic basal planes is more than 2000 W/m·K at
room temperature, but less than 10 W/m·K perpendic-
ular the basal planes [46]. Therefore, in regions with
poor crystallographic alignment, such as at the junc-
tions, the local thermal conductivity will be lower than
that in the ligaments. Such regions will significantly af-
fect the thermal conductivity of the bulk foam. There-
fore, simple models, such as Equations 1 and 2, are not
representative of the thermal properties in the graphite
foam. It is proposed that the following equation is more
reasonable for the graphitic foams.

λbulk = α

(
ρbulk

ρsolid

)m

λsolid (4)

where, α = cellular structural coefficient—factor in-
corporating the effect of pore shape on the inverse in
heat flow length path, m = factor incorporating effect
of density on volume ratio of ligament to junctions and
the result on increased heat flow path, ρbulk = bulk den-
sity (g/cm3), ρsolid = density of ligaments (g/cm3), and
λsolid = average thermal conductivity of ligaments and
junction.

This model attempts to account for the three key as-
pects of thermal conductivity previously discussed. The
constants α and m are functions of the pore structure
and are determined from measured thermal properties
of the foams by regression techniques. It is again noted
here that the average ligament conductivity and cellular
structural coefficient (α) can be linked into one coeffi-
cient to perform the least squares analysis of existing
data. However, the resulting curve fit will only be ap-
plicable to foams which have been process in exactly
the same manner. Hence, to apply the equation to other

mesophase pitch derived graphite foams, an assumed
ligament conductivity for the curve fit coefficient will
be factored out to calculate α for the class of foams.

From the previous discussions in Section 3, it is evi-
dent that the junctions of the graphite foam are highly
graphitic, but more randomly oriented and cracked than
the ligaments which exhibit an extremely aligned struc-
ture. These results indicate that the assumptions that the
previous equations which used a uniform material prop-
erty are not appropriate to the graphite foam. Hence, it
makes sense that in the graphite foams, the microstruc-
ture in the ligaments and junctions will combine to form
an average material property. However, we have also
shown that the relative ratio between the volume frac-
tion of the ligaments to the junctions will play a role
in affecting the heat flow paths, which is separate from
the average material conductivity. Therefore, by fitting
Equation 4 to the data in Fig. 4, we obtained the fol-
lowing constants:

αλsolid = 954.4,

m = 1.427.

Applying the conservative estimate for ligament con-
ductivity from previous discussions in Section 4.4 of
about 1300 W/m·K, the coefficients reduce to

α = 0.734,

m = 1.427,

λsolid = 1300 W/m·K.

thus,

λbulk = 0.734

(
ρbulk

ρsolid

)1.427

(1300).

The resulting relationship is plotted in Fig. 18.
This model, for the 10◦C/min heat treated material,

may under-predict the thermal conductivity of the foam
heat treated at 1◦C/min. Hence if we apply the equa-
tion to foam fabricated with a slower heat treatment, we
can estimate the average ligament conductivity for this
foam. By using the data of Table I for ORNL graphite
foam B graphitized at 1◦C/min, (rather than 10◦C/min
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T ABL E IV Results of model

Estimated average Measured apparent Predicted apparent
Relative density ligament conductivity bulk conductivity bulk conductivity
(%) (W/m·K) (W/m·K) (W/m·K)

ORNL graphite foama 26.5 1300 150 149
ORNL graphite foamb 26.5 1640 181 181
PocoFoamTM 27 1640 182 186

aGraphitized at 10◦C/min.
bGraphitized at 1◦C/min.

Figure 18 Plot of measured data and results of a new model which incorporates (1) ligament conductivity, (2) relative density, and (3) heat flow path
length.

Figure 19 Plot of estimated ligament conductivity of PocoFoamTM versus other graphites illustrating nearly perfect graphite behavior at low
temperatures.
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used to curve fit the equation), we calculate an aver-
age ligament conductivity of 1640 W/m·K. This is an-
ticipated as the foam with the slower heat treatment
has a better crystal properties (d002, Lc, and La) cor-
responding to a higher average ligament conductivity.
Applying these values to the PocoFoam©R, which is as-
sumed to be processed with similar conditions to the
ORNL Foam B-1◦C/min, we estimate that the bulk con-
ductivity should be 186 W/m·K, versus the measured
182 W/m·K.

If these constants are then used to calculate the av-
erage ligament properties of the PocoFoamTM at cryo-
genic temperatures, illustrated in Fig. 3, the results are
remarkable and shown Fig. 19. In fact, the ligaments
of the foam appear to exhibit a maximum tempera-
ture similar to that of the Canadian natural graphite,
clearly indicating that the foam consists of highly or-
dered graphitic structures approaching that of perfect
graphite. Again, note that these estimated values are
based on the assumption that the structural coefficient
value does not change with change in heat treatment
rate, only foam processing conditions, and therefore,
the structural coefficient can be separated from the aver-
age ligament conductivities in the equation. In addition,
it is also noted that the average ligament conductivities
are an average between the junctions and ligaments, and
thus it is assumed that the actual ligaments with high
order have a higher conductivity than the estimated av-
erage ligament property used in the equation. What is
of significance is that the average ligament properties
are in the “ball park” of that with highly ordered natural
graphite.

6. Conclusions
Optical microscopy, scanning electron microscopy,
transmission electron microcsopy, X-ray diffraction,
and thermal analysis have shown that the graphite foam
exhibits a structure unlike most other synthetic graphite
materials. In fact, the thermal properties of the foam lig-
aments are similar to natural Canadian graphite (com-
monly assumed to be the most highly aligned of the
natural graphites) and approaching that of highly or-
derd pyrolytic graphite (HOPG). The estimated liga-
ment conductivities are extremely high, although the
junctions are not as thermally conductive yet still highly
graphitic. Simple models of heat transfer through the
foam do not take into account this difference, so a
weighted average value between the junctions and the
ligaments is assumed for foam models (in the neigh-
borhood of 1640 W/m·K).

Based upon both qualitative and quantative analyses,
variables for a new model were made for foams fabri-
cated at a final heat treatment rate of 10◦C/min. SEM
and TEM studies showed that there were fewer micro-
cracks and better alignment of the crystals in the junc-
tions for foams made at a heat treatment rate of 1◦C/min.
Hence, it was assumed that the average ligament con-
ductivities should be higher for the material heat treated
at 1◦C/min compared to that heat treated at 10◦C/min.
The average ligament conductivity for the higher per-
formance foam was estimated at 1650 W/m·K, signif-
icantly higher than the best mesophase based graphite

fibers. The correlations result from fitting existing data,
and should only be applied to foams made with similar
processing parameters. Process changes may result in
foams with a similar macrostructure, but a significantly
different microstructure in the ligaments and junctions.

The modeling results suggest that modifying the
junctions likely is crucial to improve the thermal prop-
erties of the material. Therefore, process changes that
only affect the structure slightly, such as heat treat-
ments, will not necessarily have a large impact on the
thermal properties. Process changes that modify the
pitch precursor to produce a junction which is less
cracked and more ordered offers great potential to im-
prove the properties of the foams.
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