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ABSTRACT
Pitch-based carbon foams are not new, but the development of high thermd conductivity foams for
therma management applications has yet to be explored. The research reported here focused on a
novel foaming technique and the evauation of the foaming characteristics of two mesophase pitches
(Mitsubishi ARA24 and Conoco Dry Mesophase). After graphitization to 2800°C, dendties of the
graphite foams ranged from 0.2 to 0.6 g/enT, with average pore diameters ranging from 275 mm to 350
mm for the ARA24-derived foams, and from 60 mm to 90 mm for the Conoco-derived foams.
Scanning eectron microscopy and polarized light optica microscopy were performed to characterize
the cdl wadlls, reveding highly digned graphitic-like structures aong the axis of the ligaments. Andysis
of x-ray diffraction results determined that the foams exhibited average interlayer (dooz) Spacings as low
as 0.3355 nm, stack heights (L) up to 80 nm and crystdlite szes (L) up to 20 nm. Findly, thermd
diffusivity measurements were performed revedling that the bulk thermal conductivity varied with density
from 40 to 150 W/m- K. The specific therma conductivities of the graphitized foams were more than

Sx times greater than solid copper.
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1. Introduction

Contemporary advanced structurd composites exploit the extraordinary mechanica properties of
graphite [1] by creating a disconnected network of graphitic filaments held together by an gppropriate
matrix binder. Recently, the extraordinary thermad properties of graphite fibers have been exploited in a
gmilar manner for therma management applications. However, like the mechanica properties, the high
thermd conductivity of the resultant composites is limited to the direction of the fibers. In most
affordable composites, (typicdly 1- or 2- directiond (1D, 2D)) thisresultsin very high in-planethermd
conductivities and relatively low therma conductivities in the out-of-plane (through thickness) direction
(as seen in Table | [2-5]). This is because, in the out-of-plane direction, the matrix is the dominant
phase for heat trandfer. Even when carbon is the matrix, it typicaly does not develop the unique
orientation found dong the axis of carbon fibers (a result of the extenson during spinning). This,
combined with the tortuous path of heet transfer around voids, fibers, and matrix cracks, resultsin low
out-of-plane composite thermal conductivity. Unfortunately, this can be a limiting factor in many heet
sengtive gpplications ranging from wing leading edges, to eectronic packaging, and heet exchangers.

Mesophase pitch-derived carbon foam, on the other hand, can be considered as an interconnected
network of graphitic ligaments and, thus, should exhibit isotropic materid properties [6, 7]. Hence,
foams represent a potentid reinforcing phase for sructura composite materids and potentidly, a
cheaper dternative to carbon fibers. More importantly, graphite foambased composites would be
expected to exhibit higher out-of-plane thermd conductivities than typicd 1D or 2-D carbon fiber
reinforced composites because of the continuous graphitic network.

In recent years the use d carbon fibers has evolved from structurd reinforcement to a thermd

management materid, with the emphags in gpplications such as high-dengity eectronic modules,



communication satdlites, and automotive sysems. The primary concerns in thermd management
goplications are high therma conductivity, low weight, low coefficient of therma expanson and low cost
[8]. Such agpplications have focused on sandwich gtructures (a high therma conductivity meaterid
encapaulating a structural core materid) to provide the required mechanica properties [8]. However,
since structura cores (eg. honeycombs) are typicaly low-densty materids, the therma conductivity of
the overdl composte through the thickness is rdatively low (~3-10 W/m- K for duminum honeycomb
[4, 9]). Maetdlic foams are being explored as a potentia core materid; however, the therma
conductivities are dill low, 5 - 50 W/m- K [9] and are not greater than typical carbon-carbon
composites (see Table 1). Exiging carbon foams are typicaly reticulated glassy carbon foams with a
pentagonal dodecahedron dructure [10, 11, 12], illusrated in Figure 1, and exhibit thermd
conductivities less than 1 W/m- K [9, 13, 14, 15]. The pitch-derived graphitic foams reported here
exhibit a sphericd morphology, and present a unique solution to this problem by offering high therma
conductivity with alow weight.

If a mesophase pitch is used as the precursor, well ordered structures will be formed in the
ligaments [6, 16, 17], which should lead to improved therma conductivity with gppropriate post
processing. Typica foam forming processes utilize a blowing technique, or pressure release, to produce
foam of the pitch precursor [16, 18-21]. Asthe bubblesin the foam grow, bi-axid extenson orientsthe
mesophase domains pardld to the cdl walls, amilar to the uni-axia extenson during melt extrusion (or
pinning) of mesophase pitch-based carbon fibers. As with carbon fiber production, the pitch foam is
then stabilized by heeting in ar or oxygen for many hours to cross-link the structure, and “ set” the pitch,
S0 it does not melt during further heet trestment [18, 22]. Stabilization can be a very time consuming

and expensve process depending on the part Sze. The “dtabilized” pitch foam is carbonized in an inert



amaosphere to temperatures as high as 1100°C, producing a structurd materid suitable for composite
reinforcement [7, 16, 18-22].

A new, less time consuming process for fabricating pitchrbased graphitic foams without the
traditiond blowing and sabilization steps, has been developed a Oak Ridge Nationd Laboratory
(ORNL) and is the focus of this research. It is believed that this new foam will be less expensve and
ease to fabricate than traditiona foams since the time consuming oxidative stabilization step has been
removed. Potentidly, the process will lead to a sgnificant reduction in the cost of carbon-based therma
management and dructurd materids (i.e. foam-reinforced composites and foam core sandwich
structures).

2. Experimental
2.1 Foam Processing

In this research, two mesophase pitches were used to produce graphitic foam: Mitsubishi ARA24
naphthdene-based synthetic pitch, and a proprietary mesophase pitch from Conoco Inc. labeled
Conoco Dry Mesophase. The properties of each pitch areliged in Table 2.  Four different operating
pressures (A < B < C < D) were used to produce foam with a range of densities, pore structures, and
therma properties. All foam samples were carbonized a 0.2°C/min to 1000°C and then graphitized a

10°C/min in Argon to 2800°C with a 2-hour soak at temperatures.

2.2 Foam Characterization
The average pore diameter and pore distribution were measured using optical image andysis with a
Nikon Microphot-FXA microscope and digital capture equipment. In order to develop a fundamenta

understanding of the foam dructure and graphitic morphology, severd other examinaion techniques



were employed: Opticd microscopy with cross-polarized light and a quarterwave retarder was
performed on a Nikon Microphot-FXA microscope;, samples were examined usng a JOEL scanning
electron microscope; and the therma conductivity, k, of the foam was determined with a xenon flash
diffusvity technique. The thermd diffusivity, a , was first measured on samples 12-mm diameter by 12-
mm thick on a custom built machine in the High Temperature Materids Laboratory a Oak Ridge
National Laboratory. The sample dendty, r, and specific heat capacity, G, (assumed to be 713
JKg- °C[23]) were then used to calculate the thermd conductivity with the following reation:
k=a-r- C,

Findly, the same foam samples used for thermd diffusvity were machined to cylinders 12-mm
diameter by 6-mm thick for x-ray diffraction studies ~Room temperature X-ray diffraction
mesasurements were conducted usng a Scintag PAD V vertical g/2q goniometer. The diffractometer
utilized CuKa radiation (45 kV and 40mA) and a Si(Li) Pdtier-cooled solid state detector. The data
were collected as continuous scans, with a step size of 0.02 2g and a scan rate of 1 °2gminute
between 10 and 90 °2g Since a completely random orientation of the crystalitesis aready present in
the foam, powdering was not necessary.

L attice spacing was determined from the indexed diffraction peak positions[24]. The 002 and 1010
diffraction pesk breadths were andyzed usng the Scherrer equation to determine the crysdlite
dimensonsinthe a and c- directions:

_ 0.89I
Bcos(2q) '



where t is the average crystdlite size in the sample, | is the X-ray wavelength (1.540562 A), B is the

breadth of the diffraction pesk (full width haf maximum (FWHM) minus the instrumenta breadth,

0.06°), and 2q isthe diffraction angle.



3. Results and Discussion
3.1 Processing

It was found that during processng into foam, the carbon yields of the pitches, presented in Table 3,
improved over that measured a atmospheric pressure listed in Table 2. The carbon yidd of the
ARA24 pitch increased significantly from 78 % at 1000°C to 86 % while the carbon yidd of the
Conoco pitch changed only dightly, however, from 87 % to 88 %. Table 4 presents the apparent
dengties of the foams after foam production and subsequent heeat treatments. As expected, the Conoco
pitch yielded foams with higher dengties than foams produced with the ARA 24 mesophase pitch. Since
the higher mdting temperature of the Conoco pitch should yields higher viscosties during processng
[25], it is reasonable to expect smdler bubble szes in the Conoco-derived foams compared to

ARA24-derived foams processed at Smilar conditions.

3.2 Microgructural Characterization

3.2.1 Cdll Szes. Figure 2 presents the average pore diameters (X) and the standard deviation (s) for
both ARA?24 pitch and Conoco pitch-derived foams as a function of densty. The ARA24 pitch
derived foams exhibited a larger mean pore size than the Conoco pitch-derived foams. However, the
ARA24 pitch-derived foams exhibited a smdler rdative didribution (s/X) than the Conoco-derived
foams. The pore digtribution of the foams produced from the Conoco pitch is heavily skewed to
smaller pore sizes.

It was surprising that the average pore sizes of either foam did not show any datistical change with
dengty. It isimportant to note that due to the larger pore sizes in the ARA-derived foams, Sgnificantly

fewer bubbles were counted with the optica image andysis equipment (250 as compared to 2000 for



the Conoco-derived foams). This reduced data set could result in errors.  Also, the ARA-derived
foams exhibit a dight density gradient from the bottom of the foam to the top, due to gravity and the low
viscogity during processing. While care was taken to minimize these effects in the measured samples, it
is possible that the samples of the ARA-derived foams used for image analysis were not machined from
consgent locations, resulting in insufficient sampling of the bubble population to provide a Satidicdly
sound basis for andyds. Additiond characterization is ongoing in order to expand the avalable data

Set.

3.2.2 Pore Morphology. Figures 3-9 are scanning eectron micrographs of fracture surfaces reveding
the pore structure of the Mitsubishi ARA24 and Conoco-derived foams hegt-treated at 1000°C and
2800°C. Both foams exhibit a spherica structure with open, interconnected pores between most of the
cdls (P1 and P2 in Fgure 3). It is evident from the images that the graphitic Structure is oriented
parald to the cel wals and highly digned dong the axis of the ligaments (L in Figures 3, 6 and 8). In
fact, this feature is riking since it is dlearly visble in foams with a find hegat trestment of only 1000°C
(Figure 6). This highly digned dructure is sgnificantly different from typica vitreous carbon foams:
vitreous carbon foams are void of graphitic structure, have large openings and linear ligaments, and are
mostly pentagond dodecahedron in shape (Figure 1). Figures 7 and 9 are SEM images of the foams
after graphitization at 2800°C. Although it is evident that the foams are highly graphitic, they are more
disordered and not as sphericd after grgphitization. The cdlls dso contain more extensve layering due
to shrinkage during heet trestment. The extended graphitic Sructure of the foams will impart excellent

thermal properties once they are graphitized.



Figures 5, 8, and 9 show that the Conoco pitch-derived foam has a strikingly different structure.
Frg, the cdls are sgnificantly smdler and the cdl size does gppear to change dightly with dengty.
Although the foam is open cdlled, the openings are fewer in number compared to the foams produced
from the Mitsubishi ARA24 pitch. This suggests that the cellsin the Conoco-derived foams do not have
openings to as many neighboring cells as those in the ARA24-derived foams.

3.2.3 CelsWalls

At first ingpection, the structure and geometry of the Mitsubishi ARA24-derived foams (Figure 3, 4,
6 and 7) gppear to vary little with dendty. However, dter closer ingpection it appears that the
junctions (J in Figures 3 and 6) get progressvely smdler with decreasing dendity (A < B < C < D).
Moreover, it can be seen that in the junctions between ligaments, the graphitic structure is less digned
and possesses more folded texture. It is postulated that this arises from the lack of stresses at this
location during forming. During bi-axid extenson of the wals during bubble growth, there exigts high
sresses dong the bubble walls, causng the molecules to dign dong the wals. However, in certan
regions (junctions between ligaments), the stresses are minimal, and therefore, little rearrangement of the
mesophase occurs. Hence, the graphitic structure in these regions is primarily an artifact of the structure
in precursor mesophase prior to pyrolysis and polymerization.

Like the ARA24-derived foams, the ligaments in the Conoco-derived foams contain highly digned
graphitic structures (L in Figure 5 and 8). Also, it appearsthat the junctions (Jin Figure 8) between the
ligaments are less disrupted than that found in the ARA24 foams. The graphitic Sructure gppear's to
extend from the ligaments through the junctions. It is unclear whether thisis due to the smdler cdll Sze
in the Conoco pitch foam or is attributable to the nature of the precursor mesophase (melting point,

viscosity, molecular structure, etc.). It should be noted that the ARA 24 mesophase molecules are more



rod like [26] in nature and the Conoco mesophase (being a petroleum derivative) is more disc-like
(Figure 10) [27]. The differencesin chemica reectivity, degree of aromaticity, and molecular weight of
the pitch molecules could affect the viscosties during processing.  These differences in viscosity could
contribute to differences in behavior (response) to stretching during the bubble formation and growth
gage and, ultimately, affect the cdl structures devel oped.
3.2.4 Céll Openings

It can be seen in both the ARA24 and Conoco-derived foams (Figures 3-9) that the openings
between cdlls are of two types. The firgt type of opening is smooth and circular (P2 in Figure 3, 6 and
8) and forms while the pitch is fluid. The second type of opening appears to have formed by brittle
fracture of the cdl wals &fter the pitch hardened (coked) (P1 in Figure 3). This fracture can occur
during the later stage of the foaming step, after pitch hardening (>500°C) or during post foaming heet
treatments. The ARA24-derived foams with lower dendties (A) appear to exhibit more shattered
openings rather than smooth openings, indicating that more cdls were opened during further hesat
treatment.  In the foams produced from Conoco pitch, there gppear to be very few fractured openings
compared to the ARA24 pitch-derived foams.  The reasons for this remain unexplained a this time.
The differences in cell openings will, ultimately, affect permesbility through the foam that, in turn, will
affect efficienciesin porous media heet transfer devices developed with the foam.
3.2.5 Microcracking

Foams with lower dendties (process A) agppear to exhibit more microcracks (M in Figure 3),
probably because of the thinner walls exhibited by these foams. After grgphitization (M in Figure 4) the
foams exhibit even more microcracking that is predominantly between the basd planes. The high

content of microcracking will adversely affect mechanica properties. However, it is expected that the
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microcracks will not sgnificantly affect therma properties because of their dignment parale to the basa
planes.
3.2.6 Microstructure Development

The growth and mohility of the mesophase domains is strongly influenced by the viscodty of the
mesophase during processing. While the pitch is fluid (during the bubble growth stage), the mesophase
domains will orient in response to the stresses resulting from bi-axia extension in the walls of the foam.
Hence, the mesophase domains orient parale to the surface of the bubbles. As the bubbles join and
openings between the bubbles develop, a strut-like morphology develops with the orientation in the
surface of the bubbles trandating to the ligaments, yidding highly aigned mesophase domains dong the
axis of the ligament. During this development, a lower viscosty will result in better re-orientation due to
extengon, thus resulting in enhanced dignment of the mesophase domains pardld to the axis of the
ligaments.  Alignment of the mesophase will trandate to better dignment of the graphitic crystd after
heat trestment and, consequently, improved therma properties. Therefore, a sufficiently low viscosty is
required during bubble growth to achieve ided dignment of the mesophase domains dong the ligaments
of the foam.

Last, mesophase growth (enlargement rather than dignment) is dso an important mechaniam by
which pitchderived carbons exhibit enhanced graphitic properties (therma conductivity, stiffness, etc.)
and is detailed dsewhere [28-30]. Domain growth occurs when the pitch is fluid and the domains have
aufficient mobility to grow and codesce [26-28]. Domain growth is important since it trandates to
larger graphitic crystds and fewer domain boundaries in the materid after graphitization (properties
which will improve the thermd conductivity). As in the orientation mechanism, a higher viscosty will

inhibit molecule mohility, thus redtricting growth and codescence of the mesophase domains during
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processing. The reduced mobility and mesophase domain size growth is dso seen in the process of
oxidative gtahilization of mesophase carbon fibers and other mesophase pitch foams. Because of the
lower viscogty of the ARA24 mesophase pitch during processing, it is expected that the ARA24
mesophase pitches will yidd foams with better dignment and larger crysta sizes than that exhibited in
foams produced from the Conoco mesophase.

3.2.7 Optical Microstructure.

Figures 11 and 12 are optica micrographs of the Mitsubishi ARA24 pitch-derived foams under
cross-polarized light with a quarterwave retarder.  The micrographs reved that the graphene layer
planes are highly oriented pardld to the surface of the bubbles and dong the axis of the ligaments,
indicated by the monochromatic regions (MC) in Figures 11. Large fold lines are visble in the thicker
cdl wdls (ligaments), evidence of very large ordered structures pardld to the cell wals. Thelack of an
oxidative abilization adlows the mesophase domains to grow very large during the processing,
producing very few domain boundaries in the ligaments. The large opticd domains that result are even
evident in the pictures of the foams heat-treated to only 1000°C (Figures 11 and 12). The mesophase
adignment is predominantly pardld to the surface of the bubbles, with a disruption of the dignment in the
junctions (J in Figure 12). When the samples are grgphitized, the dignment in the ligaments becomes
more refined while the mesophase in the junctions becomes very folded. The multicolored regionsin the
high magnification imeges of the junctions between ligaments in the Mitsubishi ARA24 foams, (J in
Figure 12) confirm that athough the region is graphitic, there is more fold-sharpening and random
orientation of the crygtds in these regions than that found in the ligaments. These regions will serve to
reduce the overd| therma conductivity (because of their increased thermal resistance compared to the

ligaments), dthough the foam should Hill exhibit excdlent therma conductivity.
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It is noted that in Figure 11, dl the microcracking (M) appears to run pardld to the basd planes,
amilar to that observed with SEM imaging. These microcracks most likely arose during heat trestments
as the structure shrinks due to the reduction in interlayer spacing and the increase in red dendty. Table
5 presents the skeletal dendity changes of the ARA24-derived foams at different stages of processng.
As can be seen, the dengty of the graphite Structure changes significantly with heat trestment and an
ultimate dengity of 2.23 g/cn’ is achieved in the structure of the ARA24-derived foams.

Comparison of Figure 11 A through D clearly indicates that the cel wal thickness changes
dramaticaly with dengity in the ARA24 derived foams. Therefore, the apparent density of the ARA24-
derived foams gppears primarily to depend on the thickness of the cell wals.

An examination of the Conoco pitch-derived foams (Figures 13 and 14) reveals monochromatic
regions (MC) in the ligaments. This suggests that the Conoco pitchderived foams exhibit a highly
digned graphitic dructure dong the axis of the ligaments, amilar to the ARA24-derived foams,
indicating that the foam should exhibit good therma conductivity. However, images of the junctions in
the lower dengity foams (J in Figures 13 and 14) suggest that the Conoco-derived foams contain better
orientation of the mesophase in these regions (fewer multicolored regions). The flow domains in the
Conoco-derived foams gppear to extend from the ligament through the junctions to the next ligament.
The appearance of many junctions without sgnificant disruption (see J in Figure 15), islikdly due to the
fact that the junctionsin the ARA24-derived foam are larger in Sze than the Conoco-derived foams.

The Conoco pitch-derived foams (Figure 14 A through D) exhibited a Smilar variaion of cdl wal
thickness with dendity as that found in the ARA24 pitch-derived foams. However, the effect is not as

marked as with the ARA24 foams.
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As found in the ARA-derived foams, the microcracks in the Conoco-based foam (M in Figures 13
and 14) are primarily separations between the graphitic planes. These types of cracks will serve to
weaken the foam gructurdly, but should not sgnificantly interfere with the therma transport properties.

3.3 Thermal Diffusivity

The vdidity of the flash diffusvity method and whether the open porosity would permit penetration
of the heat pulse into the sample, thereby invaidating the test, had to be established. Deep penetration
of the pulse in samples typicdly causes a change in the characterigtic heat pulse on the back face of the
sample. Thus, errors in the reported diffusivity can be as high as 20% [31, 32]. However, the rather
large ligaments and smal openings of the foam limits the depth of penetration to about two pore
diameters (less than 800 nmm), or less than 6% penetration. Therefore, it was believed that this
technique would yield afairly reasonable vaue for the thermd diffusivity. This was confirmed by testing
samples in which the nonporous skin produced during formation was left on the surface of the test
sample. This surface was placed facing the heat pulse, thereby preventing any penetration of the pulse
into the sample. The measured diffusivities (between samples with and without a surface skin) varied by
less than five percent, verifying the flash method as a viable method to measure the thermd diffusivity of
these foams. For foams with large openings, such as reticulated polymer or pitch-derived foams,
excessve penetration of the therma pulse would render this technique unreliable.

The thermd conductivity of the carbonized foams (Figure 16) was, as expected, very low (1-2
W/m- K) which is consistent with other porous carbon materids [7, 16, 19, 21, 33-36]. Thethermd
conductivity of the graphitized ARA24 foam ranged from 50 to 150 W/m- K and the thermd

conductivity of the Conoco-derived foams exhibited therma conductivities ranging from 40 to 135
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W/m- K (presented in Figure 17). Thisis remarkable for a materia with such a low density, 0.27 to
0.57 g/en. Linear regression of the data for both foams shows that the Conoco-derived foams exhibits
amargindly lower therma conductivity (with 95% confidence intervals), compared to the AR-derived
foams. This might be explained by the differences in molecular structure of the starting precursor
materids (as discussed in section 3.2.6) that might yidd dightly different crystd lattice structures.
Petroleum-derived pitches aso contain more impurities and infusbles than the synthetic ARA24
mesophase pitch and, therefore, may develop more lattice imperfections than synthetic pitches that,
unfortunately, would be too smdl to observe in opticd micrographs.

The foam exhibits isotropic therma conductivities comparable to the in-plane therma conductivity of
other therma manegement materids and sgnificantly higher than in the out- of-plane directions (Table 6).
Although severd of the other thermd management materids have higher in-plane therma conductivities,
thelr dengties are much greater than that of the foam. Hence, the specific therma conductivity of the
foam is sgnificantly greater than most of the avallable therma management pands (in-plane and out-of-
plane). In fact, the specific thermd conductivity is more than Sx times greater than copper and five
times greater than duminum, the preferred materids for heat Snks.

It is clear that for weight sengtive therma management applications or gpplications where trandent
conditions occur often, the graphitic foam can be superior in therma properties to dher avalable
materids. The advantage of isotropic therma and mechanica properties combined with open cdled
gructure should dlow for novel designs that are more design flexible and efficient.

3.4 X-ray Analysis
Figure 18 is the x-ray diffraction spectra for a graphitized foam produced from Mitsubishi ARA24

mesophase pitch. The 002 pesks (which are characterigtic of interlayer spacing) in Figure 18 are very
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narrow and asymmedtric, indicative of highly ordered grephite.  The 002 and 004 peaks get narrower
and more intense with increasing dengty, as expected with a larger sampling mass.  The interlayer
gpacings cal culated with the Scherrer equation ranged from 0.3364 nm to 0.3355 nm and decreased as
afunction of dengty and is presented in Table 7. The interlayer gpacing found in the higher density foam
(Process D), 0.3355 nm, was dgnificantly closer to pure graphite, 0.3354 nm, than that found in most
high performance pitch-derived carbon fibers, 0.3366 nm [37]. Table 8 is a comparison of xray
diffraction results of the graphite foam and various high performance carbon fibers [37].

The crygdlite size in the ¢-direction (L) ranged from 46.6 to 82.4 nm, and the crystdlite Szein the
a-direction (L,) caculated from the 100 pesk (or 1010 in hexagona nomendlature) ranged from 11.8
to 21.5 nm. These cryddlite Szes are Smilar to typica high therma conductivity carbon fibers such as
K1100 and vapor grown carbon fibers (VGCF) [37-39] and, therefore, the high therma conductivity
measured for the foams is not unreasonable.  In fact, the d-spacing is better than VGCF, which have
exhibited therma conductivities as high as 1950 W/m- K [37]. Katzman et. d. [33] illustrate a direct
relationship of thermd conductivity to d-spacing indicating that fibers with dgpacings of between
0.3355 to 0.3360 nm should exhibit thermal conductivities between 1500 and 2000 W/m- K. Hence,
the ligaments, or cell walls, of the foam should exhibit therma conductivities greater than 1500 W/m- K.

Although the Conoco B pitch-derived foam had smilar xray data (Figure 19), the intensties were
not as large as those for the Mitsubishi ARA24-derived foams. The stack heights (L) and crystd size
(L) of the Conoco-derived foams were smilar to the ARA24-derived foams. However, the interlayer
gpacing (dyoz) did not follow a decreasing trend with increasing dendity as that found in the Mitsubishi
ARA24 foams, dthough the interlayer spacings were al smdler than that found in high performance

carbon fibers.
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The fact that the crystal parameters in both foams are s0 close to perfect graphite is remarkable
because xray diffraction results are averages over the entire sample. It should be noted here that
measurement of interlayer spacing and lattice parametersis difficult and the trends (or lack of them) seen
in the foams may be coincidentd, and therefore specific conclusions about therma properties cannot be
drawvn. However, severad important statements can be made. Firs, the extremely low nterlayer
gpacings confirm other analys's techniques that indicate the foam is highly graphitic and the ligaments
contain graphitic dignment as good as (if not better than) traditiond high therma conductivity carbon
fibers. Second, with L, and L, Szes comparable to high performance carbon fibers, it is reasonable to

expect that the ligaments will exhibit extremely high therma conductivities as well.

3.5 Foam-based Structures

Severd foam core sandwich panels were fabricated by laminating the foam with duminum and
copper facesheets (0.5-mm thick). The isotropic therma conductivity of these foam-core composites
(see Figure 19) should provide therma management characteristics comparable to existing materids.
This should lead to more efficient herma management materids and, possbly, a new agpproach to
thermd management.  Also, successful dengfication with duminum, carbon, epoxy, and thermoplastic
resns has been accomplished, demondrating the use of foam as the reinforcement in a composite
dructure where high thermd conductivity is required, but a a lower cost than traditiond high

conductivity carbon fibers.

4. Conclusons
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The manufacture and properties of high therma conductivity carbon foams have been reported. It
was shown that pitch precursor characteristics can affect foam structure and properties such as bubble
gze and ligament dtructure. It was found that a pitch with a lower mdting point would produce foams
with larger pore dzes. However, the resulting therma conductivity was redively unaffected by
precursor characteristics. On the other hand, processing variables, such as operating pressure and heat
treatment temperature, showed a large effect on bubble sze and, more importantly, thermal properties
of the foams.  Hence, the graphitic characteristics of the foam, such as lattice parameters, therma
conductivity, etc, gppear rather insengtive of the precursor mesophase materia, compared to operating
pressure and hesat treatment temperature.

The existence of very sharp 002 and 1010 pesks confirmsthat the graphitic crystals are very large
and are highly oriented. Under cross-polarized light, very large monochrométic regions in the ligaments
of the foam are vishle, suggesting that these ligaments will behave smilar to high therma conductivity
carbon fibers, such as K1100 and VGCF. These properties, combined with the continuous graphitic
network throughout the foam (unlike carbon fiber reinforced compostes), result in an isotropic bulk
thermal conductivity as high as 150 W/m- K and a specific conductivity up to 6 timesthat of copper, an
industry standard for therma management.

Although the data and discussion presented in this paper illugtrate the potentid of this materid to
be an enabling technology for many applications, further work is needed. It is believed that through
process optimization (the dimination of cracks and development of better orientation in the junctions)
thermd conductivities of the foams could be improved. A full characterization of the kinetics of the

foaming reaction should be undertaken in order to alow optimization of the process. Findly, the effects

18



of bubble openings and hesat trestment conditions on the mechanica and thermal properties should be

evauated.
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Table 1.

Thermal properties of carbon fiber composites and other therma management materids.

Therma Conductivity Specific Thermd
Conductivity*
Specific Out-of- Out-of-
Gravity In-plane plane In-plane plane
Materia [Wim- K | [Wm- K | [Wim- K | [W/m- K
] ] ] ]
Typica 2-D Carbon-Carbon 1 1.88 250 20 132 10.6
EWC-300/Cyanate Ester ¥ Resn 172 109 1 63 0.6
Copper 8.9 400 400 45 45
Aluminum @ 2.77 150 150 54 54
Aluminum Honeycomb ' 0.19 -- ~10 -- 52
Aluminum Foam © 0.5 12 12 24 24

* Defined as thermad conductivity divided by specific gravity.
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Table 2. Properties of mesophase pitches used to produce graphitic foam.

M esophase Softening M esophase Carbon Yidd

Point Content @1000 °C, N,
[°C] [%] [%]
Mitsubishi ARA24 237 100 78
Conoco Dry Mesophase 355 100 87
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Table 3.

Fitch carbon yields during processing into foams with ORNL process.

Cumulative Pitch Carbon Yidds
During Process D

M esophase 630°C 1000°C 2800°C
Mitsubishi ARA24 89.4% 86.2% 85.9%
Conoco 92.6 % 88.7 % 88.3%
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Table4. Density of foams produced at different operating conditions after carbonization and

graphitization.
Bulk Density [g/ont]
Process ARA24 | Conoco
1000°C 2800°C 1000°C 2800°C
A 0.22 0.25 0.33 0.35
B 0.37 0.39 0.40 0.40
C 0.44 0.48 0.49 0.49
D 0.54 0.57 0.56 0.59
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Tableb. Skeletdl dengity changes of ARA24-dervied foams at different stages of processng
measured by Helium Pycnometry.

Heat Treatment Temperature Density
[°C] [glenT]
630 1.44
1000 2.06
2800 2.23
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Table 6.

Therma properties of the pitch-derived carbon foams compared to other therma

management materids.
Thermd Conductivity Specific Thermd
Conductivity*
Specific Out-of- Out-of-
Gravity In-plane plane In-plane plane
Material Wim- | [W/m- K] | [W/m- K] | [W/m- K]
K]
ARA24-derived foam - D 0.57 149 149 261 261
Conoco-derived foam - D 0.59 134 134 227 227
Typica 2-D Carbon-Carbon 12 1.88 250 20 132 10.6
EWC-300/Cyanate Ester ¥ Resin 1.72 109 1 63 0.6
Copper & 8.9 400 400 45 45
Aluminum & 2.77 150 150 54 54
Aluminum Honeycomb 0.19 -- ~10 -- 52
Aluminum Foam ©° 05 12 12 24 24

* Defined as therma conductivity divided by specific gravity.
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Table7. Crystd parameters measured by x-ray diffraction.

Interlayer Spacing Crystal Size | Stack Height
Specific ooz La Le

Foam Gravity [nm] [nm] [nm]
Mitsubishi ARA24

A 0.25 .3364 11.8 48.2

B 0.39 .3362 17.8 46.6

C 0.48 .3360 21.5 79.3

D 057 .3355 18.4 824
Conoco B

A 0.35 .3357 16.7 29.5

B 0.40 .3363 13.0 38.7

C 0.49 .3358 19.5 97.6

D 0.59 .3360 19.8 50.8
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Table 8. Comparison of x-ray diffraction results of various carbon fibers and the graphitic foam.

Interlayer Egimated
Heat Spacing Ligament
Materid Treatmen Cooz L, L Conductivity
t
[°C] [nm] [%] | [%] [W/m- K]
Clemson Ribbon &8 2400 .3369 62 19 950
K 1100 &3 3000 .3366 109 | 62 884
Experimenta Pitch Fiber™ 3000 3364 102 | 66 1060
Fixed catalyst VGCF [*° 2800 3366 | 4087 | 37137 1950
Conoco-D Foam 2800 .3360 20 51 >1500
ARA24-D Foam 2800 .3354 18 82 >1500
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Figure1. Typicd reticulated glassy carbon foam produced by ERG Corporation.
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Figure 2. Mean pore diameter as afunction of foam dengty [Error bars represent + 1 standard
deviation.
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|-—{ 600 mm

Figure 3. SEM photomicrographs of the foams produced from Mitsubishi ARA24 PFitch at
different dendtiesA < B < C < D (al samples carbonized at 1000°C).
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Figure 4. SEM  photomicrographs of the foams produced from Mitsubishi ARA24 Pitch at
different dengties A < B < C < D (al samples graphitized at 2800°C).



|-—| 600 mm |-—| 200 mm

Figure 5. SEM photomicrographs of the foams produced from Conoco Pitch at different densities
A <B < C<D (al samples carbonized at 1000°C).
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Figure 6. Structure of Mitsubishi ARA pitch-derived carbon foam carbonized at 1000°C.
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Figure 7. Structure of Mitsubishi ARA pitch-derived carbon foam graphitized at 2800°C.
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Figure 8. Structure of Conoco pitch-derived carbon foam carbonized at 1000°C.
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Figure 9. Structure of Conoco pitch-derived carbon foam graphitized at 2800°C.
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(8 AR Mesophase (b) Typicd Petroleum Mesophase

Figure10.  Representative polynuclear aromatic hydrocarbons found in (a8) AR mesophase [26] and
(b) typica petroleum mesophase [27].



Figure 11.

1000 °C

2800 °C

« Ja

-
|~——100 rm—~]

Opticd micrographs of ligamentsin the ARA24 pitch-derived foam carbonized at

1000°C and graphitized at 2800°C (DenstiesA <B <C< D).
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Figure 12.

|~——100 rm——|
Optica micrographs of junctionsin the ARA24 pitch-derived foam carbonized at
1000°C and graphitized at 2800°C (DenditiesA <B <C< D).
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Figure 13.

1000 °C

2800 °C

Optica micrographs of ligaments in the Conoco pitchderived foam carbonized a

|~——100 rm—]

1000°C and graphitized at 2800°C (DenditiesA <B <C< D).
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1000 °C 2800 °C

Figure14.  Opticd micrographs of junctions in the Conoco pitch-derived foam carbonized at
1000°C and graphitized at 2800°C (DenditiesA <B <C< D).



()

Figure15.  Comparison of flow texture in junctions between (8) ARA24 and (b) Conoco pitch
derived foams formed with process D graphitized at 2800°C.
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Figure16.  Thermd conductivity as afunction of dengity for ARA Mesophase pitch-derived foams

and Conoco-derived foams carbonized at 1000°C.
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Figure17.  Thermd conductivity as afunction of dengty for ARA Mesophase pitch-derived foams

and Conoco-derived foams graphitized at 2800°C.
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Figure18.  X-ray diffraction patterns of ARA24-derived foams graphtized at 2800°C.
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Figure19.  X-ray andyssof Conoco pitch-derived foams graphtized at 2800°C.
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Figure20.  Highthermd conductivity foamcore composite with duminum face sheets.
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