
;  e3e]*] |6T*n8 March 2003 PITCH-BASED CARBON FOAM HEAT SINK WITH PHASE
CHANGE MATERIAL STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH The United
States Government has rights in this invention pursuant to contract 5 No.
DE-AC05-960R22464-~ between the United States Department of Energy and
Lockheed Martin Energy Research Corporation. BACKGROUND OF THE INVENTION
The present invention relates to porous carbon foam filled with phase
change 10 materials and encased to form a heat sink product, and more
particularly to a process for producing them. There are currently many
applications that require the storage of large quantities 15 20 of heat for
either cooling or heating an object. Typically these applications produce
hen so rapidly that normal dissipation through cooling fins, natural
convection, or radiation cannot dissipate the heat quickly enough and,
thus) the object over heats. To alleviate this problem, a material with a
large specific heat capacity, such as a heat sink, is placed in contact
with the object as it heats. During the heating process, heat is
transferred to the heat sink from the hot object) and as the heat sink's
temperature rises) it "stores" the heat more rapidly than can be dissipated
to the environment through convection. Unfortunately, as the temperature of
the heat sink rises the heat flux from the hot object decreases, due to a
smaller temperature difference between the two objects. Therefore, although
this method of energy storage can absorb large quantities of heat in some
applications, it is not sufficient for a11 applications Another method of
absorbing heat is through a change of phase of the material, 25 30 rather
than a change in temperature. Typically, the phase transformation of a
material absorbs two orders of magnitude greater thermal energy than
thereat capacity of the material. For example, the vaporization of 1 gram
of water at 100C absorbs 2,439 joules of energy whereas changing the
temperature of water from 99  C to I 00  C only absorbs 4 .I Joules of
energy. In other words, raising the temperature of Q79 grams of water from
99  C to 100  C absorbs the same amount of heat as evaporating 1 gram of
eater at 100C. The same trend is found at the melting point of the
material. This      8 March 2003 phenomenon has been utilised in some
application to either absorb or evolve tremendous amounts of ever Ly in
situations wfier a heat sir.hs will not wor k. .4lthou~h a solid block of
phase change material has a very lar2e then; etical capacity to absorb
heat, the process is not a rapid one because of the di~~iculties of he
transfer and thus it cannot be utilized in certain applications. However,
the Ltilization the high the, . al conductivity foam will overcome the
shorcomings descr~bed above. the r~gh conducti~~ity foam is filled ~ith the
phase chan;e material, the process can become very rapid. Because of the
ex-tremely hieh conductivity in the struts of the fog: as heat contacts the
surface of the foam, it is rapidly transmitted throuehout the foam 



to a very large surface area of the phase change mateiZal. ?hus, heat is
very quick.Iy distributed throughout the phase change material, allowing it
to absorb or emit then ma energy eh-tremely quickly without chanein2
temperature) thus keeping the driving forc; for heat transfer at its
mar.irnum Heat sinks have been utilized in the aerospace commurdty to absor
b enerey in 15 applications such as missiles and aircraft where rapid heat
generation is found. :4 material that has a high heat of melting is encased
in a ~rapl^dte or metallic case; typical aluminum, and placed in contact
with the object creating the heat. Since most phase change materials have a
low therrnaI conductivity, the rate of heat transfer through the material
is limited, but this is offset by the high energy absorbing capability of
the phas; 2o change. As heat is transmitted through the metallic or
graphite case to the phase chant material, the phase change material
closest to the heat source begins to melt. Since the temperature of the
phase change material does not change until all the material melts, the
flux from the heat source to the phase change material remains relatively
constant. However) as the heat continues to melt more phase change
material) more liquid is 25 formed. Unfortunately, the liquid has a much
lower thermal conductivity, thus hampering heat flow further. In fact, the
overall low thermal conductivity of the solid and liquid phase chance
materials limits the rate of heat absorption and, thus, reduces the
e~ciency of the system. Recent developments of fiber-reinforced composites,
including carbon foams, 30 have been driven by requirements for improved
strength, sti:fness, creep resistance, and touerLness in stn.rctural
engineering materials. Carbon fiber s have led to sienificant  Si~BSTITUTE
SKEET lFule 261   8 March 2003 advancements in these progenies is
composites ofva~ous polymeric, metal, and cerar - matrices. Ho-ever,
current app:ications of carbon 7ber s have evoved from structural
reinforcement to thermal rnar,asement in applicatio.^. ra.^.ein~ fr om
high-density 5 electronic modules to communication satellites. This has
stimulated research into nove reinforcements and composite pr ocessing
methods. High thermal conductivity, low weight, and low coefficient of then
mal expansion are the primary concerns in therTr:al management
applications. See Shih, ~~ei, "Development of Carbon-Carbon Composite for
Electr oric Thermal hTanagement applications," I1J.~ ~~'orkshop, Tay 3-5,
199a 1 o supported by aF Wright Laboratory under Contract Number
F33615-93-C-2363 and AR Phillips Laboratory Contract i~'umber
F29601-93-C-Ol 65 and Engle, G.B., "High Thermal Conducti~-it5~ C/_C
Composites for Thermal Management," IDA Workshop, T-iay 3-5, 1994,
supported by AF 'l~'right Laboratory under Contract F33615-93-C-23E and AR
Phillips Labor atory Contract Number F39601-93-C-O165. Such applications ar
I S str;ving towards a sandwich type approach in which a low-density
structural core material (i.e. honeycomb or foam) is sandwiched between a
high thermal conductivity facesheet. Structural cores are lit;tited to low
density materials to ensure that the u~ei~ht limits are not exceeded
Unfortunately) carbon foams and carbon honeycomb matersaIs are the only
available materials for use in high temperature applications (>l600C). 'o
High thermal conductivity carbon honeycomb materials are extremely
expensive to manufacture compared to low conductivity honeycombs,
therefore, a performance penalty is paid for low cost materials. i-iigh
conductivity carbon foams are also more expensive to manufacture than Iow
conductivity carbon foams, in part, due to the starting materials. 



'S In order to produce high sti~hess and high conductivity carbon foams,
invariably, a pitch must be used as the precursor. Tlvs is because pitch is
the only precursor which forts a highly aligned graphitic structure which
i~s.a requirement for high conductivity. Typical processes utilize a
blowing teci~-~tiyue to produce a foam of the pitch precursor in which the
pitch is melted and passed from a high pressure region 3o to a low pressure
region. Thermod~lnamically, this produces a "Flash," thereby causing the
low molecular lvei~ht compounds in the pitch to ~~anorize (the pitch
boils), resulting 3 SL'BST1T11TF .CT3FFT ~RntP 2fil   8 March 2003 in a
pitch foam See Hagar, Joseph u' and ?lax L Like, "Novel Hybrid Compose _
Based on Carbon F oa,s." Mot . Res . Soc . Svm, p ., h~tatenals Research
Socie~ ~, 27( 3.~ (1992); Hagar, Joseph W. and A-iax L. Lake, "Formulation
of a 1`fathematical Prc I`fodel Process ?~Sodel for the Foarning of a
>`4esophase Carbon Precursor," Mat . RE 5 Soc. Symp , ;~.faterials Research
Society, 27035-~0 (1992); Gibson, L.J. and 1\S.F. .~shby, Cellular Solids:
Stn~ctures cE. Properties, ~Pergamon Press, ;view York (I9SS) Gibson, L.J.,
~Iat. Sci. and Eng A1 I0, 1 (19S9); knippenberg and B. Lersmacher, Phillips
Tech. Rev.) 36(4), (1976); and Bortzom, A., P. Crepaux and E. J. Moutard,
U.S. patent ~,?76,^_~6, (l981). Then, the pitch foam must be o~:idatively
stabilized b~ 1 o heating in air (or o~cygen) for many hours, thereby,
crosslinhing the structure and "stabilizing" the pitch so it does not melt
during carbonization. See Hagar, Joseph ~1J, and Max L. Lake, "Formulation
of a Mathematical Process Model Process l\~IodeI for the Foaming of a
~fesophase Carbon Precursor, ,~Idat. Res. Soc. Symp., Materials Research
Society, 270:35-40 (I99?); and White, J.L., and P.M. Shaeffer Carbon, 15
?7:697 (1989). This is a time consuming step and can be an expensive step
depending on the parrt size and equipment required. The "stabilized" or
o>:.idized pitch is then carbonized in an inert atrnospher a to
temperatures as high as 1100 C. Then, graphitization is performed at
temperatures as high as 3000C to produce a hi;h then conductivity graphitic
structure, resulting in a stir'Fand very thermally conductive four. 3o
Other techniques utilize a polymeric precursor, such as phenolic, urethane,
or blends of these with pitch. See Hagar, Joseph W. and Max L. La)';e,
"Idealized Strut Geometries for Open-Celled Foams," Mat. Res. Soc.
Symp.,1`Saterials Research Socie 27Q:41-45 (I992); Rube ~, J. `N., MRS 5~~;
~~posium Proceedings, 207:117-12' (I990 Cow lard, F.C. and J.C. Lev~~s, J.
of Mat. Sci., 2:507-512 (1967); and Noda) T., Inaga 25 and S. Yamada, J. of
I~Ton-Crystalline Solids, 1:2S5-30?, (I 969). High pressure is applied and
the sample is heated. At a specified temperature) the pressure is released,
thus causing the liquid to foam as volatile compounds zre released. The
polvmer:c precursor s are cured and then carbonized without a stabilization
step. However) these precursors produce a "glassy" or vitreous carbon which
does not exhibit graphitic 3o structure and, thus, has low thermal
conductivity and low sti~'ness. See Hagar) Joseph a SLTESTLTL'TE SHEET
(Fule ?61   8 March 2003 ~' and ?~Iax L. Lake, "Idealized Strut Geometries
for Open-Celled Foan^,s,".~-Jal. F,e,s 



foc. sy~n~., Materials Research Society, 2;0.-~l-~6 (199?) In either case,
once the foam is for-n;ed, it is then bonded in a separate step to
facesheet used in the composite. This can be an expensive step in the
utilization of the 5 foam. The e~~traardinary mechanical prope"ies of
commercial carbon nbers ar a due t the unique ~raphitic morphology of the
e~rtruded filaments. See Edie, D D., "Pitch anc Mesophase Fibers," in
Carhop Fibers. Filaments and Corns ites) Figueiredo (editor), hJuwer
Academic Publishers, Boston, pp. 4;-72 (1990) Contemporary advanced
structural composites exploit these properties by creating a disconnected
network of graphitic filaments held together by an apps opriate matrix.
Carbon foa~-n derived from , pitch precursor can be considered to be an
interconnected network of graphitic ligaments or str,~ts, as shown in
Figure 1. As such interconnected networks, they represent a potential
alternative as reinforcement in structural composite materials. IS The
process of this invention overcomes current manufacturing limitations by
avoiding a "blowing" or "pressure release" technique to produce the foam.
Furthermore an oxidation stabilization step is not required) as in other
methods used to produce pits based carbon foams with a highly aligned
graphitic stn:cture. This process is less time consuming, and therefore,
will be lower in cost and easier to fabricate..The foam can bf 'o produced
with an integrated sheet of high thermal conductivity carbon on the surface
o the foam, thereby producing a carbon foam with a smooth sheet on the
surface to improve heat transfer. SUMM..~RY OF THE IN~'ENTIDN An object of
the present invention is production of encased high thermal ~5 conductivity
porous carbon foam filled with a phase change material wherein tremendous
amounts of thermal ever gy are stored and a , ~tted vein rapidly. The
porous foam is filled with a phase change material (PCh-T) at a temperature
close to the operating temperature of the device. .As heat is added to the
surface, from a heat source such as a computer chip. friction due to
re-entry through the atmosphere, or radiation 3o such as sunlight. it is
transmuted rapidly and uniformly tl-L ounhout the foam and then to
SU$STTTUTE SHEET lRule 26l   8 March 2003 the phase change material. :~s
the material chan`es phase, it absorbs orders of rnapnitude more energy
than non-PCT material due to transfer of the latent heat of fusion or
vaporization Conversely, the filled foam can be utilized to e;.~t ener` Y
rapi~ when placed in contact u-ith a cold object. Non-limiting embodiments
disclosed herein are a device to rapidly ths~.~ frozet foods or freeze
thawed foods, a design to prevent overheating of satellites or store
thermal e:,ergy as they experience cyclic heating during orbit, and a
desien to cool leading edges durin g hypersonic flight or re-entry from
space. :~r;o:her object of the present invention is to provide car bon foa;
n and a to composite from a mesophase or isotropic pitch such as synthetic,
petroleum or coal-t~ based pitch. Another object is to pro~.~ide a carbon
foam and a composite fr om pitch which does not r equire an oxidative
stabilization step 



These and other objectives are accomplished by a method of producing carbon
foam heat sink wherein an appropriate mold shape is selected and preferably
an ~5 appropriate mold release agent is applied to walls of the mold. Pitch
is introduced to a appropriate level in the mold, and the mold is purged of
air by applying a vacutim, for example. .alternatively, an inert fluid
could be employed. The pitch is heated to a temperature su -f't'tcient to
coalesce the pitch into a liquid which preferably is of about 50  C to
about 100  C above the softening point of the pi tch. The vacuum is
released a; 20 an inert fluid applied at a static pressure up to about 1000
psi. The pitch is heated to a temperature sufficient to cause gases to
evolve and foam the pitch. The pitch is further heated to a temperature
sufficient to coke the pitch and the pitch is cooled to room temperature
with a simultaneous and ,~ adual release of pr essur e. T'.^.e foam is then
fi!Ie: with a phase change material and encased to produce an efficient
heat stor age product. 25 In another aspect, the previously described steps
are employed in a mold composed of a material such that the molten pitch
does not adhere to the surface of the mold. . In yet another aspect, the
objectives are accomplished by the car bon foam product pr oduced by the
methods disclosed herein including a foam product with a 3o smooth inteeral
facesheet b SL,'BSTITUTE SHFFT l"F~e~te 2E1    ~ 8 March 2003 In still
another aspect a carbon foam composite product is produced by adherir
facesheets to the carbon foam produced by the process of t',.is invention.
Fi2. 1 is section cut of a best sink device for thzu~i;,g food usi7g acetic
acid as the phase change material 5 Fig. ? is a section cut of a heat sink
to prevent overheating of satellites dung cyclic or bits. Fig. 3 is a
section cut of a heat sink used on the leading edee of a shuttle or biter
Fig. 4 is a nvcrogr aph illustrating typical carbon foam with inter
connected carbon ligaments and open porosity. to Fig. ~-9 are micrographs
of pitch-derived carbon fcam graphitized at 200C and at various
magnifications. Fig. J 0 is a SEhZ-mi crograph of car bon foam produced by
the process cf tl-~is invention. Fig. l I is a chart illustr acing
cumulative intrusion volume versus pore diameter. 15 Fig. 12 is a chart
illustrating log direrential intrusion volume versus pore diameter. Fig. 13
is a graph illustrating the temperatures at which volatiles are given off 



from raw pitch. Fi;. 14 is an ~-ray analysis of the graphtized foam
produced by the process of 2o this invention. Fies. I ~ A-C are photographs
illustrating foam produced with aluminum crucibles and the smooth structure
or face sheet that develops. Fig. i 6A is a schematic vietw iiiustrating
the production of a carbon foam composite made in accordance ~th this
invention. 25 Fig. 16B is a perspective view of the carbon foam composite
of tl-iis inv ention. DETAILED DESCRIPTION OF TIC 3?v'~'EI~''fION In order
to illustrate the ca. bon foam heat sinJ: product of this invention. the
following examples are set forth. They are not intended to limit the
invention in any way. SUBSTITUTE SHEET lFule ?61   8 March 2003 Example 1 y
Device for lhawine FCOd acetic acid has a heat of melting of 4~ J/g at a
melting point of 11  C. The h of melting of food, primar~ly ice, is
roue.}tJv 79 J/g at 0C. Therefore, tale a block o: foam and nll it with
liquid acetic acid at r oom temp. The foam will be encased in a be 5 made
from an insulating polymer such as polyethylene on all sides except the
top. Th tep of the foanvacetic acid block i;-iIl be capped~u~ith a hiYh
thermal conductivity alunvnum plate that snaps into place thus sealing the
foam/acetic acid inside the poly case (illustrated in figure 1). If the
foam block is I O-in. x 1 ~-in. x 0.~-in thick, the m~ of foam is 614
grams. The mass of acetic acid that `ills the foam is roughly 9? 1 gram 1 o
Therefore, when a piece of frozen meat is placed in contact with the top of
the aluminum block, the foam will cool to the neezing point ofthe acetic
acid (1 IC). At this point, the heat given off from the acetic acid as it
freezes (it also remains at 11 C will be equivalent to 49 IJ. This heat is
rapidly transferred to the frozen meat as it the (it also remains at 0C).
This amount of heat is sufficient to melt roughly Q00 ,rams IS (1 lb.)
ofrneat. )~xarnple w Hat Sink To Prevent Overheating Of ~atellitAs
During_~,vclic Orbits Produce a carbon-carbon composite v~~ith the foam in
which the foam is a core material with carbon-carbon face sheets (fiEUre
?). Fill the foam core with a suitable phase change material, such as a
paraffn wax) that melts around the maximum operati; 2o temperature of the
satellite components. One method to perform this would be to drill hole in
one surface of the carbon-carbon face sheets and vacuum fill the phase
change material in the liquid state into the por ous foam. Once filled, the
sample can be cooled (the phase change material solidifies) and the hole
can be plugged with an epoxy or screw-type cap. The epoxy and any other
sealant must be able to withstand the 25 operating temperature of the
application. The foam-core composite will then be mounted on the side of
the satellite that is exposed to the sun dung orbit. ,.~s~the 



satellite orbits the earth and is exposed to the sun, the radiant energy
from the sun will begin to heat the composite panel to the melting point of
the phase change material. .fit this point, the panel will not increase in
temperature as the phase change material melts. 3o The amount of radiant
enerEy the panel can absorb will be dependent on the thicl:.ness s
SUBSTITUTE C~iFFT ~t~fe 2f ~   8 March 2003 and outer dirr,ensions of the
panel This can be easily calculated and designed throueh hnou~led7e of the
orbit times of the satellite such that the material never complet~Iv melts
and, thus, never exceeds the melt temperatur e. Then, v.~hen the satellite
Iea~~~es tl view of the sun, it ~~ill begin to radiate heat to space and
the phase change material wi begin to freeze. The cycle will repent itself
once the satellite comes into view of the su once anain. Example 3 ~ Heat
Sink for Leading Ed=ee Currently, the shuttle o~biter experiences extreme
heats during rye.^.trv. Specifically, the leading edges of the crab can
reach I 800  C and the belly of the c: aft can reach temperatures as high
as 1200  C. If a foam core composite panel is placed at the surface of the
leading edges and at the surface of the belly (Fi`ure 3}, it would be able
to absorb enou`h energy to dramatically r educe the ma~:imum tefmperature
of the hot areas. This also would permit a faster re-entry or (steeper
glide slope) and maintain the current maximum temperatures. In this case
the phase change material ~~~ould most 15 likely be an alloy, e.g.
germanium-silicon, which melts around 800-900C and does not vaporize until
much higher than the maximum temperature of the craft. For example)
Germanium has a heat of formation (heat of meltine) of 4S8 3/g. This would
require l .0 Kg of Germanium to reduce the temperature of I Kg of existin`
carbon/carbon heat-shield by 668 C. In other words, if the existing
carbon-carbon we: a 2U replaced pound-for-pound with germanium filled foam)
the maxirnurn temperature of th; heat shield would only be about l I31 C
instead of about 1800C during re-entry, depending on the duration of
thermal loading. xam 1 4 Pitch po~der, eranuies, or pellets are placed in a
mold with the desired final 25 shape of the foam. These pitch materials can
be solvated if desired In this example, I~'IltsUblshl r'~.~-~~ mesophase
pitch was utilized. A proper mold release agent or tilm is applied to the
sides of the mold to allow removal of the part. In this case, Eoron
I~Titride spray and Dry Graphite Lubricant were separately used as a mold
release went. If the mold is made from pure aluminum, no mold release agent
is necessary since the molten 9 SUBSTITUTE SHEET (Rule 261   8 March 2003
pitch does not adher a to the alu.. ~num and, thus, will not stick to the
mold. Sir^~ilar materzaJs may be found that the pitch does not adhere and,
thus, they will not need r release The sample is evacuated to Jess than 1
terr and the n heated to a temperatur r apps ox:mately 60 to l00C above the
so~er~ng point. In this case inhere ~~itsubis~^.i 5 .~FvA?-t mesophase
pitch wvs used) 300 C was su:i~cient. :fit this point, the vacuum released
to a r~tro~en blanket and then a pressure of up to 1000 psi is applied. ?he
temperature of the system is then raised to 800C, or a temperature sumcient
to coh the pitch which is 600  C to 1000  C. T~h;s is pet-for med at a ra
to of no greater than 6  C/min. and pr eferably at about ?  C/man. The
temperature is held for at least 1 ~ minutes to achieve an assur ed soah
and then the furnace power is turned off and cool to room temperature.
Preferably the foam was cooled at a rate of approximately 1.5 C/min. with
release of pressure at a rate of approximately' psi/min. Final foam
temperatures for three product runs were S00C, 630C and 800C. During the
cool cycle, pressure is released gradually to atmospheric conditions. The
foam was then he 15 treated to 1050  C (carbonized) under a nitrogen
blanket and then heat treated in separate runs to 2500C and 3800C
(graphitized) in Argon. Carbon foam produced with this technique u~as
examined with photomicrography, scanning electron rvcroscopy (SEI~~), Y-ray
analysis, and mercury porisimetry. As~can be seen in the Fib res 5-10) the
isochromatic regions under cross 20 polarized light indicate that the
struts of the foam are completely graphitic. That is, a11 the pitch was
converted to graphite and aligned along the axis of the struts. These stn:.
are also sirniIar in size and are interconnected throughout the foam. This
would indicat~ that the foam would have high stirmess and good stren~ h. As
seen in Fig. 10 by the SEM rnicrograph of the foam, the foam is open
ceJluiar meaning that the porosity is no 25 closed. Figures I 1 and 12 are
results of the mercury porisimetry tests. These tests indicate that the
pore sizes are in the range of 90-200 microns. 



A therrnogravimetric study of the raw pitch was perforn~~d to determine the
temperature at which the volatiIes are evolved. As can be seen in Figure
14, the pitch loses nearly 20% of its mass fairly rapidly in the
temperature range between about 3o 430C and about 480C. ..~Ithouah this
~~as performed at atmospheric pressure, the addition of 1000 psi pressure
will not shift this effect sienificantly. Therefore, while the 10
SL1$ST1TT1TF Sf-~FF'T lRnlP 2F1   8 March 2003 pressure is at 1000 psi,
gases rapidly evolved during heatinj through the temperature range of 4~0C
to 450C. The gases produce a foaming e~'ect (like boiling) on the molten,
pitch. As the temperatur a is increased fi.irther to temperatures ran;in=
from Q00  C to I000  C (depending on the specific pitch), the foamed pitch
becomes coked 5 (or rigid), thus producing a solid foam derived from pitch.
Hence, the foaming has occurred before the release of pressure and) they
e'fore, this process is very di~'erent frc pre~~~ous ar t. Samples from the
foam were machined into specimens for measurrg the therm conducti~~ity. The
bulk therr.-ial conductivity ranged from 58 W/m K to 106 W/m t 1 o The aver
age density of the samples was 0.53 glcm3. when wei'ht is taken into accoun
t the specific thermal conductivity of the pitch derived from foam is over
4 times greater than that of copper. Further derivations can be utilized to
estimate the thermal conductivity of the struts themselves to be nearly 700
`V/m K. This is comparable to high then mal conductivity carbon fibers
produced fr om this same ARA24 mesophase 15 pitch. X-ray analysis of the
foam was performed to determine the crystalline structure of the material.
The x-r ay results are shown in Figure 14. From this data, the graphene
layer spacing (d~Z) was determined to be 0.336 nrn. The coherence Iength
(L",~) was determined to be 203.3 nm and the stacking height was determined
to be 4a2.3 nm. The compression strength of the samples were measured to be
3.4 Mr'a and the compression modules was measured to be 73.4 h~Pa. The foam
sample was easily machined and could be handled readily without r"ear of
damage, indicating Dood strength. It is important to note that when this
pitch is heated in a similar manner, but only 25 under atmospheric presser
e, the pitch foams dramatically more than when under pressure. In fact, the
resulting foam is so fragile that it could not even be handled to perform
tests. ;`Tolding under pressure serves to limit the grow-ch of the cells
and produces a usable material. SUBSTITUTE RFt'FFT Rule 2f,1   8 March 2003
x nlA i 



.fin alternative to to method of Example 4 is to utilize a mold made nom
aluminum. In this case two molds were used, an aluminum weioh;ng dish and a
sectioned soda can. The same process as set forth in Example ~ is employ-ed
except 5 the anal coking temperature was only 6.i0C, so as to prevent the
alum:nu"~ from melting. Figures 1 ~ A-C illustrate the ability to utilized
complex shaped molds for producing compIe~c shaped loam. In one case, shown
in Fig. 1 ~ :~ the top of a soda was removed and the remaining can used as
a mold. No release agem was utilized. 1\ 1 o that the shape of the
resulting par t conforms to the shape of the soda can, even after
graphitization to 2500C. This demonstrates the dimensional stability of the
foam an. the ability to produce near net shaped par ts. In the second case,
as shown in Fi`s. 1S B and C employing an aluminum wei dish, a very smooth
surface was formed on the surface contacting the alu;ninum. This t s
directly attributable to the fact that the molten pitch does not adhere to
the surface of the aluminum. This would allow one to produce complex shaped
parts with smooth surfaces so as to improve contact area for bonding or
impro~.zng heat transfer. This smooth surface will act as a face sheet and,
thus, a foam-core composite can be fabricated in-situ with the fabrication
of the face sheet. Since it is fabricated together ; 2o an integral
material no interface joints result, thermal stresses 'will be less,
resulting in stronger material. The following examples illustrate the
production of a composite material e;rploying the foam of this invention.
25 xam le 6 Pitch derived carbon foam was produced with the method
described in Examp 4 Referring to Fig. 16A the carbon foam IO was then
machined ~to a block ?"x?"xl/~ Two pieces I2 and I4 of a prepeg comprised
of Hercules AS4 carbon fiber s and ICI Fibirite PoIyetheretherl:e5rtone
thermoplastic resin also of?"x2"xI/2" size were placed 30 the top and
bottom of the foam sample. and ail was placed in a matched gr aphite mold
I6 for compression by ~r aphite plunger I8. The composite sample was heated
under a 13 SL1BSTITL~'i'F SFie~.F'r ~Rtrie ?f1   8 March 2003 applied
pressure of 100 psi to a temperature of 3S0C at a rate of ~ C/min. The
composite was then heated under a pressur a of 100 psi to a temperature of
650'C T foam core sandwich panel eenerally ?0 was then re:no~~ed f: om the
mold and car borL 



undernitro`en to 1050C and then graphitized to ^S00C, resulting in a foam
~~th 5 carbon-carbon facesheets bonded to the surface. The composite
eenerally 30 is show; Figure 16B. ' Example 7 Pitch deri~~ed carbon foam
u.~as produced u-ith the method described in Exar;,p 4. It was then
machined into a block 2"x2"xI/2". Two pieces of carbon-carbon materia i o 2
"x? "i:1/2", were coated li g,htly with a mixture of 50~o ethanol, 50~
phenoIic DurezB Resin available from Occidental Chenvcal Co. The foam block
and carbon-carbon material were positioned together and placed in a mold as
indicated in EtampIe 6. The sample was heated to a temperature of 150C at a
rate of ~ C/min and sozked at temperature for 1~ hours. The sample u~as
then carbonized under nitrogen to 1050C 15 and then sraphitized to 2800C,
resulting in a foam with carbon-carbon facesheets bonded to the surface.
This is also sholvn generally at 30 in Figure I6B. xam le 8 Pitch derived
carbon foam u~as produced with the method described in Example 4. The foam
sample was then densified with carbon by the method of chemical ~-apor 2o
i~ltration for 100 hours. The density increased to 1.4 n/cm', the flexural
strength was 19.5 h~a and the flexural modulus was 2300 Mr a. The thermal
conductivity of the ra~. foam was 58 W/m K and the thermal conducti~~ity of
the densified foam ~~~as 9-~ Wlm ~ K. xam~le 4 'S Pitch der;ved carbon foam
v~.~as produced with the method described in Example ~. The foam sample was
then densified with epoxy by the method ofvacuum impregnation The epo~,y
was cured at 150C for 5 hours. The density increzsed to 1 3' e;~cm3 and the
flexural strength was measured to be 19.3 1~~'a. SUESTITUTE SHEET lRule'_61
8 March 2003 Other possible embodiments may include materials, such as
metals, ceramics plastics) or ijber-reinforced plastics bonded to the
surface of the foam of this invent; to produce a foam core composi;e
material with acceptable prope~~ies ~.dditional possible e.^.~bodiments
include cer a.~~ics, glass, or other materials impregnated into t 5 foam
for densincation. Based on the data taken to date t~ om the carbon foam
material, several obsen~ations can be made outlining impor tant features of
the invention that include: I. Pitch-based car bon foam can be produced
wahout an oxidative stabilizatio 



step, thus saving time and costs. l0 2. high graphitic alignment in the
str~ts of the foam is achieved upon graphitization to 200C, and thus high
thermal conductivity and stiffness will be exhibited by the foam, making
them suitable as a core material for thermal applicatior 3. High
compressive strengths should be achieved with mesophase pitch-basee carbon
foams, nlaklnQ them suitable a$ a core material for structural
applications. 15 4 Foam core composites can be fabricated at the same time
as the foam is generated, thus saving time and costs. 5. Rigid monolithic
pr eforms can be made w7th significant open porosity suitat for
densification by the Chemical Vapor Infiltration method of ceramic and ca;
bon infiltrants 20 6 Rigid monolithic prefotzns can be made with
significant open porosity suitab for activation, producing a monolithic
activated carbon. 7. It is obvious that by var~-ing the pressur a applied,
the size of the bubbles formed during the foaming will change and, thus,
the density, strength, and other properties can be affected. 25 The
following alternative procedures and products can also be effected by the
process of this invention: I. fabrication of preforms v.~th complex shapes
for den~ioca:ion by C~Z or h'Ie Impregnation. 2. Activated carbon monoliths
with high thermal conductivity. 30 3. Optical absorbent. ~ Low density
heating elements ~a SUBSTITUTE SHEET lRule 261   8 March 2003 ~ Firewall
Material 6. Low secor.dar;~ electron emission tareP~s for high-energy
physics applicatio The present invention pro~~ides for the manufacture of
pitch-based carbon fozr heat sink for structural and therral composites.
The process involves the fabrication c S graphitic foam from a mesophase or
isotropic pitch which can be synthetic, petroleurr>, or coal-tar based. .4
blend of these pitches can also be employed. The simpIit~ed proce, utilizes
a high pressure high temperature fi.~rnace and thereby, does not r equire
and oxidative stabilization step. The foam has a relatively uniform
distribution of pore size: 0I00 microns), very little closed porosity, and
density of approximately 0.~3 g,~cm3. The mesophase pitch is stretched
along the struts of the foam structure and thereby produces a highly
aligned eraphitic structure in the struts These struts will exhibit 



thermal conductivties and sti~'ness similar to the very expensive high
perfor~r:ance carbon fibers {such as P-120 and KI l00). Thus) the foam will
exhibit high stiffness and thermal conductivity at a very low density (-0.~
Q/cc). This foam can be ~or~ned in pIac 15 as a core material for high
temperature sandwich panels for both ther;nal and structural applications,
thus reducing fabrication time. By utilizing an isotropic pitch, the
resulting foam can be easily activated to produce a high surface area
activated carbon. The activated carbon foam will not experience the
problems associated with eranules such a attrition, channeling, and large
pressure drops. 15 SUBSTITUTE SHEET fRote 261   ' ' 8 March 2003 CLAIMS
What is claimed is: 1. A process of producing a carbon foam heat sink
comprising: selecting an appropriate mold shape; introducing pitch to an
appropriate level in said mold; purging air from said mold to form a
vacuum; heating said pitch to a temperature sufficient to coalesce said
pitch into a liquid; releasing said vacuum and backfilling an inert fluid
at a static pressure up to about 1000 psi; heating said pitch to a
temperature sufficient to cause gases to evolve and form a carbon foam;
heating said carbon foam to a temperature sufficient to coke the pitch;
cooling said carbon foam to room temperature and simultaneously releasing
said inert fluid; at least partially encasing said carbon foam; and at
least partially filling porous regions of said carbon foam with a
phase-change material. 2. The process of claim 1 wherein said pitch is
introduced as granulated pitch. 3. The process of claim 1 wherein said
pitch is introduced as powdered pitch. 16   ' ' 8 March 2003 4. The process
of claim 1 wherein said pitch is introduced as pelletized pitch. 5. The
process of any one of claims 1-4 wherein said pitch is a synthetic
mesophase or isotropic pitch. 6. The process of any one of claims 1-4
wherein said pitch is a petroleum-derived mesophase or isotropic pitch. 



7. The process of any one of claims 1-4 wherein said pitch is a
coal-derived mesophase or isotropic pitch. 8. The process of any one of
claims 1-4 wherein said pitch is a blend of pitches selected from the group
consisting of synthetic mesophase pitch, synthetic isotropic pitch,
petroleum-derived mesophase pitch, petroleum-derived isotropic pitch,
coal-derived mesophase pitch, and coal-derived isotropic pitch. 9. The
process of any one of claims 1-8 wherein said pitch is a solvated pitch.
10. The process of any one of claims 1-9 wherein said purging is effected
by a vacuum step. 11. The process of any one of claims 1-9 wherein said
purging is effected by an inert fluid. 12. The process of any one of claims
1-11 wherein said vacuum is 17   8 March 2003 - applied at less than 1
torr. 13. The process of any one of claims 1-12 wherein nitrogen is
introduced as the inert fluid. 14. The process of any one of claims 1-13
wherein said pitch is heated to a temperature in the range of about 500 C.
to about 1000 C. to coke said pitch. 15. The process of any one of claims
1-13 wherein said pitch is heated to a temperature of about 800 C. to coke
said pitch. 16. The process of any one of claims 1-13 wherein said pitch is
heated to a temperature of about 630 C. to coke said pitch. 17. The process
of any one of claims 1-16 wherein the temperature to coke said pitch is
raised at a rate of no greater than 5 C. per minute. 18. The process of any
one of claims 1-17 wherein said pitch is soaked at the coking temperature
for at least 15 minutes to effect said coking. 19. The process any one of
claims 1-18 wherein said pitch is heated to a temperature of about 50 C. to
about 100 C. to coalesce said pitch. 20. The process any one of claims 1-19
where said foam is cooled 18    ~ 8 March 2003 



at a rate of approximately 1.5 C./min with the release of pressure at a
rate of approximately 2 psi/min. 21. The process any one of claims 1-20
further including the step of densifying said foam. 22. The process any one
of claims 1-21 wherein said-phase change material is acetic acid. 23. The
process of any one of claims 1-21 wherein said-phase change material is a
paraffin wax. 24. The process of any one of claims 1-21 wherein said-phase
change material is germanium. 25. The process of any one of claims 1-24
wherein the step of at least partially encasing said carbon foam comprises
at least partially encasing said carbon foam in a polyethylene encasement
material. 26. The process of any one of claims 1-24 wherein the step of at
least partially encasing said carbon foam comprises at least partially
encasing said carbon foam in an aluminium encasement material. 27. The
process of any one of claims 1-24 wherein the step of at least partially
encasing said carbon foam comprises at least partially encasing said carbon
foam in a carbon-carbon composite 19   ' ' 8 March 2003 ' encasement
material. 28. A carbon foam heat sink produced by the process claimed in
any one of claims 1-27. 29. A process of producing a carbon foam heat sink
comprising: selecting an appropriate mold shape and a mold composed of a
material that molten pitch does not wet; introducing said pitch to an
appropriate level in the mold; purging the air from said mold to form a
vacuum; heating said pitch to a temperature sufficient to coalesce said
pitch into a liquid; releasing said vacuum and backfilling an inert fluid
at a static pressure up to about 1000 psi; heating said pitch to a
temperature sufficient to coke the pitch and yield a carbon foam; cooling
said foam to room temperature and simultaneously 



releasing said inert fluid; at least partially encasing said foam; and at
least partially filling porous regions of said foam with a phase-change
material. 30. The process of claim 29 wherein said pitch is introduced as
granulated pitch. 31. The process of claim 29 wherein said pitch is
introduced as powdered pitch. 20   ' ' 8 March 2003 32. The process of
claims 29 wherein said pitch is introduced as pelletized pitch. 33. The
process of any one of claims 29-32 wherein said pitch is a synthetic
mesophase or isotropic pitch. 34. The process of any one of claims 29-32
wherein said pitch is a petroleum-derived mesophase pitch. 35. The process
of any one of claims 29-32 wherein said pitch is a coal-derived mesophase
pitch. 36. The process of any one of claims 29-35 wherein said mold is
purged by a vacuum applied at less than 1 torr. 37. The process of any one
of claims 29-35 wherein said mold is purged by an inert fluid before
heating. 38. The process of any one of claims 29-37 wherein said phase
change material is acetic acid. 39. The process of any one of claims 29-37
wherein said phase change material is a paraffin wax. 40. The process of
any one of claims 29-37 wherein said phase change material is germanium.
41. The process of any one of claims 29-40 wherein the step of 21   



8 March 2003 at least partially encasing said foam comprises at least
partially encasing said foam in a polyethylene encasement material. 42. The
process of any one of claims 29-40 wherein the step of at least partially
encasing said foam comprises at least partially encasing said foam in an
aluminum encasement material. 43. The process of any one of claims 29-40
wherein the step of at least partially encasing said foam comprises at
least partially encasing said foam in a carbon-carbon composite encasement
material. 44. A carbon foam heat sink produced by the process claimed in
any one of clams 29-43. 45. A process of producing a carbon foam heat sink
comprising: selecting an appropriate mold shape; introducing pitch to an
appropriate level in said mold; purging air from said mold to form a
vacuum; heating said pitch to a temperature sufficient to coalesce said
pitch into a liquid; releasing said vacuum and backfilling an inert fluid
at a static pressure up to about 1000 psi; heating said pitch to a
temperature sufficient to cause gases to evolve and form carbon foam;
heating said carbon foam to a temperature sufficient to coke the pitch; 22
8 March 2003 cooling said carbon foam to room temperature and
simultaneously releasing said inert fluid; placing facesheets on the
opposite sides of said carbon foam; adhering the facesheets to said carbon
foam; at least partially encasing said carbon foam and facesheets; and at
least partially filling porous regions of said carbon foam with a
phase-change material. 



46. The process of claim 45 wherein the adhering of the facesheets to the
carbon foam is effected by a molding step. 47. The process of claim 45
wherein the adhering of the facesheets to the carbon foam is effected by a
coating material. 48. The process of any one of claims 45-47 wherein
said-phase change material is acetic acid. 49. The process of any one of
claims 45-47 wherein said phase change material is a paraffin wax. 50. The
process of any one of claims 45-47 wherein said phase change material is
germanium. 51. The process of any one of claims 45-50 wherein the step of
at least partially encasing said carbon foam and facesheets comprises at
least partially encasing said carbon foam and 23   8 March 2003 facesheets
in a polyethylene encasement material. 52. The process of any one of claims
45-50 wherein the step of at least partially encasing said carbon foam and
facesheets comprises at least partially encasing said carbon foam and
facesheets in an aluminum encasement material. 53. The process of any one
of claims 45-50 wherein the step of at least partially encasing said carbon
foam and facesheets comprises at least partially encasing said carbon foam
and facesheets in a carbon-carbon composite encasement material. 54. The
process of any one of claims 45-50 wherein said facesheets comprise a
carbon-carbon composite material. 55. A composite carbon foam heat sink
produced by the process claimed in any one of claims 45-54. 56. A process
comprising: (1) heating a liquified pitch under non-oxidizing,
superatmospheric conditions below about 500 C. sufficient to produce a
carbon foam; (2) cooking said carbon foam by heating said carbon foam at a
temperature above about 500 C. under non-oxidizing, superatmospheric
conditions; (3) heating the coked carbon foam under conditions sufficient
to produce an essentially graphitic carbon foam; and (4) at least partially
filling porous regions in the 24 



' 8 March 2003 essentially graphitic carbon foam with a phase-change
material. 57. The process of claim 56 wherein the temperature in step (2)
is held constant for at least 15 minutes. 58. The process of claim 56 or 57
wherein the pressure is held substantially constant during each of steps
(1) and (2). 59. The process any one of claims 56-58 wherein the pressure
in steps (1) and (2) is substantially identical. 60. The process any one of
claims 56-59 wherein the temperature during the cooking in step (2) is no
more than about 1000 C. 61. The process of any one of claims 56-60 wherein
at least some foaming in step (1) occurs at a temperature between about 420
and about 480 C. 62. The process any one of claims 56-61 wherein said
heating under conditions sufficient to produce an essentially graphitic
carbon foam in step (3) includes a temperature in the range of about 2500
to 2800 C. 63. The process any one of claims 56-62 wherein said heating in
step (3) comprises heating the coked carbon foam from step (2) at a
temperature above that for coking in step (2) to produce a carbonized
carbon foam, followed by further heating at a yet 25   ` ' 8 March 2003
higher temperature to produce said essentially graphitic carbon foam. 64.
The process any one of claims of 56-63 wherein between steps (2) and (3)
the cooked carbon foam is cooled. 65. The process of any one of claims
56-64 wherein said pitch is a liquefied mesophase pitch. 66. The process of
any one of claims 56-64 wherein said pitch is a liquefied pitch of
petroleum or synthetic origin. 67. The process of any one of claims 56-64
wherein said pitch is selected from the group consisting of liquefied
mesophase petroleum pitch and liquefied mesophase synthetic pitch. 68. The
process of any one of claims 56-64 wherein said pitch is 



a liquefied mesophase petroleum pitch. 69. The process of any one of claims
56-68 yielding in step (3) an essentially graphitic carbon foam having a
bulk thermal conductivity between about 58 and 106 W/m. K. 70. The process
of any one of claims 56-68 yielding in step (3) an essentially graphitic
carbon foam having a specific thermal conductivity greater than four times
that of copper. 71. The process of any one of claims 56-68 yielding in step
(3) 26   8 March 2003 an essentially graphitic carbon foam having a
specific thermal conductivity greater than that of copper. 72. The process
of any one of claims 56-68 yielding in step (3) an essentially graphitic
carbon foam characterized by an X-ray diffraction pattern substantially as
depicted in FIG. 14. 73. The process of any one of claims 56-68 yielding in
step (3) an essentially graphitic carbon foam characterized by an X-ray
diffraction pattern exhibiting doublet peaks at 20 angles between 40 and 50
degrees. 74. The process of any one of claims 56-68 yielding in step (3) an
essentially graphitic carbon foam characterized by an X-ray diffraction
pattern having an average d002 spacing of about 0.336 nm. 75. The process
of claim 74 wherein the average d002 spacing is 0.336 nm. 76. The process
any one of claims 56-75 wherein the phase-change material freezes at a
temperature above 0 C. but does not boil below room temperature. 77. The
process any one of claims 56-75 wherein the phase-change material changes
phase from a solid to a liquid below 1800 C. but remains in the liquid
state up to a temperature as high as 1800 C. 27   8 March 2003 78. The
process of any one of claims 56-75 wherein the phasechange material changes
phase from a solid to a liquid below 1200 C. but remains in the liquid
state up to a temperature as high as 1200 C. 79. The process of any one of
claims 56-78 wherein the phase 



change material is selected from the group consisting of water, acetic
acid, germanium, germanium-silicon, and paraffin wax. 80. A process
comprising at least partially filling the porous region of a thermally
conductive, non-oxidatively stabilized, mesophase pitch-derived carbon foam
with a phase-change material. 81. The process of claim 80 wherein the
carbon foam has a bulk thermal conductivity between about 58 and 106 W/m~
K. 82. The process of claim 80 wherein the carbon foam has a specific
thermal conductivity greater than four times that of copper. 83. The
process of claim 80 wherein the carbon foam has a specific thermal
conductivity greater than that of copper. 84. The process of claim 80
wherein the carbon foam has a bulk thermal conductivity less than or equal
to 106 W/m K. 28   ' ' 8 March 2003 85. The process of claim 80 wherein the
carbon foam has a specific thermal conductivity of at least about 109
W~cm3/m~K~g. 86. The process of claim 80 wherein the carbon foam has a
specific thermal conductivity of between about 109 and about 200
W~cm3/m.oK.g. 87. The process of claim 80 wherein the carbon foam is
characterized by an X-ray diffraction pattern substantially as depicted in
FIG. 14. 88. The process of claim 80 wherein the carbon foam is
characterized by an X-ray diffraction pattern having an average d002
spacing of about 0.336 nm. 89. The process of claim 80 wherein the carbon
foam is characterized by an X-ray diffraction pattern exhibiting doublet
peaks at 20 angles between 40 and 50 degrees. 90. The process of claim 89
wherein the average d002 spacing of the X-ray diffraction pattern is 0.336
nm. 91. The process of claim 80 wherein the carbon foam, when initially at
a temperature of approximately 21 C. and saturated with acetone, cools to a
temperature of -50 C. in no more than about 4 minutes when under a reduced
vacuum pressure of about 1.2 torr. 29   



8 March 2003 92. The process of claim 80 wherein the carbon foam, when
initially at a temperature of approximately 21 C. and saturated with
ethanol, cools to a temperature of -28 C. in no more than about 6 minutes
when under a reduced vacuum pressure of about 1.0 torr. 93. The process of
claim 80 wherein the carbon foam, when initially at a temperature of
approximately 21 C. and saturated with water, cools to a temperature of
-5.5 C. in no more than about 9 minutes when under a reduced vacuum
pressure of about 29 torr. 94. The process of claim 80 wherein the carbon
foam, when initially at a temperature of approximately 21 C. and saturated
with acetone, cools to a temperature of 0.50 C. in no more than about 38
minutes when under ambient room temperature conditions. 95. The process of
claim 80 wherein the carbon foam, when initially at a temperature of
approximately 21 C. and saturated with ethanol, cools to a temperature of
14 C. in no more than about 38 minutes when under ambient room temperature
conditions. 96. The process of claim 80 wherein the carbon foam, when
initially at a temperature of approximately 21 C. and saturated with water,
cools to a temperature of 19 C. in no more than about 38 minutes when under
ambient room temperature conditions. 30   8 March 2003 97. A process o~
producing a carbon foam heat sink substantially as hereinbefore described
with reference to the drawings and/or examples. 98. A process substantially
as hereinbefore described with reference to the drawings and/or examples.
99. A carbon foam heat sink produced by a method according to any one of
the preceding claims. 31 .AY3.AF[3L.A;.A9.A.A_.A.An
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