-1- 5 October 2004 PITCH-BASED CARBON FOAM AND COMPOSITES AND USES THEREOF
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT The
United States Government has rights in this invention pursuant to contract No. DE-AC05-960R22464
between the United States Department of Energy and Lockheed Martin Energy Research
Corporation. BACKGROUND OF THE INVENTION The present invention melatestercadmn foam and
composites, and more particularly to a process for producing them. The extraordinary mechanical
properties of commercial carbon fibers are due to the unique graphitic morphology of the extruded

filaments. See Edi-BASE PECARBONVESApN 29e - Do PO Stame A RbarsHI amers ar
Composites, Figueiredo (editor), Kluwer Academic Publishers, Boston, pp. 43-72 (1990).
Contemporary advanced structural composites exploit these properties by creating a disconnected
network of graphitic filaments held together by an appropriate matrix. Carbon foam derived from a

pitch precursor can be consicEeENg bEaA RECoEDE]Aetwodrohgtapptic ligaments or struts, as
shown in Figure 1. As such interconnected networks, they represent a potential alternative as a

reinforcement in structural compositggaiasiels- s PLesesaag for producing carbon foams utilize a
blowing technique to produce a foam of the pitch precursor in which the pitch is melted and passed

from a high presgiie) feeiost dRAdBNeriRRR RSP i A R ENRHIdM S ath D BErfideeR & "Flash.”
thereby causing the low molecular weight compounds in the pitch to vaporize (the pitch boils), -2- 5
October 20 c05-960R22464 between the United States Department of Energy and Lockheed

Martin Energy Research Corporation.

BACKGROUND OF THE INVENTION
The present invention relates to carbon foam and composites, and more particularly to
aprocess for producing them.
The extraordinary mechanical properties of commercial carbon fibers are due to the
unique graphitic morphology of the extruded filaments. See Edie, D.D., "Pitch and

Mesophase Fibers," in Carbon Fibers, Filaments and Composites, Figueiredo (editor), Kluwer

Academic Publishers, Boston, pp. 43-72 (1990). Contemporary advanced structural
composites exploit these properties by creating a disconnected network of graphitic filaments
held together by an appropriate matrix. Carbon foam derived from a pitch precursor can be
considered to be an interconnected network of graphitic ligaments or struts, as shown in
Figure 1. Assuch interconnected networks, they represent a potential alternative as a
reinforcement in structural composite materials.

Typical processes for producing carbon foams utilize a blowing technique to produce
afoam of the pitch precursor in which the pitch is melted and passed from a high pressure
region to alow pressure region. Thermodynamically, this produces a"Flash," thereby

causing the low molecular weight compounds in the pitch to vaporize (the pitch boils),



resulting in a pitch foam. See Hagar, Joseph W. and Max L. Lake, "Novel Hybrid Composites Based
on Carbon Foams," Mat. Res. Soc. Symp., Materials Research Society, 270:29-34 (1992), Hagar,
Joseph W. and Max L. Lake, "Formulation of a Mathematical Process Model Process Model for the
Foaming of a Mesophase Carbon Precursor,"” Mat. Res. Soc. Symp., Materials Research Society,
270:35-40 (1992), Gibson, L.J. and M.F. Ashby,- €ellular Solids: Structures 8&oPrepertiespPergamon
Press, Nesgurtinly (1 a§BicHG deson SeelH abdat JGSepramd BpMad 0, L4{€)88)ovehinpentierg and B.
Lersmacher, Phillips Tech. Rev., 36(4), (1976), and Bonzom, A., P. Crepaux and E. J. Moutard, U.S.
patent 4,Z0mpé&tdd 88dad drhearbhe ritehsfoaratnRest BecoSiaatly ehaetidiireschichSatingyin air (or
oxygen) for many hours, thereby, cross-linking the structure and "setting" the pitch so it does not melt

during canorazatierogdee-agaatodasien. WidaiedMax bkd. akeriiopaivafienvidacvatizamatical

Process Model Process Model for the Foaming of a Mesophase Carbon Precursor, Mat. Res. Soc.

Symp., MateidadvReRe prebeSoniebisl ZHOIREORYRAP8) aVbWhiase Harban PRRdvksop hagEeRésarbon,

27:697 (1989). This is a time consuming step and can be an expensive step depending on the part

size and sguipReN! ALY rEae eRSas Ay diradniie inthercRRboNZes i AINetgmosphere to

temperatures as high as 1100C, followed by subjection to temperatures as high as 3000C to produce

a graphitisgR1BPBIRaM SRR A8 8h Pidesiusipe GeRUNPRIS EHLFeRk (2988)28RRERANIG, Urethane, or

blends of these with pitch. See Hagar, Joseph W. and Max L. Lake, "ldealized Strut Geometries for

Open-Cejled @ﬂfém"é\‘l&%Bftf-1%@98@5@78@%7'@5188%@%%%%ﬁ?&%&ﬁ@dé&%% Aubert,

J. W., (MRS Symposium Proceedings, 2 (1990), Cowlard, F.C. and J.C. Lewis, J. of Mat.

Sci. 25GHBZA9BT.ATBNA T IBEANaR Kol Nen o ol degd; 285-202

(1969). Hig ssure is applied and the sample is heated. At a specified temperature, the pressure is

released, Hius GAYHIRGh TR BAARBRT 49U i zed by heating in air (or oxygen) for many

hours, thereby, cross-linking the structure and "setting" the pitch so it does not melt during
carbonization. See Hagar, Joseph W. and Max L. Lake, "Formulation of a Mathematical
Process Model Process Model for the Foaming of a Mesophase Carbon Precursor, Mat. Res.
Soc. Symp., Materias Research Society, 270:35-40 (1992) and White, J.L., and P.M.
Shaeffer, Carbon, 27:697 (1989). Thisisatime consuming step and can be an expensive
step depending on the part size and equipment required. The "set”" or oxidized pitch isthen
carbonized in an inert atmosphere to temperatures as high as 1100°C, followed by subjection
to temperatures as high as 3000°C to produce a graphitic carbon foam.

Other techniques utilize a polymeric precursor, such as phenaolic, urethane, or blends
of these with pitch. See Hagar, Joseph W. and Max L. Lake, "ldealized Strut Geometries for
Open-Celled Foams," Mat. Res. Soc. Symp., Materials Research Society, 270:41-46 (1992),
Aubert, J. W., (MRS Symposium Proceedings, 207:117-127 (1990), Cowlard, F.C. and J.C.
Lewis, J. of Mat. <ci., 2:507-512 (1967) and Noda, T., Inagaki and S. Y amada, J. of Non-
Crystalline Solids, 1:285-302, (1969). High pressureis applied and the sampleis heated. At

a specified temperature, the pressure is released, thus causing the liquid to foam as volatile



-3- 5 October 2004 compounds are released. The polymeric precursors are cured and then carbonized
without a stabilization step. However, these precursors produce a "glassy" or vitreous carbon which
does not exhibit graphitic structure and, thus, has low thermal conductivity and low stiffness. See
Hagar, Joseph W. and Max L. Lake, "Idealized Strut Geometries for Open-Celled Foams," Mat. Res.
Soc. Symp., Materials Research Society, 270:41-46 (1992). In either case, e dber fammuis formed, it
is then beodgdunds sapaiatacsieDiie toby/rfeciesbrectingseshie tieedamp tisitecalbimicad Witlwuexpensive
step in the utilization of the foam. The process of this invention overcomes these limitations, by not
requiring saldlioating'ssp. Praseever | efeas o daaknig peotiusedigtestiredoatnedus tagsonoigi e oxidation
stabilization step is not required, as in other methods used to produce pitch-based carbon foams. This

process igdesadisennngtaping angetheraferehud|Hae low erdmepsbandce agieaia | upafairRsdloreover,
the foam can be produced with an integrated sheet of high thermal conductivity carbon on the surface

of the foappethrepipyIBERENONGRIoAERAN. Toam Wilksh z6Mapth ShepkandTerupatetndmprove heat

transfer. The present invention further relates to a thermally-conductive foam material derived from

carbonaqegiissPr Rt s, &, "BRTR PRIBEMaDRGaTRE BHaky, conguative ( pigsyderived carbon foam
having high thermal conductivity and heat exchanging properties. The removal of unwanted heat is a

frequently encoynigiiedt BEGRIBRR HRMRIIA TR RAIUIIaEHAS hitRISPIIRSdSA Bt d P A6 RN

refrigeration systems. In the latter, a working fluid is compressed (condensed) and pumped into an

expansive,chamIpeOY iR R6HRBY N5 LaN BRAARDRY DG dPRt TN asRRSIGHR, Satisty its
needed latent heat of vaporization, and thus cooling the surrounding environment. Air blown through
the heat exchargeiRURBATHARARGHGHALEHS (HRSS IHFEEYAK B Rc YER g domestic and
"blowing" or "pressure release” technique to produce the foam. Furthermore, an oxidation
stabilization step is not required, asin other methods used to produce pitch-based carbon
foams. This processis less time consuming, and therefore, will be lower in cost and easier to
fabricate. Moreover, the foam can be produced with an integrated sheet of high thermal
conductivity carbon on the surface of the foam, thereby producing a carbon foam with a
smooth sheet on the surface to improve heat transfer.
The present invention further relates to a thermally-conductive foam material derived
from carbonaceous precursor, and more particularly to a thermally conductive, pitch-derived
carbon foam having high thermal conductivity and heat exchanging properties.
The removal of unwanted heat is afrequently encountered problem. Conventional
solutions include cooling fans, ice packs and refrigeration systems. In the latter, aworking
fluid is compressed (condensed) and pumped into an expansive chamber or pipe system
where it evaporates, pulling heat from the atmosphere to satisfy its needed latent heat of
vaporization, and thus cooling the surrounding environment. Air blown through the heat

exchanger may be cooled and circulated to cool larger volumes such as in domestic and

automotive air conditioning systems.



automotive air conditioning systems. -4- 5 October 2004 Active cooling (refrigeration) typically requires
complex equipment including pumps, valves, compressors, etc. Many refrigeration systems require the
use of CFCs (Freon), which is considered hazardous or environmentally unfriendly. An evaporative
cooling system with a high thermal conductivity medium would offer a simpler, lower cost alternative.
There is a need for portable coolers which are lightweight and inexpensivessocaserbeateployed in the
field or in third woali e euotings rdfnigahionptiypcahguetivir escompl tsaequiptsti meodiony puaiegmes the
limitations of the prior art. In addition, the present invention relates to porous carbon foam filled with

phase changs, awipriedsons)dienoaseyigrigemttonensisink remaikcihensk BosF s (Feedallyini enprocess

for producing them. There are currently many applications that require the storage of large quantities

of heat fiy &jtlriceaphaganidieaireharpaRiatkl MmMeaddiye SEroaRiRRHINS dsIthi s/ eat wathrapidly

that normal dissipation through cooling fins, natural convection, or radiation cannot dissipate the heat

quickly egoigiRathdheshdigioRIERicManRaIR dBcrliey A dN iR RER RisHal tor RBtasiat nei8 id srge

specific heat capacity, such as a heat sink, is placed in contact with the object as it heats. During the

heating piaseRs: hertidreiEapeiavatdde 4R ibRRL g BemABeHBRS vealis ek RskaRily &em tiak=s

temperature rises, it "stores" the heat more rapidly than can be dissipated to the environment through
convectigny YEfoH i aisberREdhsigaaperature 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

][gfg‘l?gpogliig‘;g@gg@%ﬂ%@%ﬁ&ﬂf%'@é%ﬁ YGRS N AoP0E ERRES BliORRithibRObBUTTicient
the prior art.

In addition, the present invention relates to porous carbon foam filled with phase
change 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 of
heat for either cooling or heating an object. Typically these applications produce heat 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 alarge specific heat capacity, such as a heat sink, is placed in contact with the
object asit 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 all applications.

Another method of absorbing heat is through a change of phase of the material, rather

than a change in temperature. Typically, the phase transformation of a materia absorbs two



Another method of absorbing heat is through a change of phase of the material, rather than a change
in temperature. Typically, the phase transformation of a material absorbs two -5- 5 October 2004
orders of magnitude greater thermal energy than the heat 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 99C to 100C only absaybs 4.21 Joules of energy. tetather woods, raising

the temperdévsefofhads ke gecafenvirienisd an@ 9 e Oiheabsaras tihef sherazeerialMopf heat as
evaporating 1 gram of water at 100C. The same trend is found at the melting point of the material.

This pheagsmanentiasapes Patl Bizedligrapiis viel el iesingy 2050 b Resypiyeriggmendous
amounts of energy in situations where heat sinks will not work. Although a solid block of phase

change mpgida Bﬁ&n?i Mg théaEpsENRRrBUFAl SRPATR I EREIBOPEFnNSHHPESSDIS Jofie FRPid one

because of the qli_ffiCt_J ties of hea_\ transfer and thus i_t cannot be _utilized in certain applicati_ons.
ggg\(l:?i\{)zrgﬁa 'tgl.ﬁl?{ﬁéep ﬁgt]ago%@\%éﬁ Ogr%%lglgl I@Q%?WS fgélgﬁr éﬁgégnéggogqe%;, he grsocess
contacts TELETAEBT A b o At AP G, i 1 SUBRY (A aurface
teral AT S LDELRS B Srie A e EERTE) LR WRNET ChaHEg tormporature,
thus keeping. the driving force for heat transfer at its maximum. Heat sinks have been utilized in the

aerospacPEAFAHANSIY FH R 5y e eReR R AR R OR RASTRS B U S DRS BS3lpid heat

generation is found. A material that has a high heat of melting is encased in a graphite or metallic

case, typRaf§ il AR YArK-

Although a solid block of phase change material has a very large theoretical capacity
to absorb heat, the process is not arapid one because of the difficulties of heat transfer and
thus it cannot be utilized in certain applications. However, the utilization of the high thermal
conductivity foam will overcome the shortcomings described above. If the high conductivity
foam isfilled with the phase change material, the process can become very rapid. Because of
the extremely high conductivity in the struts of the foam, as heat contacts the surface of the
foam, it israpidly transmitted throughout the foam to a very large surface area of the phase
change material. Thus, heat is very quickly distributed throughout the phase change material,
allowing it to absorb or emit thermal energy extremely quickly without changing temperature,
thus keeping the driving force for heat transfer at its maximum.

Heat sinks have been utilized in the aerospace community to absorb energy in
applications such as missiles and aircraft where rapid heat generation isfound. A material
that has a high heat of melting is encased in a graphite or metallic case, typically aluminum,
and placed in contact with the object creating the heat. Since most phase change materials
have alow thermal conductivity, the rate of heat transfer through the material islimited, but

thisis offset by the high energy absorbing capability of the phase change. As heat is



and placed in contact with the object creating the heat. Since most phase change materials have a
low thermal conductivity, the rate of heat transfer through the material is limited, but this is offset by
the high energy absorbing capability of the phase change. As heat is -6- 5 October 2004 transmitted
through the metallic or graphite case to the phase change material, the phase change material closest
to the heat source begins to melt. Since the temperature of the phase chasgecimaterialabaes not

change undihsniitteel thesegiakineehsialie duyrfshindglbasb eatisopiiassichdhgephater o htegehapaterial remains
relatively constant. However, as the heat continues to melt more phase change material, more liquid

is formedcHdndertheatielycl trediavithdassnsoureb bieyvey ttherehabiwedhetisiycibus demminepngdeat flow

further. In fact, the overall low thermal conductivity of the solid and liquid phase change materials

limits thegitageimaati ahsesptioncirpgetiug, s dneamtiesefficien ayeafikeronstashet BAMARY OF THE

INVENTION The general object of the present invention is to provide carbon foam and a composite

from a mgroshRsRINGOHRRIA B lehaweheaiFU RONGPEIFNIETER LRE FREDasRFhRES Y Mdpther

object is to provide a carbon foam and a composite from pitch which does not require an oxidative

stabilizatipBy8lERasERABRRIANE, ARIRSIIVBRIAE RRSRIMDIRHRGHAER, RivegiafREsEiRg carbon

foam wherein an appropriate mold shape Is selected and preferably an appropriate mold release

agent is aRREEthEPERBIRIUGSR MR Ith B Ham el HEANAE BAIPFARIRP PR PARIEHENGLA NSy ARimANd the

mold is purged of air such as by applying a vacuum. Alternatively, an inert fluid could be employed.

The pitchs: hgai6Hh/@ANERRRT3H & U ipIRRE naRGeRSRRR RIGRS e ArdiBr iy BishpiRSArably s of

about 50C to about 100C above the softening point™of the pitch. The vacuum is released and an inert

fluid applige} ahAsSTAHGARLGRSWR HBHS APt S0,

SUMMARY OF THE INVENTION

The general object of the present invention is to provide carbon foam and a composite
from a mesophase or isotropic pitch such as synthetic, petroleum or coal-tar based pitch.

Another object is to provide a carbon foam and a composite from pitch which does
not require an oxidative stabilization step.

These and other objectives are accomplished by a method of producing carbon foam
wherein an appropriate mold shape is selected and preferably an appropriate mold release
agent is applied to walls of the mold. Pitch isintroduced to an appropriate level in the mold,
and the mold is purged of air such as by applying avacuum. Alternatively, an inert fluid
could be employed. The pitch is heated to atemperature sufficient to coalesce the pitch into a
liquid which preferably is of about 50°C to about 100°C above the softening point of the
pitch. The vacuum isreleased and an inert fluid applied at a static pressure up to about 1000
psi. The pitch is heated to atemperature sufficient to cause gases to evolve and foam the
pitch. The pitch isfurther heated to atemperature sufficient to coke the pitch and the pitch is

cooled to room temperature with a simultaneous and gradual release of pressure.



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 gradual release of pressure. -7- 5 October 2004 In another
aspect, the previously described steps are employed in a mold composed of a material such that the
molten pitch does not wet. In yet another aspect, the objectives are accomplisbeebly theoaarbon foam

product produckdanypttiee agesbo dsegisslon el ueeiibatiicisare énapioysd dvuatrott cosposdtl ohtegral
facesheet. In still another aspect a carbon foam composite product is produced by adhering

facesheesmia@iehsooh teanh@raclusepitey tirpnocass. of this invention. Another object of the present
invention is to provide a thermally conductive carbon foam. Yet another object is to provide a method

of producing a qeajieeitret s eha o ecmatysfe actirtieshadasyt eaarboiillcnepreagject is to

provide a heat exchanging device employing a carbon foam core. These and other objectives are

accompliﬁr&mwtﬁ@m@mm%M@@ﬁ&@ﬁi%&@ﬁ%ﬁk@rﬁﬁd@ww 63rRGRHoAEyrH) one aspect
oal

the foam has an open cell ligament composition. In another em ment, the objectives are
accompligh@dhas a method of producing a cooling effect wherein a thermally conductive, pitch-derived
carbon foam is selected. The foam is contacted with an evaporating liquid, and an evaporation of the

evaporating liquig & | e¥fReHef aspect a carbon foam composite product is produced by adhering
facesheets to a carbon foam produced by the process of thisinvention.

Another object of the present invention is to provide athermally conductive carbon
foam.

Y et another object is to provide a method of producing a cooling effect utilizing a
thermally conductive carbon foam.

Still another object isto provide a heat exchanging device employing a carbon foam
core.

These and other objectives are accomplished in one embodiment by a thermally
conductive, pitch-derived carbon foam.

In one aspect the foam has an open cell ligament composition.

In another embodiment, the objectives are accomplished by a method of producing a
cooling effect wherein athermally conductive, pitch-derived carbon foam is selected. The
foam is contacted with an evaporating liquid, and an evaporation of the evaporating liquid is
effected.

In still another embodiment, the objectives are accomplished by a heat exchanging
device having athermally conductive, pitch-derived carbon foam core. A fluid impermeable
coating covers a portion of the foam core and exposes a portion. The exposed portion

provides access and egress for an evaporating liquid.



In still another embodiment, the objectives are accomplished by a heat exchanging device having a
thermally conductive, pitch-derived carbon foam core. A fluid impermeable coating covers a portion of
the foam core and exposes a portion. The exposed portion provides access and egress for an
evaporating liquid. -8- 5 October 2004 In another aspect, there are upper and lower reservoirs in fluid
communication with a core and a pumping devicesin fluid communication withcthesgpenend lower
reservoir adaptadamtheliwpioe treepar@tippeicnil twen tbstoviey irefaideortorihe catipanvithervoir. In
still another aspect, the carbon foam is positioned in separate columns to provide a cold storage

containecorignsagompiey\eicthie toidaomniuniebanoiiien erpagierelalievaaiesstiween the foam
and heat transfer fluid is developed in the presence or absence of an evaporative liquid by moving the

foam, thejgiptedes aigradinacsaparatiag kad diespagiagdoer cesdingi ettetie Sbifernaibebrbject of the

present invention is the production of encased high thermal conductivity porous carbon foam filled

with a phase chapgf|raasiel eiRdPRIBHS iBPEEIchE] theemprbrIUAsSRERftard emitted
very rapidly. The porous foam that has been filled with a phase change material (PCM) will conduct

heat to theRhasRghends ndraislipd ety thalvbs @resiatHe of the phase change material will remain
close to the operating temperature of the device. As heat is added to the surface, from a heat source

such as a compyies GhRNE GBB-AYE AR VETRBIINBERNEE 11 RS BANGIS: AFRFliatiopisuch as

sunlight, it is transmitted rapidly and uniformly throughout the foam and then to the phase change

material. i3 41 M3l FhaBRES PRRSACE GRS OISR AEINEBYIHOGBRFR RAFHOIndlR) non-PCM
material due to transfer of the latent heat of fusion or vaporization.” Conversely, the filled foam can be
utilized to, LML SRREAN LRBIAHONW AR RIZEESHE (FRUAS Y W ect.
Still another object of the present invention is the production of encased high thermal
conductivity porous carbon foam filled with a phase change material wherein tremendous
amounts of thermal energy are stored and emitted very rapidly. The porous foam that has
been filled with a phase change material (PCM) will conduct heat to the phase change
materia such that the temperature of the phase change material will remain 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 such as
sunlight, it is transmitted rapidly and uniformly throughout the foam and then to the phase
change material. Asthe material changes phase, it absorbs orders of magnitude more energy
than non-PCM material due to transfer of the latent heat of fusion or vaporization.
Conversely, the filled foam can be utilized to emit energy rapidly when placed in contact with
acold object.
Non-limiting embodiments disclosed herein are a device to rapidly thaw frozen foods
or freeze thawed foods, a design to prevent overheating of satellites or store thermal energy as
they experience cyclic heating during orbit, and a design to cool leading edges during

hypersonic flight or re-entry from space.



a cold object. Non-limiting embodiments disclosed herein are a device to rapidly thaw frozen foods or
freeze thawed foods, a design to prevent overheating of satellites or store thermal energy as they
experience cyclic heating during orbit, and a design to cool leading edges during hypersonic flight or
re-entry from space. -9- 5 October 2004 BRIEF DESCRIPTION OF THE DRAWINGS Fig. 1is a
micrograph illustrating typical carbon foam with inderconnected carbon ligesnests@d zgen porosity.
Figs. 2-6 are micrographs of pitch-derived carbon foam graphitized at 2500C and at various
magnifications. Fig. 7 is a drawing corresponding to a SEM micrograph (shown in Figure 27) of the

foam produced by the processBR|HSHBESTIROPT 6§ SFsTHENBRANANE®Hg cumulative intrusion
volume versus pore diameter. Fig. 9 is a chart illustrating log differential intrusion volume versus pore

diameter. Fig. ¥gsici gsapltibyriprtinadhaiiampsciuadal vatiwelatlesdipesivgrponom raw
pitch. Fig. 11 is an X-ray analysis of the graphitized foam produced by the process of this invention.

Figs. 12 AdanqsmPRUQPEPHS diigtrating foam produced with aluminum crucibles and the smooth
structure or face sheet that develops. -10- 5 October 2004 Fig. 13A is a schematic view illustrating the
production of a carbon foam composite made in accordance with this invention.

Figs. 2-6 are micrographs of pitch-derived carbon foam graphitized at 2500°C and at

various magnifications.

Fig. 7 isadrawing corresponding to a SEM micrograph (shown in Figure 27) of the

foam produced by the process of thisinvention.

Fig. 8isachart illustrating cumulative intrusion volume versus pore diameter.

Fig. 9isachart illustrating log differentia intrusion volume versus pore diameter.

Fig. 10 isagraph illustrating the temperatures at which volatiles are given off from

raw pitch.

Fig. 11 isan X-ray analysis of the graphitized foam produced by the process of this
invention.
Figs. 12 A-C are photographs illustrating foam produced with aluminum crucibles and

the smooth structure or face sheet that develops.



Fig. 13B is a perspective view of the carbon foam composite of this invention. Figs. 14-16 are charts
plotting temperature/time of the carbon foam resulting from the evaporation of a working fluid
according to this invention. Fig. 17 is a diagrammatic view illustrating one embodiment employing the
carbon foam of this invention. Fig. 18-21 are diagrammatic views illustrating other embodiments
employing the carbon foam of this invention. Fig.182 is section cut of a heatsu¢ gsticedon thawing
food using acetiEi gcidAasshesheasticlviergd Insatatiiag, thégpradustivs ef incatighdbarh eahgiositeo prevent
overheating of satellites during cyclic orbits. Fig. 24 is a section cut of a heat sink used on the leading

edge of avglildttieetonieanEagvidvtis i ehait ghotting the thermal conductivity as a function of density for
ARA24 mesophase derived graphite foam graphitized at 4C/min and 10C/min. -11- 5 October 2004

Fig. 26 is a chart plotting the thermal conductivity as a function of density for Conoco mesophase
derived graphite foam graphitized at 10C/min. Fig. 27 is a photograph taken by SEM imaging of a

sample of the cagon3Ragm PetasettiveIien. &f the’Siiboh POaTPEsARIdIAK SN thisHeAhiBAging of a sample

of the carbon foam of the invention illustrating the open interconnects between cells and showing how
the interconnect diameter is about half that of the cell diameter, typically on the order of 40% to 60%
of the cell diameter. DETAILED DESCRIPTION OF THE INVENTION

Figs. 14-16 are charts plotting temperature/time of the carbon foam resulting from the

evaporation of aworking fluid according to this invention.

Fig. 17 isadiagrammatic view illustrating one embodiment employing the carbon

foam of thisinvention.

Fig. 18-21 are diagrammatic views illustrating other embodiments employing the

carbon foam of this invention.

Fig. 22 is section cut of a heat sink device for thawing food using acetic acid as the

phase change material.

Fig. 23 isasection cut of a heat sink to prevent overheating of satellites during cyclic

orhits.

Fig. 24 isasection cut of a heat sink used on the leading edge of a shuttle orbiter.
Fig. 25 isachart plotting the thermal conductivity as afunction of density for ARA24

mesophase derived graphite foam graphitized at 4°C/min and 10°C/min.



In order to illustrate the carbon foam product and composite of this invention, the following Examples
[-XIX are set forth. They are not intended to limit the invention in any way. EXAMPLE I: Pitch powder,
granules, or pellets are placed in a mold with the desired final shape of the foam. These pitch
materials can be solvated if desired. In this Example Mitsubishi ARA- 24 mesophase pitch was utilized.
A proper mold release agent or film is applied to the sides of the mold to afoge feswvabofithe part. In
this case, BororFitddesspcasrapiattng Grsphiertieal cdnidtati/inges séparitelpiusediasfarlolsbrelease
agent. If the mold is made from pure aluminum, no mold release agent is necessary since the molten

pitch does@ppheitberi it miahinafdnituaohitizeptstiokaerine mold. Similar mold materials may be
found that the -12- 5 October 2004 pitch does not wet and, thus, they will not need mold release. The

sample is evacuated to less than 1 torn and then heated to a temperature approximately 50 to 100C
above the softening point. In this case where Mitsubishi ARA24 mesophase pitch was used, 300C

was sufficient. Aighpy p@&ﬁh&ﬁ@@&ﬂ%ﬁﬁb@ﬁ%@@@%%@ﬂﬁh@%ﬁ&ﬂ@aﬂ@s%e of upto
1000 psi is applied. The temperature of the system is then raised to 800C, or a temperature sufficient
to coke the,/eHgBvhich is about 500C to about 1000C. This is performed at a rate of no greater than
about 5C/min. and preferably at about 2C/min. The temperature is held for at least 15 minutes to
achieve an assured soak and then the furnace power is turned off and cooled to room temperature.
Preferably the foam was cooled at a rate of approximately 1.5C/min. with release of pressure at a rate

of approximately-2 B/ iR FdRSH QN THR BG SENEHj ﬁ(?réﬁa%&ﬁﬂ%thﬂ%\é’&Ubﬂ%’cﬁ?Hg and
800C. During the Cooling cycle, pressure is released gradually to
invention illustrating the open interconnects between cells and showing how the interconnect
diameter is about half that of the cell diameter, typically on the order of 40% to 60% of the

cell diameter.

DETAILED DESCRIPTION OF THE INVENTION

In order to illustrate the carbon foam product and composite of thisinvention, the
following Examples |-X1X are set forth. They are not intended to limit the invention in any
way.

EXAMPLEI:

Pitch powder, granules, or pellets are placed in amold with the desired fina shape of
the foam. These pitch materials can be solvated if desired. In this Example Mitsubishi ARA-
24 mesophase pitch was utilized. A proper mold release agent or film is applied to the sides
of the mold to allow removal of the part. In this case, Boron Nitride spray and Dry Graphite
Lubricant were separately used as amold release agent. If the mold is made from pure
aluminum, no mold release agent is necessary since the molten pitch does not wet the

aluminum and, thus, will not stick to the mold. Similar mold materials may be found that the



atmospheric conditions. The foam was then heat treated to 1050C (carbonized) under a nitrogen
blanket and then heat treated in separate runs to 2500C and 2800C (graphitized) in Argon. Carbon
foam produced with this technique was examined with photomicrography, scanning electron
microscopy (SEM), X-ray analysis, and mercury porisimetry. As can be seen in the Figures 2-7, the
interference patterns highlighting the isochromatitoregions under cross-pokragaétightiogicate that the
struts of fhiechodwesarst omrgidiehug riuedhiticll Noahisdathoht thieaitc Thasanmie éstechtoaped pbitessind

aligned along the axis of the struts. These struts are also similar in size and are interconnected

throughotHsihe fearmnditievestel nslicriebatuieeybprori watdy Bave TiohGtifvastesofgpnstrength.

As seen in Fig. 7 by the SEM micrograph of the foam, the foam is open cellular meaning that the

porosity isoiet leeid cabd wWh&etanelZ R4ARAM IS BBPHBcR IR ©165d BoDYer QLY porisimetry

tests. These tests indicate that the pore sizes are in the range of 90-200 microns. A thermogravimetric

study of hgfaenpitall MRSIRRTOIMBSAJA FRIS FaNRER aMRRyaiwarkeninahtiGea/platies are evolved.

As can be seen in Figure 10, the pitch loses nearly 20% of its mass fairly rapidly in the temperature

range b_e_DféQ@fl 4@%@&9 Wbﬁﬁ&&u@%ﬂﬁ@@ﬁ%éﬁ%%@fb@b@t’@f)égpﬁe”c pressure,
the addition of 1000 psi pressure will not shift this effect significantly. Therefore, while the pressure is

at 1000 pamRAsers anittyay R R SHENgas aimentiyaysiz the temperature range of 420C to 480C.

The gases produce a foaming effect (like boiling) on the molten pitch. As the temperature is

increaseddsgs IDJEMRRIPI NG GARAAN 42 ARG ERPIASIDAR el pitch), the

foamed pitch becomes coked (or rigid), thus producing a solid foam derived from pitch. Hence, the
foaming BasQeEH S IRRICsEIH FEIG AR RISRTY R ARG AOISHFTES 8 Rinutes to achieve an

assured soak and then the furnace power is turned off and cooled to room temperature.

Preferably the foam was cooled at arate of approximately 1.5°C/min. with release of pressure

at arate of approximately 2 psi/min. Final foam temperatures for three product runs were

500°C, 630°C and 800°C. During the cooling cycle, pressureis released gradually to

atmospheric conditions. The foam was then heat treated to 1050°C (carbonized) under a

nitrogen blanket and then heat treated in separate runs to 2500°C and 2800°C (graphitized) in

Argon.

Carbon foam produced with this technique was examined with photomicrography,
scanning electron microscopy (SEM), X-ray analysis, and mercury porisimetry. Ascan be
seen in the Figures 2-7, the interference patterns highlighting the isochromatic regions under
cross-polarized light indicate that the struts of the foam are completely graphitic. That is, al
of the pitch was converted to graphite and aligned along the axis of the struts. These struts
are also similar in size and are interconnected throughout the foam. Thiswould indicate that
the foam would have high stiffness and good strength. Asseenin Fig. 7 by the SEM

micrograph of the foam, the foam is open cellular meaning that the porosity is not closed.



process is very different from previous art. Samples from the foam were machined into specimens for
measuring the thermal conductivity. The bulk thermal conductivity ranged from 58 W/mK to 106
W/mK. The average density of the samples was 0.53 g/cm3. When weight is taken into account, the
specific thermal conductivity of the pitch derived foam is over 4 times greater than that of copper.
Further derivations can be utilized to estimate the3hermal conductivity of the sttuisetheowgelves to be
nearly 70@ §Wesi8.ahtio semaparablhae mbighr yhsorisahetndesttvithess bsss ifildicat @ thatitbeghdrem this
same ARA24 mesophase pitch. X-ray analysis of the foam was performed to determine the crystalline

structure gidbaranathe sdndbene0egoEaibisase shown in Figure 11. From this data, the graphene layer
spacing (d002) was determined to be 0.336 nm. The coherence length (La, 1010) was determined to

be 203.3 nm angd theratagridereaigtiwiofgieramingitcione péd8imamoddednidetgleer 2004 The

compression strength of the samples were measured to be 3.4 MPa and the compression modulus

was meaguperiuRSar /Hi MRige Vi frRam e aohledVasseani beraae i eshanrdiootd SiecHradied readily

without fear of damage, indicating a good strength. It is important to note that when this pitch is heated

in a similaednaroes QW ESs TSRl WW%&WWQ%Q@E&W&G@%@W@&WW
when under pressure. In fact, the resulting foam is so fragile that it could not even be handled to

perform tgsisc MOIGBGGHARIVPAS BEHS REAVE Bl dEpHNE rewife ahEgiaribhad Bipgeres a usable

material. EXAMPLE Il:"An alternative to the method of Example | is to utilize a mold made from

e s e AR s s o
gases rapidly evolved during heating through the temperature range of 420°C to 480°C. The
gases produce a foaming effect (like boiling) on the molten pitch. Asthe temperatureis
increased further to temperatures ranging from 500°C to 1000°C (depending on the specific
pitch), the foamed pitch becomes coked (or rigid), thus producing a solid foam derived from
pitch. Hence, the foaming has occurred before the release of pressure and, therefore, this
processisvery different from previous art.

Samples from the foam were machined into specimens for measuring the thermal
conductivity. The bulk thermal conductivity ranged from 58 W/meK to 106 W/meK. The
average density of the samples was 0.53 g/cm®. When weight is taken into account, the
specific thermal conductivity of the pitch derived 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 W/meK. Thisis comparable to high thermal conductivity carbon
fibers produced from this same ARA 24 mesophase pitch.

X-ray analysis of the foam was performed to determine the crystalline structure of the
material. The x-ray results are shown in Figure 11. From this data, the graphene layer

spacing (dooz) Was determined to be 0.336 nm. The coherence length (La, 1010) was

determined to be 203.3 nm and the stacking height was determined to be 4420.3 nm.



was only 630C, so as to prevent the aluminum from melting. Figures 12 A-C illustrate the ability to
utilize complex shaped molds for producing complex shaped foam. In one case, shown in Fig. 12 A,
the top of a soda can was removed and the remaining can used as a mold. No release agent was
utilized. Note that the shape of the resulting part conforms to the shape of the soda can, even after
graphitization to 2800C. This demonstrates the-dimensional stability of thesfaamnoasd thepability to

produce mesrcoripiekspadtpadeh bi the segoled watanesasahaivo e Bigs P2 dditie Coptpreisyorg an
aluminum weight dish, a very smooth surface was formed on the surface contacting the aluminum.

This is diraetivl ustivigLirbleitetiieazsihal tae MeltfarmitehplresRewBbt hesudaeadtdor gminum.

This would allow one to produce complex shaped parts with smooth surfaces so as to improve

contact afgadied ey o/RhdTeyibDdaRRigsainsiest hhia ghoactreagtfiace will act as a face sheet and,
thus, a foam-core composite can be fabricated in-situ with the -15- 5 October 2004 fabrication of the

face sheet. Sinag i ifRptipRIBEISHAGKAG AR IREFALRaIRIAh B iRRIfasmirintskepdaand thermal

stresses will be less, resulting in a stronger material. The following examples illustrate the production

of a compaRaMESHER IR InE 15 EPrrsarisBiarrRalY TnérE ATl Rel luititsbrag yed garbon foam

was produced with the method described in Example I. Referring to Fig. 13A the carbon foam 10 was

then magpincihiniaghigeloaiiid oAl hapiReBBIABAN il AIRRAG BEMAHSRA S Hercules AS4
carbon fibers and ICI Fibirite Polyetheretherkeytone thermoplastic resin also of 2"x2"xl/2 size were
]E’(lfced onbigitRPuRREr BRESTR DS IRATh AR R R Ikes RlarahibReasirhepigrapiirmold 16
EXAMPLE II:
An aternative to the method of Example | isto utilize a mold made from aluminum.
In this case two molds were used, an aluminum weighing dish and a sectioned soda can. The
same process as set forth in Example | is employed except that the final coking temperature
was only 630°C, so as to prevent the aluminum from melting.
Figures 12 A-C illustrate the ability to utilize complex shaped molds for producing
complex shaped foam. In one case, shown in Fig. 12 A, the top of a soda can was removed
and the remaining can used asamold. No release agent was utilized. Note that the shape of
the resulting part conforms to the shape of the soda can, even after graphitization to 2800°C.
This demonstrates the dimensional stability of the foam and the ability to produce near net
shaped parts.
In the second case, as shown in Figs. 12 B and C employing an aluminum weight dish,
avery smooth surface was formed on the surface contacting the aluminum. Thisis directly
attributable to the fact that the molten pitch does not wet 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 improving heat transfer. This smooth surface will act as aface

sheet and, thus, a foam-core composite can be fabricated in-situ with the



compression by graphite plunger 18. The composite sample was heated under an applied pressure of
100 psi to a temperature of 380C at a rate of 5C/min. The composite was then heated under a
pressure of 100 psi to a temperature of 650C. The foam core sandwich panel generally 20 was then
removed from the mold and carbonized under nitrogen to 1050C and then graphitized to 2800C,
resulting in a foam with carbon-carbon facesheetssbonded to the surface. Fheceopaposiegenerally 30

is shownfiabFigtith bBhed ddMhtiel:. Snedtichsd el eatethidmhioram anast gyt negterisi{mthe method
described in Example I. It was then machined into a block 2"x2"x|/2". Two pieces of carbon-carbon

material, i AexRiod/dinweestoatddHighily srigssasnintwel ed>3uRthgnok SRShgehenadicaPurez(c) Resin
available from Occidental Chemical Co. The foam block and carbon-carbon material were positioned

together and plamesk i W) easmpris giagiadxapigudt o sanplsowarsiatef etpfolengoerature of

150C at a rate of 5C/min and soaked at temperature for 14 hours. The sample was then carbonized
under nitfpaesaia dOPRGRebithen graphitized to 2800C, -16- 5 October 2004 resulting in a foam with
carbon-carbon facesheets bonded to the surface. This is also shown generally at 30 in Figure 13B.
EXAMPLEM Wik dgrived carbon foam was produced with the method described in Example I. The
foam sample was then densified with carbon by the method of chemical vapor infiltration for 100

hours. The densify-gerdeaedmbérft GARTIwad BrolBXEIARH 8RBl dessriMidarmpdhp diexural

modulus was 2300 MPa. The thermal conductivity of the raw foam was 58 W/mK and the thermal

conductiviiyQt e td g HaA FRABaHEH PoaM ADKvaStAMRdcRiNdd into a block 2'x2"x1/2". Two

pieces 12 and 14 of a prepeg comprised of Hercules AS4 carbon fibers and ICI Fibirite
Polyetheretherkeytone thermoplastic resin also of 2"'x2"x1/2" size were placed on the top and
bottom of the foam sample, and all was placed in a matched graphite mold 16 for
compression by graphite plunger 18. The composite sample was heated under an applied
pressure of 100 psi to atemperature of 380°C at arate of 5°C/min. The composite was then
heated under a pressure of 100 psi to atemperature of 650°C. The foam core sandwich panel
generally 20 was then removed from the mold and carbonized under nitrogen to 1050°C and
then graphitized to 2800°C, resulting in afoam with carbon-carbon facesheets bonded to the
surface. The composite generally 30 is shown in Figure 13B.

EXAMPLE IV:

Pitch derived carbon foam was produced with the method described in Examplel. It
was then machined into ablock 2"x2"x1/2". Two pieces of carbon-carbon material,
2"'x2"x1/2", were coated lightly with a mixture of 50% ethanol, 50% phenolic Durez© Resin
available from Occidental Chemical Co. The foam block and carbon-carbon material were
positioned together and placed in amold asindicated in Example lll. The sample was heated
to atemperature of 150°C at arate of 5°C/min and soaked at temperature for 14 hours. The

sample was then carbonized under nitrogen to 1050°C and then graphitized to 2800°C,



Pitch derived carbon foam was produced with the method described in Example I. The foam sample
was then densified with epoxy by the method of vacuum impregnation. The epoxy was cured at 150C
for 5 hours. The density increased to 1.37 g/cm3 and the flexural strength was measured to be 19.3
MPa. It is obvious that other materials, such as metals, ceramics, plastics, or fiber reinforced plastics
could be bonded to the surface of the foam of thisanvention to produce a faam:€onr2r Coonaosite
material vétol ingeptatdern ok idieboti- tarbiso fabsthesshahdedamihs sorf gles S Hos i oBiss shetatials could
be impregnated into the foam for densification. Based on the data taken to date from the carbon foam
material, ggwesl cbservabinpe 238 be made and the important features of the invention are: 1.
Pitch-based carbon foam can be produced without an oxidative stabilization step, thus saving time
and cost$)2ANiphgkaphitic alignment in the struts of the foam is achieved upon graphitization to
2500C, and thus high thermal conductivity and stiffness will be exhibited by the foam, making them

suitable as a copgepataiipbdatBeRTERRRISARIBedMR (RSHABRDE 0R4ADEH IR ERspRSSIVE

strengths should be achieved with mesophase pitch-based carbon foams, making them suitable as a

core mateHakiRhs SARBIEN APIPSAUIRT & FRATBASER ngéﬂﬁﬁﬁé&éﬂdﬁ&f%ﬁ“% mrtegame time

as the foam is generated, thus saving time and costs. 5. Rigid monolithic preforms can be made with

significanPRep Iﬁb’lfn%?'W@H@H?fﬁfcr%&ﬂfﬂﬂt@@/%m%ﬁ@m#%@@% Watatiom mesnadher
ceramic and carbon infiltrants. 6. Rigid monolithic preforms can be made with significant open porosity
suitable 9k ral modulus was 2300 MPa. The thermal conductivity of the raw foam was 58 W/meK

and the thermal conductivity of the densified foam was 94 W/meK.

EXAMPLE VI:

Pitch derived carbon foam was produced with the method described in Examplel.

The foam sample was then densified with epoxy by the method of vacuum impregnation.

The epoxy was cured at 150°C for 5 hours. The density increased to 1.37 g/cm® and the

flexural strength was measured to be 19.3 MPa.

It is obvious that other materials, such as metals, ceramics, plastics, or fiber reinforced
plastics could be bonded to the surface of the foam of this invention to produce afoam core
composite material with acceptable properties. It isalso obvious that ceramics, or glass, or
other materials could be impregnated into the foam for densification.

Based on the data taken to date from the carbon foam material, several observations
can be made and the important features of the invention are:

1 Pitch-based carbon foam can be produced without an oxidative stabilization step, thus
saving time and costs.
2. High graphitic alignment in the struts of the foam is achieved upon graphitization to

2500°C, and thus high thermal conductivity and stiffness will be exhibited by the

foam, making them suitable as a core material for thermal applications.



activation, producing a monolithic activated carbon. 7. It is obvious that by varying the pressure
applied, the size of the bubbles formed during the foaming will change and, thus, the density,
strength, and other properties can be affected. The following alternative procedures and products can
also be effected by the process of this invention: 1. Fabrication of preforms with complex shapes for
densification by CVI or Melt Impregnation. 2. Activated carbon monoliths. 3.@psis&l aisarbent. 4.
Low dengty hedtiigg) etenpeessvestfangtialéidalie ielathi st gétomesopetespiath drasssicariengets for
high-energy physics applications. It will thus be seen that the present invention provides for the

manufacture of fiitghs, bagedgaidmmdieaielas storetiakaarifiietrosivanappsiasorhe process involves
the fabrication of a graphitic foam from a mesophase or isotropic pitch which can be synthetic, -18- 5

October 2004 petigieubic ebpakitas based fdvhiens of thesamitahrseancatsanbie genpraner. The

simplified process utilizes a high pressure high temperature furnace and thereby, does not require an
oxidative stabilizali©eastag tifiteafRpepdis a relatively uniform distribution of pore sizes 100 microns),
very little closed porosity, and density of approximately 0.53 g/cm3. The mesophase pitch is

stretchedsalong g §dadpit e JrARY sai e ARt NRIPEYPIRAHEESA duaidYAigRerbgrrpPhitic
structure in the struts. These struts will exhibit thermal conductivities and stiffness similar to the very
expensive high geRiRERBHGIHRXNERFES \V apor Infiltration method of ceramic and carbon
infiltrants.
6. Rigid monoalithic preforms can be made with significant open porosity suitable for
activation, producing a monolithic activated carbon.
7. It is obvious that by varying the pressure applied, the size of the bubbles formed
during the foaming will change and, thus, the density, strength, and other properties
can be affected.
The following alternative procedures and products can also be effected by the process
of thisinvention:

1 Fabrication of preforms with complex shapes for densification by CVI or Melt

Impregnation.

N

Activated carbon monoliths.
3. Optical absorbent.
4, Low density heating elements.
5. Firewall Material.
6. Low secondary electron emission targets for high-energy physics applications.
It will thus be seen that the present invention provides for the manufacture of pitch-
based carbon foam for structural and thermal composites. The process involves the

fabrication of a graphitic foam from a mesophase or isotropic pitch which can be synthetic,



(such as P-120 and K1100). Thus, the foam will exhibit high stiffness and thermal conductivity at a
very low density (- 0.5 g/cc). This foam can be formed in place as a core material for high temperature
sandwich panels for both thermal 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 willret experience the problemscasseciateshwith

granules saabl cradritoa - eh daseling, slead af gheseqsiathes depetsd be dnigiholfeel NTeHecsingplictisdty carbon
foam of the invention may be utilized to provide an evaporatively cooled heat sink or heat exchanger.

The carbproteasutisiseieriviet fremuraengpbanpenitorednthasedppitiady, ass AT rduair@aropen

structure which allows free access to a working fluid to the cell walls/ligaments. When the working

fluid contagigathe: sallipusrsesepyanrfias RRhietpiant et diepfsiariivor e ez epoling of the
carbon foam. The extent of cooling depends upon the working fluid and the ambient conditions

(temperalHePRECRIRHSVER): e HBEPEI GG aRY BEASTIRS ASRFEFRRE AN SHgemIo falk to less than
223K (-50C) using aﬁ%?or?;}als the Worklltr‘lagf fluid at a pres?l?r% o] 120|0 miacigr)g?]s g (1.2torr), and 0.5C

using acelpReASHNG WPIKGRAIMEL Y RIS IGIDBEIRAER A IR FE W RS tﬁé?éﬁ?%ﬁ‘i&lﬁl%’é’ver the

carbon foam increases the temperature drop in excess of that ( -19- 5 October 2004 observed under

ambient ﬁm@%@%ﬁm @QM@?&EQW%&R&E”%@S@%@%WH%H%in heat removal

systems s dy cooling suits, portable refrigeration systems or coolers, and air

conditiongdysiemetnsardad v aalvey Tielaluing BapRssdenmnsisdhe

evaporative cooling effect on the previou scrib en contacted with different
working Al assepIGSRRTRYY). Thus, the foam will exhibit high stiffness and thermal

conductivity at avery low density (= 0.5 g/cc). Thisfoam can be formed in place as acore
materia for high temperature sandwich panels for both thermal 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 granules such as attrition, channeling, and large pressure drops.

The high thermal conductivity carbon foam of the invention may be utilized to
provide an evaporatively cooled heat sink or heat exchanger. The carbon foam, as derived
from mesophase pitch and as depicted in Figs. 2-7, has an open structure which allows free
access to aworking fluid to the cell walls/ligaments. When the working fluid contacts the
cell surface it evaporates, and the latent heat of vaporization causes cooling of the carbon
foam. The extent of cooling depends upon the working fluid and the ambient conditions
(temperature and pressure). The heat sink/exchanger temperature has been shown to fall to
less than 223K (-50°C) using acetone as the working fluid at a pressure of 1200 microns Hg
(1.2 torr), and 0.5°C using acetone as the working fluid at ambient temperature and pressure.

Forced air flow over the carbon foam increases the temperature drop in excess of that



acetone, ethanol and water. These Examples are not intended to limit the invention in any way. The
foamed carbon was doused or partially immersed in the working fluid. Upon removal from the working
fluid, and as indicated in Examples VII-X, the foam sample was placed in a vacuum furnace with a
thermocouple penetrating the foam sample. The foam temperature was monitored as a function of
time and pressure (vacuum). The ambient laboratory temperature was apgraxdmaiely 2 L.

EXAMP Léb3d édlagrideeaiibietnoondiez)iy.e T iereédiasinkieximneigdudetc) BeciiE &5 fi® 37.5 229-46.7
31.2-51.8 41.2-53.4 When the sample was removed from the vacuum furnace it was noted that ice had

formed, gppRusAiahlyiifrasatmeIRivsEsyeRItNseH opertapdlboageasnesaligeopradrsorbed from the
foam. EXAMPLE VIII: Ethanol Time(minutes)Pressure(Torr) Temperature(C) 074020.5 1295.3
229-14.78fki geddi o 2Pstantd eliobsil @04nd ianed onintisrs Hor gaseme frotidehenirReiuteliotive).
The following Examples demonstrate the evaporative cooling effect on the previously

described carbon foam when contacted with different working fluids as represented by

acetone, ethanol and water. These Examples are not intended to limit the invention in any

way. The foamed carbon was doused or partially immersed in the working fluid. Upon

removal from the working fluid, and asindicated in Examples V1I-X, the foam sample was

placed in a vacuum furnace with a thermocouple penetrating the foam sample. The foam

temperature was monitored as a function of time and pressure (vacuum). The ambient

|aboratory temperature was approximately 21°C.

EXAMPLE VII: Acetone

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 135
1 29 -37.5
2 29 -46.7
3 1.2 -51.8
4 12 -534

When the sample was removed from the vacuum furnace it was noted that ice had formed,
presumably from moisture condensed from the furnace atmosphere, or desorbed from the
foam.

EXAMPLE VIII: Ethanol

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 20.5
1 29 53
2 29 -14.7
3 12 -21.7



41.2-25.1 51.1-26.8 61.0-28.6 EXAMPLE IX: Water Time(minutes)Pressure(Torr) Temperature(C)
074020.5 12916.4 22916.5 32916.6 42914.6 52912.9 62910.5 7292.6 829-1.5 929-5.5 In the instance
of Example IX the sample was immersed in water in vacuum to ensure that the foam was saturated.
This probably allowed an excess of water to penetrate the sample and reduced the exposed foam
surface area available for evaporation. Moreoverzdhe resultant high water pastigdpsessooe in the
furnace made itTinpsfasitlecpRtsEn gdod yacuum in a rqasgrerlierd(T€) Consequently, the experiment
was repeated in Example X, but with subgtantially less water-gbglied to the foam. EXAMPLE X: Water
(Repeat) Time(mingtes)Pressure(Torr) Tamperature(C) 0740133

6 1.0 -28.6

EXAMPLE IX: Water

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 20.5
1 29 16.4
2 29 16.5
3 29 16.6
4 29 14.6
5 29 12.9
6 29 10.5
7 29 2.6
8 29 -15
9 29 -55

In the instance of Example IX the sample was immersed in water in vacuum to ensure that the
foam was saturated. This probably alowed an excess of water to penetrate the sample and
reduced the exposed foam surface area available for evaporation. Moreover, the resultant
high water partial pressure in the furnace made it impossible to attain good vacuum in a
reasonable time. Consequently, the experiment was repeated in Example X, but with
substantially less water applied to the foam.

EXAMPLE X: Water (Repeat)

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 199
1 29 14.5
2 29 0.3
3 29 -5.5



12914.5 2290.3 329-5.5 -21- 5 October 2004 In this case, sub-zero temperatures were attained in a
much shorter time than for Example IX. The data for Examples VII, VIIl and X are plotted in Fig. 14.
The lowest temperature observed (-53.4) was attained in 4 minutes using acetone as the working
fluid. Temperatures of -24.1C and -5.5C were attained over the same time period when the working
fluid was ethanol and water, respectively. A furthgr-series of tests as set foghagt Exeémpées X1 -XIlI
were performeditntisbasthsuleifec shgparaoret veecoatia geatiatmosphehiorsrassiethantbtemperature.
The foamed carbon sample was placed in a petri dish. A thermocouple was located in a hole
machinedieiaghe Xoam. The carbon foam was doused with the working fluid until the bottom of the
petri dish was completely covered with the working fluid. The resultant foam temperature was then

noted as a functioe ghtims: EeenipRes Wi, ACHLENE X are plotted in Fig. 14. The lowest temperature
Time(minutes)Temperature(C)Time(minutes)Temperature(C) 021.7193.4 115.7203.2 213.6213.0

311.5222844BPB83.4°p & &2 4afhed in 4 minutes using acetone as the working fluid.
Temperatures of -24.1°C and -5.5°C were attained over the same time period when the
working fluid was ethanol and water, respectively.

A further series of tests as set forth in Examples X1-X111 were performed to show the
effect of evaporative cooling at atmospheric pressure and temperature. The foamed carbon
sample was placed in a petri dish. A thermocouple was located in a hole machined into the
foam. The carbon foam was doused with the working fluid until the bottom of the petri dish
was completely covered with the working fluid. The resultant foam temperature was then
noted as a function of time.

Example XI: Acetone

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.7 19 3.4
1 15.7 20 3.2
2 13.6 21 3.0
3 11.5 22 29
4 10.3 23 2.7
5 8.9 24 2.6
6 8.0 25 2.4
7 7.3 26 2.3
8 6.6 27 2.1
9 6.1 28 2.0
10 57 29 18
11 53 30 16
12 49 31 14
13 4.5 32 13
14 4.3 33 11
15 4.1 34 10
16 3.9 35 0.8
17 3.7 36 0.7

18 3.5 37 0.6



68.0252.4 77.3262.3 86.6272.1 96.1282.0 105.7291.8 115.3301.6 124.9311.4 134.5321.3 144.3331.1
154.1341.0 163.9350.8 173.7360.7 183.5370.6 -22- 5 October 2004 38 0.5 After 38 minutes there was
no acetone visible in the petri dish or under the carbon foam sample. The sample was placed in an air
circulating oven at 60C to dry it and then allowed to cool to ambient temperature. EXAMPLE XII:
Ethanol Time(minutes)Temperature(C)Time(mingtes)Temperature(C) 021.618454e1200893015.3
219.62115.1 319.02215.0 38 0.5

After 38 minutes there was no acetone visible in the petri dish or under the carbon foam
sample. The sample was placed in an air circulating oven at 60°C to dry it and then allowed
to cool to ambient temperature.

EXAMPLE XII: Ethanol

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.6 19 154
1 20.3 20 15.3
2 19.6 21 15.1
3 19.0 22 15.0
4 18.6 23 15.0
5 18.1 24 14.9
6 17.8 25 14.8
7 174 26 14.8
8 171 27 14.8
9 16.9 28 14.7
10 16.7 29 14.7
11 16.5 30 14.6
12 16.3 31 14.6
13 16.2 32 14.6
14 16.0 33 145
15 15.8 34 145
16 15.7 35 144
17 15.6 36 144
18 155 37 144

38 14.3

After 38 minutes there was a significant amount of ethanol visible in the bottom of the petri
dish. The sample was placed in an air circulating oven at 60°C to dry it and then allowed to
cool to ambient temperature.

EXAMPLE XIII: Water

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 20.9 19 19.3
1 20.3 20 19.3

2 20.2 21 19.3



418.62315.0 518.12414.9 617.82514.8 717.42614.8 817.12714.8 916.92814.7 1016.72914.7
1116.53014.6 1216.33114.6 1316.23214.6 1416.03314.5 1515.83414.5 1615.73514.4 1715.63614.4
1815.53714.4 3814.3 After 38 minutes there was a significant amount of ethanol visible in the bottom
of the petri dish. The sample was placed in an air circulating oven at 60C to dry it and then allowed to

cool to ambient temperature. EXAMPLE XIII: Waggr 5 Cctober 2004
Time(minutes)Temperature(C)Time(minutes) Temperature(C) 020.91919.3 120.32019.3 220.22119.3
Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)

3 20.1 22 19.2
4 19.9 23 19.2
5 19.8 24 19.1
6 19.7 25 19.1
7 19.6 26 19.1
8 19.5 27 19.1
9 19.5 28 19.1
10 19.5 29 19.1
11 19.5 30 19.0
12 19.5 31 19.0
13 19.5 32 19.0
14 19.4 33 19.0
15 19.4 34 18.9
16 19.3 35 18.9
17 19.3 36 18.9
18 19.3 37 18.9

38 18.9

" Additional water squirted over carbon foam sample.

After 38 minutes there was a significant amount of water visible in the bottom of the petri
dish. The temperature of the carbon foam plotted as a function of timeis shown in Fig. 15.
The minimum temperatures are higher for al three working fluids than in the previous
Examples where evaporation occurred under vacuum. Moreover, the rate of temperature
decrease was much smaller for all three of the working fluid under ambient conditions. The
lowest temperature reached (0.5°C) was attained in 38 minutes with acetone as the working
fluid. The lowest temperatures attained over similar time periods were 14.3°C and 18.9°C for
ethanol and water, respectively.

A third series of tests were conducted to determine the effect on foam temperature of
enhanced air flow during the evaporative cooling process. The procedure set forth in the

previous Example was followed, except that in this series of experiments afan (rotary,



-23-5 October 2004 Time(minutes)Temperature(C)Time(minutes)Temperature(C) 320.12219.2
419.92319.2 519.82419.1 619.72519.1 719.62619.1 819.52719.1 919.52819.1 1019.52919.1
1119.53019.0 1219.53119.0 13*19.53219.0 1419.43319.0 1519.43418.9 1619.33518.9 1719.33618.9
1819.33718.9 3818.9 * Additional water squirted over carbon foam sample. After 38 minutes there was
a significant amount of water visible in the bottomf the petri dish. The teraperatiwee ofdbe carbon
foam plottadtes enbimctiovenidonmeds stohingnyipig). s usitbtobhoumibienia radcnsss trefbigher for all
three working fluids than in the previous Examples where evaporation occurred under vacuum.
Moreovegnipetéteigh.temperature

EXAMPLE XIV: Acetone with forced air flow

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 215 4 -2.8
1 5.2 5 -3.2
2 -0.9 6 -3.5
3 -2.9 7 -3.7

Petri dish was frequently replenished with additional acetone.

EXAMPLE XV: Ethanol with forced air flow

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.1 6 9.1
1 14.6 7 8.9
2 11.5 8 8.7
3 10.8 9 8.8
4 9.7 10 8.9
5 9.3

Ethanol in Petri dish replenished once.

EXAMPLE XVI: Water with forced air flow

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.1 8 15.0
1 18.7 9 14.9
2 171 10 14.8
3 16.5 11 14.8
4 15.9 12 14.7
5 15.6 13 14.7
6 15.3 14 14.7
7 15.1 15 14.6

The data from Examples X1V, XV, and XV are plotted in Fig. 16. An enhanced

cooling effect is obtained when air is forced over the evaporating working fluid/carbon foam.



decrease was much smaller for all three of the working fluid under ambient conditions. The lowest
temperature reached (0.5C) was attained in 38 minutes with acetone as the working fluid. The lowest
temperatures attained over similar time periods were 14.3C and 18.9C for ethanol and water,
respectively. A third series of tests were conducted to determine the effect on foam temperature of
enhanced air flow during the evaporative coolingzgrocess. The procedure setdertbén theoprevious
Example was follaied pekne ptithakiirtsitheecapaiiexpdrops (e fartardsptat neddobeariober 2004
electric motor driven domestic cooling type) was used to blow ambient air across the foam and petri
dish. EXANdRRiig X Vd Acesotiee witbefesgash atnidiions employed.

Time(minutes) Temperature(C)Time(minutes) Temperature(C) 021.54-2.8 15.25-3.2 2-0.96-3.5

3-2.97-3.7Brii dishiaglpaueptaiarariphrebdinrsititenseretaexdmidRéE, XV: Ethanol with
forced air flow Time(minutes)Temperature(C)Time(minutes)Temperature(C) 021.169.1 114.678.9

211.588[7r 310.898.8 49.7108.9
Temperature Drop, °C
Working Fluid
Vacuum Ambient Pressure Ambient Pressure
and Forced Air Flow
Acetone 66.9 25.2 21.2
Ethanol 49.1 12.4 7.3
Water 26 6.5 2.0

The temperature drops recorded in the above Table | for a vacuum represent extreme
conditions. Lower temperature drops would be attained if intermediate vacuum pressures
were used, asindicated by the ambient data. Forced air flow enhanced the cooling effect due
to evaporation because the partial pressure of the evaporated solvent over the foam was
reduced, and the saturated air was being constantly purged with fresh (unsaturated) air.

These data clearly demonstrate that the carbon foam of thisinvention readily attains
very low temperatures, due to the evaporative cooling effect of the working fluid, which can
be used for the removal of unwanted heat. The three example working fluids employed in the
Examples were selected because of their availability. Anideal working fluid would have a
high latent heat of vaporization, a vaporization temperature close to ambient, be non-toxic
and environmentally acceptable.

The foam material of thisinvention attains low temperatures for several reasons: (i) It
isan efficient heat transfer medium because of its excellent thermal conductivity and large

surface area; (ii) The working fluid has a high latent heat of vaporization and alow



59.3 Ethanol in Petri dish replenished once. EXAMPLE XVI: Water with forced air flow

Time(minutes) Temperature(C)Time(minutes)Temperature(C) 021.1815.0 118.7914.9 217.11014.8
316.51114.8 415.91214.7 515.61314.7 615.31414.7 715.11514.6 The data from Examples XIV, XV,
and XVI are plotted in Fig. 16. An enhanced cooling effect is obtained when air is forced over the
evaporating working fluid/carbon foam. -25- 5 Qcteber 2004 Table | below sugtmarézes dbe
temperatterahiens ddiiese teas)rtanpestare}p@h ) Wokkismgbilend prester éhe | twee s etsvaf mamylitions
employed. Table I. Summary of temperature drop data for the three conditions examined here.
Temperagari By oapi & slpdiaiohlfrichVitelsarpsntoantstfessureAmbient Pressure and Forced Air Flow

Acetone66.925.221.2 Ethanol49.112.47.3
The following are descriptions of preferred embodiments of heat removal systems for
different applications that take advantage of the low temperature attained in the foam of this
invention through evaporative cooling:

An evaporatively cooled heat sink or air conditioner for home or automobileis
illustrated in Fig. 17 generally at 110. A working fluid is pumped from areservoir 112 to a
header tank 114 via pump 116 and lines 15 and 17. It drains through the carbon foam 118 of
this invention which is encased in aimpermeable coating or skin 120. The downward flow
of fluid through the foam 118 occurs under the influence of gravity or a pressure differential
created by the pump 116. Evaporation of the working fluid from the carbon foam surface
causes cooling of the carbon foam 118. A vacuum in the reservoir 112 created by pump 116
enhances evaporative cooling from the foam 118 and increase the temperature drop, as
demonstrated in the previous Examples VII-XVI. A fan with amotor 22 and duct 24 directs a
Separate air stream (at ambient temperature) from the air used for evaporation through
penetrations 26 in the coating or casing 120 and foam core 118 where the air gives up excess
heat to the cooled foam core 118. The air therefore exits the foam core 118 at below ambient
temperature where it may be ducted to cool inhabited space. Condensers or cold traps 28 may
be required to condense vapor exiting the foam core 118. The condensed working fluid is
returned to the header tank 114.

Alternatively, instead of air another cooling fluid, such as water, ethylene glycol,
helium or nitrogen could be used to remove heat from critical components, such as

electronics or chemical/medicinesin cold storage, or internal combustion engines.



Water266.52.0 The temperature drops recorded in the above Table | for a vacuum represent extreme
conditions. Lower temperature drops would be attained if intermediate vacuum pressures were used,
as indicated by the ambient data. Forced air flow enhanced the cooling effect due to evaporation
because the partial pressure of the evaporated solvent over the foam was reduced, and the saturated
air was being constantly purged with fresh (unsaturated) air. These data cleady:@@stonsisate that the
carbon foam of thip I8/ehdionareediiyoeithioly caniedaul tbhopeyaiaraby UBE to thenexspiatative cooling
effect of the working fluid, which can be used for the removal of unwanted heat. The three example

working fhaitierefoptayetkiB2karrbuaisplesiecot edacaditeG8isroal Hieir ryad abiiyobreddes! working

fluid would have a high latent heat of vaporization, a vaporization temperature close to ambient, be

non-toxicplapetie MHEAHERRIALN RFSEREBB @ sd proleas dnaisual el ihis Myandan absuasiew

temperatures for several reasons: (i) It is an efficient heat transfer medium because of its excellent

thermal qasnelncihdiioanrctseas?. stHacradeR; il d iRewpednaditid pscrdig kdatgidaaitis

vaporization and a low -26- 5 October 2004 temperature (close to room temperature); (iii) The ambient

pressure 5 pigH{bBenfhifReLARR FAHS MEcARidHR RBRTABON BRI 4B ereaiReRdRaT) Rédrean The following

are descriptions of preferred embodiments of heat removal systems for different applications that take

advantage,0E)Ry ANCRIMBHBMWENGHGINGH 1B Bariorme &f thistiRugiion tEuBRAuARpIALVe cooling:

An evaporatively cooled heat sink or air conditioner for home or automobile is illustrated in Fig. 17

generally, @i &1, ft WAHSIRGHL IS SoRYBRR SO RS aRRUAIAd Folf (RRAERLIARKI 44 R PUMP 116

and lines 15 and 17. It drains through the carbon foam 118 of
additional working fluid evaporation is extracted from the open cavities 36, thus reducing the

temperature within the cavities. The entire cold box iswrapped or clad in the thermal
insulation and athermally insulated lid 48 seals the open (cold storage) cavities. A fan could
be fitted to the insulated cold box 130 to increase air flow through the foam and thus increase
the evaporation rate of the working fluid.

An evaporatively cooled cold pack could also be made with the carbon foam. It
would be somewhat similar to those currently available that are frozen prior to use, and may
be fabricated using the carbon foam material. A carbon foam block would be encapsul ated
with aimpermeable material. The working fluid would be poured in, wet the foam surface
and evaporate, causing the foam temperature to drop. An opening through which the working
fluid would be poured would also allow the evaporating fluid to vent to atmosphere.

Fig. 19 shows the carbon foam 118 of thisinvention in the form of a block 51 to be
used as an automobile radiator generally 50. Hot engine cooling fluid is introduced into
intake manifold 52 connected to pipes 54 which pass through the foam block 51 to the output
manifold 56. Asseenin Fig. 20 foam block 51 is supported in an automobile as indicated at
58 having the usual frame 53 and wheels 55. Hot fluid is conveyed by output conduit 57

from engine 59 to intake manifold 52. Cooled fluid returns to engine 59 by intake conduit 60



this invention which is encased in a impermeable coating or skin 120. The downward flow of fluid
through the foam 118 occurs under the influence of gravity or a pressure differential created by the
pump 116. Evaporation of the working fluid from the carbon foam surface causes cooling of the
carbon foam 118. A vacuum in the reservoir 112 created by pump 116 enhances evaporative cooling
from the foam 118 and increase the temperaturexgrop, as demonstrated irethe fspwvioesdzxamples

VII-XVI. A fam outipuamaot el @ Bend shinet adoniksisiie B3 feprrate) aiovstreanoat, aimBéotdedmperature)
from the air used for evaporation through penetrations 26 in the coating or casing 120 and foam core

118 whetgrihigjaihgiissrii ecessntiesinsy theredmacdapseaoiiodhenil MEnaisftie epltgrefexdts the foam
core 118 at below ambient temperature where it may be ducted to cool inhabited space. Condensers

or cold trgpAPE MGy the rafibine 80acerRIPhSeraPoIseiiiodhedeant easekldc Hieaepnaensed

working fluid is returned to the header tank 114. Alternatively, instead of air another cooling fluid, such

as water pfibiIsne Gk f FHUEIDEK Pifcegen Taidch e isaitdhas BppYexiealdio Ny cubGaf gpmponents,

such as electronics or chemical/medicines in cold storage, or internal combustion engines. -27- 5
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foam core 32 surrounds a series of open cavities 36 into which items to be cooled are placed. The

encapsulgiing sk BAIRS BIRVIESHAN 8 ergsl Savitissniticnd 42 above and below the foam core 32.

The working fluid is poured into the top closed cavity 40 such as through opening 44 and drains

through the foarp 32 st s BAR HRRRRYA9RURS s 428 RAYiY RloDR R pPscfiuid 1o

evaporate to the atmosphere. Evaporation of the working fluid from the carbon foam 32 surface

reduces the Qpg SdGRNRIRAIES HEAhBls@goHioR R BRHEddHId (R LRUBRAN AT LIRS E oM the

open cavities 36, thus reducing the
providing a central hollow conduit member 76 and an outer conduit member 78. Air and an

evaporative fluid are introduced into conduit 78 where it passes into the foam disk portion 72.

The air and evaporative fluid are spun out of the disk portion 72 asit is rotated to the outside

of the disk portion 72. Thisis shown by arrow 80 for the air and arrow 82 for the evaporative

liquid. A fluid impermeable coating 79 provides a sealed surface on opposing sides of the

disk portion 72. Hot fluid to be cooled is passed down central hollow conduit member 76

whereit is cooled in disk portion 72. It flows out the bottom of conduit 76 as indicated at 84.

The spinning disk portion 72 is supported by the bearings 86 and 88 in a suitable housing.

Rotation of disk portion 72 is effected by motor 90 driving pulleys 92 and 94 by drive belt 96

with pulley 94 connected to conduit 74.

It will thus be seen that through the present invention there is provided:

) A carbon foam having avery high thermal conductivity. Large temperature gradients
are thus unlikely to develop, and the surface cooling due to evaporation will be
quickly translated to bulk material cooling.

(i) The foam has an extended surface area resulting from its cellular structure. This

allows for rapid evaporation of the working fluid.



temperature within the cavities. The entire cold box is wrapped or clad in the thermal insulation and a
thermally insulated lid 48 seals the open (cold storage) cavities. A fan could be fitted to the insulated
cold box 130 to increase air flow through the foam and thus increase the evaporation rate of the
working fluid. An evaporatively cooled cold pack could also be made with the carbon foam. It would be
somewhat similar to those currently available thatare frozen prior to use, andosayebededricated using
the carbdfiifoanT hesfiesralhds earden Rartireckhivaltbhs teoapeiaieiliavithpermezeenteable material.
The working fluid would be poured in, wet the foam surface and evaporate, causing the foam
temperature to @ggeriAn opening through which the working fluid would be poured would also allow
the evaporating fluid to vent to atmosphere. Fig. 19 shows the carbon foam 118 of this invention in the

form of a(hlpck Fhéedrsuserdisqmantpropbitrsaniptoe ganadatlydvi nbltiemngiaeLeoleg fluid is
introduced into intake manifold 52 connected to pipes 54 which pass through the foam block 51 to the

output manifold §fr&$t82Ra 48 &isd20fea RlssloPaRsRERESHiApAHAMBADIle as indicated at 58

having the usual frame 53 and wheels 55. Hot fluid is conveyed by output conduit 57 from engine 59

to intake [pRNITolg\GaxGRARATIS) ISSUENSIECRREING 25 b otake &AM HRAAT - astader 2004 from

output manifold 56. As the automobile 58 is moving down the road, air is forced through the foam

block 51 gy re@%’?é{?\‘?&%ﬁ%%ﬁmﬁ@&Eﬁ%ﬁ%ﬁ%ﬁiw%@fﬁ‘iﬁ%ﬁfﬁﬁ%ﬁ&%ﬁb&he radiator 50

to the ambient air is directly related to the surface area of the block 51. Since a foam block 2 feet by 2

feet by 1 inches hag ARpray EYAEHNAISRCRMACESHTIRRSHRF RN R WPIEAMAAIR pariay approach

10 m2, the increased efficiency of the radiator will improve by roughly 3 orders of magnitude. Fig. 21

shows the carboih{RAE J} b tRd R AvaitIRYs RGNS GPBFEAY b foam heat sink
product, i.e., encased high thermal conductivity porous carbon foam filled with a phase
change material wherein tremendous amounts of thermal energy are stored and emitted very
rapidly. The porous foam isfilled with a phase change material (PCM) at atemperature 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 such as
sunlight, it is transmitted rapidly and uniformly throughout the foam and then to the phase
change material. Asthe material changes phase, it absorbs orders of magnitude more energy
than non-PCM material due to transfer of the latent heat of fusion or vaporization.
Conversely, the filled foam can be utilized to emit energy rapidly when placed in contact with
acold object.

Non-limiting embodiments disclosed herein are a device to rapidly thaw frozen foods
or freeze thawed foods, a design to prevent overheating of satellites or store thermal energy as
they experience cyclic heating during orbit, and a design to cool leading edges during
hypersonic flight or re-entry from space.

In order to illustrate the carbon foam heat sink product of thisinvention, the following

examples are set forth. They are not intended to limit the invention in any way.



The disk device includes a foam disk portion 72 connected with a double walled conduit 74 providing
a central hollow conduit member 76 and an outer conduit member 78. Air and an evaporative fluid are
introduced into conduit 78 where it passes into the foam disk portion 72. The air and evaporative fluid
are spun out of the disk portion 72 as it is rotated to the outside of the disk portion 72. This is shown
by arrow 80 for the air and arrow 82 for the evapgapative liquid. A fluid impesnteable: cozdog 79
provides Bxsaset Exfalie omappbsinthaieg pbtide disk portion 72. Hot fluid to be cooled is passed
down central hollow conduit member 76 where it is cooled in disk portion 72. It flows out the bottom of

conduit 76 as ingigateddrd B4s aleetssT RmRhgisk4muiipa 4208 happeiftedron the. beasings §6 and 88 in
a suitable housing. Rotation of disk portion 72 is effected by motor 90 driving pulleys 92 and 94 by

drive belt-9WitBrRulaY S EAIPRGIES IRPIAR T dtovi thyrdroreeadabiBERUFNAR Brasent

invention there’is provided: (i) A carbon foam having a very high thermal conductivity. Large
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22). If the foam block is 10-in. x 15-in. x 0.5-in. thick, the mass of foam is 614 grams. The

mass of acetic acid that fills the foam is roughly 921 grams. Therefore, when a piece of frozen

meat is placed in contact with the top of the aluminum block, the foam will cool to the

freezing point of the acetic acid (I [°C). At this point, the heat given off from the acetic acid

asit freezes (it dso remains at 11°C) will be equivalent to 49 KJ. This heat israpidly

transferred to the frozen meat as it thaws (it also remains at 0°C). Thisamount of heat is

sufficient to melt roughly 500 grams (1 Ib.) of meat.

EXAMPLE XVIII:  Heat Sink To Prevent Overheating Of Satellites During Cyclic Orbits.

Produce a carbon-carbon composite with the foam in which the foam is a core

material with carbon-carbon face sheets (figure 23). Fill the foam core with a suitable phase

change material, such as a paraffin wax, that melts around the maximum operating

temperature of the satellite components. One method to perform this would be to drill ahole

in one surface of the carbon-carbon face sheets and vacuum fill the phase change material in

the liquid state into the porous foam. Once filled, the sample can be cooled (the phase change

materia 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 operating temperature of the application.

The foam-core composite will then be mounted on the side of the satellite that is exposed to



(zero) energy consumption and increased reliability with few or no moving parts. Another object of the
present invention is the production of a carbon foam heat sink product, i.e., encased high thermal
conductivity porous carbon foam filled with a phase change material wherein tremendous amounts of
thermal energy are stored and emitted very rapidly. The porous foam is filled with a phase change
material (PCM) at a temperature close to the opegtating temperature of thezleyicess Fwat is added to

the surfaties stpnduri hgatisiouscethesateldisesorsl ts phiesachi pndristéxpabod to thee-smtrtHbradightthe
atmosphere, or radiation such as sunlight, it is transmitted rapidly and uniformly throughout the foam

and thendaetg pbastkechangie Majierial hag the domissilcohary esthbaseti igpbsiates oielprecef

magnitude more energy than non-PCM material due to transfer of the latent heat of fusion or

vaporizaiigange aiyeiseat thesiisefeaapasd el lutibzedresmit enpes i yhahaaselaesdén contact
with a cold object. Non-limiting embodiments disclosed herein are a device to rapidly thaw frozen

foods  orfigensl e d ROfRoant 65100 BRIt AN PERRREAY LS dlIEB ek G @ifAe energy as

they experience cyclic heating during orbit, and a design to cool leading edges during hypersonic flight

or re-entiyRRBSRABRURCIARES HHTratR Rpdathpadanse bashsialcnreyshatiligiayention, the

following examples are set forth. They are not intended to limit the invention in any way. -30- 5

October ﬁ%ﬂ FRAMHELY thepie g s ey sadnprdiieabiardnkimasmnsalambiaeof 45 J/g at

a melting poin of 11 C. The heat of melting of food, primarily ice, is roughly 79 J/g at OC. Therefore,

take a blogk el Aol IVBJOHS AGR TG RERIEOP AL MReTIE SaRIM wibRRSRRARER In 2 box

made from an insulating polymer such as polyethylene on all’'sides except the top. The top of the
of the sun, it will begin to radiate heat to space and the phase change materia will begin to

freeze. The cycle will repeat itself once the satellite comes into view of the sun once again.
EXAMPLE XIX: Heat Sink for Leading Edges

Currently, the shuttle orbiter experiences extreme heats during reentry. Specifically,
the leading edges of the craft can reach 1800°C and the belly of the craft can reach
temperatures as high as 1200°C. If afoam core composite panel is placed at the surface of the
leading edges and at the surface of the belly (Figure 24), it would be able to absorb enough
energy to dramatically reduce the maximum temperature of the hot areas. This also would
permit afaster re-entry or (steeper glide slope) and maintain the current maximum
temperatures. In this case the phase change material would most likely be an aloy, e.g.
germanium-silicon, which melts around 800-900°C and does not vaporize until much higher
than the maximum temperature of the craft.

For example, Germanium has a heat of formation (heat of melting) of 488 J/g. This
would require 1.0 Kg of Germanium to reduce the temperature of 1 Kg of existing
carbon/carbon heat-shield by 668°C. In other words, if the existing carbon-carbon were

replaced pound-for-pound with germanium filled foam, the maximum temperature of the heat



foam/acetic acid block will be capped with a high thermal conductivity aluminum plate that snaps into
place thus sealing the foam/acetic acid inside the polymer case (illustrated in figure 22). If the foam
block is 10-in. x 15-in. x 0.5-in. thick, the mass of foam is 614 grams. The mass of acetic acid that fills
the foam is roughly 921 grams. Therefore, when a piece of frozen meat is placed in contact with the
top of the aluminum block, the foam will cool to tBe- freezing point of the acetic: achd (12684 At this

point, theshiead giviglal offl rbeethtereCEsic @Githtas ibfrgrie ficrisaiteimgiascatry 1depwitiihg @guivalent to
49 KJ. This heat is rapidly transferred to the frozen meat as it thaws (it also remains at 0C). This

amount ahBegtds ofWiiterhip Ieeliguahly 500 grams (1 Ib.) of meat. EXAMPLE XVIII : Heat Sink To
Prevent Overheating Of Satellites During Cyclic Orbits. Produce a carbon-carbon composite with the

foam in which thenfeRITsipa&RrE NS BR | MASRRAERAbY AERIBRSR Bgeimiliases RS ofrdlifigfoam

core with a suitable phase change material, such as a paraffin wax, that melts around the maximum

operating t§maRkAHRI RGN TRICe SOBYRINRA!SeRRRATEEIN6dP DesasuisopmLEReris drill a hole

in one surface of the carbon-carbon face sheets and vacuum fill the phase change material in the

liquid stasjsa e AU RbeCRRNCD, AT RIRIRER BT OYsRSY RIS Shange material

solidifies) and the hole can be plugged with an epoxy or screw-type cap. The epoxy and any other

lant b I i i . icati foam-
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point, the panel will not increase in temﬁerature as the phase chan\%/%I material melts. The amount of

radiant em¥RRPEEDAMEY 3 B brd 998 B eBpEhdeMtoh gt C. Wallsand T. Burchell, AHigh

Thermal Conduc-tivity Mesophase Pitch-Derived Carbon Foams: Effect of Precursor on
Structure and Properties,[1Carbon '99, 24™ Biennial Conference on Carbon July 11-16, 1999;
J. Klett, AHigh Thermal Conductivity, Mesophase Pitch-Derived Graphitic Foams,[JJ.,
Compositesin Mfg., 15:4, pp.1-7 (1999); J. Klett, and T. Burchell, AHigh Thermal
Conductivity, Mesophase Pitch Derived Carbon Foam,[] Science and Technology of Carbon,
Extended Abstracts and Eurocarbon Programme, val. I1, Strasbourg, France, July 5-9, 1998;
and pages published at the web site of Poco Graphite, Inc. of Decatur, Texas, at the Internet

address poco.com/pocofoam/grafprod, as downloaded on January 21, 2000.

Thermal Conductivity and Specific Thermal Conductivity: The validity of the flash
diffusivity method and whether the open porosity would permit penetration of the heat pulse
into the sample had to be established. Deep penetration of the pulse in samples typically
causes a change in the characteristic heat pulse on the back face of the sample. Thus, errorsin
the reported diffusivity can be as high as 20%. However, the rather large struts and small

openings of the foam limits the depth of penetration to about one to two pore diameters (250



thickness and outer dimensions of the panel. This can be easily calculated and designed through
knowledge of the orbit times of the satellite such that the material never completely melts and, thus,
never exceeds the melt temperature. Then, when the satellite leaves the view of the sun, it will begin
to radiate heat to space and the phase change material will begin to freeze. The cycle will repeat itself
once the satellite comes into view of the sun oncgsagain. EXAMPLE XIX: HeaitSisd farobeading
Edges CuseniyictbmetardjleporeitahaxpesipacesatistrcTherbimts id wishet endd/tHapeiditestyiqtiee
leading edges of the craft can reach 1800C and the belly of the craft can reach temperatures as high

as 1200Gvdiiri fpaln aesel geoipesite dardbisimanacal topduiany.ofikayisading erdgesy and at the

surface of the belly (Figure 24), it would be able to absorb enough energy to dramatically reduce the

maximunpetgimip saaiples afi th ediptasersh tffualeseywatisbdoaionitatfretas rgranent ailRtREMekglide

slope) and maintain the current maximum temperatures. In this case the phase change material would

most likeyidg reoabnduetlitRSVaABHR)-RES B R anBlingiRe e 0Ret¥iesadidges not vaporize

until much higher than the maximum temperature of the craft. For example, Germanium has a heat of

formation{BeaH @) MesiE PE4SRHE. TiRihe PoridTeaiFE chahle: SfHeIERML IR A 485 HREHAS

temperature of 1 Kg of existing carbon/carbon heat-shield by 668C. In other words, if the existing

carbon-cg\nlnqqk\gégcr?er@nl@g&g}ﬁgyggﬂg_r-pound with germanium filled foam, the maximum temperature
of the heat -32- ctober 2004 shield would only be about 1131C instead of about 1800C during

re-entry, depenging, odPe-AaiRaPLIRETIRIARRSN VT hifrd et priSpLaRAIGaIadnGorPorates by
reference in their entireties the following: U.S. patent application no. 08/921,875 filed September 2,
1997; U. BrRyeHARPUA IR BRocess of the invention. These precursors were a Conoco Mesophase

Pitch and a Mitsubishi ARA24 Mesophase Pitch (herein referred to as Conoco and ARA?24).

Theresults are shown in Tables 1l and I1l. They were processed with varying operating

pressures under nitrogen atmosphere, a heating rate during the foaming step of 3.5°C/min,

coked at 630°C for 1 hour, and cooled at the natural cooling rate of the furnace. The samples

were carbonized in a separate furnace under nitrogen at a heating rate of 0.2°C/min up to

1000°C and then some samples were graphitized at 2800°C in yet another furnace at two

different heating rates (10°C/min and 4°C/min, Table I1I).

The thermal conductivity (aterm which is herein used synonymously with Abulk

thermal conductivity[) of the foam was very high as shown in Table Il and Figures 25 and 26.

The thermal conductivity of the graphitized ARA24 foam, graphitized at 4°C/min, wasin the

range of approximately 146 to 187 W/meK, as shown in Table Ill. Thisisremarkable for a

material with such alow density of approximately 0.56 g/cm °. This calculates as a specific

thermal conductivity (thermal conductivity divided by the density) in the range of

approximately 256 to 334 Wecm®/me°Kegm. As stated earlier, for afoam with abulk thermal

conductivity of approximately 58 W/meK, the ligament thermal conductivity is approximately

700 W/meK. However, with the data shown in Tables |l and 111, when the



08/923,877 filed September 2, 1997; U.S. patent application no. 09/093,406 filed June 8, 1998; and
U.S. patent application no. 09/458,640 filed December 9, 1999; Klett, J., AHigh Thermal Conductivity,
Mesophase Pitch-Derived Graphitic Foam,- 43rd Int'l SAMPE Symposium, May 31-June 4, 1998
(Aneheim, CA); J. Klett, C. Walls and T. Burchell, AHigh Thermal Conduc-tivity Mesophase
Pitch-Derived Carbon Foams: Effect of Precursogen Structure and Propersiesst 6larbaroteo, 24th
Biennial @entelecurelocti Gaylodthédbyaililid 8o f99,7 Wiktelk, thdigdaheat thefrGa mdadiettyitligsophase
Pitch-Derived Graphitic Foams,- J., Composites in Mfg., 15:4, pp.1-7 (1999); J. Klett, and T. Burchell,

AHigh Thgjsrati reaegusdttyy Meroattbie finReves Coxdwn iopapproxieres a8y Techsology of

Carbon, Extended Abstracts and Eurocarbon Programme, vol. I, Strasbourg, France, July 5-9, 1998;

and pagepdligaseactaéthel \wekisteefyToapprdphiteypeootpasatur, Texas, at the Internet address

poco.com/pocofoam/grafprod, as downloaded on January 21, 2000. Thermal Conductivity and Specific

Thermal ConductivigyanTilie.dai Bkserth efiashngdiv oty iyampeaerafl cvhetikelityeoPres porosity would

permit penetration of the heat pulse into the sample had to be established. Deep penetration of the

pulse in ﬁ%ﬁlﬁ% P BOFR SRR AMANYA 36168 € AR prEehRALIHITEAQD 1S5rBprRK fage Of the

sample. Thus, errors in the reported diffusivity can be as high as 20%. However, the rather large

struts angoamalk ARBEBSATHAR RBPORIA R EBNARIRAY LGAHRRAN AHRAHE PRR ERINAR A

diameters (250 -33- 5 October 2004 - 500 micrometers), or less than 2% penetration. Therefore, it was

believed taatais 18 B i rRu i e I RERHIBE A QT R8I IR RORSIF Wb fis was

confirmed by testing samples with both the flash™diffusivity method and the thermal gradient method.

The meagiyerh Y, VRIISE DB 1SREIIR Yo e RENDE D iRpR 4Hel1Pdifap B viable method to

measure these foams. If the’pore structure changes significantly, the flash method
comparable to the in-plane thermal conductivity of other carbon-based thermal management

materials, such as the carbon-carbon composites containing carbon fiber that are listed in
Table IV, which are 109 W/meK and 250 W/meK . The foam has asignificantly higher
thermal conductivity in the out-of-plane direction than these carbon-carbon composites,
which are 1 W/meK and 20 W/meK. Carbon-based therma management materials typically
exhibit substantial differences between in-plane and out-of-plane thermal conductivity, as
shownin TableV. Although severa of the other thermal management materials have higher
in-plane thermal conductivities, their densities

are much greater than the foam, i.e., the specific thermal conductivity of the foam s
significantly greater than all the available thermal management materials. In fact, the specific
thermal conductivity is more than seven times greater than copper (45 Wecm®*/me°K egm), the
preferred material for heat sinksin the prior art. It isclear that, for therma management,
where weight is a concern or where un-steady state conditions occur often, the graphitic foam
IS superior to most other available materials. The advantage of isotropic thermal and
mechanical properties should allow for novel designsthat are more flexible and more

efficient.



will likely yield inaccurate results. In another embodiment of the invention, two different precursors
were used to produce foam with the process of the invention. These precursors were a Conoco
Mesophase Pitch and a Mitsubishi ARA24 Mesophase Pitch (herein referred to as Conoco and
ARA24). The results are shown in Tables Il and Ill. They were processed with varying operating
pressures under nitrogen atmosphere, a heatinggate during the foaming stepoaf 8u2€/pting coked at
630C for 1 hour, and cooled at the natural cooling rate of the furnace. The samples were carbonized
in a separate furnace under nitrogen at a heating rate of 0.2C/min up to 1000C and then some
samples were graphitize drapa8ReCfiCatbarihardatipieschiiiemifesant heating rates (10C/min and
4C/min, Table Ill). The thermal conductivity (a term which is herein used synonymously with Abulk
thermal conductivity-) of the foam was very high as shown in Table Il and Figures 25 and 26. The
thermal conductivity of the graphitized ARA24 foam, graphitized at 4C/min, was in the range of
approximpgg|¥ 14PtepkRieY\intarisnsannsaninsiafthd My dptiemarkable for a material with such a
low density of approximately 0.56 g/cm 3. This calculates as a specific thermal conductivity (thermal
conductivity divided by the density) in the range of approximately 256 to 334 Wcm3/mKgm. As stated
earlier, for a foam with a bulk thermal Fonductrvrty'oﬁ:rppromn’a:rety'm thetigament thermal
conductivity is.approximately...Z00. W.{ml&,.lalowe\}ex;‘ with the data shiown in Tables Il and 111, when the
-34- 5 October 2004 therAtal’conductivity of the foanris about 147 W/mK, “the figament thermal
conductlvny‘lsa—_t—r pproximately: ISOO‘VW_K_and Tcrr‘a‘?oam—thr:rmal conduc M‘gpproxmately 187
W/mK the- @_amenf thermal 'COﬁd't.ICtIVIty |sapp|=e*rma+ely—2266—‘o‘\1’/nﬂ(—|-t—|s &ﬁ unusu‘al-pFoperty of the
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graphitic carbon foam is substantially isotropic, and is preferably completely isotropic. The foam
exhibits substantially isotropic thermal conductivity comparable to the isotropic thermal conductivity of
some metallic thermal management materials (Table 1V). The foam exhibits a thermal conductivity,
146 to 187 W/mK for the ARA24 foam in Table I, that is comparable to the in-plane thermal
conductivity of other carbon-based thermal management materials, such as tie @sgborocarbon
composites containing carbon fiber that are listed in Table 1V, which are 109 W/mK and 250 W/mK.

The foanThple d IsignifiqariinmdiGuedubermehad sgedfiityHertha Oshdfiqiang direction than these
carbon-carbon compositesengticioniad esoptiaak pa20 BfspiitecTadng-based thermal management

materials typically exhihitisdhsitapiigbehfiereasesopsivgrn papene and out-of-plane thermal
conductivity, as shown in Table IV. Although several of the other thermal management materials have

higher in-plane thermal conduct|V|t|es thelr densities are much greater than the foam, i.e., the specific

thermal cor f
materials. Ofie rmal-conducti

Wem3/mKgm), the preferred.material for-heat

nagement
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5 October 2004 Table Ill. Thermal Conductivity and Specific Thermal Conductivity vs. Density for
Mesophase Derived Graphite Foams made from Different Precursors in the Invention.

-37- 5 October 2004 Table IV. MaterialThermal ConductivitySpecific Thermal

Conductivity Densityln-planeOut-of-planeln-plane Out-of-plane [gm/cm3][W/mK][W/mK][Wcm3/mKgm]
[Wem3/mKgm] Typical 2-D Carbon-Carbon1.8828502013210.6 EWC-300/Cyapateber 2004
Esterl.1712b09M630.6 Copper8.94004004545 Aluminum 60612.81801806464 Aluminum0.19- --10- -52

Honeycomb Aluminum Foam0.512122424 Based on the data in Tables II, lll, and IV and in Figures 25
apd 26, if EAanerpa? seen t.hat the cart}fggr fgjacggnsd octi\t”rt])(/a mv_e_ntlbn, whe r%@tmle;eg, have surpfisingly
high thermal conductivity and specific thermal conductivity} The gra H&gcga(ﬁon foams typjcally have
a thermal conductivity qf @éneast 40 MK andioraspecific thenmiaheonductivity-aheast
[gm/cm?] [W/meK] [W/meK] [Wecm¥*me°K egm] [Wecm*me°K egm]

Typica 2-D

Carbon-Carbon 1.88 250 20 132 106

EWC-300/Cyanate

Ester 1172 109 1 63 0.6

Copper 8.9 400 400 45 45

Aluminum6061 | 2.8 180 180 64 64

Aluminum 0.19 -10 52

Honeycomb

Aluminum Foam 0.5 12 12 24 24

Based on thedatain Tables|l, 111, and IV and in Figures 25 and 26, it can be seen that

the carbon foams of the invention, when graphitized, have surprisingly high thermal

conductivity and specific thermal conductivity. The graphitic carbon foams typically have a

thermal conductivity of at least 40 W/me°K and/or a specific thermal conductivity at least

equal to copper, i.e., at least 45 Wecm®/me°K egm, and usually on the order of at least 75

Wecm*/me°Kegm. More typical graphitic carbon foams of the invention have athermal

conductivity of at least 75 W/me°K and/or a specific thermal conductivity of at least 100

Wecm®*/me°Kegm. In the preferred embodiment, the carbon foams of the invention have a

thermal conductivity of at least 100 W/me°K and/or a specific thermal conductivity of at least

150 Wecm?®/me°K egm. More preferred embodiments contemplate carbon foams having a

thermal conductivity of at least 125 W/me°K and/or a specific thermal conductivity of at least

175 Wecm®/me°Kegm. Y et more preferred embodiments contemplate carbon foams having a

thermal conductivity of at least 150 W/me°K and/or a specific thermal conductivity of at least



equal to copper, i.e., at least 45 Wecm3/mKgm, and usually on the order of at least 75 Wcm3/mKgm.
More typical graphitic carbon foams of the invention have a thermal conductivity of at least 75 W/mK
and/or a specific thermal conductivity of at least 100 Wcm3/mKgm. In the preferred embodiment, the
carbon foams of the invention have a thermal conductivity of at least 100 W/mK and/or a specific

thermal conductivity of at least 150 Wcm3/mKgragMore preferred embodimenisimnteropsate carbon

foams hagdog/eecingrmeak egmd ustiviitnofecti g ket erivdnasotliviesrasspacifioptbry szabeo folimgivity of at
least 175 Wcm3/mKgm. Yet more preferred embodiments contemplate carbon foams having a

thermal aeneintg tditerafaicleribicti SRS ral cardige a\speciiatiopsnedreifititibritbtatidaastitgs- 5

October 2004 200 Wcm3/mKgm. Still more highly preferred embodiments contemplate carbon foams

having a ghefmascRsswetiyiis/at i dgasivi bV iata TR RPRChitItPRIReS 2980 Zovdhovaingt least
250 Wcm3/mKgm, with the data in Tables 1I-IV and Figures 25 and 26 showing that specific thermal

conductivjiig smithetREERBIHAGRRS BESON BB B Ot Riag OY8WACHFAE GOV G evdcin, and

indeed even at least 325 Wem3/mKgm, are at-tainable. Pore diameters indicated in Table Il were

measurefbiy §10 REMMNPHIMehd Tetkack SRerilaBurinoR AremARE PecReshidhat affects the

overall thermal performance of the carbon foam is the specific surface area (SSA), calculated by: SSA

[m2/m3] poFetabRers SiRAdRe o ¥ BRoidelsRakireli B9 R0RdeT Rksrealenapeaific surface

areas indicate a lower foam pororsity which reduces the éffect of the ' natural convective heat transfer
mode (laminar flow) and allows the more efficient conductive heat transfer mode to dominate thermal
performance. Larger SSA's enhance evaporative cooling via increased surface area to volume ratio

and i””‘??éﬁﬂi?‘&ﬁ?&é@%%&%%%&%éﬁ&tﬂ?&%%ﬁ@ 52 PrRAAhERIPRGcSotANE also an

indicator of the foam's response to
carbon foam is the specific surface area (SSA), calculated by:

SSA [mP/m®] = Total Pore Area [m/g] x Density [g/cm®] x 1,000,000 [cm®/m’]

Smaller specific surface areas indicate alower foam pororsity which reduces the effect of the
natural convective heat transfer mode (laminar flow) and allows the more efficient conductive
heat transfer mode to dominate thermal performance. Larger SSA's enhance evaporative
cooling viaincreased surface area to volume ratio and increasing the contact area between the
evaporative fluid and the foam material. SSA isalso an indicator of the foam's response to
forced convective heat transfer (turbulent flow) viafluid passing through the media by
increasing the surface area used for heat transfer.

Asshownin Tablell, the SSA value for the graphitized carbon foams of the invention
(heat treated to 2800°C.) was at |east about 6,000 m*m?, typically above 25,000 m?m?, and
even more typically above 65,000 m*¥m?. SSA values of at least 100,000 m%/m® or at |east
500,000m%m?® are contemplated in the invention. Indeed, several samples shownin Table

were above 1,000,000 m%¥m?, and in the preferred embodiment, the carbon foam has an SSA



forced convective heat transfer (turbulent flow) via fluid passing through the media by increasing the
surface area used for heat transfer. As shown in Table II, the SSA value for the graphitized carbon
foams of the invention (heat treated to 2800C.) was at least about 6,000 m2/m3, typically above
25,000 m2/m3, and even more typically above 65,000 m2/m3. SSA values of at least 100,000 m2/m3
or at least 500,000m2/m3 are contemplated in-the@ invention. Indeed, seveyabsaimplea&hown in Table

Il were atfaatechABAN0, 00006 mAtn) ther @peéterats yean hedirasnit 81800000 mMftrafMhasan SSA -39-
5 October 2004 of at least about 2,000,000 m2/m3, more preferably at least about 5,000,000 m2/m3,

more prejiefakiy gt Rtdaasitabout 10,0000000HRNGdnbMos atesabivast dpest about 15,000,000
m2/m3, with SSA values of at least about 25,000,000 m2/m3 or at least about 35,000,000 also being

contemplEgesboiue winer? ReisaiBAlicziiLes dhet Fd X 25,000,600 ntRk VI casckdite the data in
Table Il show the highest value achieved with the few samples therein tested as 43,836,000 m2/m3,

values baih diolve0 el dowahE EhibispIakie ke GRFSC RS RAi VIR SAVaRKQE chyappyative

Cooling: Examples VII, VIII, and X, along with Figure 14 show that the still air experiments in a vacuum

furnace piehtsed B lRhnwing sealina ealesi nbisinkargieas asdRerisiddthmsabeafoam

temperature reached - 53.4C (C) in no more than about 4 minutes; H. Using ethanol as the fluid, the

carbon fog aivtetedabad s3Bdp IR Al G BHPREHECIIONIE Thith Hriiaige as the

fluid, the carbon foam temperature reached -5.5C in no more than about 3 minutes. Examples Xl, XII,

and XIII, %ﬂf@ﬁﬁi%i%tﬁﬁ SROW EMRIhe natural convection

Evaporative Cooling: ExamplesVII, VIII, and X, along with Figure 14 show that the still
air experiments in a vacuum furnace produced the following cooling rates:

l. Using acetone as the fluid, the carbon foam temperature reached -

53.4°C (C) in no more than about 4 minutes,

. Using ethanol as the fluid, the carbon foam temperature reached -

28.6°C in no more than about 6 minutes,

1 Using water as the fluid, the carbon foam temperature reached -5.5°C

in no more than about 3 minutes.

Examples X1, X1I, and X1, along with Figure 15, show that the natural convection
experiments conducted under ambient room temperature conditions produced the following
cooling rates:

l. Using acetone as the fluid, the carbon foam temperature reached 0.5°C in no

more than 38 minutes,

. Using ethanol as the fluid, the carbon foam temperature reached 14.3°C in no

more than 38 minutes; and

1. Using water as the fluid, the carbon foam temperature reached 18.9°C in no



experiments conducted under ambient room temperature conditions produced the following cooling
rates: 1. Using acetone as the fluid, the carbon foam temperature reached 0.5C in no more than 38
minutes; H. Using ethanol as the fluid, the carbon foam temperature reached 14.3C in no more than
38 minutes; and Ill. Using water as the fluid, the carbon foam temperature reached 18.9C in no -40- 5
October 2004 more than 38 minutes. As indicateglpabove, the foregoing inferratiesewas oerived from
the data presented withdesihant38 thiaesperiments previously described showing decreases in
temperature with time using acetone, ethanol, and water, respectively. But these are by no means the

only conclusionaghadi calecbsbdvaytnd fonedbiedabfoandada aeiiostyéarfloasthexirrpnartsedor

example, in Example VIl it is shown, under the conditions of the experiment, that, when acetone was

the fluid, fhehcagpen foane expehnmaderepRialy cofrifBa7Hdiing treretiamiemierigs@hatieduced

pressure (vacuum) of 29 torn. Similarly, in Experiment VIII it is shown, under the conditions of the

experimefthdhatnyhesontanenoraiboiid ecatn Bamnhssashas, aiampprheeny-21.7C in no

more than 3 minutes at a reduced pressure (vacuum) of 1.2 torn. And again similarly, in Experiment

X1, with agsHanE GEHAIraRsHameHGR tRatdrl STE SHOfRANEIIRBSBdiei Meprsinent, the carbon

foam reached a temperature of 5.7C in no more than 10 minutes. These and similar conclusions may

be drawrgraiipieg ntERH'AN B iR IS XA SN iheeOndHiFi3 BPtRd BipBARHICKQMHaAC effects the

high thermal conductivity and SSA properties of the carbon foam of the invention have upon the

cooling raje.aRRiGuaRlR Wiy 2RE'QPEoR FoaRM e HEHI&SRFEWE N6, 7°C in no more than 2

minutes at a reduced pressure (vacuum) of 29 torr. Similarly, in Experiment V111 it is shown,
under the conditions of the experiment, that, when ethanol was the fluid, the carbon foam
reached atemperature of -21.7°C in no more than 3 minutes at a reduced pressure (vacuum)
of 1.2 torr. And again similarly, in Experiment X1, with acetone as afluid, and under the
natural convection conditions of the experiment, the carbon foam reached a temperature of
5.7°C in no more than 10 minutes. These and similar conclusions may be drawn from the
tabular datain Examples VI to XV I, which dataillustrate the combined effects the high
thermal conductivity and SSA properties of the carbon foam of the invention have upon the

cooling rate achievable with acetone, ethanol, and water, respectively.

X-ray Analysis: Lattice parameters were determined from the indexed diffraction peak
positions (Table V). The X-ray method for crystallite size determination iswell known to
those skilled in the art. The 002 and 100 diffraction peak breadths were analyzed using the

Scherrer equation to determine the crystallite dimensionsin the a and c- directions.

Lh Lk
f=

Beod2d)

wheret isthe crystallite size, A isthe X-ray wavelength, B is the breadth of the diffraction



X-ray Analysis: Lattice parameters were determined from the indexed diffraction peak positions (Table
V). The X-ray method for crystallite size determination is well known to those skilled in the art. The
002 and 100 diffraction peak breadths were analyzed using the Scherrer equation to determine the
crystallite dimensions in the a- and c- directions. where t is the crystallite size, k is the X-ray
wavelength, B is the breadth of the diffraction -4115 October 2004 peak [full widitnbalfomximum

(FWHM) peikU3 dheviistr Hanemiadi breadhlv B 28 iedieediistaatient angltexdi, ievee i thable V, the 002

peak (which is characteristic of interlayer spacing), was very narrow and asymmetric, indicative of

highly ordeses-aeadtitee. TR sigrayerEpavingsalsyigd Wilthe Sehatarmedhontds iydne range of

approximately 0.3354 nm to 0.3364 nm. The crystallite size in the c-direction was calculated from

these daig{or W@@WF@W% Rrtreth ) i e HPPipR ek g dprivexaagnal

nomenclature) was used to calculate the crystallite size in the a-direction of at least approximately

21.5 nm.; haesncaptaliiesErsaIoRiaRe RarhPicatiiaiceimIbAgoaHsHbLRAEReY fibers and

therefore, the foam ligaments should perform similarly to high order pyrolytic carbon and high thermal

conductivityarRan§Ressetih K LARPANE YAPRT GRONA RRIRRNIRES YRS Fofahistasray

Diffraction Data for Carbon Foam Saniples * Samples N-Q of Table V are the same as samples N-Q of

Table ll, yaapestuely gﬁi'ﬁlﬁéia'ftéi‘mﬁ, g ﬁi&%@é%%jﬁ?e i?ggﬁmgl d%ﬁnéﬁ{:l?éiﬁﬁe eak split

factor (RPSF) parameter, or narfowness, calculated e full width half

maximunys (VM) 8 EAUBIRDIN 5471 O DS RRRE AL DMENS FRROREIGRIGHF 22 rpks 2t 100

and 101 ce conditions
These crystallite sizes are larger than typical high thermal conductivity carbon fibers and

therefore, the foam ligaments should perform similarly to high order pyrolytic carbon and
high thermal conductivity carbon fibers such as K1100 and vapor grown carbon fibers
(VGCF).

TableV. X-ray Diffraction Datafor Carbon Foam Samples
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* Samples N-Q of Table V are the same as samples N-Q of Table 1, respectively.

The "doublet" at the 100 and 101 peaks is characterized by arelative peak split factor
(RPSF) parameter, or narrowness, calculated using the peak angles and the full width half
maximums (FWHM). eequationis:

IR FIFHM .

RPEF=-



for thermal conductivity and structural integrity. The data reported in Table V shows values for RPSF
no greater than 0.470, with the lowest reported value for a carbon foam heat treated at 2800C being
0.298 and the highest being 0.413. Microstructural Characterization: Figures 27 and 28 are scanning
electron micrographs of the pore structure of a foam sample of the invention. The foam exhibits a
structure having open interconnects between celig-(or pores) 200, with such cgllsbar pooas) being of
similar geometric sshal e, RyASE aHyli edligsclickst; pewtk saim etraas Epharit thvar aisied atiiyconbiciiesl. (It is
noted that a sphere is a specific form of an ellipsoid.) It is evident from the images that the graphitic

structurefisr anigniaidcoadaliel/ oy theicallivvalls anehighlyiatigaedaiongitheaiie of digasenised10. This

highly aligned structure is significantly different from typical vitreous carbon foams: vitreous carbon

foams areoy RPSH aoajrbiier sHAC0MFONaUe tAEdewes nipasandallirdgar Haarnen®apnHeal rearstly
pentagonal dodcahedral in shape. Moreover, it can be seen that in the junctions 220 between

ligamentgy YspaTenitiieg Grustae ihd BRshatigngfpmdizossesses more folded texture. It is postulated
that this arises from the lack of stresses at this location during forming. Therefore, the well-ordered

structure in these regions is primarily an artifact of the structure in precursor mesophase prior to heat
treatment. -43- 5 October 2004 We claim: 1. A carbon foam having a thermal conductivity of at least

106 Wimih, & o51ei fp T ieaachs (FaHRRD Hgthakn Ardiathie REHRRAGRIBAHS WAL BbAIpHRRH 125

W/mK. 3. The carbon foam as defined in claim 1 having a thermal conductivity of at Ieast 150 W/mK.
the pore structure of afoam sample of theinvention. The foam exhibits a structure having

open interconnects between cells (or pores) 200, with such cells (or pores) being of similar
geometric shape, typically ellipsoidal, and sometimes spherical or essentially spherical. (Itis
noted that a sphereis a specific form of an ellipsoid.) It isevident from the images that the
graphitic structure is oriented parallel to the cell walls and highly aligned aong the axis of
ligaments 210. This highly aligned structure is significantly different from typical vitreous
carbon foams: vitreous carbon foams are void of graphitic structure, have large openings and
linear ligaments, and are mostly pentagonal dodcahedral in shape.

Moreover, it can be seen that in the junctions 220 between ligaments, the graphitic
structureis less aligned and possesses more folded texture. It is postulated that this arises
from the lack of stresses at this location during forming. Therefore, the well-ordered
structure in these regionsis primarily an artifact of the structure in precursor mesophase prior

to heat treatment.



4. The carbon foam as defined in claim 1 having a maximum thermal conductivity of at least 175
W/mK. 5. The carbon foam as defined in claim 1 having a specific thermal conductivity of at least 100
Wcm3/mKgm. 6. The carbon foam as defined in claim 1 having a specific thermal conductivity of at
least 175 Wem3/mKgm. 7. The carbon foam as defined in claim 1 having a specific thermal
conductivity of at least 225 W. cm 3/mKgm. 8. The carbon foam as defined inglaierl feoang a
specific thigsrdal eonductivity of at least 325 W. cm3/mKgm. -44- 5 October 2004 9. The carbon foam
as defined in claim 1 having a specific surface area of at least 6000 m2/ m3. 10. The carbon foam as
defined in claim 1 having a specific surface area of at least 65,000 m2/ m3. 11. The carbon foam as
defined in claim 1 having a specific surface area of at least 1,000,000 m2/ m3. 12. The carbon foam as

defined in claimil having eagrecibaratddee) anerreiaicarRrICESi 806k P as1 m83/VARA.°Khe carbon foam

as defined in claim 1 having an X-ray diffraction pattern characterized by doublet 100 and 101 peaks
characterized by a relative peak split factor no greater than about 0.470. 14. The carbon foam as
defined in claim 1 having an X-ray diffraction pattern characterized by doublet 100 and 101 peaks

characterized by a relaiNge RpgdnIbiagi8Efined in claim 1 having athermal conductivity of at

least 125 W/m-°K.

3. The carbon foam as defined in claim 1 having a thermal conductivity of at

least 150 W/m-°K.

4, The carbon foam as defined in claim 1 having a maximum thermal

conductivity of at least 175 W/m-°K.

5. The carbon foam as defined in claim 1 having a specific thermal conductivity

of at least 100 W-cm*/m-°K -gm.

6. The carbon foam as defined in claim 1 having a specific thermal conductivity

of at least 175 W-cm*/m-°K -gm.

7. The carbon foam as defined in claim 1 having a specific thermal conductivity

of at least 225 W- cm ¥m-°K .gm.

8. The carbon foam as defined in claim 1 having a specific thermal conductivity

of at least 325 W- cm®/m-°K -gm.



between about 0.298 and about 0.413. 15. The carbon foam as defined in claim 1 having an X-ray
diffraction pattern characterized by doublet 100 and 101 peaks characterized by a relative peak split
factor between about 0.298 and about 0.470. -45- 5 October 2004 16. The carbon foam as defined in
claim 1 having an X-ray diffraction pattern characterized by a full width half maximum for the 002 peak
angle of between about 0.159 and about 0.294-daegrees. 17. The carbon fganx asp@efinesin claim 1
having an X-ray diffraction pattern characterized by: (a) doublet 100 and 101 peaks further
characterized by a relative peak split factor between about 0.298 and about 0.470, and (b) a d002

spacing betweeg, aboutRe3pdoaridaabasitiEridida4n tiimerearhga fpacitiasuleines da olaineishaving a
mean pore diameter between about 30 and about 60 microns, and a density between about 0.2 and
about 0.&8pgmhémd. and a relative peak split factor no greater than about 0.413. 19. The carbon
foam as defined in claim 1 having a mean pore diameter no greater than 60 microns and a density
between about 0.2 and about 0.65 gm/cm-3. 20. The carbon foam as defined in claim 1 having a
density from about 0.55 to about 0.60 gm/cm3 . 21. The carbon foam as defined in claim 1 having a

mean pore diamgjer N ERAHBHH TRRARL WERAIME@IRNH T HevineipaaridQ0A £2 dbfdaieasoam as

defined in claim 1 having a mean pore diameter no greater
65,000 m?/ m”.

11.  Thecarbon foam as defined in claim 1 having a specific surface area of at least

1,000,000 Mm% m®.

12.  Thecarbon foam as defined in claim 1 having a specific surface area of at least

35,000,000 m?/ m°.

13.  The carbon foam as defined in claim 1 having an X-ray diffraction pattern
characterized by doublet 100 and 101 peaks characterized by arelative peak split factor no

greater than about 0.470.

14.  The carbon foam as defined in claim 1 having an X-ray diffraction pattern
characterized by doublet 100 and 101 peaks characterized by arelative peak split factor

between about 0.298 and about 0.413.

15.  The carbon foam as defined in claim 1 having an X-ray diffraction pattern
characterized by doublet 100 and 101 peaks characterized by arelative peak split factor

between about 0.298 and about 0.470.



than about 60 microns. 23. The carbon foam as defined in claim 1 characterized by an X-ray diffraction
pattern exhibiting relatively sharp doublet peaks at 20 angles between 40 and 50 degrees. 24. The
carbon foam as defined in claim 1 having a pore structure consisting essentially of pores having
diameters within a 100 micron range. 25. The carbon foam as defined in claim 1 having substantially
isotropic thermal conductivity. 26. The carbon foam as defined in claim 1 whereinis&idfoeun has a
mean pore diameter no greater than about 340 microns. 27. A carbon foam as defined in claim 1
wherein said foam has substantially ellipsoidal pores. -47- 5 October 2004 ABSTRACT PITCH-BASED

CARBON FOAMGAND THe tri6oh bas Ad\efident dib rREN ry trexmraihdidorzdtictiyeiearpon foam is
provided, normally having a thermal conductivity of at least 40 W/mK . The carbon foam usually has a

specific thrsragieraRitcEY i, Wrfin el BmixenihaTmRt6e 00R glédtatiyidsichbiniés dposity,1ebat least

about 75 Wem3/mKgm. The foam also has a high specific surface area, typically at least about 6,000
m2/m3. T it hpdagiesized by an x-ray diffraction pattern having "doublet” 100 and 101 peaks
characterized by a relative peak split factor no greater than about 0.470. The foam is graphitic and
exhibits substantially isotropic thermal conductivity. The foam comprises substantially ellipsoidal pores
and the mean pore diameter of such pores is preferably no greater than about 340 microns. Other
materials, such &8 phasbetaihge foaated akf| mechi bel anprkhadteian Xeqyalids dotanl patterimpart
beneficial thermal properties to

characterized by:

() doublet 100 and 101 peaks further characterized by arelative peak split factor
between about 0.298 and about 0.470, and

(b) ad002 spacing between about 0.3354 and about 0.3364.

18.  Thecarbon foam as defined in claim 1 having a mean pore diameter between
about 30 and about 60 microns, and a density between about 0.2 and about 0.65 gm/ cm?®, and

arelative peak split factor no greater than about 0.413.

19.  Thecarbon foam as defined in claim 1 having a mean pore diameter no greater

than 60 microns and a density between about 0.2 and about 0.65 gm/cm®.

20.  The carbon foam as defined in claim 1 having a density from about 0.55 to

about 0.60 gm/cm®.

21.  The carbon foam as defined in claim 1 having a mean pore diameter no greater

than about 340 microns.



the foam. Heat exchange devices and evaporatively cooled heat sinks utilizing the foams are also
disclosed. FIG. 2

- 46- 5 Cct ober 2004

22.  The carbon foam as defined in claim 1 having a mean pore diameter no greater

than about 60 microns.

23.  Thecarbon foam as defined in claim 1 characterized by an X-ray diffraction

pattern exhibiting relatively sharp doublet peaks at 20 angles between 40 and 50 degrees.

24.  The carbon foam as defined in claim 1 having a pore structure consisting

essentially of pores having diameters within a 100 micron range.

25.  The carbon foam as defined in claim 1 having substantially isotropic thermal

conductivity.

26.  The carbon foam as defined in claim 1 wherein said foam has a mean pore

diameter no greater than about 340 microns.

27. A carbon foam as defined in claim 1 wherein said foam has substantially

ellipsoidal pores.
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ABSTRACT

PITCH-BASED CARBON FOAM AND COMPOSITES AND USES THEREOF

A thermally conductive carbon foam is provided, normally having athermal
conductivity of at least 40 W/meK. The carbon foam usually has a specific thermal
conductivity, defined as the thermal conductivity divided by the density, of at least about 75
Wecm®/me°Kegm. The foam also has a high specific surface area, typically at least about
6,000 m¥m?>. The foam is characterized by an x-ray diffraction pattern having "doublet" 100
and 101 peaks characterized by arelative peak split factor no greater than about 0.470. The
foam is graphitic and exhibits substantially isotropic thermal conductivity. The foam
comprises substantially ellipsoidal pores and the mean pore diameter of such poresis
preferably no greater than about 340 microns. Other materials, such as phase change
materials, can be impregnated in the poresin order to impart beneficial thermal propertiesto
the foam. Heat exchange devices and evaporatively cooled heat sinks utilizing the foams are

also disclosed.

FIG. 2
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