28 Decenber 2005 -1 PITCH BASED CARBON FOAM AND COWVPOSI TES AND USES
THERECOF STATEMENT REGARDI NG FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
The United States Governnent has rights in this invention pursuant to
contract No. DE-ACO05-960R22464 between the United Stat%%é%%ga t % of
Energy and Lockheed Martin Energy Research Corporation. OF THE
| NVENTI ON The present invention relatas to carbon foam and conposites, and
nore particularly to a process for producing them The extraordinary
mechani cal properties of commercial carbon fibers are due to the wunique

graphitic rmlmmmsmfcmmﬁwmﬁﬁ%gb | CTRIP oS %Eﬁj e Pt Ch and
Mesophase Fibers,"” in Carbon Fibers, Filanents I&ﬁ? ﬁ§ﬁ$§§ﬂﬂ‘@@i redo
{editor), Kluwer Academ c Publishers, Boston, pp. 43-72 (1990).

Cont enporary advanced structural conposites exploit these properties by

creating a disconne network of graphitic filanments held together by an
appropriate matrix. g&é&%ﬁ%%ﬁ FEDERALLY SEONS@REDSOr can be
considered to be an interconnected network of graphitic |iganents or

struts; as shown -in Fi gur BESEARCH ORIDEVIEEOPMENEt ed networks, they
represent a potential alternative as a reinforcenent in structural

conposi t e nmatBhid Ghised SR CRAVeMAREESS SiShi : j carbon foans utilize a
bl owi ng technique to produce a foam %? %tehp%ﬁtgﬁfog%&rzsﬁlﬁgt&?CPW%N{?h t he

et on, Tt nodyeone ey v ooh T8 Qpialal B5¥nsonofEhctay e Lockhoed ng the

regi on. Thernodynam cal |y,

| ow nol rm.Wei ght co unds.in the pitch to vaporize (the pitch boils),
g Decer e R GRS poation P p (the p )

BACKGROUND OF THE INVENTION
The present invention relates to carbon 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 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. As such interconnected networks, they represent a potential alternative as a
rginforcement in structural composite materials.
e Typical processes 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 préssure
region to a low pressure region. Thermodynamically, this produces a "F lash," thereby

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



resulting in apitch foam See Hagar, Joseph W and Max L. Lake, "Novel
Hybrid Conposites Based on Carbon Foans," Mat. Res. Soc. Synp., Materials
Research Society, 270:29-34 (1992), Hagar, Joseph W and Max L. Lake,

"Forrmul ati on of ajvlathematical Process Mdel Process ?@ I fgér%dg)s
Foam ng of a Mesophase Carbon Precursor,” Mat. Res. SoC. ﬁ?ﬂ‘ erials

Resear ch SOEti' et.¥l, 27g: 35-40 (1992), G¥son, L.J. and MF. Ashby, Cellular
Sol i ds: SEFUMEPEPEN Bragpeded Hagar, Pasegh Yoranddas].. Idw, "Yovel H3988) , G bson,
L.J., Mat. Sci. and Eng Al 10, 1 (1989), Kni ppenberg and B. Lersmnacher,

Phi | | i ps CrseptpsitesiBased on 8B(bon FoarhST Bas. ROISROBEAN MhteriaR R&EEPRYN;@0d E. J.
Moutard, U.S. patent 4,276,246, (1981). Then, the peintac:‘sh foam rgr?jcsl?[g)’be

Cner oby. cross- 11 nkrng The nt unrus Bt L b TOXBERinh 8F Mo Gocs not

t hereby, cross-linking the structure an ing

mel t dur ippgs ' L AL, e ar, Jaseph and Max L. Lake,

"For mul at i or?ssoq?bg%rﬁ%tsn% [ g?allsfgr W@%@glﬁ&gﬁesp\é}é%é@rWéPCWW,"W. Resanmi ng
of a l\/Esgghgse Ci%zﬁon Péecurgor,_ Mat. Res. Soc. Synp., Materials Research
Soci ety, “2707%8= MpterialyByscarch Sogietye270539-40 (1949Q), BiibdonShdedrfdevi F. @ahbgn,

27:697 (1989). This is a tine consum ng step and can be an expensive step
dependi n&—Bﬂ'iﬁMiaﬁﬂﬁm&ﬁM" A helgs? ' dpeties, Pergmion Peusk, Nl YORE(1988) Gitbn,qxf di zed

pitch is then carbonized in an inert atnosphere to tenperatures as’ high as

1100C, f Mat.dseechndEngubjlect (mg),mﬁp%ﬁg@égﬁd@_ erglﬁagggegg,lhgf}ﬁ% g?%%g}ﬁto pr oduce

a graphitic carbon foam O her techniques utilize €tur sor,
such as Bb@NQL9T), AHaas , AO ds these W pitch. See Hagar,
Joseph WG(ZM Moy T L%‘Eg’ﬁ Ay (ﬁi'ng(e?g“e’&j“"gtoé-iJcpﬁ’é&m-Ei Ié?éenftér276éﬂ@r{l%el|)4 ed
Foans, " . C. ., Naterials Research Society, 270:41-46 (1992),
Aubert %te%tgg?ﬁﬂg%%&’?r{ﬁs%%nﬁﬁ H’f‘%&’@b’eﬁ%ﬁh’g@fi bydrpatimezin pir7of ¢0@eN), fotmahyr d,

F.C. and J.C.. Lewis, J. of Mat. Sci., 2:507-512 (1967) and Noda, T.,

| nagaki APHIS: dherebygress-linking thestruct@reyend dbetting? topiictiso ildce8 BoBaal: ddriR69) -

Hi gh pressure is applied and the sanple is heated. At a specified

t enper at eAreonization eedfagar; Joseph &.A8 Shx 1. MdRe, CRUShNSiA S b dlat g f 0am as
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- Process Model Process Model for the Foaming of a Mesophase Carbon Precursor, Mat. Res.
Soc. Symp., Materials Research Society, 270:35-40 (1992) and White, J .L., and P.M.
Shaeffer, Carbon, 27:697 ( 1989). This is a time consuming step and can be an expensive
step depending on the part size and equipment required. The "set" or oxidized pitch is then
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 phenolic, urethane, or blends

- of these with pitch. See Hagar, J oseph W. and Max L. Lake, "Idealized Stritt Geometries for
Open-Celled Foams," Mat. Res. Soc. Symp., Materials Research Society, 270:41-46 (1992),
A}xbert, J. W, (MRS Symposium Proceedings, 207:117-127 (1990), Cowlard, F.C. and J.C.
Lewis, J. of Mat. Sci., 2:507-512 (1967)-and Noda, T., Inagaki and S. Yamada, J. of Non-

Crystalline Solids, 1:285-302, (1969). High pressure is applied and the saniple is heated. ‘At

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



conpounds are rel eased. The polyneric precursors are cured and then

carboni zed 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, stiffn ar,
Joseph W and Max L. Lake, "ldealized Strut Ceonetries ?g?x:mﬁﬁgégﬁ ed
Foans, " Mat. qu. So?. gy ., Material% Research Society, 270:41-46 (1992).
I n ei t her®CROBISHE B lgaed. f ernolandrisrpreaiyrsars aresutetend bendetohize@wiBHALAL €
step to the facesheet used in the conposite. This can be an expensive step
in the utstabilzatipostep§ Holvevdrpthmse pradugsors 916856 0faldsty r vIBH éa%‘oq%}%%ﬁ?”es
these limtations, by not requiring a "blow ng™ or "pressure rel ease

t echni qualokongtreRBibagrighdtid SRthurd: Mfd%@?ﬁ,g%rs fow ﬁ%nﬁ?ﬁ' gk %?\’/g.y %%@%%é&%lﬁo n

step is not required, as in other S use O produ

carbon f { KREC is;less time copsunming, and therefore, wll be
| ower in, g@aggﬁgb%gg ng.rzﬁ\%g\/Ia;$ %bfﬁ‘?aﬁg‘%ﬁffg conmergestionApentellsd produced
with an ignte r,?‘%ed shget of high thermal conductivity carbon on the
surface oF e MG 29fefemg. MatsaialsiRegearckt Setiety, Z70a4h46 €1892). snoot h sheet
on the surface to inprove heat transfer. The present invention further

relates to a tmeithpsrssy, awaduechbimes foomen rTaisehidronded intedparhfcQBpeafRonaceous
precursor, and nore particularly to a thermally conductive, pitch-derived

carbon f damslieatised imihg ho%?@éiﬁﬁh‘hi‘s%aﬂ %efah\é&ﬁéﬁsi%g rgtgg Srgfrlhe%’ﬁﬁ%f&%‘og&eerfggn.

properties. The renoval unwanted heat 1's a I'y "encou
probl em Conveft ibRReds of I i.ncl ude cool.ing.fans, ice packs and
refrigeration syg tens. IﬁﬂL F}R{E&F}%ﬁv&@ mes HsPxfi Bgtlﬁsﬁmn‘?tée%mﬂraessed
(condense WandoFunEed in#o an expansi ve chanber or pipe system where it
evapor at es, P (°f ifSsTEsrelepsniachuiaus tegupdise dhe foama Fugthgmiors aneridetiod at ent
heat of vaporization, and thus cooling the surrounding environnment. Air
bl own t hFGhRataHestapeianot reswitrangsein oftery nivthods abaditto PrRslluce piedhHs@flcdiore 00!
| arger volunes such as in donmestic and autonotive air conditioning
syst ens. fe@sDdhérgroces23Q8ss tinde consuming, and therefore, will be lower in,cost and easier to
fabricate. Moreover, the foam can be produced with an integrated sheet of hlgh 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 a frequently encountered problem. Conventional
solutions include cooling fans, ice packs and refrigeration systems. In the latter, a working
fluid is compressed (condensed) and pumped into an expansive chamber or I;ibe system
W%)ere 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.



Active cooling (refrigeration) typically requires conplex equi pnent

i ncl udi ng punps, valves, conpressors, etc. Many refrigeration systens
require the use of CFCs (Freon), which is considered hazardous or
environmental |y unfriendly. An evaporative cooling syst 'ig‘ﬂgc%ﬁb razot(‘5isgh
thermal conductivity nmediumwould offer a sinpler, |owel CcoSt altérnative.
There is a need for portable cool ers-4hich are |ightweight and i nexpensive
so as to be dé&yi¥geRpling (refrégerdtion) typovally requives ebmypdet etjudsriat incdsding fénps
thermal |y conductive carbon foam of this invention overcones the ’

| imtati sakentomplresops, ictar Miry. refripeadidh by @dns fh@irPME80b CF@?@%O%E JELat es
to porous carbon foamfilled with phase change materials and en ase&hto

form a hegadonsideéd BA ' rly to a process for producing
them There are cur@gdrﬁl}syr %&%ﬁ?aﬁggbﬁ%ﬁ@ t ﬁ%‘tevf‘%%fﬁ Y% ﬁgg St yathof

| arge qu it at. for.either cooling or heating an object.

Typi cal | 5 ﬁ%é#ééﬁﬁlégé?ﬁdﬁgwmedwww &2 sifpler, dpyver opstaligrnative. mHliere is a

di ssi pat i oetr&htl hr ou p cool i ng_ fins, natural convection, or radiation cannot
di ssi pat BeHHEr lh%fffg cfigplers yhish sisgiehaweighttand snexpérsivelspes to bydpldyeatshe T
alleviate this problem a material wth a |arge specific heat capacity,
such as &elHeain irdyorldscophi@ieed i n contact with the object as it heats.
During the heating process, heat is transferred to the heat sink fromthe

hot object, ahgthagndlijeo vl eI ises. it. "stgres" the
heat nore rapidly thaycgﬁéﬁlgibﬁg%g)ia%]aﬁ S?ﬁo‘%{lﬁ%r{%ne\g‘fd%??%%ﬁmﬁﬂf%@
convectigapyibpfprtunately, as the tenperature of the heat sink rises the
heat fl ux Promthe hot obj ect decreases, due to a smaller tenperature
difference b vz\rggn thg two objects. Therefore, although this method of
energy stor ag% tHonfhe Bresent apvgatiopuesiatesitp perous cartben foam Slwdewislpphaseat i ons,
it is not sufficient for all applications. Another nethod of absorbing heat

i s t hr ougjlange WAlErigle and enshsesldo ddrnt ibeatsink pratuct, bl M6fe patticilarB t6 APRALsd N
tenperature. Typically, the phase transformation of a naterial absorbs two
28 Decenfoeprodd€ibg tHem.

There are currently many applications that require the storage of lziige 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 problém, a
material with a large specific heat capacity, such as a heat sink, is placed in contact with the
object as it heats. During the heating process, heat is transferred to the heat sink from the hot
object, and as the heat sink{ls temperature rises, it "stores" the heat more rapidly thar 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 témperathre
Qifference between the two objects. Therefore, although this method of energy storage can
absorb large quantities of heat in some @Pplications, it is not sufficient for all applications.

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

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



orders of magnitude greater thermal energy than the heat capacity of the
material. For exanple, the vaporization of 1 gramof water at 100C absorbs
2,439 Joul es of energy, whereas changing the tenperature of water from 99C
to 100C only absorbs 4.21 Joules of energy. In other vvorzgsDecr ai gri t he
tenperature of 579 granms of water from 99C to 100C abso6rbs Fh sang anount

of heat oﬁﬁrsﬁbﬁﬂ@iﬂhﬂé\?re&tegfh%mlﬁfelm‘!@#ﬁ{an"%ﬂ%ﬂ&g)(C,;d a&v%gtggglaiern%ﬂq{oi s_found at

the nelting point of the material. “This phenongno eenutilized in

sone a | gatd to either absqrb or ol ve trenendous anpunts of energy
in si tug?ﬂl‘}é‘%g d\%??g?pé’“ﬁ%%‘fnos' HRY "’ff\ter%ﬁ{%%%?mhﬁ £ridd denles Qlomergybl ock of
phase change material has a very large theoretical capacity to absorb
heat, tH@eRppehaagingshaismparatupptiweterfibmci€do 060 Chenlylaisoiieid.2i Rmlgforheat
transfer and thus it cannot be utilized in certain applications. However,

the uti bhcay.iwothef whhie, faisiy thaeernamkatu&mwgiﬁgigtwa&@m@ géaoncﬁ\sgrop?@?et he

short com ngs descri bed above. |If the high c ctivity d wth

t he pha terial ..the process can becone very rapid. Because of
the oxt EosEiibe RalPiebhil or oo By BRoR R Jerur ot Sitor Ha Oparthedamigind Bont act s
the surface of the foam it is rapidly transmtted throughout the foamto
a very fanget hgmeling paiatofdhe maeriphhis phetranagen irat evchaitilizahinsomeat i s very
qui ckly distributed throughout the phase change material, allowing it to

absor b applieatianstideithrmlabsoile by oty treameidyusihéilthyo WnbA3Q i siEBES Wlere heat
tenperature, thus keeping the driving force for heat transfer at iIts

maxi muminkeRill fdt etk have been utilized in the aerospace community to absorb
energy.in applications such as mssiles and aircraft where rapid heat

generation i d. teri t hat has Al _high heat of nelting is
encased in angtfr](g%E‘iatsgﬁg g?%gtogs*‘?% CE%{QE mylgrl bag 4 Very lanes thaesetical gepasitvced i n
cont act wibt h @lge %tr):j ect creating the heat. Since nost phase change
mat er i alo@bsefheatathe prpcessis mal a wpitanstiecausy of the diffieultienéf Heattrarsfennsd er
through the material is limted, but this is offset by the high energy
absor bi thys Bapetsit be uyilindd it bertzimagsicatiagHowleer e ktili£tidB oPaReIEheRN5- - 6
conductivity foam will overcome the shortcomings described above. If the high cbndﬁctiVity
foam is filled 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 is rapidly 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 is found. 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 a low thermal conductivity, the rate of heat transfer through the material is limited, but

this 1s offset by the high energy absorbing capability of the phase change. As‘heat is



transmtted through the netallic or graphite case to the phase change
material, the phase change material closest to the heat source begins to
melt. Since the tenperature of the phase change material does not change
until all the material nelts, the flux fromthe heat sog% e’tCO tﬂﬁ) phase
change material remains relatively constant. However, as't §Iﬁ‘23rt cgnti nues

to nmelt trafghitted RBSEICHRE LAl e TUINo JY d nf.ortunately,
the li quriad hag a rrﬁ%h :ﬁgﬁamép@%ﬁ%lra%}e contglﬁfclz%% ?glll,la%tg%ﬁéa@él%?ﬁ%r?}f?ée heat fl ow

further. f .1the erall |ow ther.nal onductivity of the solid and"
li qui d 6%‘13%8 ﬁ%%aééﬁﬁ%ﬂ‘% {hﬁlhgaﬁsf’}‘ﬁ"? e%‘ﬁsetor‘%‘%b %B?C@ pesiemippedirpof the hased,

thus, reduces the efficiency of the system SUWMARY OF THE | NVENTI ON The
gener al °BHjgEaratgtal dpes nof ehange uptiladhhe pratarisl melip the fleiefremrthohedt saurcand a
conposite froma nmesophase or isotropic pitch such as synthetic, petroleum

or coal thephapadudgpinatehial reaotshelntiadly egistans HovePe9 ¥ ghe heatcdniaskoamand a
conposite frompitch which does not require an oxidative stabilization

step. TheseplaRe cRinae Bk EGhord SRuilliS f@ﬁ&@%%@ﬁ@e@éflghg@g filgg 3 g%lcg r oduci ng

carbon foam wherein an appropriate no C referably

an appr I S ent. | lied.to |1s of the nold. Pitch
isintro uéé Zﬁcf%tngp ‘%%dggipvr?@pﬁuiﬁ%“?eé‘%ﬁlei%ﬁ?ot“ﬁg‘%ﬁ' c!ln\,l\%cﬁﬁlbe ?‘f?éaqh@Wth%n%ur ged
of air such as bg/ ppl.yi n% a vacuum_ Alternatively, an inert fluid could
be enpl §YECHMiRoiIhe $olid anddignidphasechangempierials limitssi fateofdvat shsoxptiahesce
the pitch into a liquid which preferably is of about 50C to about 100C
above t hed, Slofst eediery tipoéffitieody dflike sysichch. The vacuumis rel eased and an
inert fluid applied at a static pressure up to about 1000 psi. The pitch
is heated to a tenperature sufficient to cause gases to evolve and foamthe
pitch. The pitch is further heated to a tenperature sufficient to coke the

pitch and the pitch is co {ﬁﬂlt with a sinultaneous and
gradual rel ease of pressurg: n%&@ﬁ%@ﬁ&%ﬁe previ ously descri bed

steps are e oyed in a nold conposed of . a material such that the nolten
pi tgh does 2@{13 ral leeﬁj&fém)@,ega%gggentlon 1s 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 moid reléase
agent is applied to walls of the mold. Pitch is introduced to an appropriate level in the mold,
and the mold is purged of air such as by applying a vacuum. Alternatively, an inert fluid

~could be employed. The pitch is heated to a temperature 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
pi{ch. The vacuum is released and an inert fluid applied at a static pressure up to about 1000
psi. The pitch is heated to a temperaturefsufﬁcient 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.’

In another aspect, the previously described steps are employed in a mold composed of

a material such that the molten pitch does not wet.



-7 In yet another aspect, the objectives are acconplished by the carbon
foam product produced by the nethods disclosed herein including a foam
product with a snooth integral facesheet. In still another aspect a carbon
f oam conposite product is produced by adhering faceshe t on foam
produced by the process of this invenjion. Another obje??%§¥8P %gﬁﬁgsent

invention is 1f QoMW t her - i rbon foam Yet another
object is to p?gvi de eg%#g%th@ls ogg uﬁ%g%ﬁ%%ﬁ%%gﬁsglggl%y ‘éﬂﬂf’%‘b{g\am&r?q‘ic&i ng a

t her mal | ive carbon fo Still another object is to provide a heat
exchangPﬁaﬁgggﬁigwéW3&5§fﬁﬁkﬁaig%ﬁﬁﬁnﬂwﬁﬁgaé@F@Pr H@%@ﬂ%hémémgemﬁgb]ectives
are accgrrpl i shed in one enbodinent bt'a thermally conductive,

pitch-d fqessdt-car bon foam In one aspect the foam has an open cell |iganent
conposition. I n another enbodi ment, the objectives are acconplished by a

met hod of pr dulstdll mgptler agseot 4 ogb@f foaitcoMpokial srodud RepBBhdN 1720 i ve,
pi tch-derived carbon foamis sel ected. ?M’p?'he Iﬂrf oamlig?lg cont at@%eg wth an

evapor affidaghckisds i Garbdh oA pRURRA A Eyaparating liquidis
effected. In still anotherpenggﬁfﬁgh%aogﬁgggg?%%ggl5?'are acconpl i shed by a
heat exchangi ice havin thermal | y conductive, pitch-derived carbon
f oam core. AA?]lgg}egg%F%ﬁgﬁerpég%Pgmv 2RIHIG Rf%‘(}a?ét}&"ﬁépf( PHlugiverqaebonoam cor e
and expases a portion. The exposed portion provides access and egress for
an evapO0?®ting |iquid. 28 Decenber 2005 -8 In another aspect, there are

upper and |ower reservoirs in fluid commnication with a
Yet another object is to provide a method of producing a cooling effect utilizing a

thermally conductive carbon foam.

Still another object is to provide a heat exchanging device employing a carbon foam

core.

These and other objectives are accomplished in one embodiment by a thentially
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 a thermally 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 a thermally conductive, pitch-derived carbon foam core. A fliid ifperieable
co?ting covers a portion of the foam core and exposes a portion. The exposed portion

provides access and egress for an evaporating liquid.



core and a punping device in fluid comunication with the upper and | ower
reservoir adapted to deliver the evaporating liquid fromthe | ower
reservoir to the upper reservoir. In still another aspect, the carbon foam
is positioned in separate colums to provide a cold stg?qge%el%gnltﬁjoger W th
spaci ng between the colums. In yet agother aspect, relative notion between

t he foam and Iﬂ@ﬁ&thérra@ﬁb%g%eré hid ﬂﬁgﬁatxﬁgg%%l 1%9&9%{%&%% (pd’r&%ﬁrglg%{oﬂygﬁ‘lbg ence

of an evaporative liquid by novi oam thereby ~acce

evapor at | I NGIeasin he, cooling effect., Still another object of the
present C:O%\r)aéﬁ& cl)lﬁﬂ)?%g ‘?eh “oP 3&%“&’1“‘8?”@%%@%‘?@‘?{ g dpwdITesep@irduct i vi ty
porous c rbocﬂ fdr%gmfi |led with a phase change material wherein trenmendous
anount s 29fPiehiordedrerdheppportiag §awiddipnathe lewpt restvaietoythe appalrgservdire por ous
foamthat has been filled with a phase change material (PCM w Il conduct

heat to the phsdbansiiamgepectyticanitain foatats pdsdtionchen §paREY @IMAS ©prdvi pPhase
change material will remain close to the operating tenperature of the

devi ce. cARlslttﬁagedoﬁtaﬁfwﬂdthtsgaéihl@béw%&?&%m{?h%? a heat source such as a
conputer chip, friction due to re-entry through the atnosphere, or

radi ati on su ght . .t is.transmtted. rapi and uniformy

t hr oughout tﬁgyﬁgg%ﬁéayr%b %rtfeﬂﬁlat%e Wﬁgo%ﬁglg/gen hﬁgﬂ'ﬂ% aﬁ‘gké’: transferfluid (e hateri al
changesdggﬁse, .t absorbs orders of magnitude nore energy than non-PCM
mat er i alfCHRIPH N thegreserse gsrabsange phansevaperative hiquid by inwving the &per, ideattiyon.
Conversely, the filled foamcan be utilized to emt energy rapidly when

pl aced Perestingeyapdration anddndrehsoiy the tooliNgreffettni t i ng embodi ments di scl osed
herein are a device to rapidly thaw frozen foods or freeze thawed foods, a

design to preuRah ; ’ il i
esign to pr SuBkahotBMesbiREbS e pRkert dhwrhtibh fssthé’grr‘])gﬁgfogle&sfi@g%ﬁa hi ngegl?ﬁalas

t hey experience cyclic heating during orbit, eadi ng
ng? %S: &%@?t&@%r%@%ﬁxM\?}N&“ﬁtﬁ-aep%agé/ cﬁaagemmzsi ezrai(a:lev'vhezrgn [t)r%gl%n ous 2005 -9

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

material 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. As the 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

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.



Fig. 1 is a mcrograph illustrating typical carbon foamw th interconnected
carbon liganents and open porosity. Figs. 2-6 are mcrographs of
pitch-derived carbon foam graphitized at 2500C and at vari ous
magni fications. Fig. 7 is a drawing corresponding to a n h
(shown in Figure 27) of the foam progluced by the proce?gw%?]%h%g&ﬁg
invention. Fig. 8 is a chart illustrating cunmulative intrusion vol une
versus pore dianeter. Fig. 9 is a chart illustrating log differenti al
i ntrusion vol une versu I Fig. 10 is a graph illustrating the
tenperatures at which 3%?@%?Pg§8gﬁ%ﬁgpﬂgﬁjgﬂ?DP#@N@‘@%M/pitch. Fig. 11 is
an X-ray analysis of the graphitized foam produced by the process of this
i nvention. FEigsl lﬂQm%Tanllghbﬁwfapﬂqsl datHondoamamiithgnfeoamgtaicacisd Wit h
al umi num cruci bles and the snmooth structure or face sheet that devel ops.
28 Decetigame29@f opehPofesgy. 13A is a schematic viewillustrating the
production of a carbon foam conposite mnade in accordance with this
invention. Fig. 13B is a perspective view of the carbon foam conposite of
this invention. Figs. 14-16 are charts plotting tenperature/time of the
carbon foam ing fromthe . evaporation of. a working fluid according to

A

I

this inventio Yef casper foant praphitized #S0RE arbddi nent

enpl oyi ng.the carpon foamof this invention. Fig. 18-21 are diagranmatic
vi ews i MHREEMASHgaMRIRer enbodi ments enpl oying the carbon foamof this
invention. Fig. 22 is section cut of a heat sink device for thaw ng food
using acetic acid as the

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

foam produced by the process of this invention.

Fig. 8 is a chart illustrating cumulative intrusion volume versus pore diameter.

Fig. 9 is a chart illustrating log differential intrusion volume versus pore diameter.

Fig. 10 is a graph illustrating the temperatures at which volatiles are given off from

raw pitch.

Fig. 11 is an 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.



phase change material. Fig. 23 is a section cut of a heat sink to prevent

overheating of satellites during cyclic orbits. Fig. 24 is a section cut

of a heat sink used on the | eading edge of a shuttle orbiter. Fig. 25 is a

chart plotting the thermal conductivity as a function obgargshbd 005 ARA24

mesophase derived graphite foam graphipti zed at 4C mn and 10C mn. 28

Decenber 200Fig, 13A iFh@chokhtic Sicv mhlé&attmg'tﬁ)éﬁﬂo o8 h RELIROAR PRGN 1Y as
[

a function of density for Conoco nesophase derived grap

gr aphi th}zagg ﬁcc&gﬁé%@}gith't:hlg%n@wé' s a phot ograph taken by SEM i magi ng of a

sample o e car oam o “invention. Fig. 28 is a photograph taken
by SEMimaging of a sanple of the carbon foam of the invention
illustrating the open interconnects between cells and show ng how t he

i nterconnect dianmeter is about half that of the cell dianmeter, typically
on the order Figf 12B44 a2 pergiifivg viewef tlmedakb&ilfam’ﬁtcempoﬁﬁ'ﬁ‘flthlﬁhv@ﬁ%ﬂ PTI ON OF
THE INVENTION In order to illustrate the carbon foam product and conposite
of this invention, the followng Exanples I-XI X are set forth. They are
not intended tolimt the invention in any vvay EXAMPLE |: Pitch powder,
granul es, I r t he desired f| nal shape of
the foam The b hﬂ%ﬁ%(ﬂfl [Iﬂgﬁ%gé%w)%%o@g rgcd? be Parboiqaptesuliing fipmsthey anpl e
M t subi shi aﬁ{é g g ase pitch was utilized. A proper nold rel ease
agent of V¥PPPHPRS ﬁﬁ’ﬁlﬂf@ el acprdaigde this wventipa. nol d to al | ow renoval of the
part. In this case, Boron Nitride spray and Dry Gaphite Lubricant were
separately used as a nold release agent. If the nold is made from pure

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

phase change material.

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

~orbits.

Fig. 24 is a section cut of a heat sink used on the leading edge of a shuttle orbiter.
Fig. 25 is a chart plotting the thermal conductivity as a function of density for ARA24

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



al um num no nold rel ease agent is necessary since the nolten pitch does
not wet the alum numand, thus, will not stick to the nold. Simlar nold
materials may be found that the 28 Decenber 2005 -12 pitch does not wet
and, thus, they will not need nold rel ease. The sanple b?[ﬁ% Yatg@sto | ess
than 1 torr and then heated to a tenperature approxi mately to 100C above
t he softeningjs pgi; L 9.&2 -1 i_.shi ARA§4 ne hase pitch
was used, 300 3g§§£ggﬁgﬂgﬁggpgﬂ§t ?%ﬁ%%$% , fH@“%é%ﬁ’ﬁ?P%éaﬁi Q§E8 to a
ni troge et and th ressur.e of to 1000 psi is applied. The

t enper a terJgﬁﬁ%%(e iﬁenné'egﬁatpgﬁ? ?‘? # lPéfidsaédoc%JQp{“B’GOC, or a tenperature
sufficient to coke the pitch which is about 500C to about 1000C. This is
performed at a rate of no greater than about 5C/ mn. and preferably at
about 2C/ mn. The tenperature is held for at least 15 minutes to achieve an
assured soakFmna7 iswephatdppaghumkacs $EMEmapiag o b Badplefof trndrioaabas of fief 0OM
tenperature. Preferably the foamwas cooled at a rate of approximately

1. 5C/ m thveMliddd rel ease of pressure at a rate of approximtely 2 psi/mn.
Final foamtenperatures for three product runs were 500C, 630C and 800C.
During the cooling cycle, pressure is released gradually to atnospheric
conditions. The foamwas then heat treated to 1050C (carboni zed) under a

ni trogen bl ke% and then heat treated in separate runs to 2500C and 2800C
(gr aphi ti zed} & £8 ISARiwipErwirtplnn byodi pmagiog ebia simple phths chbohfoamief thas

exam ned wi th photom crography, scanning electron mcroscopy (SEM, X-ray
anal ysi giventrog itfesteing theapies intetconnecdetasen Bells mARowThgt e ik Mis@snet’, the
interference patterns highlighting the isochromatic regions under

Cr 0SS- pimeicr RhbohORHIf thayd tdi f 6 letely
graphitic. That is, aIIﬂqg?%%ﬁg(g?égﬁbﬁggkgghég%?ggaﬁgug?g%%ﬁfg&gﬁg al i gned
al ong thg AxhsePf the struts. These struts are also simlar in size and
are interconnected throughout the foam This would indicate that the foam
woul d have high stiffness and good strength. As seen in Fig. 7 by the SEM

DETAILED DESCRIPTION OF THE INVENTION
In order to illustrate the carbon foam product and composite of this invention, the
following Examples I-XIX are set forth. They are not intended to limit the invention in any
way.
EXAMPLE L.
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 allow removal of the part. In this case, Boron Nitride spray and Dry Graphite
Ll{bﬁcant were separately used as a mold 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



m crograph of the foam the foamis open cellular meaning that the porosity
is not closed. Figures 8 and 9 are results of the mercury porisinmetry
tests. These tests indicate that the pore sizes are in the range of 90-200

mcrons. 28 Decenber 2005 -13 A thernogravinmetric studyg@fe.LhfeRysPitch
was performed to determine the tenperature at which the volatlTes are

evol vedy; Nyl i he, pitch l.oses early 20% of its

mass 1 af i S amog TP ARG Mt red MBI eleR: MR RmBlst cvbuecdirdembou

480C. Al.th U h tais s perforned at atnospheric pressure, the addition of
arggfﬂ Q“Wﬁ%@ﬁﬁ

1000 psihan & 2 amneratygiagprexmeately S0 do 1 0°Eaabor g theshéemihgr e,

whil e the gress_ure is at 1000 psi, gases rapidly evolved during heating
t hr oughPeiRe Indhis epsetwiraze Mitsgisiof ARADOniesophd&Gpitchivens uged 8801 adsice a f oani ng
effect (like boiling) on the nolten pitch. As the tenperature is increased

f urt her sufficieatperrthisypois, thargiuig & eSO/ hitro éggﬁﬁ}u&@l SREMeh Q@{%E’ur% e

specific pitch), the foaned pitch becones co (or rigid), us produci ng

a sol i dyf e8! MedoHfi j e foanm n Sy pceurred before
t he relegse ofq%rbsgﬂrﬁﬁgﬂﬁﬁ&bﬁe?gFﬁggﬁa?&F@lwgﬁ%gggggﬁé&gé yOldt f f er ent
fromprevious art.. Sanples fromthe foam were machined into specinmens for
measur i e&‘HeFPZ“fFﬁ%ﬁﬁhﬁﬂ%ﬁﬁaﬁ@tnlvhﬁlchpﬁéb%| k thermal conductivity ranged
from58 WnK to 106 WnK. The average density of the sanples was 0.53

g/ cnB. LR taabepitl 00°G. Jkiin is performetdiaate ofine grenfre thahi abott e Crmin. and
conductivity of the pitch derived foamis over 4 tinmes greater than that of

copper . piefaratigat abeni 3@/ inah) STHRABMPE atited isheRIof & 1851 | SRLAIES a‘éfi’i@ﬁé@{ .
conductivity of the struts thenselves to be nearly 700 WnK. This is

compa, ablsrcSodi R APHERmAYHET oMla SRR Bootkd REf S RERIGRE, | rom 1

sane ARA24 mesophase pi “ray anal ysi's 0 0 WSrmed to

det erm t rystalline structure of the material. The x-ray results are
shown i gl%lf—ergbﬁ}' gleﬁ?m RS r‘ho‘?lﬁ?tl 2t apfe0f appoxypalelyd i Cmipe pvithgplseserod preasme) was
determ ned to be 0.336 nm The coherence |ength (La, 1010) was

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

500°C, 630°C and 800°C. During the cooling cycle, pressure is 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. As can 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, all
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. This would indicate that
the foam would have high stiffness and good strength. As seen in Fig. 7 by the SEM
micrograph of the foam, the foam is ope;l cellular meaning that the porosity is not closed.
Figures 8 and 9 are results of the mercury porisimetry tests. These tests indicate that the pore

sizes are in the range of 90-200 microns.



determ ned to be 203.3 nm and the stacking hei ght was determ ned to be
442.3 nm 28 Decenber 2005 -14 The conpression strength of the sanples
were nmeasured to be 3.4 MPa and the conpression nodulus was neasured to be
73.4 MPa. The foam sanple was easily machined and coul d ¢y ..Bapdig@sreadily
wi thout fear of damage, indicating a,good strength. It Is inportant to note

that when t higsgpidsiavi i i lar manner, . but under. only

at nospheri c pressu(?éélz,1 1%2&%}@%ﬁf ggr%@pgffa%pgrg?wdﬁ% SRS Behen Under
pressure, In. fact, . resulting foamis so fragile that it could not even
be handl ef%“‘;?é‘? %"B‘E‘iﬁ’r\qﬁ%@%&es pisIcP gL ufe e B swew in gy Me thetpitch lases t he
growh of the cells and produces a usable material. EXAMPLE Il: An

al t er naffaly 2030 phids messrfailyappiglyanphegtempemturorangé bétweemabouk d20ractadfabodn
aluminum In this case two nolds were used, an al um num wei ghing di sh and

a sect i 48%C. shitteoughthis Waeper@ARd At _ﬁlﬁﬁ)’ﬁ?he@i% pp&burk aht deiﬁoxﬁéﬁmdog)si I's
enpl oyed except that the final coking tenpéerature was only 630C, so as to

ept | coki nt e w S0
0111 zeP ot L SR iAot IR e iRt BRI A % one”

utilize conpl ex shape ucing cConp

case, shown in Fig., 1 he.top of soda can was renoved and the

r emai ni g ¢t iy ggolg%dz‘al%ﬁﬁ’ﬂ?tl%%égg%éeﬁagﬁ?“mgﬁ?f 430zedo 48 Ce Thsat t he
shape of the resulting part conforns to the shape of the soda can, even

af ter gB3shPiodyes 3 aming effpotidike boHing) o thomsalteatpitsh.t Ae titi empsiatinals St abi | ity
of the foamand the ability to produce near net shaped parts. In the

second emascdaurthéraumenperdfu@s rangiheBronn 0CRIBRIOYIMEIBEnFhSGH e Ipa Ot
dish, a very snooth surface was fgormad on the surface contactihg the

| um hé 1d [ ' | I t he . nol itch
Goos. nar wit s hamel e bim LKL AT A Il B bR, Cauce
0 as. to inprove contact area

Co, ! B TR SRS SO B 2
face 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/m+K to 106 W/m*K. 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/m*K. This is comparable to high thermal conductivity carbon
fibers produced from this same ARA24 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

spgacing (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 442.3 nm.



sheet and, thus, a foamcore conposite can be fabricated in-situ with the
28 Decenber 2005 -15 fabrication of the face sheet. Since it is fabricated
together as an integral material, no interface joints result and thernal
stresses will be less, resulting in a stronger nmaterial 98 Fgefipdr! 2005 N9
exanples illustrate the production of.,a conposite material enploying the

f oam of J Syl i 11 1: Bitch derive bon, f oam was produced
with theﬂryeqt%ﬁ{ggé/sg@}slg r ?‘E%WEXEEH%? Feje meqsuged to %ﬁg‘*ﬁ@{’%—%@ tfhf§ﬂmPFFé318%tr bon
foam 10 was .t hen machined into a block 2"x2"xl/2". Two pieces 12 and 14 of
a preped"® ‘f’%séﬂe%’f‘realé? bei'é4 MRy Ehe foam semplewascaasilyl :@pchindsi anidtoeuld be

Pol yet her et her keytone thernoplastic resin also of 2"x2"x 1/2" size were

pl aced drndlsd readidy sithioutfoar afmiambge, lveliéaiamaseopbesngdnd al | was placed in a
mat ched graphite nold 16 for conpression by graphite plunger 18. The

conposi t e sarpisémpasand €ahérd thad d@en Bis SR i5 BhtePIMESIHIIS Iﬁémlleg%upﬁxilcli?rr 0 a

tenperature of 380C at a rate of 5C/ mn. The conposite was then eat ed

under a { rat.ure of 0C., The foam cor

andvi oro eyt pEaHeB b ot rob S e e B e Bon zed
under nitlrot%en tlgiﬂl 50C. and. then graphiti zed to 2800C, resulting in a foam
with carBeng SPBERS A% SRedtagtls s Egonld nohevendherlraadled toprsfasmtpsisi t e
generally 30 is shown in Figure 13B. EXAMPLE IV: Pitch derived carbon foam
was pr oddeldmewinder nressuressetvos tallimi thegdwimofikeanglsend prdducesitssableamateraghi ned
into a block 2"x2"xl/2". Two pieces of carbon-carbon material, 2"x2"xl/2",
were cod>AMPLEHL:ly with a m xture of 50% et hanol, 50% phenolic Durez(c)
Resin available from Cccidental Chem cal Co. The foam bl ock and

oo AR} 66 R UL S DR 2o
at a ratg th%c ca%g/ twng Hlo?dg%vesrg %(e ?anaélulgllenql}?fvrvgfgﬂirn% dfis%ranﬁi sggt?ornzd s<-)rdhaecan. The

same process as set forth in Example I 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 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 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,
a very smooth surface was formed on the surface contacting the aluminum. This is directly
atiributable 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 a face

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



sanpl e was then carboni zed under nitrogen to 1050C and then graphitized to
2800C, 28 Decenber 2005 -16 resulting in a foamw th carbon-carbon
facesheets bonded to the surface. This is also shown generally at 30 in
Fi gure 13B. EXAMPLE V: Pitch derived carbon foam was pr it he

met hod described in Exanple I. The foam sanple was theggggggpﬁrej@oéﬁ th
car bon ] of, chegi cal .vapor .infiltration for 10Q hours. The
densi ty?%bﬁtg%gofgﬁténggici .Sllfeg/ e ltf%églﬂ‘faé‘?f{}tf’&‘fﬂt“’srtaﬁ angiireralasatedalsnapa and the
fl exural dul.us was 2300 MPa., The thermal conductivity of the raw foam was
58 W nK'nierage jpatsrerattrad tsmalistrasses txjll be lashacilimgi if jastiohgamateril 94 W nK.
EXAMPLE VI: Pitch derived carbon foam was produced with the nethod

descri bed i nThxé&ioheng exanifies iflogimtshoploduvisn dfaapniporisé mhedaMihflogREXY by
t he net hod of vacuum i npregnation. The epoxy was cured at 150C for 5
hours. WRgodrBSIHiIYinvBRIggased to 1.37 g/cnB and the flexural strength was
measured to be 19.3 MPa. It is obvious that other materials, such as

net al s, Ewgm pl astics, or fiber reinforced plastics could be bonded
to the surface of  the foamof this invention to produce a foam core

conposite ma{).eri |. with acceptable properties. It is also obvious that

ceranmics, or '&lla‘ffél,ve%lzarbe@ﬁ@mwaq riefleged vt theimigthoid Wigsastped ireBxamplo It he f oam

for densification. Based on the data taken to date fromthe carbon foam

~ mat er i aRefesingdp &lig. dBAdhe aarbomfHram tawadbemneehinsibintdebloblp @n:agt/2f epyr es of
the invention are: 1. Pitch-based carbon foam can be produced w thout an

oxi dat i piecestiatant i12aF b Propsh OmplifidSof FRAMARA 4 QoA e‘f%{d?c& %(i)br%ﬁﬁegh

graphitic alignment in the struts of the foamis achieve

8\; ?Ip h h;P%lZﬁ%lﬁ?tthg%egégg ﬁmgmgﬂgstlthgssm msg Qf i'@&nxri%" s(i:z(%:nvgclajrg tpia\éie& Xn 81%%05 Ellll(]; fness
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 a temperature of 380°C at a rate of 5°C/min. The composite was then
heated under a pressure of 100 psi to a temperature 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 a foam 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 Example L. It
‘was then machined into a block 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
av:ailable from Occidental Chemical Co. The foam block and carbon-carbon material were
positioned together and placed in a mold as indicated in Example III. The sample was heated

to a temperature of 150°C at a rate 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,



foam nmaking themsuitable as a core material for thermal applications. 28
Decenber 2005 -17 3. Hi gh conpressive strengths should be achieved with
nmesophase pitch-based carbon foans, nmaking them suitable as a core
material for structural applications. 4. Foam core conpegig.esnta08s
fabricated at the sanme tinme as the fq@n1is generated, thus saving tinme and

ricated at the same time as the fqar Led, _Thus savi
por osi t e A BR il R Taor S5 < el e i t0s G it i et on

met hod of Cﬁianic.and carbon infiltrants. 6. Rigid nonolithic preforns can
be nmade &Y %@ﬁ%VPfﬁﬁﬁ%lﬂ%en porosity suitable for activation, producing
a nonolithic activated carbon. 7. It is obvious that by varying the

pressur EXAYPLEN: t he size of the bubbles formed during the foaming will
change and, thus, the density, strength, and other properties can be

affected. TheittloléDwidnariah s alak gl%dﬁééa%@}wh?%ne@ggi RIS OSGLR (l)i?(glglpﬁellso be

effected by the process of this 1nvention: rication eforms with

car bon FoaarEr seile /30 leh A G pihon B e ol ARLRR Al i toatont .
5. Firewall terial. 6. Low secondary glectron enission targets for
hi gh- en&¥dy? %ﬁk}‘?i e depiitydnarpaspd to 1.4 el the Hgeubstisagth wsld. 1 MPapné dent
i nvention provides for the nmanufacture of pitch- based carbon foam for
st r uct uflgruraligodites wad 2306Bsi Tlestherfin caiductssy o fthOtavefoatlWas 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 Example I.

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 a foam core
composite material with acceptable properties. It is also 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.



fabrication of a graphitic foamfrom a nmesophase or isotropic pitch which
can be synthetic, 28 Decenber 2005 petroleum or coal-tar based. A blend
of these pitches can also be enployed. The sinplified process utilizes a
hi gh pressure high tenperature furnace and thereby, doesgfRtehBGWONS an
oxi dative stabilization step. The foam has a relatively uniform

distribution pQre. si.zes (c,.10 i tr'ons) , very little closed porosity,
and dens%'t y o]?{ggpc%{rtn Korhat %tf%(’f‘gg’.ség‘“g;i g%‘[’}“%‘f?g Wiusiphase pich-basedsadonet ched
al ong the sth%ts of the foam structure and thereby produces a highly

al i gned gr aphiPfRg mkingthgmesuitable pea eare ptaterial festusturalagplivhtionsex hi bi t
thermal conductivities and stiffness simlar to the very expensive high
per f or methce démaboeoré chmpsit¢samtbedabriRattddt aRGamE LHRO). thd t¥amh is bhgrfiggm Wi | |
exhibit high stiffness and thermal conductivity at a very low density

(~0.5 g/cc). dib¥ savin@dMLHA B&sforned in place as a core material for high
tenperature sandw ch panels for both thermal and structural applications,

t hus redyuci ng,: icati.on time. By utilizing an isotropic pitch, the

resul ti (r?él fog{ﬁ%@tgﬁl&%@me“égfe&%{ngfﬁ? 5%1{'”@88 (l)thﬁ? t epenognsity syifablesforr ea
activated caggon The activated carbon foamw || not experience the

probl ems ass P%ﬁ%%lowbyﬁheg@laﬁw@sv apge lnfidisatmmtmethodof cecdmioraed carbon and | ar ge
pressure drops. The high thermal conductivity carbon foam of the invention
may be utili zefdltranispr ovi de an evaporatively cool ed heat sink or heat
exchanger. The carbon foam as derived from nesophase pitch and as

depi cted.i n Rigd matolithid ' I fre ess to a
wor ki ng fluid fglo t he ce|ﬁﬁﬁﬁfgﬁ%‘z‘%‘gﬁgﬂgﬁﬁ%ﬂ%@%&?@h Y aB{%ggrcont acts
the cell surfaece: |t orates..and the | atent heat of vaporization causes
cool i ng of tﬁ?@gﬁ’%ﬁ’ﬁ?@gﬂ al?ﬂlédht@ﬁf‘%th‘fa? cagh%t i ng depends upon the wor ki ng
fluid arc.}d thi .arrBi.ent conditions (tenperature and pressure). The heat

si nk/ exdhangéy's PRABET et ievapdng the@ressie wppliad, thelsizetod thedubblch fmm@a3K (- 500)
usi ng acetone as the working fluid at a pressure of 1200 m crons Hg (1.2
toff), and @B bsiferming wiildleangs andy ehuspihkeidegsify] strdhga, aedbtherfropeiger at ur e
and pressure. Forced air flow over the carbon foamincreases the

t enper at ur e damie affecedcess of that 28 December 2005

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. 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,



-19 observed under anbi ent conditions. The heat sink/exchanger descri bed
herein finds applications in heat renoval systens such as personal / body
cooling suits, portable refrigeration systens or coolers, and air

condi tioning systens (household and autonotive). The fobg?*%&% 5§&%gles

denonstrate the evaporative cooling,geffect on the previgusly Bescrlbed

car bon ptegeumhe e Rt Bedgd A‘Mlﬁﬂi Sithdsg %Pﬁes‘é@ﬂ K08 &%1%1%)2(%1(1 glﬁle:so ;Fhl%%g nted by

acetone, ethanol and water. These Exa es are not mt the

i nventi ' n . The f.oamed carbon was doused or partially imersed
't he PR BN 4 B o MR RSOt MR bR ety ety i has

i ndi cated i.n Exei[rpl_es VIT1-X the foamsanple was placed in a vacuum

f ur nac &XWRLYF siebilivationeter plke foameias atrelatdyebhenifora gistzhmbbe of Fere sizeam
tenperature was nonitored as a function of tinme and pressure (vacuun). The

anbi eni(~100ahioraat)p vyry ietameo st poeosiwasand RIRAGEy oTapSoYinAleyC0. 5 LEnyl | :
Acetone Tinme(m nutes) Pressure(Torr) Tenperature(C) 0 740 13.5 1 29 -37.5

2 29 - Hfesdphast itk is Skrdhed flohe fhe ArtnfotME Rabhl SR AP t%%b%ﬁ{/&}{{gegs from the

vacuum furnace It was note hat I ce ornmed, ~presuna Forfi moi st ur e
f oam. EXAMPLE

ik e R P T e
>3 and stiffness similar to the very expensive high performance carbon fibers (such as P-120 and

K1100). Thus, the foam will exhibit hjgh 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 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 a working 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



229 -14.7 3 1.2 -21.7 28 Decenber 2005 -20 Time(m nutes) Pressure(Torr)
Tenperature(C) 4 1.2 -25.1 5 1.1 -26.8 6 1.0 -28.6 EXAMPLE | X: Water
Ti me(m nutes) Pressure(Torr) Tenperature(C) 0 740 20.5 1 29 16.4 2 29

16.5 3 29 16.6 4 29 14.6 529 12.9 6 29 10.5 7 29 5 9 29
-5.5 In the instance of Exanple | X thg_sanple was i mr?gg)?cﬁm\ﬁgﬁzeorbsi n

vacuum bbseprduingert fitiedtREndifigam oerdbls SR gRab! y al | oved an
excess of water to penetrl(}ltlel thg\@%zlrerpasgerhwa%éﬁa%lggd%éggj%gﬁ‘gre ed foam
Mor eover, the resultant high water

surface . ' | e for evaporation.

parti al a%?@g%ﬁl\r%ll %1%?{ %%O@L?yﬁ%? SHERS Rersonpifed coplivgsyitapoible good vacuum in
a reasonable.tine. Consequently, the experinent was repeated in Exanple X
but wi t FEMEHHANSYBRRS oy coders, apdtagiicoagiibiiag systentsh(@odsehohd and automotive),

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 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 approximateiy 21°C.

EXAMPLE VII: Acetone

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 13.5
1 29 -37.5
2 29 -46.7
3 1.2 -51.8
4 1.2 -53.4

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 1.2 -21.7



EXAMPLE X: Water (Repeat) Time(m nutes) Pressure(Torr) Tenperature(C) O
740 19.9 1 29 14.5 2 29 0.3 3 29 -5.5 28 Decenber 2005 -21 In this
case, sub-zero tenperatures were attained in a nuch shorter tinme than for
Exanple I X. The data for Exanples VII, VIII and X are p i ing. 14.
The | owest tenperature observed (-53.4) was attai ned i?gi{jer%ngﬁh%e@ogsi ng
acetone as Thge(MRités)Brdslidl Tenper at ur - C and -5.5C were
attai ned over 4:(he saze tidrﬁg(qgé?Qod when tﬁ%n%lg)mﬁeﬁ% fluid was et hanol and
water, respectdvely. A further Series of testf‘és set forth in Exanples
XI-XI1l were rformed to shovx}'ghe effect of“% aporative cooling at

at nospheric pressure and terrpe¥~ ture. The foaffe® carbon sanpl e was pl aced
in a petri dish. A thernocouple was |located in a hole machined into the
foam FRAMBEBAX: 8@ was doused with the working fluid until the bottom of
the petri dish was conpletely covered with the working fluid. The

resul tant f®am(émps) at ur ePwesird(iref) not eplgtﬁ@rﬁmfe(n@gti on of tine. Exanple
Xl: Acetone Tine(mnutes) Tenperature(C) Tine(m nutés) Tenperature(C) O
21.7 19 3.4 3157 20 3.2 243.6 21 3.0 3,435 22 2.9

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 -1.5
9 29 -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. 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 19.9
1 29 145
2 29 03
3 29 -5.5



4 10.3 23 2.7 5892426 6802524 77.3262.3 86.627 2.1 9
6.1 28 2.0 10 5.7 29 1.8 11 5.3 30 1.6 12 4.9 31 1.4 13 4.5 32 1.3 14
4.3 33 1.1 154.134 1.0 16 3.9 350.8 17 3.7 36 0.7 18 3.5 37 0.6 38

0.5 28 Decenber 2005 -22 After 38 minutes there was nozgcrseecgllﬁge j[(folsbl ein
the petri dish or under the carbon foam sanpl e. ThFI sam(:j)l e was Ia;:ed I n
an air circulati.n ove at 60Cto dr |t and then allowed to coo o)

ambi ent t enpé? iﬁ emppratures Wef gitaiTpdia@amneh Swytemémp draatfor e( C)

Ti me(m nutes? Terrperature(C) 0 21.6 19 15.4 1 20.3 20 15.3 2 19.6 21
15. 1 Example IX.

The data for Examples VII, VIl 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 -24.1°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 XI-XIII 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 34
1 15.7 20 32
2 13.6 21 3.0
3 11.5 22 2.9
4 10.3 23 2.7
5 8.9 24 2.6
6 8.0 25 24
7 7.3 26 23
8 6.6 27 2.1
9 6.1 28 2.0
10 5.7 29 1.8
11 53 30 1.6
) 12 4.9 31 1.4
13 4.5 32 1.3
14 4.3 : 33 1.1
15 4.1 ; 34 1.0
16 3.9 35 0.8
17 3.7 36 0.7
18 3.5 37 0.6

38 0.5



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 17.4 26
14.8 8 17.1 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 14.5 15 15.8 34 14.5 16 15.7 35

14.4 17 15.6 36 14.4 18 15.5 37 14.4 38 14.3 After 3% sPRULES ddaer e was
a significant amount of ethanol vi si_p%he in the bottomof the petri dish.
The sanple was placed in an air circul ati ng oven at 60C to dry it and then

al | owed 3€ nbi ent t er. ure . Water Time(m nutes)

Terzrper2 a{jfrge( d; K ésq?&e nﬁvb&; rélg );(c)ezg%p"é FEH%‘(:@FU‘ g ‘Qldithhi garpon foapp. 3 20 19. 3
ce

2 20 sample. "Fhe sample was placed in an air circulating oven at 60°C to dry it and then allowed to

cool to ambient temperature.

EXAMPLE X1I: Ethanol

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.6 19 15.4
1 20.3 20 153
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 17.4 26 14.8
8 17.1 27 14.8
9 16.9 28 147
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 14.5
15 15.8 34 14.5
16 15.7 35 144
17 15.6 36 144
18 15.5 37 144

38 143

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 XIIT: Water

“Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 20.9 : 19 193
1 203 20 193

20.2 21 193



-23 Tinme(m nutes) Tenperature(C) Tinme(m nutes) Tenperature(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. 93 pPledBerD083 18.9
17 19.3 36 18.9 18 19.3 37 18.9 38_]18.9 Additional water squirted over
carbon foam ganpl 6. After 88 mautes there was a significant anmount of
water visible Ln the bot 0.?90 “tHe pet ri™CHUsR. The t SHBEFEXPe of the
carbon foamplgtted as a f ction of time2%%s shown in Fid9215. The mini mum
tenmperatures are higher forl%d 1 three workBng fluids thad92n the previous
Exanpl es V\heresevaporation 1@k urred under 2dacuum Moreovép,l the rate of
tenperature décrease was m¥ch snaller forsall three of tthg working fluid
under anbient donditions. ThWe& |owest tenperature reachedg(0.5C) was

attained in 388m nutes w thoacetone as theyworking 191
9 19.5 28 19.1
10 19.5 29 19.1
1 19.5 30 19.0
12* 19.5 31 19.0
13 19.5 32 19.0
14 194 33 19.0
15 194 34 18.9
16 19.3 35 18.9
17 193 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 time is shown in Fig. 15.
The minimum temperatures are higher for all 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
en}}anced air flow during the evaporative cooling process. The procedure set forth in the
previous Example was followed, except that in this series of experiments a fan (rotary, electric

motor driven domestic cooling type) was used to blow ambient air across the foam and petri

dish.



fluid. The |l owest tenperatures attained over simlar tinme periods were

14. 3C and 18.9C for ethanol and water, respectively. Athird series of
tests were conducted to determ ne the effect on foam tenperature of
enhanced air flow during the evaporative cooling processg e, BEOsREUr e set
forth in the previous Exanple was fghl owed, except that in this series of
exper i MEXAVBLE Vi r e vwi i tor driven donestic cooling type)
was used to bl ow anbi entnggsi/@tggéregggrqo% foam and petri dish. 28 Decenber
2005 -24.E 'ME%;E XIV: Ac,fetone with forced air flow Ti me(m nutes)

Tenper at ur ee%g% i me(m nut 89F F&nper at ur BRENingesp1. 5 4 Touguatug°s) 25 -3.2 2
-0.96 -3.5 3-2.97 -3.7 Petri dish was frequently repl enished with
addi ti onal acetone. EXAMPLE2ZXY: Et hanol wi4h forced air f2dw Ti me(ninutes)
Tenper ature(C) 1Ti me(m nut es).2Tenperature(d 0 21.1 6 9.1321 14.6 7 8.9 2
11.58 8.7 3 20.8 9 8.8 4007 10 8.9 5.3 Ethanol in Ratri dish

repl eni shed onde. EXAMPLE XM : Water withyforced air flowsy

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
2 115 8 8.7
3 10.8 9 88
4 9.7 10 8.9
5 93

Ethanol in Petri dish replenished once.

EXAMPLE XVI: Water with forced air flow

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 211 8 15.0
1 18.7 9 14.9
2 17.1 10 14.8
3 16.5 11 14.8
4 15.9 12 14.7
5 15.6 13 14.7
6 153 14 14.7
7 15.1 15 14.6

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.
Table I below summarizes the temperature drops (differences) attained for each

working fluid under the three sets of conditions employed.



Time(m nutes) Tenperature(C) Tinme(m nutes) Tenperature(C) 0 21.1 8 15.0 1
18.7 9 14.9 2 17.1 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 Exanples XIV, XV, and XVl are
plotted in Fig. 16. An enhanced cooling effect is obtai RgghbEBAdos! S
forced over the evaporating working_fJ uid/ carbon foam Table | bel ow

sunmmar i PRt RAY ' S 1ained.far, each working
fluid u]rzlaggerlt {m#e thrg)g S tegat%][qu ng%l ?%Efé@@?n%lgg?%h?nﬁ%aﬁé%e@r%gr 2005 -25

R a an_d ar the three conditions exani ned

s A : 6 Ae—at=tH=—L- -G08 -—-0Gata

here. |Tenperature Drog, C Working Fluid Vacuum Anbi ent Pressure Ambie
Pressu Qv %gldgzﬁor ced Ailr Flow Acetone 661empesatredrop, °Et hanol 49.1 12.4) 7.3
Water 26"8" T9id The tlenperature drops recorded in the above Table | fjor a
vacuumrepresent extreme condieiuwhs. Lowsmbiceiressateur e dr Gysbisw Prebsie

attaingd if internmediatle vacuum pr essur emd Roeged AlsBldw as i ndi cated by tlhe

ambi enf data. Forced ai|r Tl ow enhanced [t Aie cool i ng erfgct due
Acetone 66.9 252 212
Ethanol 491 12.4 73
Water 26 6.5 2.0

The temperature drops recorded in the above Table I 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 clearly demonstrate that the carbon foam of this invention 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. An ideal 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 this invention attains low temperatures for several reasons: (i) It
is an efficient heat transfer medium because of its excellent thermal conductivity and large
surface area; (i) The working fluid has a high latent heat of vaporization and a low
terfiperature (close to room temperature); (iii) The ambient pressure is low (i.e., a vacuum)

causing rapid evaporation from the carbon foam surface.



to evaporation because the partial pressure of the evaporated sol vent over
the foamwas reduced, and the saturated air was being constantly purged
with fresh (unsaturated) air. These data clearly denobnstrate that the
carbon foamof this invention readily attains very |ow,peqmeratiyps, due
to the evaporative cooling effect of,4.he working fluid, mhlcg can e used

for ihe erovRl fMbwHBROIGHRRAL or IR RBTHRAR) G kgl LSy rp! oved

in the Exanples were sel ected because of thelr avai f(%al

the  Bxa ed becase of ther I avai TRBHITTY:
vapor i sarisnt wftadbey AUE e s la®fige B R any ettt Risine Tipd foar o his

envi r onnent al I% acceptable. The foam material of this invention attains | ow
t enper aPFRONtough Gparativeeealing: (i) It is an efficient heat transfer
medi um because of its excellent thermal conductivity and |arge surface

area; (ii) Th&n wmpkratigelycooldd has siak bi gin chatigsiter keabneforvwaaidbadls on and a
|l ow tenperature (close to roomtenperature); (iii) The anbient pressure is

|l ow (i . iﬁustraaedﬁﬁg?%ﬂﬁ gefidhblfy 41910 2Al ﬂoﬁﬁ?%’i@ﬁ ipﬁﬁlg@(‘i A0 'I'I%F&’%lp ?i(-% f0pm

surface. 28 Dec er 2005 -26 The f OW ng are descriptions preferred

enbodi : st ens | iff.erent applications that take
advant aeara @, LPFa pEER A8 sl oFTY i B oichaibh oo reron ami daht i on

t hr ough evaeorative cooling:, An evaporatively cool ed heat sink or air
condi t i GRelV B YEHeh s ncasrdinaimperneadle Fpgtingtor skiad 20 n The downwargdlosr @l | y at
110. A working fluid is punped froma reservoir 112 to a header tank 114
via purfid thsoughdthe foses 1 Beocand ubder the infoaicasf phiviygha pheseabidRafigam 118 of
this invention which is encased in a inperneable coating or skin 120. The

downvaraediedby e pufdpuile, BRasi#aibntdTehd ReMnELR @ GEH tRe H@[}g@rigo%lnxesgﬁ%é uence of

gravity or a pressure differential created by the punp vapor ati on of

t he wordi I rhen ,f oam surface ca S co00J.ing of_ the
car bon %B%Cyi%ﬁgdof t{i/é;%%%%eflo%ﬁtlﬁg f&e@glru%/ntl)lmrt 719°°%% E;‘f@&f%\}e‘!p‘lm%"ﬂhm

enhances, evapor ati v.e cool i fromthe foam 118 and i ncrease the tenperature
dr op, anthanceg) evapora¥1ve cooling %%m t[i\e rfgam 118 and increase the temperature drop, as v

demonstrated in the previous Examples VII-XVL. A fan with a motor 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 f:hemical/medicines in cold storage, or internal combustion engines.

Fig. 18 shows an evaporatively co9led cold box generally 130. An encapsulated

carbon foam core 32 surrounds a series of open cavities 36 into which items to be cooled are

placed. The encapsulating skin 38 also provides enclosed cavities 40 and 42 above and



denonstrated in the previous Exanples VII-XVI. Afan with a notor 22 and
duct 24 directs a separate air stream (at anbient tenperature) fromthe
air used for evaporation through penetrations 26 in the coating or casing
120 and foamcore 118 where the air gives up excess he %I;glhpgigﬁgled
foamcore 118. The air therefore exidss the foam core 112 af Be ow anbi ent

t enper aielve tHER%am doke FRYTREWSMGELIE & fanld ihﬂahtﬂ?'{o;pggﬁ?s%ﬂ Aifiey Agepsers or

cold traps 28 nay be required to condense vapor I'ng the foamcore 118.

The co Kj fluid.is .returned tg the header. t 114,

At er et B oA Db g o SustyFh BT 61 P o6 e adoiigemibdacsiidiinhe

et hyl ene gl ycol, . heliumor nitrogen could be used to renove heat from
oriti odpPEB Siawing the werkingsfluid s evaparageto the asmsphasal Evandratione§thien col d
storage, or internal conbustion engines. Fig. 18 shows an evaporatively
cool ed wokinghlid Gemeheadaryonifdam 3Anudacapdudestiedoan'aidgerdiorMieer or 32
surrounds a series of open cavities 36 into which itens to be cooled are

pl ac ed.adﬂiﬂi@nﬁﬁ@c&ﬁi?g lad M%&Kﬂidh 38R ﬂ%rﬁ\ﬂiléj%%n%gﬁ{igs;ﬁg 1r1ﬁ§\f{a,\c,fod'rc§§t 0 and 42

above and 28 Decenber 2005 -27 below the foam core ng fluid
i's pourgdd ed. cavi t such as . through openi ng 44 and
drai ns tt hP%rgltélﬁe {E\/E@n%lgegcﬁq%%? ?)éengn\éuﬁédg?’gx éfd’ﬁliaf’?‘iﬁinoil Cﬁiﬂ ‘ﬁ@?&ﬁ%‘&‘arn the top
cavity .allow ng.the King fluid to evaporate to the atnosphere.

Evapor 3% OBflg‘E ﬁg‘e%[ﬂép%’g@t?ﬁl kg 48 sqalsrihe prendspld tpragsaspatiess vy fanceuldeduces
the foanis tenperature. Heat for additional working fluid evaporation is
ext r actheditied dorthetnsubpprsincobdibox 138sto3fredsh s floadihaiugly thiefeamtaad ek aicuage Wi t hi n
the cavities. The entire cold box is wapped or clad in the thernmal

i nsul atthoevapartion theoNik workingfihidt ed 1id 48 seal s the open (cold storage)
cavities. A fan could be fitted to the insulated cold box 130 to increase

ir fl th i t . ti th
wor ki ng 11 u g pSidBvapABANd D ol SANG midiBif AR e B0 Bant Y abld (
t he carbon fo simlar to those currently avail abl e

.. I
t hat arbg SP?S‘Q’@%] stfaB\fé) gqjglgr,een ggg%@te phat are frozen prior to use, and may be

fabricated using the carbon foam material. A carbon foam block would be encapsulated with a

impermeable 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 this invention 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 fhe foam block 51 to the output
manifold 56. As seen in 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
en{gine 59 to mtake manifold 52. Cooled fluid returns to engine 59 by intake conduit 60 from
output manifold 56. As the automobile 5§ is moving down the road, air is forced through bthe
foam block 51 and removes the heat to thé environment. The efficiency of heat transfer from

the radiator 50 to the ambient air is directly related to the surface area of the



fabricated using the carbon foammaterial. A carbon foam bl ock woul d be
encapsul ated with a inperneable material. The working fluid would be
poured in, wet the foam surface and evaporate, causing the foam
tenperature to drop. An opening through which the worki QQDJcEME%Q’M@@' d be
poured woul d al so all ow the evaporaténg fluid to vent to atnosphere. Fig.

19 showecit be SiAtdFoahPRBEILL &ePby £ e by MYRAEL PR abfrokidfitdlP 9006 nft ob! OCck 51 to
be wused as an autonobile radiator generally 50. Hot engine cooling fluid

e ought Phe s R SR P B o i SORB e St BeHRERg Y s £7°56

foam bl qck 51 i s su orteﬂé(i n an aytonobile as indicated at 58 having the
usual ORI V58 AR VEAREughlys ondets of magatyds. conveyed by out put conduit 57
from engine 59 to intake manifold 52. Cooled fluid returns to engine 59 by
i nt ake condtigt 2Bshowsdhe caborpivemnig Biif tledomb of dspitri disk devidei deeedlly 7& novi ng
down the road, air is forced through the foam block 51 and renoves the

heat thd digk @swdd iAEIGRR I fod @iskipbHidnemCcdonRécteiP@ith b BaRIE alldd @Mduit he T adi at or
50 to the anmbient air is directly related to the surface area of the 28

Decenbgr. - o S f - 2 feet: by 1
i nc hessﬂr’?ﬁﬂ%gdp?egx %n@tngﬁ/%oﬁéelbggﬂﬁé ’%fanﬁgtp © léeggg%@gég e?ﬁ?ﬁpéga@ryagﬁdca%

radi at or _nmay. appr,oach 1 . the jncreased efficjency of the radiator wll
| or ovEBga e DR SR peksed ingh iy TR PaSSC LR AR HK BRSBTS oam 118
in the formof a spinning disk device generally 70. The di sk device

i ncl udddegirfapd gyapiosdtive dlutd ave su@ and pfithetdestt paitidn 2 asdtuib retated|td g wosidiui t 74
providing a central hollow conduit nmenber 76 and an outer conduit nenber

78. Al of thadishportRMaIO A iy shdvrlbydaredve 80 RiriBEIME &l dritv 8T e3dHé EvapSraher e it
passes into the foamdisk portion 72. The air and evaporative fluid are

spun ofdui®f Attgl ﬂl?héﬁn&gfetéoﬁﬁh\%%b@%vf-dgs ) §e§%ﬁtsﬂ}f§& &n%éx&)pﬁg% (kj)héé e glgk the

di sk portion 72. is 1s sho arrow for the arr ow for the

PR AL G S TN R
s pasii;ecgolg((i) }Ar{]diglggcgrii% 79.0|ItI ﬂ%vv\{/sco?l? ?hléi t;[ottgﬁxncg‘ec[)ngu?t %’g] zssrir?diic;ted 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:

M A carbon foam having a very 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.

(i)  The foam has an open structure which allows the working fluid to permeate the

material.



is cooled in disk portion 72. It flows out the bottomof 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
notor 90 driving pulleys 92 and 94 by drive belt 96 “‘5@[%%%&8&5&@5
connected to conduit 74. It will thus,be seen that through t ﬁ'pLefﬁgﬁwm
i ti th IS RLQY I ing . Vi ng a ver ,
conduct () ty. Lo SRR e R bl B R Bl ¢ hg’dlevel op
f ol,ing due to.evapgration will be quickly translated to
gzldkt Prgt erjira@ﬁgrggl?? h’&.sg‘(afﬂeg ng ﬁ@&%égt‘%t@?@ﬂ%ép@‘ﬁﬁf%e area resulting
fromits cellular structure. This allows for rapid evaporation of the
wor Ki nga’f)l ui 4. Wqrking flurdisay beaselented that iomerosicrand euvimnwieniaty adceptablet he
working fluid to pernmeate the material. 28 Decenber 2005 -29 (iv) The
cel | si@® andvdpogiventolingapeehd ashaBRhobedivabic8thered] ARy bitgst®yerial to
be tailored to the selected working fluid or anticipated cooling 4
| i cation. ' el .ect -f oxic an
P 1 onment ol 'y ereeBPEisRnh G A it et B s Aol bR 2 those
i i ially offers.low. (zero). ener consunptign an
nor cased 1 ot ABr RIS b B sl SR B Yo ipg of  AiBORERTIBLERK of t he
present invention is the production of a carbon foam heat sink product,
i.e., eW@g‘éCéd'%i egrasedh Bighdhermaltpududtivity possus carbor foahofilletl vth 4 pHakechanizé h a
phase change material wherein tremendous amounts of thernal energy are
st or ed meigridnvherautromendonspicints of fsenab eedpssark ermed fndf dnhili@dlvat) tdpidty Phase
change material (PCM at a tenperature close to the operating tenperature

of the Tie/poréus fem ie@lediwitlPdpiRde O MaRHAl @ER1) & L AhAe R aSQUL ¢ Such  as
I’OL?g the 0

a conput er chip, fricti on duei :oi re-(ragtry_ Et Qugn 10 aarrgsgnie][g,rm;

[ ﬁ(rjloﬁzglh u{eﬁi’gﬁ% Eex?%eé%ﬁlggg lt %er‘{icteb As ﬁ%art &&gga fo the sux%Pce, flrgm 2 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. As the 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
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.

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

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



change material. As the material changes phase, it absorbs orders of
magni t ude nore energy than non-PCM naterial due to transfer of the |atent
heat of fusion or vaporization. Conversely, the filled foam can be utilized

to emt energy rapidly when placed in contact with a c |
Non-limting enbodi nents disclosed hepein are a device ?%q)regg!.“gﬁzﬁoﬁaw

frozen FEOGMMPLErXVHedx®ideliomBkhviif@HSod @ design to prevent overheating of
satellites or store thermal energy as they experience cyclic heating

during orbit Acaf ' I i ng edges during hypersonic flight
or re-entry frcgfﬁ?‘éﬁ%g%a‘?é%téf’&@ﬁg%S%ﬁ?fﬂﬁég?%@nsﬁem&aﬁgb@f hoheseaf sink
pr oduct oh.thii i({wenti_on, the follow ng exanples are set forth. They are
not i nt 8IKGRE ¥ 5094 piimatilydcs, ienghln A9 g a4 AYC walereds, Dekzartiiesk AA05n an@0
EXAMPLE XVII: Device for Thawi ng Food Acetic acid has a heat of nelting of

45 J/ g 8l itgvigeliquidigeepioidt! aofookdtentp. TRE&aheRNll HfencdtBl ki zﬂ?mf&a&eqf) 2primarily
ice, is roughly 79 J/g at 0C. Therefore, take a block o oam an fill it

with |i Mlﬁi@ﬁlfﬁer&ﬁbﬁa@ﬁolf&%& 11 sifde e;c]% A \F/:n\n)t/(}ple H@g 6?epn§qatﬁeeéaiaﬂ a_.box

made froman insulating polyrer such as po ACCHG cept

t he topgg; foamiacetic . acid block will be capped with a high
t her nal a%%-ﬁlg’ﬁ%% \1/?% ‘;’/Jpgg%%%ﬁ&rh‘éﬁ\ t%f?‘énatl Rofdugtiviyalymipem pltethet stapsingeal i ng t he
foarﬂacelti c,acid.in ige the polyner case (illustrated in figure 22). If the
f oam bl Ba% 14S sgling,fhe foamfagetic agidansiieithe peliinckeast Gitustres iofigirean) 51814
grams. The mass of acetic acid that fills the foamis roughly 921 grans.
Ther ef ofoam biprkris 404 ecls-inf x Dr5an cthickeek niass O BEA%% 61i4rgr§1951t%tmy§% Bf‘#epﬁ top

nt o e

of the alum num bl ock, the foamw |l cool to the freezing pol

aceti c ad thay flllsGhe fon i RbiFzhBOIN! ' of f fromthe acetic, acid
as it freezes (it al S0 RIS gé?&l?erlhlg r\?ﬁ%‘?{e%b%epl%cﬁﬁf\?éﬁzghpe?tds plgcdy . Thi s

o0 Snuamael i 1893] 6 Al Bt B ReTShePel ibetogrrmooin grivs. (1

Ib.) Ofacgt'iaca %Ec'id (11°C). At this point, the heat given off from the acetic acid as it freezes (it also
remains at 11°C) will be equivalent to 49 KJ. This heat is rapidly transferred to the frozen
meat as it thaws (it also remains at 0°C). This amount of heat is sufficient to melt roughly 500
grams (1 1b.) 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 a hole in one surface of the
carbon-carbon face sheets and vacuum fill the phase change material in the liquid state into the
porous foam. Onge filled, the sample can be cooled (the phase change material solidifies) and
the hole can be plugged with an €poxy 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



EXAMPLE XVII1: Heat Sink To Prevent Overheating OF Satellites During Cyclic
Orbits. Produce a carbon-carbon conposite with the foamin which the foam
is a core material wth carbon-carbon face sheets (figure 23). Fill the
foam core with a suitable phase change material, such @ wax,
that nmelts around the maxi mum operating tenperature of ?ﬁé?ec%?éf%qo?e

conponeny s net.h t rf.orm.t Hi’s woul d.be to dri|l a hol e in one

sur f acerﬁ?) sup@é%n%gm%g%_ség? %gﬂf“?é’&&ghf‘e ' aé‘ﬁds ?/’%P@ﬁ?fﬂﬁoft ¢ pun, Hie 1adiarle change
material in the |liquid state into the porous foam Once filled, the sanple
can be EBIBLHOM the syhwilbbegimingreatthe epmposite pridlitd thegheltinglpoinhef thopkasean be
pl ugged with an epoxy or screwtype cap. The epoxy and any ot her seal ant

must  be chdsige ntateriuil t AsthBoirt ke paet aill g ih@ope iRicRrdirclb ehaamatd aahpon. The
foam core conposite will then be nounted on the side of the satellite that

|'s_exPoseriabméfls oAt S9Fanr Alrel B S ATb s Hiftih aofabfSasgi el | te

orbits the earth and is exposed to t adi ant  energy fromthe

sun Wil Ly ' o . 1 he conposi t nel to the |.ti int of the
phase Elﬁgﬁ%ké&#tgtog?%a SR 9} eﬁ’&Pﬁt fﬁf i 'f)%‘?i’é’lri'y qu?laﬁqggn‘i?a%ﬁ‘%’& ein
terrpera%ure S tt}e phase change material nelts. The anount of radiant
energy tH u%?iﬂ@rw ¢dgs oA Hegrbit {imes ofike autpllitarwiah thah themeatetidlingkereomplately out er
di rensi ons of the panel. This can be easily cal cul ated and desi gned

t hr oughmicleand dlyes, odvet treceadsdthe niclttaspoitutchThanivbleh iHesasligh 1da0ad the RRw
material never conpletely nelts and, thus, never exceeds the nelt

t enper abfihe sul, ewill MepatotidaBHea! th El%éﬁe %ﬂg@gm%%%n&ﬁ%a@ﬁalg{ﬂm R tBietgi ‘r’]“ 't 1)

begin to radiate heat to space and e ange” nat er |

freeze. glbg # ' teitself e the satellite cones into view of
the sun once %%éﬁ\e%mﬁﬁk%gﬁ%lgﬁ e %ﬁesgt%ﬂgi? ﬁ?(m?solf“?q_\élﬁ?ﬁ %@%@CW% ntly,
t he shutt)l iLer experiences extreme heats during reentry. Specifically,
the | eaﬁ#‘@@%‘g&ﬁof‘fﬁaﬁgln&f%keawﬂ Edgesch 1800C and the belly of the craft
can reach tenperatures as high as 1200C. If a foamcore conposite panel is
pl aced at t heusentiyaths sbfitticloebiter expatringpee dxtesnainatsaduring eyt sSpifidallyhe bel |y
(Figure 24), it would be able to absorb enough
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 a foam 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 a faster re-entry or (steeper glide slope) and maintain the current maximum
temperatures. In this case the phase change material would most likely be an alloy, 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



energy to dramatically reduce the maxi numtenperature of the hot areas.
This also would permt a faster re-entry or (steeper glide slope) and
mai ntain the current maxi mum tenperatures. In this case the phase change

material would nost likely be an alloy, e.g. germaniu id | WMysch
mel ts around 800-900C and does not vgporize until rruchn??&écgﬁﬂ?rhan t he

i [ . h f
For mat o { hea A paeR R Wisal §F oS HETRR C SERPPLME. PPer i of

Ger rrani&lurp (iﬁ@%%}%ll%?ﬁ tenperature of 1 Kg of existing carbon/carbon

o)
heat - shi e?%onb "t her words, if the existing carbon-carbon were

repl aced pound-for-pound with germaniumfilled foam the maxi num

t enper at ur e s Une PReat appication ereoenor@e0sy ref@ancetin et entetics tha fgllobéngabout
1131 C instead of about 1800C during re-entry, depending on the duration
of therliml phtesicipplicatidhhs. 08/923,879dll@NSepbditidr 01 99N UL 9 GRIAPEFNRidMho! €f erence
intheir entireties the following: U S. patent application no. 08/ 921, 875

filed : o9 At (877, il ed
Sept ember 31050, SEater 2 BTSRRI EAld Do Mo A% MBI EE S ine s

1998; U S.;ratent applj.cati ) 458,640 filed Decenber 9, 1999;
Kl ett, 315@'@ 8 |%§ p%ﬁ%lﬁﬁﬁlfcat’ﬁ'h%@@‘{}gﬁfg%ﬁ?ﬂ? & BilPeh- Bifr“i: vedighaphi ti c
Foam " 43rd Int'|l SAMPE Synposium My 31-June 4, 1998 (Aneheim CA); J.
Kl ett, therg (P‘g‘daﬁt}“f!‘z Mmpémlﬂltphﬂqﬂgﬁi/ Grphitivelloa@ghRiCint'| VAMPEMeS ophase
Pitch-Derived Carbon Foans: Effect of Precursor on Structure and

Pr oper tSysposiu@GaMayrs 1-1fe 42098 (Bhetreiin,al A PO NKRIEOCWaldaddT Mcliey! SHikf - 16,
1999; J. Klett, "H gh Thermal Conductivity, Mesophase Pitch-Derived

Graphi tTHerfMlaTBhduc-Avity MESUPRARIFiRR- D rivM _@arboﬁ%bﬁgs:ﬁﬂ’ﬁe%f & ]é;%?u?%}rﬂg‘] Klett,

and T. Burchell, "H gh Thermal Conductivity, sophase rived

Car bon . I n echpo . of. rhon, Extepde stracts and
Eur oc ar%gﬁ[qg‘? 8@%@%&%0%&)1’ %&%ﬁ%?@o%ﬁﬂ@é’,n (tj‘HB?/“ &-133,?1‘1@91@;99; and
pages pu i shed aIt thﬁ web site of Poco Graphite, Inc. of Decatur, Texas,
at t he 3t fsth nHigh Thermal Conductivity, Mesophase Pitch-Derived Graphitic Foams,” J

Composites in Mfg., 15:4, pp.1-7 (1999); J. Klett, and T. Burchell, “High Thermal
Conductivity, Mesophase Pitch Derived Carbon Foam,” Science and Technology of Carbon,
Extended Abstracts and Eurocarbon Programme, vol. II, 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 cbange in the characteristic heat pulse on the back face of the sample. Thus, errors in 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



addr ess poco. com pocof oam graf prod, as downl oaded on January 21, 2000.
Thermal Conductivity and Specific Thernmal Conductivity: The validity of the
flash diffusivity nethod and whether the open porosity would permt
penetration of the heat pulse into the sanple had to beggst.ahhi ﬁ Deep
penetration of the pulse in sanplesstypically causes a change 1n the

char act 600 ffidrSmbBeA), dPWss thado) E&eﬁ%ﬁﬁ?.fgiﬁl%gesf&%g R8s B0 Einat i Secpflcl” > | D

the reported diffusivity can be as wever, e ra r |arge

struts |I.. 0penings .of .the foamlimts .the depth of pepetration to
about ﬁgﬁtﬁé@%al%g%umtgﬁ%?%@§ Q??%‘ﬁr% C‘Eﬂ?&'&% r %‘6(‘5‘%5 co g‘rngc?gm;astmg
m croneters), . 0{) | ess_than 2% penetration. Therefore, it was believed that
this t&pRisyith boih theflash diffpsiyity methag and shy thewnal atadisnf wethod ol heasameded

conductivity. This was confirmed by testing sanples with both the flash
di f f usicenduyptivieeshadedidlesshibat Bl nadifyimpalt £ih niveiddad a vidbe: mEasdHed
conductivities varied by less than 5% verifying the flash nethod as a

vi abl en¥Rduf©theicfoRBASHTIR SdE §§u(ft91_%rqﬁarlléleﬁ éi%{;iﬁczﬁ?lgf’tg@ hL4GhihEs GHANG

significantly, the flash nethod wl i naccurate results. In

anot heg; qp&%qﬁ f the invention, two different precursors were used to
produc&,le@oamw qle?ﬁtg; process of the invention. These precursors were a

Conoco l\/EsoPhas Pi %c(l; and a M tsubishi ARA24 Mesophase Pitch (herein
referred to5¥OHSHERBCUMENt QRABUMYentpRatwosdifierert prpirsoipwWareiusedTtabl es 11 and

I1'l. They were processed with varying operating pressures under nitrogen
at nos pheadace fpameth thg prosess of e ingerttion. Theswipngrussoepwatk admcteMesophaeked at
630C for 1 hour, and cooled at the natural cooling rate of the furnace. The

sanpl eBitchvarie Masdbani ZRA2E MAoHRREPREE(HeHETREEHNE S CBA %@42 heat i ng
rate of 0.2C/ mn up to 1000C gnd then( sone sarr‘rapl e§£ggr6€cro;£?§p |t|4?'ed at

2800C irfe Y&t 1?) : different heating.rates (10C mn and
AC/min, Tab e@#?% %Lll&gr a@%grﬁr?ap IE:I\'(I)V[rzf GOV RYCEY tvgft’ ‘ﬁ\l}’ffl%ﬂp‘?rgénfger ei n used
synonynously wi.th."bul k thermal conductivity") of the foamwas very high
as shoRFSUesHIferitreEen Amespieiced heating safe diring 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 III).
The thermal conductivity (a term which is herein used synonymously with “bulk

thermal conductivity”) of the foam was very high as shown in Table II and Figures 25 and 26.
The thermal conductivity of the graphitized ARA24 foam, graphitized at 4°C/min, was in the
range of approximately 146 to 187 W/m+K, as shown in Table ITI. This is remarkable for a
material with such a low density of approximately 0.56 g/cm *. This calculates as a specific
themal conductivity (thermal conductivity divided by the density) in the range of
approximately 256 to 334 W-cmslm-°K°g{Il. As stated earlier, for a foam with a bulk thermal
conductivity of approximately 58 W/meK, Vthe ligament thermal conductivity is approximately

700 W/m*K. However, with the data shown in Tables II and III, when the



The thermal conductivity of the graphitized ARA24 foam graphitized at
4C/mn, was in the range of approximately 146 to 187 WnK, as shown in
Table I'll. This is remarkable for a material with such a | ow density of
approximately 0.56 g/cm 3. This calculates as a specifieg3Rens& 2005
conductivity (thermal conductivity diyjided by the density) in the range of

appr oxi r@tglaY cérbicti [ L.a foamwth a
bul k t her mal Ccon&d@tt}i;g%ﬁ%l g\%ogg{ ggg%%%na é@?g@q%#ﬁs{tp ﬁ[féﬁqlicaléé%ﬁylt}f Ker mal
conductivity.is roxi I 70Q WnpK. Howeyer,,. with the data shown in
Tabi es. 1P teR QR R Corbsors b Brimstlganductyiny serrmatsnbc W WAy  of
the foamis about 147 WnK, the |iganent thermal conductivity is

appr oxi it Bgamens termpalhgondnetivityris apprerametche? 208 Waokduct i vity approxi matel y
187 WnK, the ligament thermal conductivity is approximtely 2200 WnK. |t

i's an unusual Ipsepentsuabpropbiey ofitlevestivntthatthd Mermeon@ictioRPengEd vi ty of
this graphitic carbon foamis substantially isotropic, and is preferably

conpl et i j : x b b ' L SQL: i e ther mal
onduct (i Rl Cana s At and KRt b otk Ol el LB e
metal | i | n nt material Tabl.e. 1V). The foam.exhipifs a

t her mal %8%%%%%1 }t%?lﬁ)ﬁggﬁ% o ch’%‘ﬁmflﬁ‘éy %ﬁl@&ﬁ%%‘ﬁ? psotrgpicdhgrmal ¢ hat
is conparable to the i n-&lﬂane t hermal conductivity of other carbon-based

t her mal SRBMEHEHE AL somemerailig thermadipranagsmentematarids ik abde BOn Thofpus ieklaibits

containing carbon fiber that are listed in Table IV, which are 109 WnK
and 250 awherkal Gdrslutideity, hials ta 187 $nhd-Kdanihb WRA Bihfesm ih Tebledll, @eniguct i vity in
the out-of-plane direction than these carbon-carbon conposites, which are

1 WK %Bﬁhg&le‘é/tHﬁle iﬁ%ﬁ%ﬂh@ﬁﬁ?&ﬂdﬁ%\gﬁ'd%ﬁﬁf%ﬁ&ﬂﬁ%@m ?ﬂ I%?Ité%gﬁlt%ﬁt;:_ Y

exhi bit substantial differences bet i n-pl ane and out-o
j of, the ot her thernmal

ranagomeit et S5en IR GOl GRafcontiosfreipiates eorChd deatitn Welh 1 nei r

densi ti r ch greater than the foam i.e., the specific thernal

conduct ﬁfﬂ)@ﬁ 0%{%@@ b Wi/meK and 250 W/m*K . The foam has a significantly higher
thermal conductivity in the out-of-plane direction than these carbon-carbon composites,
which are 1 W/m*K and 20 W/m*K. Carbon-based thermal management materials typically
exhibit substantial differences between in-plane and out-of-plane thermal conductivity, as
shown in Table IV. Although several 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 is
significantly greater than all the available thermal management materials. In fact, the specific

- thermal conductivity is more than seven times greater than copper (45 Weem?/me°Kegm), the

preferred material for heat sinks in the prior art. It is clear that, for thermal 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 designs that are more flexible and more

efficient.



significantly greater than all the available thermal nanagenent materi al s.
In fact, the specific thermal conductivity is nore than seven tines
greater than copper (45 WnB/nKgm), the preferred material for heat sinks

inthe prior art. It is clear that, for thermal manageng tDeceffYBﬁfﬁ)o‘ﬂ’Ei ght
e gra

is a concern or where un-steady state,conditions occur often, t phitic
foam is supet] . ot-her, avai l gbl e material s..The advant age of

i sotropic the?%@? ﬁa%é%ﬁﬁe?ﬁgrgfﬁébéﬁn\%? eamplleégs(’leﬁeo VEUAY ow for novel designs
that are nore flexible and nore efficient. 28 Decenber 2005 -35 Table H
Properties of Carbon Foam Sanples of the Invention Table H Properties of
Car bon Foam Sanpl es of the Invention Max per.6¢ Sar':nc Sanple 1G Pitch
Heal TrehableHt Prepentiasef Cotlwin HeemeSatupdes dfiterinPantonSur ace Ther mal  Ther nal
Precursor Tenperature Pressure Dianeter- Density Area Conductivity” Concu
,i rivny { G IPSOm/gj [mcrons! IrJCm"fiv%d NV/ mK {:V-cnt*n /, om
AR 1000 400 67]97970.2Z2 1I8635]250. 0,76 A2, 7 AR 1070076004 y89—3125 0.37
17, 719, 200ssdne R | 32

NLIARWJ- JFQ)ang Q:g Po?eQré M;'Isgze 0 44 :- pe936 4700(() 1 3 YS@Cﬁ((d P An
1CNO 1000/ 0. 03690 i K-

TG4 2B fA0 1. 7 | Sarieer |F oGANOCard 000AB0-D. JEE. ~| . 59. 4

on-aola ' ~ LS P I s! ) i -
0.33 315. 800 9=F Cogpeo 4j00—6080.188-46.203 6AMINO Ipn Drhniac | COO
a b : . = P : a5 LA~ ~ N | wad ol
800 20.317-26,6-049 9x955. 3BQ: 1. Be- 27 B 1 GONOCO k0w 10602065654 0 55
M AR - 1000 i 300 ¢ 70.31 : 158 . C.13 20,228,400 . 1.3 33
7,516, 400{ 12— : : = : .
E . Conoca
D ¢t Conced .
8
N .-
K AR 2800 {600 i 112.4 165 ) 0.39 ; 42.836.000 | 72 i 1945
t AR - 2300 + 800 60.81 1002 ¢ 048 0 29.783.300 | 105 [ 2123
O AR ¢ 2300 | 1000 0.045 ' 100.85 ¢ 0.57 H 25,830 ¢ 148 2614
O AR 2500 I 1000 ¢ i 0.57 i i
I Conoco ¢ 2800 140G | 0.087 5819 035 : 30,4501 0.8 | 116.5
4 : Canoco * 2500 ] 800 | 0.162 P 4845 1 0.4 : 54.3G0 * 85.1 1 2:2.3
H i Conoco - 2800 800 | 0.15 <4123 0.49 i 73,500 : 104.2 : 2327
[+ . Conoca - 2300 {1000 27.06 . 3wy 0.39 : 15,363 4560 . 134.1 . 227.3

note: The mean pore diameter, since A was calcuiated fram resuits by mercury pensimelry. s not representative of average cell size,
note; Themal concuciviy was calsutated from the measured hemal Giftusivity using a xenon pulse flash diffusivity technique.



1 ' fv AP 2800 400 DC S 240 0?5 6.250 SC No 0 K AR 2800 600 1 12.4 165 1
0"39 43.836.000 72 845 L AR 2800 800 66.87 -11 OF 2 0.'1 29,188.300 105
273:5 AR 2300 1000 0.045 100.85 0.57 25,550 149 2614 D AR 2800 1000 0. 57

Mt' | Conoco 2800 40C 0.087 atl 59.19 r 035 30, 450 1,48 Lpé JooGonoco
2600 600 0..62 49.47 _o.-1__ 64, 300£§ 11 2723 Hi Conoco 2800 800 0 15
41.21 0.49 73.500 104.2 G Carioca 2 1000 27.D6 3:.3 0,59 15.305400 .

since 4 vvascal culated from

134,11 7. 3.note, . The ore
resul ts%zg)/1 ig*r curghmg W”Qéa‘?fbg géeé‘ﬁﬁla@‘?%c‘é‘flt}’aver age cell size.
"note: Thermal coM# WYWM@&@P@&?P@W&Q%@Y&WMQ% measur ed t her nal

di f fusi vi ty usi ngmads&perDib{erené Pfdcarshrsdi fifedsyentipnt echni que. 28 Decenber
2005 -36 Table Ill. Thermal Conductivity and Specific Thermal Conductivity

vs. Density for I\/Esophase Derived G aphite Foans nmade from Different
I

Pr ecur sofs T thetmwventTom—Conocp—ARAZ4 ct+He—Fhern
G aphi ti zation -spe ONaCq gy el Therm al Ther mﬁ‘msgﬁy ty 1 Condycbvity
Conduct i yity Rat ma,cﬁ{)’%q%%em‘ér =Y, oimiza 0 nductl\(lt q pc emtfatlcr Rat e
Jr/icn t | CEnW rrt A CJV(YW eadddapr |‘4' grﬁa raimnd IDe a0 uc!iﬂy llya] !d(ra"”xyalmmab“]
JAN-cm i Mg wing) mw&m«emag KB4, 1| ks | 1Quik) 56 BFmBell' |  [Qnib6 [92. 1 164
10 0.59 18&931014.t | 227 10 056 ; 187 334 i 4
05 @ 21 | 164 | 10 059 ¢ 183 | 310 : K
056 i 801 143 i 10 052 | 180 250 i 3
0.54 102 ! 189 i 10 0.56 177 316 i 4
053 ; 99 | 187 i 10 038 1 170 ¢ 293 i 4
049 : 1042 | 213 | 10 061 ! 169 277 4
043 | 82 | 158 ; 10 05 | 166 , 296 3
04 | 841 i 210 | 10 05 | 165 ! 235 4 ‘
04 851 | 213 | 10 06 | 161 ! 268 4 %
032 | 551 ! 172 ! 10 061 | 160 ! 252 4
036 | 405 | 114 ; 10 059 | 157 256 1
035 | 408 | 117 ! 10 052 152 245 K
f | : | 059 | 1512 | 255 4
: | i 06 ] 150 | 250 £
i l | 057 ] 1489 | 251 i 4
[ i l 057 | 146 | 256 I 4
R : R SIS

- ' -
! Themal " *Specific Thermal ;  Graphilization ' Thermal i “Specific Thermal
Density ! Conductivity i Conductivily Rate Conduclivity ] Conductivity Graphitization Rate
[gfem’) l fimK] | Weemtm-K-gm) [*Cimin] Censily [gfem™ | (Wim-K] ! [W-cm/m-K-gm] [Cimin)
05 136 | 227 i 10 0.52 93 i 179 10
06 1 1316 | 219 10 0.38 i g2.2 : 243 10
0851 | 127 249 | 10 045 | 868 | 193 10
053 ¢ 1271 | 240 ! 10 ©0.55 §5.3 i 185 10
052 | 120 | . 233 10 04 75 ! 188 | i0 .
047 ¢ 1195 254 10 0.39 74.5 191 i -0 A
0.53 118 | 223 | 10 0.39 | 68.2 175 i 10
057 | 112 | 196 | 10 0.29 | 67.1 231 i0
0.48 | 1053 | 219 | 10 028 | 62 : 221 10
048 ;| 1045 ! 218 i 10 0.31 i 55.2 i 178 10
057 | 98 172 N 10 03 | 526 | 175 10
051 g8 ! 192 | 10 0.25 | 50.5 ! 202 ! 10
049 ! 94 } 192 i 10 0.27 } 48.3 d 179 | 10

* Specific Thermat Conductivity = Thermal Conductivity divided by Density.




0.56 i 80.1 143 10 0.52 180 290 0.54 102 189 10 0.56 177 316 i 4 0.53 99
187 10 0.58 170 293 4 0.49 104.2 213 10 0.6i 169 277 4 0.43 85.2 198 10
0.56 166 296 4 0.4 1 84.1 210 10 0.56 165 295 | 4 146 0.4 85.1 213 10 0.6

161 268 4 0.32 55.1 172 10 0.61 160 262 4 0.36 1 40.9,} ) 157 256
4 0.35 40.8 117 10 0.62 152 245 4 0.59 151.2 | 256 4 3??%‘3%%@8

0. 57 148r %l 61 4 0. 57 146 256 4 'Efl-r~~ " + # ~~' r~ ~'
1""Fm~ a .m+. ear' Yntirev~-w ARA24 | ' Specific Ther mal T_he_rmal Spec
6¢c Ther nal mraph. tization Thermal Density Conductivity Conductivity ! Rate
Conduct i Wiatepta Condugt i vi ty Ghaphididsalhion Ratle “‘Cgﬂeéﬁc K3 ( -cm_ I'nK gmJ
(Cmnl{Density [gfcm PN mK) rP'-cnB; mK gn) rC mdhndacii 136 i 227 1 10
0.52 93179 1 10 (.Densib31. 6 I2AShe10 QutadBplHE. 2 24@B-phoe 0. 5Dul-of-hRre. | 249 10
0.45 86)8 193 10 0.&&n] 12WhR40 JOmOKD5 GoWEcnl/m®Kigh] [Fr&@Zmbkishl 233 10
0.4 75 188. 119

ypical 2-D

Carbon-Carbon 1.88 250 20 132 10.6

EWC-300/Cyanate

Ester 1.172 109 1 63 0.6

Copper 8.9 400 400 45 45

Aluminum 6061 2.8 180 180 64 64

Aluminum 0.19 -- ~10 -- 52

Honeycomb

Aluminum Foam 0.5 12 12 24 24

Based on the data in Tables II, III, and IV and in F igures 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/m+°K and/or a specific thermal conductivity at least
equal to copper, i.e., at least 45 Wecm®>/m*°Kgm, and usually on ﬁhe order of at least 75
W'cm3/rn°°K°gm. More typical graphitic carbon foams of the invention have a thermal
conductivity of at least 75 W/me°K and/or a specific thermal conductivity of at least 100
Weem®/me°Ke gm. In the preferred embodiment, the carbon foams of the invention have a
thermal conductivity of at least 100 W/m+°K and/or a specific thermal conductivity of at least
150 Weem®/m+°Kegm. More preferred embodiments contemplate carbon foams having a
thermal conductivity of at least 125 W/m+°K and/or a specific thermal conductivity of at least
175 Weem® /m*°Kegm. Yet more preferred embodiments contemplate carbon foams having a
thermal conductivity of at least 150 W/m+°K and/or a specific thermal conductivity of at least
200 Weem® /m*°Kegm. Still more highly preferred embodiments contemplate carbon foams

having a thermal conductivity of at least 175 W/m=°K and/or a specific thermal conductivity



0.47 119.6 _ 254 i 10 0.39 74.5 i 91 10 0.53 i 118 1 223 10 0.39 68.2
175 10 0.57 1 112 j 196 10 0.29 67.1 231 10 0.48 1 105.3 ( 219 10 0.28 62
221 j 10 0.48 j 104.5 218 10 0.31 55.2 178 10 0.57 98 1 172 11 10 0."s !
52.6 175 10 0.5 11 98 1 192 10 0.25 j 50.5 1 202 10 Ozé%e%ex%ﬁerézob% 10
0.27 1 48.3 17 9 10 Specific Thermal Conductivity = Thermal Conductivity

di vi ded Densi 2 enber,, 20058~ able |V, Mterial Thermal
Conduct ?ﬁ{é‘iﬁsgﬁé’c?(’f ?rﬂﬁq‘%{'ﬁﬁll’ W“&i‘?ﬁ%& P\/]Yatb-y{esqb‘é% anq figpres g6 apd 20skavong pl ane
I n-plane Qut-of-plane [gmem] [WnK] [WnK] [WnB8/nKgn] [Wn8/nKgni

Typi cal that speeifie pepmebgang Activitss opshe odendiat 1@sE27SEMEN300/ By gmatel Gshet 1. 172
109 1 63 0.6 Copper 8.9 400 400 45 45 Al umi num 6061 2.8 180 180 64 64

Al uni nulead 309 Wecm’ /0K +gm, 4nd inddod eye0irieadl 305 Wedth A @K -@mD arb t-kdnadfe. 24 Based
on the data in Tables H, 111, and IV and in Figures 25 and 26, it can be

seen t Npére diameters indicated in Table I were measured by the mercury porisimetry method.

Specific Surface Area: Another property that affects the overall thermal performance of the

carbon foam is the specific surface area (SSA), calculated by:
SSA [m’/m’] = Total Pore Area [m*/g] x Density [g/em’] x 1,000,000 [cm’/m’]

Smaller specific surface areas indicate a lower 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 via increased surface area to volume ratio and increasing the contact area between the
evaporative fluid and the foam material. SSA is also an indicator of the foam's response to
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 2800°C.) was at least 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 least
500,000m*/m” are contemplated in the invention. Indeed, several samples shown in Table II

were above 1,000,000 m*/m> , and in the preferred embodiment, the carbon foam has an SSA



t he carbon foans of the invention, when graphitized, have surprisingly high
thermal conductivity and specific thermal conductivity. The graphitic
carbon foans typically have a thermal conductivity of at |east 40 WnK

and/or a specific thermal conductivity at |east equal ih<€., at
| east 45 WenB/ nKgm and usually on t ? order of at Ieas?g%ggﬂg%dg&gm
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of at |%‘§5’¥gsg§?fe\?éﬁ%9drﬁég’f%8%qoﬁ m%‘.@sdfatuas both igherer Ipwer tam this Rilgeiares 25 and
26 showi ng that specific thermal conductivities on the order of at |east
275 W n@migapiptedagwihiorhainventemst 300 WenB/ mkgm and i ndeed even at | east
325 WnB/ nKgm are at-tainable. Pore dianeters indicated in Table Il were
nmeasured by the nmercury porisinetry nethod. Specific Surface Area: Anot her
property that affects the overall thernal performance of the carbon foam

isthegpﬁﬁ,lr' ii ( u ed. by: SSA [.nR/ = Total Pore
Area [n2/gJ {'(ﬁ%ee;gﬁn{l?c E%’%%S Vﬁ?}iﬂog@ ﬁo‘ldg’t‘?[ gﬁgﬁ%‘ﬁe %qv‘é{ﬂ%]stbgéﬁl ic
surfaceixaéxi 1sm[liendi.cate a | ower f{%ng ororsity which reduces the effect of
the naturRr ESRYoLe el %P BipSpETd t OPiRgRORHPE Fatesn) and al | ows t he
nore efficient conductive heat transfer node to dom nate thernal

per f or mance.l' Lar ger S&ing aostoanes thevhyd tlze ¢avieon foam temperature reached -

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

1L Using ethanol as the fluid, the carbon foam temperature reached -

28.6°C in no more than about 6 minutes;

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

in no more than about 3 minutes.

Examples XI, XII, and XIII, 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;

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

more than 38 minutes; an;l

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



cooling via increased surface area to volune ratio and increasing the
contact area between the evaporative fluid and the foammaterial. SSA is
al so an indicator of the foams response to forced convective heat
transfer (turbulent flow via fluid passing through theagdi-a.,B% 200
increasing the surface area used for_heat transfer. As shown in Tablse I,
the SSA val ue for h&e BN hLiLAsd carbon foans of the invention (heat
treated to 2800C.) was at | east about 6,000 n2/nB, typically above 25, 000
nm2/ n8, and eyen.nor i cally above 65,000 n2/nB. SSA val ues of at | east
100, 000 2/ gyt 8‘%‘{)‘3 t 6@%@‘@%‘2‘%‘?@39?%""@%%@%Iff@lreﬂheidatatmesehﬂedenti on.
| ndeed, several sanples shown in Table Il were above 1,000,000 n2/n8, and
in the PYEFEFRSHIHS SERarEients previoushr deseribkd alowias decesS&ANA8mPeRRORTH 2005
-39 of git@lleast about 2,000,000 n2/nB, nore preferably at |east about
5, 000, OGmengmgBicetvne,ecthamob hiad abley, reédpebiiveRt B t 000 n2/ n8,
and nost preferably, at |east aboutgﬁe15, 00,%8%%%2%?%,n0v139%%9%§A&&al ues of
at | eastcoadhgsiins20atQAA HE r | £ast, /b 35, 000,000 al so being
cont enpl ated. The upperg%gggfdﬁte&lt?@hﬁa{ d%% Stehfz)r%?%t\lflsfleueé(pfﬂgmﬁ‘ﬁ?'r Mty
unknown } t.a,n Table Il shaow the highest val ue achieved
with the 1?‘2%6’\,}@?@%@@@‘{@3&?@9“%% f theconditianspofghpexperimgnt, that, weenbot h
hi gher or .| ower t§1h n.this value are contenplated as within the invention.
Evapor aff¢eecs ﬁg!ﬂdEﬁlgr?mbég fapam reaghed|a, tempetatdre off -46.§°@iit ho Fiogdithen 24 show
that the still air experinments in a vacuum furnace produced the follow ng
cool i ngmimtessat ajredudsi peesare (vaveurasoft29Qof| Sirilark i@ %Eﬁ@&t@ﬂmﬁsﬁﬁ%ﬁat ure
. ing e

(o’ N

reached - 53.4C (C) in no nore than about 4 m nutes; anol as

the fl uither theeconditdasof B8kl r - 2846C Jin no more than
about 6 minutes; Il Usi ng I%Natmg?{’ ggav’t‘ﬁé&%wgﬂ”%sﬁée g‘é‘?b%‘ﬁ cf‘%ﬁﬁ??@hper ature

reachedreashed tePefdfurdBE ©11781, 89 Aot t:?l %

axrps rnmutgs' at a reduced pressure (vacuum)
of 1.2 torr. And again similarly, in Experiment XI, with acetone as a fluid, 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 data in Examples VII to XVI, which data illustrate 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 is well known to
those skilled in the art. The 002 and 100 diffraction peak breadths were analyzed using the -
Scl}errer equation to determine the crystallite dimensions in the a- and c- directions.

" Beo(26)



Examples X, XIl, and XIIl, along with Figure 15, show that the natural
convection experinents conducted under anbient roomtenperature conditions
produced the following cooling rates: 1. Using acetone as the fluid, the
carbon foamtenperature reached 0.5Cin no nore than 3 ] , Usi ng
et hanol as the fluid, the carbon foam tenperature reachggq%%%gﬁgfﬁﬁgo nor e
than 3 8 .m nutes; anag.l 1. Usigg wat'&t™ as the fluid, the carbon foam

t enper atUFE trlég syt itegize; histhe Xerapeausipesth. R ghe bradiyef thetdiffracBen ni nut es.
As indicated above, the foregoing information was derived fromthe data

pr esent @dak Mitl] Widtk diplé otaxtourh EWERIEMim® Micinpiexénaldryaddgssid 1ead tighow ng
decreases in tenperature with tinme using acetone, ethanol, and water,
respect igthdtiontinilel MRSBORN G PIHIDY, R i L Ol @fe, C2N be
drawn fromthe tgbular data set f6rtﬁm?5%ggﬁggg¥gf%g@§%§§(gﬂﬁﬂgaaméxanple,
in Exa VA1 1t 1s shown,, under the conditjons of the experinment, that,
when ”Efé one V\V\A/assVe RATYOW aid asyigrienie, fidicaiige o hig I‘i’é@)er%f?gréﬁlﬁ@r db%ire of
-46.7C in no nore than 2 mnutes at a reduced Eressure (vacuum of 29
torr. SHHFYaYPT spacing celgwated ety the/BSeherter method hoimrthe rangd ef appheximetetii t i ons of

t he experinent, that, when ethanol was the fluid, the carbon foam reached
a t enpefP3Bot emgd 0-3364 R@. The nystabitesizdhimnhSc-dirocti@swat cakul LELBSEH (RS RHT €
(vacuum) of 1.2 torn. And again simlarly, in Experinment XI, with acetone
as a 110 b6 araad: ypasimbiesy s21hi! Ad (FOTEFLLRD: FABTL hbRSnAOkIRRKRST | Nt

the carbon foamreached a tenperature o ./C1n no t ha nut es.

These a i i usi may .be drawn fromthe tabular data in

Exanp! oot oS e i AN R e B on T ey ARG PR 36 R hi g
thermal . conductivity and SSA properties of the carbon foam of the invention
have upORCEREStallygsizesare Larger sham taniga)ihigh ihenmad condwtiviteedrborofiberaard wat er |

respectively. )
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
(VGCEF).

Table V. X-ray Diffraction Data for Carbon Foam Samples

Max Heat Pesk Angles 25 [ P Narrowness Relative

*Sample]  Pitch | Treatment ]Foaming] dox l Peak Spilit Facior

10 |Precursor| Temperature | #ressure| spacing | la | Lz G2 101 l 900 002 101 100 (RPSF)

(o | st | fom) | o) | fom) z

original AR 1000 1000 03362 | 203 | 44.2{ 26.4253 | 423185 | 44.2751| 0.2930 | 0.3540 | 1.2870 0270

N, AR 2800 | 460 | 03364 | 11.8 | 48.2 | 26.4769 | 42,1512 | 44.1507 ] 0.2282 | 0.7644 0.865% 0.£33

K AR 2800 | 800 | 0.3362 | 17.8 | 46.6 | 264839 | 42,0917 ) &4 20601 0.2328 105374 1 0.7207 |- p.298

L AR 2306 | 800 | 0.3360 | 215 | 79.3 | 26.5006 | 42.1416 | 44.2058 | 0.1628 0.4552 | ©.7807 0.29¢

8] AR | 2500 ] 1000 | 03356 | 214 ] 56,7 § 26,5540 | 42,2270 1 42,2815 0.1530 | 0.5220 | 0.7438 0.308

2 1 Az T zoc | 1000 | 03352 | 484 | 824128528 1423065 1 44,2215 0.2030 | C 4368 | 0.7435 | 0302

* Samples N-Q of Table V are the same as samples N-Q of Table II, respectively.

The "doublet" at the 100 and 101 peaks is characterized by a relative peak split factor
(RPSF) parameter, or narrowness, calculated using the peak angles and the full width half

maximums (FWHM). e equation is:

(FWHA/[;». N FPVHA{‘WJ

RPSF=\__ 2 2 )
29]00 - 2910!




X-ray Analysis: Lattice paranmeters were determ ned fromthe indexed
diffraction peak positions (Table V). The X-ray nethod for crystallite
size determnation is well known to those skilled in the art. The 002 and
100 diffraction peak breadths were anal yzed using the 5:325”6?? reﬂg%ti on to
determ ne the crystallite dinensions in the a- and c- directi & <0.
co-:425) 28 Decenber 2005 -41 where ¥7is the crystallite size, ? is the
X-ray wavel ength, Bis the breadth of the diffraction peak [full w dth
hal f maxi mum (FWHM minus the instrumental breadth], and 20 is the

di ffraction anghsller/RPSFHiaM0atbeIcIb80 peak¥.at | OEaROD 1R VOMYIS RiticS conditions
characteristic of interlayer spacing), was very narrow and asymretric,

i ndi cati [ - e T ' r r agi cal,cul ated
w th ¢ e et ORI R A I By D16 oS BOL L TROE MBI T
0. 3364 crystallite. size in the c-directjon was cal culated from

t hese da?raRﬂ%F(;n% 5%3{& h‘élﬁtsot‘l@pm%ﬂenlﬁ‘("é?tﬁe@ﬂeg VAl foficartam fogrn hsddreatedr 1010
i n hexagonal nonenclature) was used to calculate the crystallite size in
the a- di% &840 erbesme U298 anddhe highesokeingOdlly. 21.5 nm  These crystallite sizes
are larger than typical high thermal conductivity carbon fibers and
therefore, the foamliganents should performsimlarly to high order

pyrol ytic carbon and high thermal conductivity carbon fibers such as K1100

and va : i . : .G iffraction.Data for
o bon Puiss Qb Ardctlfion! Mt 27 1A0 28 pe o i SR RS LAPRIFRE P,
"Sample Pitch Tr

G TR R U TG E TR A T A

(Psit r(])gien iln-te!rcoln%rerltrsL 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 sphere is a specific form of an ellipsoid.) It is evident from the images that the
graphitic structure is oriented parallel to the cell walls and highly aligned along 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

structure is 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 regions is primarily an artifact of the structure in precursor mesophase prior

to heat treatment.
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42. 1012 1 44.1507 0.2292 10. 7644 j 0.8856 0.e13 1 K AR .3362 1
17.8 468@ %%4839142 09111 1 -4 20001 o.2-348 10.5374 1 0.7207 0.290 ! AR
2300 50 360 21.5 79.3 1 26.5006 42.1416 1 44 20591 0.1628 10.4142 1
0,707 0.299 0 AR 2800 1009 1 0.3356 1 21.4 56.7 26,5540 42.227 44. 2vi

0. 1520 0.5220 0.7438 1 0.30Q 1 :1 ?500 1300 1 0O 335= 1lle.J 62.E 26.5303 1
2 106; 1 0151 0 30 -0 4566 10.1338 1 0.3C=1 * Sanples NNQ of Table V
are the samelas sanpirben faf loivingabhenlal corfdespastdfwelenst TDBew/Hokbl et " at the
100 and 101 peaks is characterized by a relative peak split factor (RPSF)
paranmeter, or narrowness, calculated using the peak angles and the ful

wi dt h half maxi muns (FV\HM e equation is: rFV\HMo~ FWHMOO RPSF = 11" 2

2 20, w - 2005 42 A smal |l er. RPS cajes cl oser peaks
at 100 and 101 an@ﬁr caroorna%ﬁlé' alséif:f?‘?fle‘nc?f?r‘fallt}}a?m’gat ‘3?“ HM§IV1%?MCt|V| ty
and str Lei ? nt egrity. The data reported in Table V shows values for
RPSF no tdZe ¥/ mHan 0. 470, with the | owest reported value for a carbon

f oam heat treated at 2800C being 0.298 and the hi ghest being 0.413.

M crostructural Characterization: Figures 27 and 28 are scanning el ectron
m crographs of the pore structure of a foam sanple of the invention. The

foam exhi bity a STHd&?BHrﬁfoE&ﬂ\éb Q6finddRf 'alagﬂth{agﬁlg@ ap%ﬁﬁﬁgt'?v n@ﬁ A Ia? (or

pores) 200, with such cells (or pores) being o ¢ shape,

typ| cal{ and sonetines spherical or essentl aI |y spheri cal.
(It is e%Sotqé%Wﬁpdlga sphere is a specific formof an ellipsoid.) It is

evident fromthe inmages that the graphitic structure is oriented parall el
to the cell walls and highly aligned along the axis of

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-cm3/m-°K-gm.

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

of at least 175 W-cm3/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- cms/m-°K-gm.



| i gaments 210. This highly aligned structure is significantly different
fromtypical vitreous carbon foans: vitreous carbon foans are void of
graphitic structure, have large openings and linear |iganments, and are
nostly pentagonal dodcahedral in shape. Mreover, it ca t in
the junctions 220 between IiganentsL4[he graphitic strgégﬁ?éﬁﬁéiaggs
al i gned and possesses nore fol ded teXture. It is postul ated that this
arises fromthe lack of stresses at this |ocation during formng.
Therefore, the wel|l-ordered structure in these regions is primarily an
artifact of he sthararkonsfopm asdefinadgnclairad dprimgea spe¢ibe surfavehesatofit eatt nent .
28 Decenber 2005 -43 We claim 1. A carbon foam having a thermal
conductﬁMKhyymf.at | east 106 WnK. 2. The carbon foamas defined in claiml
having a thermal conductivity of at |east 125 WmK. 3. The carbon foam as
defined in claim11 having a thermal conductivity of at |east 150 WnK 4.
The carbon foam as defined in claim1 having a nmaxi mum t her nal

inclaiml

conducti vi t yy pf | east 175 W,nK. 5. The.carbon foam as_.defi ne
avi ng. a speit i o P B aaidcde §ig ) SR me 80t T S HAERBIHRAM 8 The
car bon %ﬁ@ﬂ}a§ defined in claim1 having a specific thermal conductivity
of at | 750y 1B/ nKgm 7. The carbon foam as defined in claim21l having
a specific thermal conductivity of at |least 225 Wcm 3/ nKgm 8. The carbon
foam as defined in claim1l having a specific thermal conductivity of at
| east 325 W cnB/ nKgm

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

1,000,000 m* m’>.

12, The carbon 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 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 relative 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 a relative peak split factor

between about 0.298 and about 0.470.



28 Decenber 2005 -44 9. The carbon foamas defined in claim1 having a
specific surface area of at least 6000 n2/ nB. 10. The carbon foam as
defined in claim1l1 having a specific surface area of at |east 65,000 nR/
nB. 11. The carbon foamas defined in claim1l having a 3pe:EmBersbace
area of at least 1,000,000 n2/ nB8. 12. The carbon foam as defined in claim
1 having a specific surface area of at |east 35,000,000 n2/ nB. 13. The
carbon foamas defined in claiml having an X-ray diffraction pattern
characterizeq by ubl et }00 an Oa,peaks characterized by a rel ative peak
split factor o SEeP deamasidined 1 ddain 1 hayingrae Xcray Wifragtivamatierndef i ned
inclaiml having an X-ray diffraction pattern characterized by doubl et
100 and Ch@fﬁ“ﬁ@%ﬂdﬁﬂcﬂﬁ@ﬂdﬁﬂ@rh@fadwbmum foe thet(i0R pegeaiglesal betwéacbont 0. hist ween
about 0.298 and about 0.413. 15. The carbon foamas defined in claim1l
havi ng and Xbawy.294fdegr@ed.i on pattern characterized by doublet 100 and 101
peaks characterized by a relative peak split factor between about 0.298
and about 0.470. 28 Decenber 2005 -45 16. The carbon foam as defined in
claiml having an X-ray diffraction pattern characterized by a full wdth

hal f maxi mumifor ffhec®an freakasadefined if cldigt Weding@do W-rH).dEQcti@nsht@Rout 0. 294
degrees. | T The carbon foamas defined in claim1 having an X-ray

diffr aCkhﬁﬂct&ﬁﬁeﬁ%n 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 between about 0.3354 and about 0.3364.

18.  The carbon 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/ cm3, 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>.

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.



(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 spaci ng
bet ween about 0. 3354 and about 0.3364. 18. The carbon foam as defined in
claim1 having a mean pore dianeter between about 30 angpabQuber®dosi Ccrons,
and a density between about 0.2 and gpout 0.65 gmi cn8, and a relative
peak split fagtor .0.413. 19. The catbon foam as
defined in clgg'i m fﬁﬁgglﬁﬁ‘g@&n@}% ﬁB%ffe%% |"élnell;}aé'rm%%mﬁ?%?rg?hani‘qii%fﬁlo%eamrcr ons
and a dﬁg;ig%tgﬁtween about 0.2 and about 0.65 gm cnB. 20. The carbon foam
as defi PRI Shavi ng a density from about 0.55 to about 0.60
gnmcnB. 21. The carbon foamas defined in claim1l having a nean pore

di aneter no greater than about 340 microns. 28 Decenber 2005 -46 22. The
carbon foamas defined in claim1l having a nean pore dianeter no greater

than about 623.m cThasarb@Bfoahite deAARORA ciRAM @Rrlli8e0y A XCaaUfrdctio
characterized by an X-ray diffraction pattern exhibiting relati velny sharp

doubl et o t 40, an 0 degrees. 24, e carbon foam
as defi ‘r’n@%ﬁikﬁx e %ré}é}ﬁjae i%l'éﬁ’a%%ﬁi%ép%w 6&%?‘@%3’8@7??%8@“8éggﬁgﬁesﬁ-| y of
pores having dianeters within a 100 m cron range. 25. The carbon foam as
defined in claiml having substantially isotropic thermal conductivity.

26. The carbon foam as defined in claim1l wherein said foam has a nean pore
di anet er no Yt-eat Ehe ¢arbon fbous d8ffkdin claimd. ha?ihg adbozasthemurt oamsistingdef i ned in
claiml1 wherein said foam has substantially ellipsoidal pores.

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.



