WO 01/ 66490 PCTNSOL1/ 07012 PI TCH BASED CARBON FOAM AND COVPOSI TES AND USES
THEREOF STATEMENT REGARDI NG FEDERALLY SPONSORED RESEARCH OR DEVEL OPME

The Uni t & 9/%¢¥s Government has rights in this invention EG&SHHMOI%O
contract No. 5 DE-AC05-960R22464 between the United States Departnent of

Ener gy and pqeiiiasdSEDNRT ARBON $OOVMRENDAC OMEOSPPES A ND USHCKERRBOFOF THE
| NVENTI ON The present invention relates to carbon foam and conposites, and

nore particularly to a process for producing them 10 The extraordinary
mechani cal properties of commercial carbon fibers are due to the wunique

graphitic nDrphoIog of the extruded fil nt D., "Pitch and
Mesophase Fi bers, %/ EEMIMNT %%DMIF%R&%(%&%@&E& Fi guei redo
(editor), Kluwer Academ c Publishers, Boston, pp. 43-72 (1990)

Cont enpor ary advanced strucBﬁ&ﬂARQBﬁﬁbEﬁﬂ&ﬂﬂﬁmﬁﬁNﬁ t hese properties by
creating a disconnected network of graphitic filaments 15 hel d together by

an appropri at ghdmghited Stafed (RABringihakerighteth thisdAvéntivhpalsupiitac ostedct dan be
con3|dered to be an interconnected network of graphitic |iganments or

st e o) ﬁé@%"-’gg{) Ffé Jt&reéﬂ thETeG Bidrdl 18 rr%?tﬂﬂ:%?&?ﬁn&%§ WRA KSekte

rep a po | ern Ive as a reintorcenent structura
conposite materials processes for producing carbon foams utilize a
bl owi ng MeEHhE wéYBsseaF@h‘ﬁ%‘a@oraﬂena foam of the pitch precursor in which the
pitch is nelted and passed froma high pressure region to a | ow pressure
regi on. Thernmodynami cally, this produces a "Flash,"” thereby causing the

| ow nol ecul ar wei ght conpounds in the pitch to vaporize (the pitch boils),
-1 WD 01/ 66490 PCT/ USO / 0ACKGROUND OF THE INVENTION

The present invention relates to carbon foam and composites, and more particularly to
a process for producing them.

10 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
compbsites exploit these properties by creating a disconnected network of graphitic filaments

15 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
reinforcement in structural composite materials.

Typical processes for producing carbon foams utilize a blowing technique to produce

20 a foam of the pitch precursor in which the pitch is melted and passed from a high pressure
region to a low pressure region. Thermodynamically, this produces a "Flash," thereby

causing the low molecular weight compounds in the pitch to vaporize (the pitch boils),
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resulting in a pitch foam See Hagar, Joseph W and Max L. Lake, "Novel
Hybrid Conposites Based on Carbon Foans," Mat. Res. Soc. S . terials
Resear chWebHi6e#3, 270: 29-34 (1992), Hagar, Joseph W andpﬂ/i&g?}.mﬁ ke,
"Forrul ati on of a Mathematical Process Mddel Process Mdel for the Foam ng

of a MesepansnGHiRRATodh eSkE Hogar, Jovaih WRasd Max30¢ ak&yNovel IWpbred i al s
Resear ch Soci et%}{270:35-40 (1 92)&@ bson, L. and M F. HXS?I?]by, Cel I ul ar

J.
Sol ids: Structures Proper t+ P Pr - @b :
HEIN %ss%o&%f%%%o% (TR Sk Sh Rl el Mty 220"
illips Tech. Rev., 36(4), (1976), and Bonz( .. P d E J.
Mout ar d,270:28:344d Pk H&,gazf?é)?SQWgS, @EéMZ)XrL Sﬁwpﬁgabﬁ Bﬁﬁ/gag%%ﬁﬁ’g% be
oxi datively stabilized by heating in air (or oxyger&1 for many 10 hours,
t her eby ,Process bodehikiongss tMieded foribe Hoamiapgof 2 daspplage Carrondireenisago Mer. Bées not

melt during carbonization. See Hagar, Joseph W and Max L. Lake,

" Foy mul &l 05y, MatvBhle REaédreinboci€ly XSS -Mdeo2 Piiissss LNbaed MibrAshbg, Foani ng
of a Mesophase Carbon Precursor, Mat. Res. Soc. Synp., Materials Research

SO?' ety 4100 BLIQ sthdidds @ \QpﬂiésePex%arhon pARE NewMy orlﬁg@géf,@ibsoﬁall.@??n’
23.695 ek > : gm g step ande can an expensive 15

st ep depending on e part e_an ui t required. . .The "'set' or

oxi di zed#i §@haquE1%8w'éﬁPO’cla(rl§% gé‘H’pFﬁb %gﬁgr{“er g’ﬁﬁ‘?ﬁﬁ%?ﬂlpﬁges%rﬁfé’r’at ur es
as high as 1100C, followed by subjection to tenperatures as high as 3000C
to produeeh)a(1§7aphind Bonzan,bhnPf CrpauGuides. Jt Motdrddes. patent 427w240e (Wt c
precursor, such as phenolic, urethane, or blends of these with pitch. See

Hagar, Joggphe WiciidnMaystlbe dxadatively Iseidéllzed ®¢l hSatirny inGeawebxyges) fopimang0
pen-Cel | ed Foans,"” Mat. Res. Soc. Synp., Materials Research Society,

218 Myl ARy, AHRETkind i MERSLIRE! D RERSERUoLOfar AAT gl 127

gﬁd &oaa \{_Warl nagaki _and_S. Y S\M S:J - cio0L pig (1967)
ol i et S L S L, o
fsg:ﬁ; ;Is %?J;Sf&ﬁ érrogésstlvrl]gdeﬁ) rfcisjdslelej %gar;liig ro(fa‘la(la\/?essggflaste %%?bo%alyrzicur}gorf ]rt]/[?zt. IRiegl.Ui dto
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
15 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, Joseph W. and Max L. Lake, "Idealized Strut Geometries for
20 Open-Celled Foams," Mat. Res. Soc. Symp., Materials Research Society, 270:41-46 (1992),
Aubert, J. W., (MRS Symposium Proceedings, 207:117-127 (1990), Cowlard, F.C. and J.C.
Lewis, J. of Mat. 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 sample is heated. At

a specified temperature, the pressure is released, thus causing the liquid to foam as volatile
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WO 01/ 66490 PCT/USO /07012 conpounds are rel eased. The polyneric
precursors are cured and then carbonized without a stabilization ste
However , MOHB464%r ecur sors produce a "gl assy" or vitreous BaFBs¥H AFMi2ch  does
not exhi bi t graphitic structure and, thus, has |ow thermal conductivity and
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"bl owi ng" or "pressure rel ease" technique to produce the foam
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ot her methods used to produce pitch-based carbon foans. This process is

| ess ti mga@OnIy RE. S8NSyinpeNeftis R¥dehichMcledp@r70ian-4403b9ANd easier to
fabricate. Moreover, the foam can be produced with an int egrated sheet of

hi gh t her mal In 8%16?%%3 Xhéeytpﬁ%alﬁ? 3 fgrq?%]dh l‘f{eh%%ﬁ ];mtarE% grgf%rgteg tg?ﬁee by

i$
produci ng a carbon She SurPace X I nprove heat
transfer. 15 The present invention further relates. t

t her mal FaFeBsREMEHIY ENCrCORMORE: eFis FariRs AN onee i B6 NHkedise Prheforey,

and nore particularly to a thermally conductive, pitch-derived carbon foam
havi ng hi gh ﬁheprmdess:cafrtbisdm'rentibyomrdom%ﬂlemtmiaatginngaymcw@mﬁﬁi%a The

renoval of unwanted heat is a frequently encountered problem Conventional

sol uti On&omf%:uﬁle pfee&iré Rdeds@n@chriiG® Bebducantt foaf! IFuehaind?e, Sy@tiden | n the
latter, a working 20 fluid is conpressed (condensed) and purrped into an

SHRANS! VEpiDARREeOl i PEUELE SR pﬁremerhhggr 095 Bl e BYl-biga BRhn T OM the

at m)spher e ne tent vapor zat1on,

cooling the s roundlng envlronnent bl o u the heat exchanger
may be EQAhed HBIOEFSSATIeat eeeren%laergaraari&ere B ﬁ@g gfmserr 13 LOSEANG 6T ¢ and

aut onotive air conditioning systens.
fabricate. Moreover, the foam can be produced with an integrated sheet of high thermal

conductivity carbon on the surface of the foam, thereby producing a carbon foam with a
smooth sheet on the surface to improve heat transfer.

15 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

20 fluid is compressed (condensed) and pumped into an expansive chamber or pipe system
where it evaporates, pulling heat from the atmosphere to satisfy its needed latent heat of
vaporization, and thus cooling the surrounding environment. Air blown through the heat
exchanger may be cooled and circulated to cool larger volumes such as in domestic and

automotive air conditioning systems.



-3 WD 01/66490 PCT/ US01/07012 Active cooling (refrigeration) typically
requi res conpl ex equi prment including punps, valves, conpressors, etc. Mny
refriger MAYM&Pst ens require the use of CFCs (Freon), whPEHUSIV s der ed
hazardous or environnentally unfriendly. An evaporative cooling systemwth
a hi gh t her maActowebstihg Vefriger@idnl tiprall deqififee toriplek BRlipMment @ekdinRgRimps,
alternative. There is a 5 need for portable coolers which are |ightweight
and ine [ . j [ il lothi

ount 11 e . A o Eete P e Ve oD 6 e
the lim¢tations the prior._art. l.n addition, the present.inventio

ol at es. i GopRISEL hezardiin OF SRRl Rt Erghacan sPeRE SoMEN Rl ¥k
encased to forma heat sink product, and nore particularly to a process

for produkighgharmehsorfihetatyanedivmrwand pffenmsignpipploieneesh AKCnpAe. rSIE ¥a t he
storage of large quantities of heat for either cooling or heating an

obj gct . nkgpifeddriable@srrawhichaad lighseighoshiCiaetyeative so ag @dedlepldyledtn ther mal

di ssi pation through cooling fins, natural convection, or radiation cannot

15 dissiﬂgagr&hﬁﬁggﬁkkg%hﬁgkg_enough and, thus, the object over heats. To
alleviate this problem a material with a |arge specific heat capacity,

such as a he sink, .is placed in caontact . .with the abject as.it heats.
Buring the ned HEpHeeBuRRE sprbof SHRRE M il oREOREN AR FE T ne
hot object, and as the heat sink's tenperature rises, it "stores" the heat
nmor e raphelppoxdhn can be dissipated to the environnent through convection.
Unfortunately, as the tenperature of the 20 heat sink rises the heat fl ux
fromthe hot Iakjdditiongihe pessesinvahtion trelates soypdrbes cdrborpfennt filteel wilh phaseence
bet ween the two objects. Therefore, although this nethod of energy storage

Cam . absc‘%fi’%é RLQE2RYAD ehidséd tdfor 83eal iniS pIFRUAPIMd Bdlel RARFouldrly toS ptBkess
sufficient Tor all applications. Another nethod of absorbing heat is

t hr ough f%rg%%ﬁgigg?ﬁenghase of the material, rather

There are currently many applications that require the storage of large quantities of
heat for either cooling or heating an object. Typically these applications produce heat so
rapidly that normal dissipation through cooling fins, natural convection, or radiation cannot

15 dissipate the heat quickly enough and, thus, the object over heats. To alleviate this problem, a
material with a large specific heat capacity, such as a heat sink, is placed in contact with the
object as it heats. During the heating process, heat is transferred to the heat sink from the hot
object, and as the heat sink’s temperature rises, it "stores" the heat more rapidly than can be
dissipated to the environment through convection. Unfortunately, as the temperature of the

20 heat sink rises the heat flux from the hot object decreases, due to a smaller temperature
difference between the two objects. Therefore, although this method of energy storage can
absorb large quantities of heat in some applications, it is not sufficient for all applications.

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

than a change in temperature. Typically, the phase transformation of a material absorbs two
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than a change in tenperature. Typically, the phase transformation of a
mat eri al absorbs two -4 WO 01/66490 PCT/USO /07012 orders of nagnitude
great er tweoneloenergy than the heat capacity of the natericalusoFori2
exanpl e, the vaporization of 1 gram of water at 100C absorbs 2,439 Joul es

of energ erea hangi ng the te ratur f water .f.rom 99 0o 100C onl
absor bs %ﬁd?fm@mgaif“‘g%gm ﬁ%‘%&i}“’ﬁ Ieﬁergg ‘ﬁ%ﬁ‘c‘fg capagity;of et%%teflgn%%rr ature of Y
579 grans of water from99C to 100C 5 absorbs the sane anobunt of heat as
evapor at ¢¥agple. greavapofizatisnet lgramoyd waterré 1 8¢ eabserbpd.438 Joplsnafiensrey he
melting point of the material. This phenonenon has been utilized in sone
appl i cat whetsad chapgihp eie tatmperabiroof eder frent 980r0dOUE artpubisbod.2&tarigyofi n
situations where heat sinks will not work. Although a solid block of phase

change ne{eh) & offi@SwardéSlakilAhe feheRURL d0Ah £ARAGH W ¥ter AOmgD-@hs o0k Cheat
the process™is not a rapid one because of the difficulties of heat transfer

and. thug it nnot be utilized in certain _applicati .

i 71 zat TSRESERCHB TGN REPAERS ReREbE e p o SRl Yo L EPE ¥ vhitfs
shortcom ngs descri bed above. If the high conductivity foam.is filled with
t he phas®uahanige mebiingpoant ofhemateriak ddisqhgneyaenamehay desn vilized in B¥B&use of
the extrenely high conductivity in the struts of the foam as heat contacts
t he sur f gpéicatfons heeiller hbsomh or evdlee traperdioys amamssof erelgy hr Dughonst whdne héapam
to a very large surface area of the phase change material. Thus, heat is
very qui gkitywli st iopit ed t hroughout the phase change material, allowing it
to absorb or emt thermal energy extrenely quickly w thout changi ng

t enper at ur e, us, keepin i ving f f.or . i
maxi num Heat Aistl ?ﬂéh ahsél)\ﬁ?1 8 bgoe(%(n%%&) He’l Czh e Iﬁgtt% 1%1 hglé 3 }&%@’alé gegg%m%g{rlﬁa%aéatgﬁ\ébsor b
energy in 20 applications such as mssiles and aircraft where rapid geat
geh@r at | Eribparbheeinthe PrOGess SMohR rani¢hgre beeause int%dlﬁé‘é{lt“?f'foﬂ}r’@ﬁtttf%’é % 8'&ncased
in a graphite or netallic case, typically alum num and placed in contact
wi t h t hethobjtestinat beatilingl inlkerthieappliGitiose Hoystvep tieswilzhaoy ef tethegh thbgnal
conductivity foam will overcome the shortcomings described above. If the high conductivity
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
15 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
20 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 is offset by the high energy absorbing capability of the phase change. As heat is
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have a | ow thermal conductivity, the rate of heat transfer through the
material is |limted, but this is offset by the high ener absor bi ng
capabi | i WO B¥6®¥He phase change. As heat is -5 WD 01/ 66490%@??5@)@671)}%)7012
transmtted through the netallic or graphite case to the phase change

mat eri al ﬁaﬁéﬁﬂtt@d‘ﬁﬁ&gh&ﬁ@Hﬁ&lﬁ@bﬁ%ﬁﬁiite@a@&@&he plast RBardpeahate0all e phegi ns to
nmelt. Since the tenperature of the phase change material does not change

until all;, the materi ; - heak, ase
change rrﬁl?aélrgF %rgiﬁg#ssgfge gthie‘l\i/trel?lffc(% gﬁ%@%ﬁ{% Elﬂ?ﬁgver ?%%gkgetqﬁgfeﬁoefatl% oaﬁ'?i nues
to nelt 5 nore phase change nater] nmore. liquid is farmed. Unfortunately,
the Ii un@%é@a&rWEéﬂes I}Oég}éarngﬁh@PLBj{ the ghadirial Pg}hjttsyt,he ?lmﬁ r%%élreptr&?uwgé? fl ow
further. In fact, the overall low thermal conductivi tg of the solid and

i quid pheydasshdagee mateein] whminsirpfatively henstant doweveaas thhbent gontonies trgelt

t hus, reduces the efficiency of the system SUWMARY OF THE | NVENTI ON 10 The

gengral ahiesias®thdn3e nitt@sNhoreni@Nt is @rnied. Uafopfudyictle tiealidiodhisaamuend a
conposite froma nmesophase or isotropic pitch such as synthetic, petroleum

or coal - }o%s?er t&?e%%glt %Hg\ﬂlvxﬁ%g Iﬂ@ﬁlﬁ%ﬂgﬁgeét FiSw R OM £, ﬁle(iﬁfre@rlo{vqgéﬁlﬁpd a

conposite Trom pi IC oes urre an oxidative stabilization

step. These and other abjectives are acconplished by a t hod of producing
car bon f6%{’fﬂu°t1‘§%?1fgg%?‘ﬁl andlipEdphasas %Blr;‘g’t%rﬁéi)gmi‘tgtl?é?&cqr}g’ﬁataﬂl?a&pgon
preferably an appropriate nold release agent is applied to walls of the
nol d. Pi awdh thus, reducesdocelfictencnaf hpsysgmi ate | evel in the nold, and the
nold is purged of air such as by applying a vacuum Alternatively, an inert

fluid could be enployed. The pitch is heated to a tenperature sufficient
to coal esce the pitch into a |iquid which preferably is of about 50C to

about 100C above the softenisigRURY f ThRINRENTIGN. The vacuumi's

rel eased and an inert fluid applied at a static pressure up to about 1000
g\s/id.pv'el'haemgi ]E gﬂp{.l? g%?ﬁto%?ec% of fhe tp?es r%rir%e%{ign ?sutt)fpirg\i/igg Ear on o%lrjrlsae"ncpaacsoerrslp(}sﬁe
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
15 wherein an appropriate mold shape is selected and preferably an appropriate mold release
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
20 pitch. The vacuum is released and an inert fluid applied at a static pressure up to about 1000
psi. The pitch is heated to a temperature sufficient to cause gases to evolve and foam the

pitch. The pitch is further heated to a temperature sufficient to coke the pitch and the pitch is

cooled to room temperature with a simultaneous and gradual release of pressure.
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pitch. The pitch is further heated to a tenperature sufficient to coke the
pitch and the pitch is cooled to roomtenperature with a_sinmultaneous and
gradual M RUSSYGf pressure. -6 WD 01/ 66490 PCT/ USOL/ 0701 8CTHSAHE O er
aspect, the previously described steps are enployed in a nold conposed of

a material sughaddfiadr abpeet, iR 1%]1@%9&1& @bsceiBes stepd areRinpldyed Ve h ndN@tHBpoRERECT
the objectives are acconplished by the carbon foam product produced by the

nmet hods ?&%FéﬁgzsﬁquétE%?HjOﬂ%ggéﬂﬁ(?()egngp@g@oproduct with a smooth integral 5

faceshee er aspect a carbon foam conposite product is

produced by adherin facesheets. tqQ a carbon f.oam produced t he process
of this i nvenin ¥ anogiet #8rcto FQBFCBYGStaﬁ%a%SPE@L‘FRedibg’\}g?mf?rgﬂn %H} Broeﬁ%}vi de a
thermal |y conductive carbon foam 10 Yet another object is to provide a
met hod oprogneadiyi thg metlugls Idisatpsed herein in¢liding iarfgara praduet with hypmoothdintsigial e
carbon foam Still another object is to provide a heat exchangi ng device

enpkoyi ngycashea@r bon foam core. These and ot her objectives are acconplished
in one enbodiment by a thermally 15 conductive, pitch-derived carbon foam

embod: mont ety SR 92 B RO AAR| o RE B CTRRRL LRy ok R 2"
CopL 10 L L RISEeh, Bk SHIBLL SRPGHEL G it elilr 20 carpon foam i
evaporation of the evaporating liquid is 20 effected. In si i1l another
enbodi ment, t Asothby eljedt\oé theapreseatewepiansih éaiployidg atbenmadly cladyitivg carbon
foam.
10 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 thermally

15 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

20 effected.

In still another embodiment, the objectives are accomplished by a heat exchanging

device having a thermally conductive, pitch-derived carbon foam core. A fluid impermeable

coating covers a portion of the foam core and exposes a portion. The exposed portion

provides access and egress for an evaporating liquid.
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device having a thermally conductive, pitch-derived carbon foamcore. A
fluid inpermeabl e coating covers a portion of the foamcore and exposes a
porti on. WoKEeeRhosed portion provides access and egress W(U%?ﬁloéq}éporati ng
liquid. -7 WD 01/ 66490 PCT/USO1/07012 In another aspect, there are upper

and | over resenyahdrSishddt,fthdth dreqPFREMCRWePFesivbits fh f161@cOmaithicatiphl WRihng
device in flurd communi cation with the upper and | ower reservoir adapted

to deliver the evaporating |4 quid from.the r i upper
Feser vortte 4 SqLF st idp Tl etp bR Ay AR RSBl ek b 0P
separate colums to provide a 5 cold storage container with spacin

bet ween adapsedi9l d?h‘ﬁ@f.tg‘l" pvaperating daHid frone S o Wer ERseRVO o FStYRRAT 158 ’V(B‘éngt he
foam and heat transfer fluid is developed in the presence or absence of an
evapor at i ve [ fill shdslyerrmspdchghd ¢eebdrofoam is pesitipyed iasepdrae aolumsdo apwidetd on
and increasing the cooling effect. Still another object of the present

I nent i omdistork &Eﬁﬁé&ﬁ&il}pﬁ@agﬁg%@mﬁ@hmamﬁ@erml 10 conductivity porous

carbon foamfiTled with a phase change material wherein trenmendous anounts

of thermal eper %yavr\lng{hﬁr %Stpg%tex%laﬁﬂlg n?mogltb%ﬂvé/e%rtr(e %(%W%hﬁagﬂgnﬂ&rmﬂ§ jf oam t hat

hﬁs Eeen fihl? ase change materi a conduct heat to

t he phase change material such that the tenperature of the.phase ghange
mat er i adevlonedria g RrenESer 35eN%E aBﬁ@‘i‘%ﬂr?thvgql"él EYQ’PW]@ tE‘F f(faﬁé%&eé?clt?yceg As
heat is added to the surface, froma heat source such 15 as a conputer

chi p, fmcdermngmapomtlpmamhmcgcasmgdwghmilhgeﬁccmnspher e, or radiation such as
sunlight, it is transmtted rapidly and uniformy throughout the foam and

then to the gRASAothehaH}B& Jrteasrbstnt indentidieis fed srodadtionlodegesedhphaherital
absorbs orders of magnitude nore energy than non-PCM material due to

B g A L L L b e A G
with 20 a cold object. ) .
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
15 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
20 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.



Non-limting enbodi ments disclosed herein are a device to rapidly thaw
frozen foods or freeze thawed foods, a design to prevent ogverheating of
satel | it WO Y680ore thermal energy as they experience cyR¥TESHESng
during orbit, and a design to cool |eading edges during hypersonic flight
or re-entry from space. BREVMDERCIOE4PONRGT THEDRATIMNGS BRI EF DESCRI PTI ON OF
THE DRAWNGS Fig. 1 is a mcrograph illustrating typical carbon foamwth

i nt erconnect a 1 s ' o F -

i 6r ogr aphs _of%f}. 'ESEI%@&&{%@ﬁgé_?%%ﬁqﬁﬁéﬁaﬁ{aa@g%‘%ﬁnﬁ 5 1%%’&?6%‘2@ P s
various magnifications. Fig. is a drawing corresponding to a

mi cr ogr RAMCEIGRA OPFR PTG 27) of the foam produced by the process of

this invention. Fig. 8 is a chart illustrating cumulative intrusion vol une
versus pore dianeter. Fig. 9 is a chart illustrating log differenti al
i ntrusion volune versus pore dianeter. 10 Fig. 10 is a graph illustrating

t he tenper at yrigs 284 arehmhiekbgvaphabor hﬁéh-d’érﬁze@ ici®0n Gdm Efphitize@at Pi00EA anfFag. 11
is an X-ray anal ysis of the graphitized foam produced by the process of

t hi i i i 12 A-C are photographs illustrating foam produced
Wit alﬁéﬁﬁﬁ%gggﬂgF%ﬁgg'and 15 the snooth structure or face sheet that

devel ops. -9 WD 01/66490 PCT/USO /07012 Fig. 13A is a schematic view
illustrating the production of a carbon foam conposite nade in accordance

with this invention. o
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.

10 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

15 the smooth structure or face sheet that develops.



Fig. 13B is a perspective view of the carbon foam conposite of this
invention. Figs. 14-16 are charts plotting tenperature/tine of the carbon

f oam resmqqlﬁg‘”ﬁ’rom the 5 evaporation of a working flui dPSEESPHAY to this
invention. Fig. 17 is a diagranmatic view illustrating one enbodi nent

enpl oyi ng t hgjLasRana sépamtiefvidwilhisiratnithe produbiih oflBcaBorfoamtioagosiirat i ¢
views illustrating other enbodi nents enploying the carbon foamof this

i nventiagn.,.10_Fi i ctjon cut of a heat sink device for thaw ng food
usi ng ace F#%@P%agﬁhgtﬁgﬁgggg%rﬁange 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. 15 Fig. 25 is a chart plotting the thermal conductivity as
a function oFigidBBiis y pérspechiRAREW oftbo pirhere fadar carapbsiie A Hiis mvEriian.
graphitized at 4C mn and 10C mn. -10 WO 01/66490 PCT/USO /07012 Fig. 26
is a chart plotting the thermal conductivity as a function of density for
Conoco nesophase derived graphite foamgraphitized at 10Cmn. Fig. 27 is a
phot ograph t np i i :

Pventi on. 5" ! P48 RN e R PR g el RaM SRR ELokEe
the carbon foamaf the ipvention illustrating the open interconnects
between SEPOTaI0F 04 2 YRS nﬁdﬂlﬁ%@\?c{) n%Fﬂ‘B}SdBY%IBﬂ di ameter is about hal f that
of the cell dianeter, typically on the order of 40%to 60% of the cell

di amet er. DETAI LED DESCRI PTI ON OF THE | NVENTI ON

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.

10 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.

15 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.
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10 In order to illustrate the carbon foam product and conposite of this
invention, the followng Exanples |I-XIX are set forth. They are _nat

i nt endedMAOP6#M0% the invention in any way. EXAMPLE |: PPEURSYOEE:
granules, or pellets are placed in a nold with the desired final shape of
15 the foam FiherrisRichen pioatig ihakifermancdduslinaiseduhdtichesiderslty fonCoho®
Exanpl e M tsubishi ARA- 54 mesophase pitch was utilized. A proper nold

rel ease ry gl I St ' : ' . of the nold to allow renoval
of the 6@%@&%@ dte{#ésd%ﬂg %%D%%@%a%ﬁgre?%gg%?%&and Dry Graphite Lubricant
were separately used as a nold rel ease agent. If the nold is nade from pure
al um num no nold rel ease agent is necessary since the nolten pitch does
not wet the 20 al umi numand, thus, will not stick to the nold. Sim]lar nold
materi al s mayFipe Fisambotagzaphttaken by IV inegiogede semplemidhe eanben fopmeaf the | |

not need nold rel ease. The sanple is evacuated to less -11 WO 01/66490
PCTI USO%4&4862. than 1 torr and then heated to a tenperature approxi mately
50 to 100C above the softening point. In this case where Mtsubishi ARA24
mesophase pitch was used, 300C was sufficient. At this point, the vacuum
is released to a nitrogen bl anket and then a pressure of up to 1000 psi is

appl ied. The tenperature of  the .Is then raised_to 800C, .or

t enber at ure sFEig 1[51%01? éﬁ#’oio(graé’g Qg‘epﬁésﬁhwag\ﬁg @rﬁ] a isgmB%c?S %‘h%%o@ﬁ[ %agbogﬁge
1000C. This is perforned at a rate of no greater than about 5C/ mn. and

pr ef er abhyension dbstratizgCheiopen Tiercornepisbgtvaea cels fied thofang bew thedgteraomnggtnut es
to achieve an assured soak and then the furnace power is turned off and

cool ed tdarh@ems hBsRanitthbtef theRetifdamdiby ttpialfyaanthwasiee 0b4@d tat0% afabhe of
approximately 1.5C/ mn. with rel ease of pressure 10 at a rate of

appr oxi si/mn. Final foamtenperatures for three product runs
wer e Sggfé?k%%%%pand 800C. During the cooling cycle, pressure is rel eased

gradually to

DETAILED DESCRIPTION OF THE INVENTION
10 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 I:
Pitch powder, granules, or pellets are placed in a mold with the desired final shape of
15 the foam. These pitch materials can be solvated if desired. In this Example Mitsubishi ARA-
24 mesophase pitch was utilized. A proper mold release agent or film is applied to the sides
of the mold to allow removal of the part. In this case, Boron Nitride spray and Dry Graphite
Lubricant were separately used as 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
20 aluminum and, thus, will not stick to the mold. Similar mold materials may be found that the

pitch does not wet and, thus, they will not need mold release. The sample is evacuated to less
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at nospheric conditions. The foamwas then heat treated to 1050C

(car boni ng% under a nitrogen bl anket and then heat treated in separate
runs to YESUE48d 2800C (graphitized) in Argon. 15 Car bohCFHIMWE HBduced
with this techni que was exam ned wi th phot om crography, scanning electron

m croscemn ( ©EMnd tifer Boatetnalaytsiperafif approLitiayel P o0 k100 Crabov&theGattetiag seen
in the Figures 2-7, the interference patterns highlighting the isochromatic

regi ons e C B Il i 1AGNEH 4 gl - t he foam
re comBiafeln 452 BRI AR W04 ALCHRE iR s UE SIEICHR ed T
graphite d aligned alo the axis . of the struts. These struts 20 are al so
o ot Sfcisnd oABHGS ita M Cuniu el aed MRS NG LR IS d
indicate that the foam would have high stiffness ande(?ood strength. As
seen i nupitgl0G0 py is anplisEMTherfeminstptanstol die syltent isalgn relsed o3A°Csobpen
cellular meaning that the porosity is not closed. Figures 8 and 9 are

resul t s t@hipdrivardifieient tp ookesthapitcly whixditis abothese tests indicate that the
pore sizes are in the range of 90-200 microns. -12 WO 01/66490

PCT/ USOsbeﬂcﬁéo%boﬁt { QRPEOET,AVE MBI infedShk UdNte O nb Bfeatd i 466t ¥RSmReLher med to

determ ne the tenperature at ich the volatilées are evol ved. As can be

e PERP AR A GE B R BB AP A bhus M AReTO KNG IEh ¢ s

was performed at atnospheric pressure, the addition of 1000 psi 5 pressure
wi | | nomssigd toak and thenfteefurrdcg powergrvingd offtpad speled to rgem EmpsEicessure i s
at 1000 psi, gases rapidly evolved during heating through the tenperature
range ofPr&2f6lyt the 48MCwad bevledaseaterfagpmaimattlyalnt WYmaf. fwat re{dasdkef fressureng)
on the molten pitch. As the tenperature is increased further to

tefgoer atpf g3e B%%glfﬁ%‘g}n% gg%nt. Fidd m (eRendied SorQhrek PRodiRE Airk vfere PI t Ch)

the foanmed pitc ked (or rigid), thus producing a solid foam

g? ' Ip\r/ggéhbée)é?aﬁég?@ Ifnt?.égg(r?f 11%{r}%t tgee c&%@ & let]grsess(%fr:g }Jsrrgl%gsegegfré)c{u%llgl rt]c? rel ease
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.

15 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

20 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 open 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.
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process is very different fromprevious art. Sanples fromthe foamwere
machi ned i nto speci nens for neasuring the thermal conductivity. The bul k
t her mal WOAdGe¥Pvity ranged from58 WnK to 106 W nK Thepcwgﬁ%gzdensi ty
of the sanples was 0.53 g/cnB. Wien weight is taken into account, the 15
speci fic t heg Bl mfRRAuabk¢istidydt tldvawiiiich v peifeated Raidrmievae 4 tines

greater than that of copper. Further derivations can be utilized to
estimate the the | nducti vity h . . arly
700 W PP AL VBB Sy el Blvelnds Tt U Seen iR Y63t BuctopsEt Y
produced fromthis same ARA24 rre,soghase pitch. X—ra‘% an%l ﬁSAZSO"gf Héhg f oam
was per hesrlyed% of igomassirisky rapidloin 8 EMNeHEIs £ g Pt s 2ok apd ARt al
The x-ray results are shown in Figure 11. Fromthis data, the graphene

| ayer 4302€1L ngtHod@b His was petédrarediah ettnasphdys HJCSSB&ﬁmad?ﬁﬁ@n@fH@Q&ﬂ@e | engt h
(La, 1010) was determ ned to be 203.3 nm and the stacking hei ght was

degerm ﬁ&gku&@whﬁn&%ﬁif&hm&ecﬂ-ﬁgmcﬁm 5 BARGBICT WSO He(ptOskdre iTlae] GIONpBI,essi on
strength of the sanples were neasured to be 3.4 MPa and t he conpression

modul us_was_neasur ed 73::4 T 08@$4 hyoporacy.ned
and cougacfe%léaphcg%gwg\de&r%{arg%%/e%%n% %@%gh’r@%&‘%@%&gﬁa@g}é@ In icat(% ng a gogd
strength. It is inportant_to note that en this pitch.is heated in a

si mi | ar S#ERP@AUCR oAk iTest er‘}feyboé]t“?éé’ﬁ\flﬁ\g‘? fné’hfﬁ Blé‘ghr‘gs, the iRy e ¥oans
dramatically nore than when under pressure. In fact, the resulting foamis
so fr agirceeateuafurther toserhperatureseevrging &omafre do 1 0Q5ErHopandinesansthe spasiiéh ng
under pressure serves to limt the growmh of the cells and produces a

usabl e RS thekoamd@PPVRIbEcdrhes Ake@|drelgid) ihue ptoaluting anselib ddarn eftxenfpdre | i s
to utilize"a nold made fromalumnum 10 In this case two nolds were used,

23 Pal un ﬁclfﬁmnﬁ\%%g’%? goaﬂ‘h;ﬁg hgﬂ;%ﬁcﬁrrg(? BLi. AR raﬁ%t@ off suft §nd, SRAFBIORE, AESS as

for? oyed except t e final coking tenperature

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

15 specific thermal conductivity of the pitch derived foam is over 4 times greater than that of
copper. Further derivations can be utilized to estimate the thermal conductivity of the struts
themselves to be nearly 700 W/meK. 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

20 material. The x-ray results are shown in Figure 11. From this data, the graphene layer
spacing (d,,,) 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.
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was only 630C, so as to prevent the alumnumfromnelting. Figures 12 A-C

illustrate the ability to utilize conplex shaped nolds for producing

conpl ex WRAHEMP oam | n one case, shown in Fig. 12 A thepq"(%sodfm 2soda can
was renoved 15 and the renmaining can used as a nold. No rel ease agent was

utilized. Notrge th@bres§ibn Stheeh 6f tht bamples whiei Mighspidtio 8oBf40VIPe ahdtiehe shape
of the soda can, even after graphitization to 2800C. This denpbnstrates the

nggg;i ggr?llg)rsegsti&? }I‘{Oiﬁ{l%s QJas %erQ@{B @0 3 b2l : %ng%glilgfe%g%é;%si@?%ﬁcﬁlﬁéd

_ _ € Second case, as shown in enpl oyi ng an
al um num wei

ht 20 _dish, a very snoqth surface was forned t he surface
cont act Pﬁ‘bc‘?lﬁ@bépﬁ‘?ﬁl%ﬁad%%ﬁ?é fe?fioi?gé?l?%ﬁ’é‘% l?qtﬁﬁtaaﬁtﬂogg{%ng(}ﬁ'e fact that
the nolten pitch does not wet the surface of the aluminum This would all ow
one to produdtds copetan tehetpdut pace thinpitdh is hevedinsysifmlee mageerabutiigdes npr ove
contact area for bonding or inproving heat transfer. This snooth surface

Wi lsl acbnlgrsa_tmésﬂt@ﬁ@ pER@at, egitch hifis dearharaNg aioee tanpdehadagnedsere. In
fabricated in-situ with the tabrication of -14 WO 01/ 66490 PCT/ USCOLl/ 07012

the fac gacinﬁee }e'sulﬁing gﬁ?‘% fs §gﬁf(rf{gt"i‘]% theft ?tltc%qlcf ALl aebe ?%dgégi tio VeBBfAkestRL €rial, no

interface’jointsr ermal stresses w ess, resulting in a

stronger material. The fol |l ow ng.exanpl LlLlustrate the productio a
conposi MOIHEE SRfe) PrEPTCHTTYES tO ﬂ%‘ét tﬁ%%wgﬁ OHJi]f?eﬁmfé(ﬁ?rPglhc.eQ@ “é%?@ﬁm%r%% :
Pitch derived carbon foam was produced with the nmethod described in Exanpl e
. Ref EXAMYLEJLFi g. 13A the carbon foam 10 was then nmachined into a bl ock
2"x2"xI'/2". Two pieces 12 and 14 of a prepeg conprised of Hercules AS4
carbon fi ber anan@rdaGve & tiemhdtieod M atphel Bithatikey4 ooéd mhde fropl dwhinunr esi n
al so of 2"x2"xl/2" size were placed on the top and 10 bottom of the foam

sapl e, aRds Aok tWEhodsAG&E usdl, 3n TRLERGH v ARMY §8h ARE d sd@iohed soda can. 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
15 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
20 dish, a very smooth surface was formed on the surface contacting the aluminum. This is
directly attributable to the fact that the molten pitch does not wet the surface of the aluminum.
This would allow one to produce complex shaped parts with smooth surfaces so as to
improve contact area for bonding or improving heat transfer. This smooth surface will act as

a face sheet and, thus, a foam-core composite can be fabricated in-situ with the fabrication of
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conpression by graphite plunger 18. The conposite sanple was heated under
an applied pressure of 100 psi to a tenperature of 380C at_a rat

of
5C/ mn. WOKMosite was then heated under a pressure oFciﬁéo%‘gﬁuto a
tenperature of 650C. The foam core sandwi ch panel generally 20 was then

renmoved (¢ pigk Rt Moinde ANEIRBAERENczEMetNART infigtd] @gestial holifldacajothtd Festien
graphitized to 2800C, resulting in a foamw th carbon-carbon facesheets

bonded t h f - ' [ [ [
onde Q qﬁh%ntalz#feage%%ﬂl}mes%Oﬁptﬁﬁfé%ﬁl ‘*g&%%?’lo‘lé‘xwﬁgl'l s shown in Figure 13B.

EXANPLEaP : erived carbon m was uced with the nethod

escribed in _Ex le 1. It then machined into a block 2"x2"x|/2". Two
pi eces of car%%gﬁ%‘?’%r?xﬁ’ﬁ@é\é\ﬁ;Sfratféhezpr)? ugtomopi a WQSIEGOIQ?@HE‘]IX?T)@PYV‘%W th a
m xture of 50% et hanol, 50% phenolic Durez(c) Resin available from

Cecei d_enttb& fogheofitbslin@atioThe f oam bl ock and carbon-carbon material were
positioned together and placed in a nold as indicated in Exanple I11. The

sanpl e wgsAheaped]: to a tenperature of 150C at a rate of 5C/ mn and soaked
at tenperature for 14 hours. The sanple was then carboni zed under nitrogen

to 1050C and PHtQﬁ raeﬁ(z@@{%ﬁénzﬁ mt@aségg%%’e? whth thyReBlaReS DB Eiktpleq7012

[rﬁsul ti ngI inatftoamw carbon-c acesheets bonded to the surface.
is is _also sho ner al t 30 in Figure .13B. w5 Pt ch _derived
car bon RESFHIRELO ﬁn%&g‘gé}&e ﬂ’/ﬁr{"ﬁ“ foﬁ@ ‘P’?ﬁ)tgelg E‘fﬁ?‘ﬂﬁgﬁltwg ?p’fze X:ﬂ.z 5 Tfe foam
jsarr_pl e was t hen densified with carbon by the method of chem cal vapor
i nfiltrgidoonl2 fnd 14 002 hrenes commprased oh Herqulesnbbearben fibers and H/Ickbirite he
flexural strength was 19.5 MPa and the flexural nodulus was 2300 MPa. The
t her mal peppdheithaikytond thehpoplasiciredmalsasf 3BAM IVR" siae dreteydatddemnthé top and
conductivity of the densified foamwas 94 WnK. EXAVPLE VI:
10 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
15 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 I. It
was then machined into a block 2"x2"x1/2". Two pieces of carbon-carbon material,
20 2"x2"x1/2", were coated lightly with a mixture of 50% ethanol, 50% phenolic Durez© Resin
available from Occidental Chemical Co. The foam block and carbon-carbon material were
positioned together and placed in 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,
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10 Pitch derived carbon foam was produced with the nethod described in

Exanple |I. The foam sanple was then densified wth epoxy by the nethod of
vacuum i PP 8Y#4%Y on. The epoxy was cured at 150C for 5 hSE%Q‘?SOJI’IHQI ensity
increased to 1.37 g/cnB and the flexural strength was neasured to be 19.3

MPa. |t rbsul@ipvinQUBamiath Qrbel-cdibéeficadhgets uadedas tieeduafase. Tk dMalssshown
pl astics, or fiber reinforced 15 plastics could be bonded to the surface

of the fg%ﬁ%pa@{'attmﬁlﬁi ignggon to produce a foamcore conposite material
with acceptabl e properties. It is also obvious that ceramics, or glass, or

ot her [ Al ould be inpregnated into the foamfor densification. Based
on the%@&%&eﬁ' to date fromthe carbon foam material, several

observations can be made and the inportant features of the invention are:
20 1. Pitch- Pisbdeduedranbdnofapmeeas yedysed sidele wethoddesaibed in Haampls 1.
stabilization step, thus saving tinme and costs. 2. High graphitic

al ignmertthei foarh REmplevidisShef denbigiell adth dasbancthyi thw ackthidot chemjial vapoatnfdmatian
2500C, and thus high thermal conductivity and stiffness will be exhibited

by the [ j I rd t e d th
appli catfl&glr?\dsa hd—% ﬂv%%el% 6%8%&% 6%8%’?813’8[11%ﬂ@rgﬁtghg%yﬁrlﬁg?g agt rt eengt hs

St 1 abl deaELpis Mot dIEM o He OB F A SRR et B LA VU

conposites can be fabricated at the sane tine as the foamis generated,
t hus sawhdghe themmnad sendustyisy obths demiigedifoapnvis ¥hVémplief or ms can be made with
significant open porosity suitable for densification by the Chem cal Vapor
I nfiltr@XAMPIEIVIDd of ceramic and carbon infiltrants. 6. Rigid nmonolithic
preforns can be nade with significant open porosity suitable for
10 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
15 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:
20 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.
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activation, producing a nonolithic activated carbon. 10 7. It is obvious
that by varying the pressure applied, the size of the bubbles forned

duri ng tﬁ@’%Gﬁ ong will change and, thus, the density, stFPENGEN/8Hd ot her
properties can be affected. The follow ng alternative procedures and

product g can Hkiseohgresifeesiteagthb ¥hde bpratesd with medvphadepiehttaset cattsonl .
Fabrication of preforns with conpl ex shapes for densification by CVI or

Mel t  I'npreg ?@atn;l]sg g}‘ﬂkﬁ"& hGh syiRled as(:%%&g _ﬂla@ﬁp kd.rtspﬁctura:f aP;gl?:Taitiﬁﬁé. absor bent .

4. Low densi el enents. rewal [ Mater 6. Low secondary

el ectron em ssion targets. for high-ener hysics applications. It wll
t hus beqs een%PWBtCO’EeHé’ S0 DR fﬁagﬂ%\ép‘%\%%glqeo S 4"?‘1@0%}‘?1%65%?{?99 of
pitch- based carbon foamfor structural and thernal conposites. The process
i nvol ves t hethusabying sirieamdspsta: graphiti ¢ foam from a mesophase or isotropic
pitch which can be synthetic, -17 WD 01/66490 PCT/US01/ 07012 petroleum or
coal -t as. bas®egid Advotithdc plefdrhigsan pe trrde svithaigraficmt bperepyrbsiyyediitatilador
sinplified process utilizes a high pressure high tenperature furnace and
thereby. doCGe\diedtiGyy sk ERemfH Wilor YhiEhAGI hi-ABUPReshPandidodioam has a
relatively unitormdistribution of pore sizes (z 100 mcrons), very little
cl osed porosit nd density of approximately 0.53 g/cnB. The 5 nesophase
pitch is str@#ﬁﬁ@%salong the struts of the foam structure and thereby
produces a highly aligned graphitic structure_in the struts. These struts
wi |1 exhi bi t RigidmeaplithioprgfRrms\eri pe sagdmvithsigni ieass OR§IMRqraFty wiitabls fQfer v
expensi ve hi gh performance carbon fibers

activation, producing a monolithic activated carbon.

10 7. It is obvious that by varying the pressure applied, the size of the bubbles formed
during the foaming will change and, thus, the density, strength, and other properties
can be affected.

The following alternative procedures and products can also be effected by the process

of this invention:

15 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.

20 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,
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(such as P-120 and KI 100). Thus, the foamw || exhibit high stiffness and
thermal conductivity at a very |ow density (4.5 g/cc). This foam can be
formed i WOMI46490as a core 10 material for high tenperaturf“YYHA YR panel s
for both thermal and structural applications, thus reducing fabrication

time. Byedifldlrh ZirR8ar b&eH! AMIEndbfithéke pitdRes' @f WlsbibR@nipdeyade dthe Rnsisid y

t

activated to produce a high surface area activated carbon. The activated
carbon foamw.l. not. [ j | panyl es such
e ot rPOLE ool VESLERT B BersRORAR AR, B R el Ta
conductivity carbon foam of_ the ipvention .be utilized t r.ovi de an
evapor a®Xiganye ssabalizagionsise- Iibf EOB(S‘F E?’Feadlfellaéliﬁﬁad'ﬁ@éw ‘ﬁﬁﬁ%{’%bﬂnbﬁofegsé‘?ﬁs as
derived from nmesophase pitch and as depicted in Figs. 2-7 has an open

st r uct u¢el O@mhictona), vemyslitfle ebsediparesity, ad denay lef pproxitiagely 8.531gscrae| The

wal | s/1igaments. Wen the working fluid contacts the <cell surface it

evapor atRsyphadthildnas badtemid Aiqat thobirmapOtheZodh etuaatesad thaoby pododestahe
carbon 20 foam™ The extent of cooling depends upon the working fluid and

(he.anokSRly SO0 P AR AR R BE SRSl sy SR 51kl xchanger

t enpera own to ess n 223K (-50C) using acetone
as the working fluid at a pressure of 1200 m crqns 1.2 tor and 0.5C
usi ng atAdYREVIHES %Wét\%}{?teﬁ ﬁ@ﬁfui @it \éqrygmqnéme%gé}%egf%pa{l%e %?ﬁ%orbfﬁgeegséur e.
Forced air flow over the carbon foamincreases the tenperature drop in
excess Ghch haP-1208ni\& 10006 6lwe, thefyanswill extotip highissdinosend desmahnbi ent

condi tions. The heat sink/exchanger described herein finds applications in

heat regghgabtimKsdt@Rers WehdasitP €+ oral). bokly femotamige fuintd jin placd @ ere
refrigeration systens or coolers, and air conditioning systens (household

ang au %@%i%féf% Pg}ﬁ%@%k&@@%@@f@hﬁ%ﬂg&ﬁ%t Sad SHcRNARPERLAIYRS, 00! T ng

ect on i ou carbon foam when contacted wt
di fferent workj ng% fluids as represented by acetone, ethanol and water.
These EPAFISINgIRbIEHON YMended to limit the invention in any

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.

15 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

20 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
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way. The foamed carbon was doused or partially imersed in the working
fluid. Upon renoval fromthe working fluid, and as indicated in Exanples
VI1-X, tKO98A%anpl e was placed in a vacuum furnace wi PRTZSPHEPHocoupl e
penetrating the foam sanple. The foam 10 tenperature was nonitored as a

functi oRpbedrvéd iRicABERbRIEESItnG Y T HED: sinkN& cBdtigeeddscribatioreih @inds t enper at ure
was approximately 21 C. EXAMPLE VII|: Acetone Tinme(m nutes) Pressure(Torr)

ngl-)ir %ﬁéﬁ{a@)ns & t?e?preiltﬁ)vgl Sé/}rrtggé ég{ﬂ} %sfﬁ]e{%nal/go%a%%@%i g sultsipértabpet- 8 4 1.2

e sanple was r e vacuum nace it was noted that

ice had fornmed, 20 presumably from mai.sture condense om t he furnpace
at mosphé¥ ,ge@FIOEIé%"rrg%‘Ef ‘l‘orongﬁﬁ%ﬂéalrf:@é 10BRA L B OP.Se%E[‘{ﬁf@oqumﬂl?rtév(e i nut es)
Pressure(Torr) Tenperature(C) 0 740 20.5 25 129 5.3 229 -14.7 3 1.2
-21.7 -19 \WOhetrbouieg Branplesdemonomee thrieragaritivet e )inpeded wndherpreyiously
Tenperature(C 4 1.2 -25.1

5 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

10 temperature was monitored as a function of time and pressure (vacuum). The ambient
laboratory temperature was approximately 21°C.

EXAMPLE VII: Acetone

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 13.5
15 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,
20 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
25 1 29 5.3
2 29 -14.7
3 1.2 -21.7
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51.1 -26.8 6 1.0 -28.6 5 EXAMPLE I X: Water Tinme(m nutes) Pressure(Torr)
Tenperature(C) 0 740 20.5 1 29 16.4 2 29 16.5 10 3 29 16.6 4 29 14.6 5
29 12.9 WO 096400 5 7 29 2.6 15 8 29 -1.5 9 29 -5.5 In tHe/Pi¥{"3Née of
Exanple I X the sanple was imMmersed in water in vacuumto ensure that the
foam was sat gfat@dnutds)i s pr Qp@,mry(wr}f)omed Fenmpyeesscol water to penetrate
the sanple and 4reduced the exppsed foam surfaee jarea avail able for
evapor at i on. l\/bsreover, the resultant 20 high wgger partial pressure in the
furnace nade it inpossible to a ‘bai n good vacuypiin a reasonable tine.
Consequent |y, t%e experinment was repeated in E'gg] le X, but with
substantially less water applied to the foam EXAMPLE X: Water (Repeat)

Ti me(m nutes) Pressure(Torr) Tenperature(C) 25 0 740 19.9 1 29 14.5 2 29
0.3 EXAMPLE IX: Water

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 20.5
1 29 16.4
2 29 16.5
10 3 29 16.6
4 29 14.6
5 29 12.9
6 29 10.5
7 29 2.6
15 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
20 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)
25 0 740 19.9
1 29 14.5
2 29 0.3
3 29 -5.5

In this case, sub-zero temperatures were attained in a much shorter time than for
30 Example IX.
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329 -5.51In this case, sub-zero tenperatures were attained in a nuch
shorter tinme than for 30 Exanple I X -20 WO 01/66490 PCT/ USO /%&géf The
data for M8UMF%®s Vi1, VIII and X are plotted in Fig. 14. P§HES!

tenperature observed (-53.4) was attained in 4 mnutes using acetone as the
wor ki ng f | ui @he ddteFREEainglesvif ViR4nd R aaglottbd MFiget4£ Ahé Riwrsttenyperanirbie
sane tinme period when the working fluid was ethanol and water,

respect b?&lnyed 553'6’4 QWars he m§@(r%fﬁnﬂftestlf‘s§ﬁ acBfons 65 tl']ceq{/(grlﬁlﬂgrﬂﬁ&a”pl es Xl -X1l

wer e per orrre how t ect of evaporative cooling at atnospheric

di sh. Al %5?@%@&%’ S ol e G S bR Pt R PSR Wy e

carbon foam was doused with the working fluid until the bottom of the petri
di sh  waorigogPuisk wasethanpd prdiwgier.Hespgetively-ki ng flui d. The resul tant foam
tenperature was then 10 noted as a function of tine. Exanple Xl: Acetone
Ti me(m nut es ) flehpeeatsofeS) ad baredmh mUE.es)pld&eXpEIAwere pEforn2d2d showl the3. 4 1
15.7 20 3.2 15 2 13.6 21 3.0 3 11.5 22 2.9 4 10.3 23 2.7 5892426 6
8.0 25 Z¢rde2f eJapZ)rrﬁiv% Qogh'r?g 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

10 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

15 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 2.4

20 7 7.3 26 2.3
8 6.6 27 2.1

9 6.1 28 2.0

10 5.7 29 1.8

11 5.3 30 1.6

25 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

30 17 3.7 36 0.7
18 3.5 37 0.6

38 0.5
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8 6.6 27 2.1 96.1282.0 105.7 29 1.8 11 5.3 30 1.6 25 12 4.9 31 1.4
134532 1.3 14 4.3 33 1.1 15 4.1 34 1.0 16 3.9 35 0.8 30 17%73607
18 3.5 3MQUES64H8 0.5 -21 WD 01/66490 PCT/ US01/ 07012 Af FEFUSBINt es
there was no acetone visible in the petri dish or under the carbon foam

sanpl e. Alhe 38 aiphtes Wt Whagestetdheaikillk fin Giefpett dilsh BHudee theadarteddTotid dry it
and then allowed to cool to ambient tenperature. EXAMPLE XII: Ethanol 5

ig}g(g‘ Syhie) R SRERR s idrkd F AERELRANETe JRERERFCRI D e MebRES 4,
' to cool to ambient temperature.

EXAMPLE XII: Ethanol

5 Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.6 19 15.4
1 20.3 20 15.3
2 19.6 21 15.1
3 19.0 22 15.0
10 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
15 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
20 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
25 38 14.3

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

cool to ambient temperature.

EXAMPLE XIII: Water

30 Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 20.9 19 19.3
1 20.3 20 19.3
20.2 21 19.3
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6 17.8 25 14.8 7 17.4 26 14.8 8 17.1 27 14.8 15 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 20 14 16.0 33
14.5 15WOIE640 14. 5 16 15.7 35 14.4 17 15.6 36 14.4 HGTVEO78IZ 14 4 o5
38 14.3 After 38 mnutes there was a significant anmount of ethanol visible
I n the botTiremiediesy he pet rlempeghingdC) The saimpingnuws)s pl aceTemiperata°@i r
circulating oven at 60C to @6y it and then2al|lowed to codb.2t o anbi ent
tenperature. BEXAMPLE Xl 11: Yaper 30 Ti me(nipRut es) Tenper atigpe( C)

Ti me(m nutes) Tenperature(Cygg0 20.9 19 1953 1 20.3 20 1993 2 20.2 21
1953 -22 WO 014 66490 PCT/ Usgt/ 07012 Ti meeRi nut es) Tenpengtjure(C)

Ti rsre( m nut es) ,f-mperat ure(C)lg.6 26 19.1
8 19.5 27 19.1

9 19.5 28 19.1

10 19.5 29 19.1

10 11 19.5 30 19.0
12 19.5 31 19.0

13° 19.5 32 19.0

14 19.4 33 19.0

15 19.4 34 18.9

15 16 19.3 35 18.9
17 19.3 36 18.9

18 19.3 37 18.9

38 18.9

" Additional water squirted over carbon foam sample.

20 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

25 lowest temperature reached (0.5°C) was attained in 38 minutes with acetone as the working
fluid. The lowest temperatures attained over similar time periods were 14.3°C and 18.9°C for
ethanol and water, respectively.

A third series of tests were conducted to determine the effect on foam temperature of

enhanced air flow during the evaporative cooling process. The procedure set forth in the

30 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.
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320.12219.2 419.92319.2 519.8 24 19.1 56 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 10 11 19.5 30 19.0
12 19.5 WO 0186490 13* 19.5 32 19.0 14 19.4 33 19.0 15 19PGI/8NIP303 15 16
19.3 35 18.9 17 19.3 36 18.9 18 19.3 37 18.9 38 18.9 Additional water

squi It efxaugpr EXTION bRAPWEANBLRd 22Q1A¥ ter 38 ninutes there was a
significant anount of water visible in the bottomof the petri dish. The

t enper at he carbo tted @ ; ction i bS shown in
Fig. 15. lﬂr{%hngﬁuﬁﬁg)ni mum teﬁ%@@gﬁh?gg are %Iﬁla énw?or al | O{eﬁ%éen{eﬁﬁao?ki ng fluids
than in the pr %vi ous Exarrp&fa where evapogation occurred jigder vacuum
Mor eover, the rate of terrpera',iure decreasg was nuch small.gr for all three
of the working lf]uid under arbient conditidns. The 25 | owe % t enperat ure
redched (0.50 2nas attained 3% 38 ninutes Rith acetone as™the worki ng
fluid. The | owdst tenperature® attained ovér similar time-bériods were

14. 3C and 18.9C for

Petri dish was frequently replenished with additional acetone.

EXAMPLE XV: Ethanol with forced air flow

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
10 0 21.1 6 9.1
1 14.6 7 8.9
2 11.5 8 8.7
3 10.8 9 8.8
4 9.7 10 8.9
15 5 9.3
Ethanol in Petri dish replenished once.
EXAMPLE XVI: Water with forced air flow
Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.1 8 15.0
20 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
25 6 15.3 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
30 working fluid under the three sets of conditions employed.
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et hanol and water, respectively. Athird series of tests were conducted to
determ ne the effect on foamtenperature of enhanced air flow during the
evapor at Vo619 i ng process. The procedure set forth in tHe/S¥W i ous
Exanpl e was followed, except that in this series of experinments a fan

(r ot ar yTap1&f eSihineryBittehpétaiuyarof QaRSbi thetinet coditiyedxansedised to bl ow
E;T(R:\/I?’Et air across the fpa[n anq pgtrludi sh. -23 WD 01/66490 PCT/ USQL/ 07012
Tine(nijhutes) Tenperature(C) 0 21.5 4 - Ze@perhtude Brép,©8.2 5 2 -0.9 6 -3.|5

3 -2.9 | - ri dish was frequently replenished with additi I
Ve 0T or ced gt G5 P

acet one L . Et panol forced -t Ljme(mn

Tenper Ere(C) Ti me( m nut es) \)'?(Ig]fir%relrature 616%&&;@‘{? 6 QA%H%ntffS%ur% g. 9

2 11.5 8 7 231039k 3 49 7 103 ng%e@_vro ; T

replenijshed gnee. . EXAMPLE XVigo¥ater with foreed air fljow 21.2

Ethanol 49.1 12.4 7.3
5 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

10 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

15 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; (ii) The working fluid has a high latent heat of vaporization and a low

20 temperature (close to room temperature); (iii) The ambient pressure is low (i.e., a vacuum)

causing rapid evaporation from the carbon foam surface.
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Ti me(m nutes) Tenperature(C) Tinme(m nutes) Tenperature(C) 0 21.1 8 15.0
20 1 18.7 9 14.9 2 17.1 10 14.8 3 16.5 11 14.8 4 15.9 12 14.7 15.6 13
14.7 25 WOY/68904 14.7 7 15.1 15 14.6 The data from ExaRpl&s’ %&7{’/‘2 XV, and
XVl are plotted in Fig. 16. An enhanced cooling effect is obtained when air
is forced ovghe FdRvaNEPRS ®REEr}Sion®bKprdtericd ehtbodmidmnofileantemolabdystesiiet ow
?angrlzes the tenperature drops (differences) attai ned for each 30 worki ng
uid u
P st Bt 35 eafls Pt @ Pha BAREL bf R To TR Rt st AR ORI
conditi pns ex her e. rature Drop, C Wirking Fluid Vacuum Anbi ent
Pr essur SVARES ﬁ%‘ﬁﬁé@@?ﬁQ¥“"%§%ﬁérced AlrpFIom/Acetong 66.9 25.2 21.2
Et hanol 49.1 12.4 7.3 5 F -Water 26 6.5 2.0 The tenperature drops
recorded in tAa exppsrativeAbPeoled hest siak vraingandidonaes datomnseraremeyleds t i ons.
Lower tenperature drops would be attained if internmedi ate vacuum pressures
5 illustrated in Fig. 17 generally at 110. A working fluid is pumped from a reservoir 112 to a

header tank 114 via pump 116 and lines 15 and 17. It drains through the carbon foam 118 of
this invention which is encased in a impermeable coating or skin 120. The downward flow
of fluid through the foam 118 occurs under the influence of gravity or a pressure differential
created by the pump 116. Evaporation of the working fluid from the carbon foam surface
10 causes cooling of the carbon foam 118. A vacuum in the reservoir 112 created by pump 116
enhances evaporative cooling from the foam 118 and increase the temperature drop, as
demonstrated in the previous Examples VII-XVI. A fan with 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
15 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,
20 helium or nitrogen could be used to remove heat from critical components, such as
electronics or chemical/medicines in cold storage, or internal combustion engines.
Fig. 18 shows an evaporatively cooled 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
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were used, as indicated by the anbient data. Forced air flow enhanced the
cooling effect due to evaporation because the partial pressur J 2(Ej‘he

evapor at P ¢414¥ht over the foamwas 10 reduced, and the ggiriﬂsg{/g&l ir was
bei ng constantly purged with fresh (unsaturated) air. These data clearly

denonst balos the@barh bere@ar Thv wWodkifp dlfuid Ripputredvigiotth®oprobesdd leyviat 4@suth asvery
| ow tenperatures, due to the evaporative cooling effect of the working

f1 ui d, ' : $9¥hr e ]
ui \M}bﬁ% ﬁ;ge'ﬁ]p}ggfﬁl dash%gﬁa }19&1 s.k%% fhemRRR2 0/ Ht@%%eeé’dd‘t@&{aﬂ%/w&tédhh%‘e

exanpl e wor nployed Tn the Exanples were sel ected because of

their availability. i deal rking flui uld have 15 hi.gh t ent heat
of vapoF?pz%'f’tvi‘%ﬁ!loéu\gﬁﬁ%mo%% ﬁﬁldtktg AR %ﬁ%lagglgs@gea%’iag%rtabg%gkﬁlgn- t oxi c
and environmental | y acceptable. The foam material of this invention attains
| ow t enpeorking flaid from thecasben foampailomstace rodures the foagks emprEgtwgt Heablort r ansf er
medi um because of its excellent thermal conductivity and |arge surface
areéa; (additidhea wekigiyid ewapdrahias isexiagied|fametite dpemtaofies/Hp dniszedicorg thad a

| ow 20 tenperature (close to roomtenperature); (iii) The anbient pressure

is |ow Qémﬁeratui% WRSH Y caviiRldS TRE ehidRicd1 VRO WahhRA of cRAA BR thamkgn foam
surface. -25 WO 01/66490 PCT/USQO /07012 The follow ng are descriptions of

f d enbodi t h I t ' 1. |4 '
Phat t akeuBlo pdE el BB teR e L SR P SRR e EER BB
i nvention through evaporative cooling: An evaporatively cool ed heat sink or
air condefitiehér &@S%%ccéﬁi bax{ Hhisunfreasexistioy thyepghythedogm apg gus rcrease

generally at 110. A working fluid is punped froma reservoir 112 to a
header tlaendvapdrativn satgoithe Wbskiagdiuid. nes 15 and 17. It drains through the
carbon foam 118 of this invention which is encased in a inperneable

cogting or skifevharatiVd1¢ c6OVMUREBatlt 8X1d Qfso bl whade tifHOME Barbbe fé0@Nt118
occurs under the 1 nfluence of gravity or a pressure differential created

by the ML g‘elsedmel\Eth%P%na}ltair Ponthgge ctu'xll%nn‘? ré&dﬂl%lef tlh%:i'tI a(iIe HO%H 151];'& t§ %Eé),%ﬂd fnp(@,m

sur f ace

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
15 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 the foam block 51 to the output
manifold 56. As seen in Fig. 20 foam block 51 is supported in an automobile as indicated at

20 58 having the usual frame 53 and wheels 55. Hot fluid is conveyed by output conduit 57
from engine 59 to intake manifold 52. Cooled fluid returns to engine 59 by intake conduit 60
from output manifold 56. As the automobile 58 is moving down the road, air is forced
through the foam block 51 and removes the heat to the environment. The efficiency of heat

transfer from the radiator 50 to the ambient air is directly related to the surface area of the
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10 causes cooling of the carbon foam 118. A vacuumin the reservoir 112
created by punp 116 enhances evaporative cooling fromthe foam 118 and
i ncr easeWOH8/664fper ature drop, as dermonstrated in the preyTH¢ 4 npi es
VIIT-XVI. Afan with a notor 22 and duct 24 directs a separate air stream

(at anbjepi 5§ ERRRE atfwxﬁm&cqurbém Bickt b45 Eehchéy had ?p@lkﬂﬁzitelry 1900ughof
penetratl ons 26 in the coati ng or casing 120 and tfoam core 118 where the

2;{ ¢ gl Yﬁ%chg gfﬁ)a(l(iwehslse 1@ gﬁla i¥| orflr\}bag' n%x?)?(lagﬁl 1{)?1? g?éc?eajsgfg ff%c?'o'ftﬁehereef ore

core eo enperature where |
ducted to_cool _inhabited sp gbnd nsers or cold traps 28 may be
r equi reEFdﬂ%orc‘ES‘fI\]dg’rPé‘é"e\PcYpr@Pg §(|3t(?r S OhBagHfi®core 118. The condensed wor ki ng

fluid is returned to the header tank 114. AIternat.iveIz instead of air
anot her cool Fipg2f khoves the gathongoanad &3 in the figrieofe spinndeg disk devine gengralby 70.
ni trogen could be used to renove heat fromcritical conponents, such as

el gct r offh€ gisR e Fibe Hchirleé HBshng HIRR oitidbnCR dnhidctdd@gith adoubls tvedlRdlcosduiilsst i on
engi nes. Fig. 18 shows an evaporatively cool ed cold box generally 130. An

encapsul, Al eflye £ ALRAN OGRS Iﬁénﬁwm ARG ofee? b4 REmBRSTE. CR¥hd g8 3

into whPeR'q' € Cco0 are |'ace The encapsulating skin 38 al so

provi des encl osed, cavitie nd 42 ove and - 26.

PCTI US0gyaperiye yid %ﬁlmﬂéisuﬁfgﬁt%%‘?"éi“é%% wiljfLe MF%F%&M"G%W& Sgﬁﬂﬂf‘é%f‘ T4t o
the top closed cavity 40 such as through opening 44 and drains through the
f oam 32Th¥/eintsd dGparasivadlid drespin gutiof cle disk pertipn 22 ag gps edsted yo Bielositideg t he
working fluid to evaporate to the atnosphere. Evaporation of the working

fluid fppmeidng poaidiom. fDERs3Rosutyacow 8¥ifee s dihend asow 82 fenthe eedporative Heat
for 5 additional morking fluid evaporation is extracted fromthe open

C%p' ti eﬁqu?’ Q Al Hﬁiﬁ PQ cf%?ﬁn% z&%%fd%g Y€l §1ﬁ'fa'3e bh %pﬁé’s\ﬁ'lé Li8Ss Of-EHLe entire

oX"'I'S Wrappe her mal I nsul ation and a thernall y

1h t"eﬁt dlk phioPrida tiwtc?m FEoiiseted! e SaETioloT PonitPRuBR e foam
and thus increase : o

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

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

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

15 with pulley 94 connected to conduit 74.
It will thus be seen that through the present invention there is provided:

) 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.

20 (i1) The foam has an extended surface area resulting from its cellular structure. This
allows for rapid evaporation of the working fluid.

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

material.
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the evaporation rate of the working fluid. 10 An evaporatively cooled cold
pack could al so be nade with the carbon foam It would be sonewhat siml ar
to those WQIPW&A y available that are frozen prior to usePCAAGOHRYI? pe
fabricated using the carbon foammaterial. A carbon foam bl ock woul d be

encapsul(at ed Theickh sie lai® BbARak pRoptRii&hal be ViR dyw@ltdding tHd Mawrisdaulbd be
poured in, wet the foam surface and evaporate, causing the foam

temperature L HPR: heCeLAERLIAGRDNRIIAR AL 6hCd BSo iR dbNGarkn. T 1 L1 d woul d be

poured woul d ‘al'so alow the evaporating o at nosphere. Fig.
19 shows the carhon foam 118 of this i.nvention in the formof a block 51 to
be usedvho dnnatiBsOn oY Brrin Gursrargteed ycargrlS erlE ) of
is introduced into intake manifold 52 connected to pipes 54 which pass

t hr ough (vide flyapemtivetoodingtsysteme sunlitasdhose disslosed Bersy posentiglly pffers levg. 20
foam bl ock 51 is supported in an autonobile as indicated at 20 58 havi ng

t hes usual fr @psopehepgidcons@@bsorbind ibereadeldwelhbility caithvieyest doymovihgpartcondui t
57 fromengine 59 to intake manifold 52. Cooled fluid returns to engi ne 59

by i ntake Cor}ﬁfbitﬁer @gjecﬂ; (ISf(r}HEI: g%&%&ﬂtm%ﬁﬂbﬁ Rl e ﬁﬁ)du@%rf &€ ARbATRRI 1RaPdnit S

novi ng down the roa orced through the foam block 51 and renoves

the heat tp the environnent. The efficjency of he t sfer_ fromthe

r adi at orpr%glci’bet’ ﬁlécaé?‘fgglgﬁEheﬁntap‘f@%Hftfvé%é'tqoﬁglf‘seqaétfoé‘?oflrg f{lﬁe@ Wi 3 808%ar e of
the -27 WO 01/66490 PCT/US01/07012 block 51. Since a foamblock 2 feet by
2 feet Ishangeimpserdal vihesein pismerdonstaaiopntsei domabensrey 4G storedand @Rltigh Ve a
typi cal radiator nay approach 10 n2, the increased efficiency of the

radi at ofrapMillyl Therpsrouefdayh is dilighwith3a pirade clsang® nraayinl (RCEL) aFa gemtatefealwset he
carbon foam 118 in the formof a spinning disk device generally 70. 5 The

di g de\(&? %1% dg@ﬁltiﬂg?ezn rhQANS TS He RQY. tisHRat/id a8RINB Th L irPict Nréin Ml Bumel | ed

condui t rovi a central hollow conduit nenber 76 and an outer

o BB i e R B A b G0 G0 B
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.

15 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

20 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.
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The air and evaporative fluid are spun out of the disk portion 72 as it is
rotated to the outside of the disk portion 72. This is shown b arrow 80
for the WOO14%arrow 82 for the evaporative 10 i quid. A@?F@BH YMer neabl e
coating 79 provides a seal ed surface on opposing sides of the disk portion

72. HOtEXAMML E XViE DevietbriThapassesbddown central hol | ow conduit menber 76
where it is cooled in disk portion 72. It flows out the bottom of conduit

76 as i ndi catedicatids o HIPoSl 199%694515%& RYLAIdR: 451 SepPaLd iR, by _the

bearings 86 an In a sult ousi n i sk portion 72 |s

pul | oy A8 ARERELNTEEH Dot R R Gl G gf}geb%fgr 1% 28 et gt ne

present invention there is provided: (i) A carbon foam having a very high
t her nmal filt grvdithciquifl ageticlagida roempempt Thedogmaniildstencasgd én g hox made iflog) 30 t o
devel op, and the surface cooling due to evaporation wll be quickly

trans! ahadatig fulienaictak pblyed9lensgn aBQides exceph eheftoprTheasp afithext ended
surface area resulting fromits cellul ar structure. This allows for rapid

evapor atfokmcee‘l Lhe bmwlnq)e chfakkéél with b by ﬂﬂ&ﬁa@@%&aﬁﬁv@ammrﬁ [T ©
whi ch allows the wor |ng to per ate the material. -28 01/ 66490

PCT/ USOL/ 070 d.| d,
211 owi P @RS e S?aimsihet P neel b0 PRESOr g@(ygﬁeemsfeﬁﬁh%%%‘ et
anticipated cooling application. éd% A working fluid nmay be sel ected that
i s non-320xif sheatedmerloek rReint Al §yn. b &pe-dhick. the sy oElpapos &t # gengodbe ng

systens such as those disclosed herein potentially offers low 5 (zero)
ener gy mefapdticaridmdt filcthedsad iseugldlioRil toyand. tThefedove pwherna pieve ofjfrpzent s.
Anot her obj ect of the present invention is the production of a carbon foam

pggtﬂ fS: RKat lyemaéé&g,cghggte with BEASE Of HeHMurh RS HBbcIE FnIfsakd Wil sooP & @BES car bon

freezing point of the acetic acid (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.

15 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

20 in one surface of the carbon-carbon face sheets and vacuum fill the phase change material in
the liquid state into the porous foam. Once filled, the sample can be cooled (the phase change
material solidifies) and the hole can be piugged with an epoxy or screw-type cap. The epoxy

and any other sealant must be able to withstand the operating temperature of the application.

The foam-core composite will then be mounted on the side of the satellite that is exposed to
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change material wherein trenendous anounts of thermal energy are stored and
emtted very rapidly. The porous foamis filled wth a phase change

mat er i al WOREF49%t a tenperature close 10 to the operati ngP¢EHpYYP#r e of
the device. As heat is added to the surface, froma heat source such as a

conput efheGlth Rurihg bAdid. AR tligitd1Rte dPbiBI the KartihiRiigRxpdred & e sPAGhE radint
radi ati on such as sunlight, it is transmtted rapidly and uniformy

t hr oughout f i - terial
hangas Sitrat 6n] ARSLERH bR feat BE BHBRG: SRR IR Hoige 8T dleithal o1 @
mat eri al_ due to transfer of t‘ﬁghe I teﬁt heat of. fusion or v% orization. 15

Conver s&hapge ogerial| MdqIstRodh B RapE Witl Pt PSTFasoindFPeralEs 3t EQE?S&I atfen

placed in contact with a cold object. Non-limting enbodi nents discl osed
her ei n material helts.dhetamouapdidhdiantensrdyr the pandl saisbsodr will beedependenied thoods, a
design to prevent overheating of satellites or store thermal energy as

thgy expRelin@8Cadiedridembeadsng tishisandl Thishdah be @fdlyacattRdt@hariddeszakd | eadi ng
edges during 20 hypersonic flight or re-entry fromspace. In order to

LT ust . PSP !
I1Tustralg, éhh&log&ﬁ&%% D ehRAH ?ﬁg};ets E)'f 'EH_IE AP Shertthat e ?na:tje'?l ??%\}e? :a(r)nm%nferll}é

foll owi ng “exanpl es are set hey are not 1 ntende

invention in way. -29 01/ 66490 PCT/ USOL/ 0701 E XV|1:. Device
f or Thame%a‘#g(%"sﬂé T EXC5E sdthﬁgge?tatewggrlattg?. Pt V! tﬁf S%?Shlj‘? EaYﬁs the &t i ng
point of 11 C. The heat of nelting of food, primarily ice, is roughly 79

J/ g at 0o0heThmriewdllesgin tkediatethestio sphce angtheplpse changeimatgyialwijlibggindoacet i c
acid at roomtenp. The foamw || be encased in a box made froman 5

i nsul at frBgrepThy eRile Wilttepast ipelf patdhE saellnacahds igioddew f depfuntonee agyin. The
top of the foanmacetic acid block will be capped with a high thernal

cq@ductEmpgtwgﬁ,glsﬁ{k%m@gdmggg& into place thus sealing the

foam acetic aci the polyner case (illustrated in figure 22). If
;? grrfsf)a_lrphte)l O&%rrér?tly],'?ﬁei shutle o]fgftérnéxpéric%cgs- ciexr}fengeme%g’dutrirr]lg r&%%rsy. g{)ecfif?caarﬁ'yi s 614
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
15 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.
20 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
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mass of acetic acid that fills the foamis roughly 921 grans. Therefore,
when a piece of frozen 10 neat is placed in contact with the top of the
al um nunW8 Y4490t he foamwill cool to the freezing point PS?"@WQ 078t i ¢
acid (11C). At this point, the heat given off fromthe acetic acid as it

f r eezesgKibld 3@ ofil§THRIaBSUEL] 311C Bstead bF atirit €800° Cadveing ré-end, dépendiig on theat i s
rapidly transferred to the frozen neat as it thaws (it al so renains at

0C) . Thi heat s sufficient to nelt roughly 500 grans (1 Ib.) of
nmeat . 1%3&%%{%6%1 lfﬁgqgéat Sink To Prevent Overheating O Satellites
During Cycligc O Produce a carbon- on _co .W.th t foamin
whi ch the foimsi@gapaé?ﬂt@pplh‘ﬁt@}l|1%ﬂ°rR/9r"[’tﬁsﬁ Af ?fﬁn‘i?afﬁg @ggﬂgﬁﬁggf ?O(Nfl?%ure
23). Fill the foamcore with a suitable phase change material, such as a
par af f i B.Svapatent appiicatedr vo. A8 S 76 Hdedhbsnterbar 3p 9%k iLhY: PAIRHBEPLGAIPR 1B t he

satellite conponents. One nethod to performthis would be to drill a hole

205i n opg/9ssIRT AtiRdFeptditbet 3] 19T TeS. patent agdicatimets 0aM093 a6 diled furkls, t he
phase change material in the liquid state into the porous foam Once

filled 158 580 5o F u@g S8 £l 00138 031 PEARGR: 9IRS | RlerrSp! dHluh €5)

and the e can an epoxy or scr ewtype ¢ap. The epoxy and

'he appihedi gﬁﬁﬁuéf?“wi%@amp B?Celg B aphie FRER B TSI (he < de

of the satel I'|te that is exposed to -30 WO 01/66490 PCT/USOL/ 07012 the
sun dur Sygpesiting Magd 1tJnae 4at998| (Ameheimp C¥9; 1 detbdy tWalkand & BurphpdledHigh t he

sun, the radiant energy fromthe sun will begin to heat the conposite
panel t Théde] TehdungvipoMetophhisd PiechpDasecd CoraogEoamad: diffeat of Pecirhorsonpoi nt ,
the panel will not increase in tenperature as the phase change nmateri al

Mgyt S. gﬁﬁﬁﬁf@dﬁﬁtPr%erﬁ@sd' @RboR R ¥ BRENRAROBAfeFRRe ab SQEbuly 1 heedependent

on the I ckness ‘and outer dinménsions of the panel. This can be eaS|Iy
calculajg]gn g‘?"ﬁf’gg‘?&? u &%owled 6f; t he
satel || E ﬁ’c ﬂhgﬁj{h ‘é&}\’gﬁy tqieqrﬁ]p(f P%‘Ih%d%g:pbmtc §nS’t Ris, never
exceeds the nelt tenperature. when the sat eI lite. |l eaves f he vi ew
Composites in Mfg., 15:4, pp.1-7 (1999) J. Klett, and T. Burchell, “High Therma
Conductivity, Mesophase Pitch Derived Carbon Foam,” Science and Technology of Carbon,
Extended Abstracts and Eurocarbon Programme, vol. II, Strasbourg, France, July 5-9, 1998;

15 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

20 causes a change 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 -

500 micrometers), or less than 2% penetration. Therefore, it was believed that this technique
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of the sun, it will begin to radiate heat to space and the phase change
material will begin to freeze. The cycle will repeat itself once the
satel | | t WOB#E490i nto vi ew of the sun once again. 10 EXAMEE/WOU2at Sink
for Leading Edges Currently, the shuttle orbiter experiences extrene heats

during &@ﬁ@k@fd a BRAG hEdE Ak WYlue f&Be 1RAFANGn OGRSy OThik Rs eoiiimeday reach
1800C and the belly of the craft can reach tenperatures as high as 1200C

If a foam core co it el i l.ac epgll n
cdges. dramegpiesur s oBrREh e DG PGl ph! s Herir aient Emal R, OF
absorb enough 15 energy to dramatically reduce the maxinmuym tenperature of
t he hotm@aslé@é.cowcéw&}%damﬁfhbﬁdlesb@ﬁw({/‘”é(elf‘g’é‘tgeﬁhe ?@S%WFP}{;H&F a"g%zeeper glide
sl ope) and maintain the current maxi num tenperatures. In this case the
phase ahethgétomessuicatheswlohas.ntfghe porksirycthe changds|signifieant]y, the flash method
germani um silicon, which nelts around 800-900C and does not vaporize until

nueh higinatkely Vel ihA@uim&tadul.t enperature of the craft. 20 For exanple,
Ger mani um has a heat of formation (heat of nelting) of 488 J/g. This would

require 1.0 K j t f existin
car gon/ car bc}H%ﬁgtfgf %’h@@g@y&gl&%@é%ﬁo%pﬁ%w}%@gg%éépﬁoﬁh%&gélgesﬂong ’
car bon-car bon were _ replaced pound-for-pound with germaniumfilled.foa

the maxirAdeeteamardtths arasessafdngiaxentions TRESOATFBEAYH et G8epy TP o g
woul d only be about 1131 C instead of about 1800C during re-entry,
dependiRighand aiMditsubisha AiRgx240¥ csdpbasedtitch dhetemgefeTisid $o a5 Spnwtaélthlgfb%‘i)i cation
incorporates by reference in their entireties the followng: U S. patent
appl i catleqBsiiQ-ardSHoNAlin&BEblek il &l [Be piiRyhasre BrocdQ8d will \aryipgbperutiggppl i cati on
no. 5 08/923,877 filed Septenber 2, 1997; U. S. patent application no.

094 093, [ - , . JoS ~ I ' . 458, 640
1;3 ?4 eﬂ 1%3}%3 h;ﬁger‘lnﬁcg%e% alt{f‘é%?l,grej QBQ@J |gg§ ﬁte@h@g%ﬁ?ﬁ%{ﬁ ué%ripgﬁ!giggl\}zﬁs’ophase
t - H H n N 1
e [%eogcle(\il gt 63%%8 %]rl 1t ﬂ)gur,F 8(.)1‘1 nc]oolef'i%t ﬂ'xel nrgltturlll c%o‘ng 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).

15 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 III. This is remarkable for a
material with such a low density of approximately 0.56 g/cm *. This calculates as a specific

20 thermal conductivity (thermal conductivity divided by the density) in the range of
approximately 256 to 334 W-cm’/m-"K-gm. As stated earlier, for a foam with a bulk thermal
conductivity of approximately 58 W/m'K, the ligament thermal conductivity is approximately
700 W/m-K. However, with the data shown in Tables II and III, when the thermal

conductivity of the foam is about 147 W/m'K, the ligament thermal conductivity is
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Synmposi um May 31-June 4, 1998 (Aneheim CA); J. Klett, C. Wlls and T.
Burchell, "H gh Thernmal Conduc-tivity Mesophase Pitch-Derived Carbon
Foanms: EW®ot6cado Precursor on 10 Structure and Properti espcT@soboni2 99,
24" h Biennial Conference on Carbon July 11-16, 1999; J. Klett, "High

Composi aROF Y 880 PR ATETSE Mo} 5stRla i SR S bR iy m ey g

Thermal Conductivity, Mesophase Pitch Derived Carbon Foam " Science and
Technol dtpligsmephihsgnal copshciivii i mpseximately 24 ¥imdear bon Programme, vol .
I'l, Strasbourg, France, July 5-9, 1998; 15 and pages published at the web
site of Poco [Hismhiumeual propergf ofPbe atvemtjorfthxiabe thermbeh@ntnttantyeatf thiaddr ess
poco. coni pocof oani gr af prod, as downl oaded on January 21, 2000. Ther mal

Conduct pMih¥icaRfboaBahfid SubtRARAM) is6REHE GntiVd préferdtl c¥@blethly Wodbpitheht ! ash
diffusivity nethod and whet her t'he open porosity would permt penetration

of .t he Reat l.se .in ] . | tion
of Stho purbetiESumrad bR Rairb s Rtsh QiR ShARLUBRTE e RaRAERERRA. O
heat pul se on the_ back face of the sanple. Thus irror%, in }he reparted

di f f usi gPrdpchwfy pfesome metgHicdhermadmappggaeat majerals(dablelV)-of B faapy ¢xhiditsn g
smal |l openings of the foamlimts the depth of penetration to about one to
two por e tiirmaketandsct{dg0 1465008 MW nolidorths AR 424 foassintlable [2Rdlmérset r at i on.
Therefore, it was believed that this technique -32 WD 01/ 66490

PCTI USOLé g 2aRle tovaidlif-prdrRl thertal sbrddubtiAGCoN Ah& cdforhabed thehRal b i@thent
conductivity. This was confirned by testing sanples with both the fl ash

di ffusi HaEJLagEE&%dASQQg%JTQ&-EJ} %rﬂmm;%g;ﬁgé g&ﬁ?i%%Qg%nﬁﬁ%r tlﬁ?ﬁ%lf{ﬁf%g n
conductivities varied by Tess an 5% veritying the flash nethod as a
viable nethod to neasur tt}ﬁse . Jf the pore structur hanges
sil@ni fi Sabledy, W@H‘Q ¢ L Wil 3o EWM' I iﬁtﬂ fyg ihas & StRHRTu P Rs l ts. 1 n
anot her enbodi ment of the invention, two different precursors were used to
pr oduc ethieomah oandictivitty ip thecey-of-plant ldeestinnethen these Fhibgrecysbet commprssiesier e a
Conoco Mesophase
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
15 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 W-cm’/m-"K-gm), the
preferred material for heat sinks in the prior art. It is clear that, for thermal management,
20 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.
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Pitch and a M tsubishi ARA24 Mesophase Pitch (herein referred to as Conoco
and ARAzg). The results are shown in Tables Il and I11. r

processe¥ R4 ar yi ng operating 10 pressures under nitroy %—F(Yjﬁmglﬁhere, a
heating rate during the foamng step of 3.5C/ mn, coked at 630C for 1
hour, andablsdl-eBropertiehef Garbar Abam Sempirg of tednwentiohe f ur nace. The sanpl es
were carbonized in a separate furnace under nitrogen at a heating rate of
0.2C/ mn up to 1000C and then some sanples were graphitized at 2800C in
yet an®tbledl. fRropates dtCattwa Fodirf $enend ohkalivegianat es (10C/ min and 4C/ mi n,
Table I11). 15 The thermal conductivity (a termwhich is herein used
synonyfous| yf wi tH "lek therjmal conductivify™) ot gggbfman1mas very high
as showgidb TaRl ¢ Llreand | Figir 85 rR2-ANd.28. | The thefiml copducti viity o
t he graphi ti|zedseA\RARAaFe0 amssurgr aphl tizjedsmag- 4Gt Ny Was i Nchdein | angeof
appr ox Ly A_}I:AES t g1 87 \Asi | mimirag s MKt ¢ Pl
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a thermal conductivity, 146 to 187 WnK for the ARA24 foamin Table |11,

that is conparable to the in-plane thermal conductivity of o
car bon- b¥EY/60#8r mal nmanagenment materials, such as the Cg?ygﬁplgd;plgon
conposites containing carbon fiber that are listed in 10 Table IV, which
are 109 Wable Bhd 2ShehatiCornfinetifigeandtipscific §hgmdl iCoadudtivityi gher  t her nal
conductivity in thesoDénsitly-fpd MesophiasecDérived GriystitetHags car bon- car bon

conposi tes,  Wwhi ch @@ flon\DiiferapbREu Wit thCarkatiohased ther mal managenent
materials typically exhibit substantial differences between in-plane and

out - of - pl ane thermal conductivity, as shown in Table IV. Al though several
of the other thermal managenent materials have higher 15 in-plane thernal

conductjivities their densities are mich greater than the foam i e t he

specififc thermal cofdusidosity of the {foamis signi fARAR4y greater thar

al | thef avail@abl'e thernal rranagerrent materialis. In fact, the specific

t her mal C(%ch tTrdethlt §%g§rl\2mél ﬁa?ingl@\/ PNt n’e% Frga;'{lter’ t ﬁr:ﬁ:c‘my ' LCranh(x._ahc te}.

WenB/ K r’écm t e “Wef[@.rm(;/gd@qaterﬁcgl DL GRS % 'n thesReLer|a [tCmm?f |es
Ul 4V\Il|bl

cl ear tuooxs,9 |UI13u|||c|}||u| SPEITagENely, 2P V\@I%[E werght Ts a ggncet
un- st egdyg st at e LONMUT tTGEs_OCCUr_f@f TefT, §4%E graphstic toasio 15 SUPELi or
nmost ot{heyszaval bl € mageri al s. hoe apvagd:age of1gbSotfropi esct herjmal and
mechani|Cals4pr opeszt 1 €s shoul d ial [ ow Tof nossel [desirgns it hat3@sre nore #lexijble
and norje o5ef fii cisent | - 3487\D 01/ 66490 PCTY49SAi/ 07042 ‘Tabl @3l1. Properties
of Carhom.4Foam8ahpl es 8f3 the | nviéntipn bl e |19 Pradpert#®s of| Carton fFoam
Sanpl eqd_ @43t he §5fvent i om®8Vax SpedPficf SP¥ific 'anplie 102%it ch Heaf
Tr eat ment%¥£oani q‘?d Tot al 2¥are AreddMea Boe ‘nnrf‘ﬁﬁn 'ILhnr Y (flrs Thr:\lr mal 4

Precur <49:._“Ee4ipe§§d1_u° La—EEJ%SS-U-F%DJ%#E—HeL 0CPendity®hr ea—Conthletivity"
\9[312\: r|:§§. rmIJJ. et A% f /Cg'rg;[ LR/ 1§g I Klzg‘e\"l\", er—m

to

Conducti.vo%,,L Fei—eigi FHrerony - }1/\ g

035 | 408 | 117 ! 10 0.62 152 i 245 4

| 0.59 151.2 | 256 4

l 0.6 150 | 250 4

| 0.57 148.9 | 261 4

] | 0.57 146 | 256 4

| | | |

| Thermal | ‘Specific Thermal | Graphitization Thermal | Specific Thermal
Density | Canductivity | ' Conductivity Rate Conductivity | Conductivity Graphitization Rate
[g/em?] Wim-K] ! W-cm*m-K-gm] | [°Cimin) Density [g/em’] wWim-K] ! [W—<m®/m-K-gm] [°Cimin}
06 @ 138 | 227 t 10 052 | 93 ; 179 10
06 | 1316 | 219 10 038 | 92.2 | 243 10
051 | 127 i 249 10 045 | 86.8 | 193 10
053 | 127 | 240 10 055 | 85.3 | 155 10
052 | 121 | 233 i 10 04 | 75 : 188 | 10
047 | 1185 ! 254 i 10 039 74.5 | 191 j 10
053 | 118 | 223 | 10 039 | 682 | 175 | 10
057 | 112 | 196 | 10 0.29 67.1 | 231 10
048 | 1053 | 219 | 10 0.28 62 | 221 10
048 | 1045 | 218 | 10 031 | 55.2 3’ 178 10
057 | 98 | 172 \ 10 0.3 52.6 ; 175 10
0.5t | 98 | 192 1 10 0.25 50.5 | 202 ! 10
049 | 94 | 192 10 0.27 48.3 | 179 | 10

* Specific Thermal Conductivity = Therma! Conductivity divided by Density.
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GAR1

000 !

E Conoco 1000 600 0O.166 46.93 '

400 61.979 0.22 1 13,635.380 0.6 2.7 A AR 1000 600 47. 89 125
0.37 17,719 300 1.2 3.2 M AR 1000 800 70.31 168 0.44 30.936. 400 !
P AR 1000136649 . 036 90.7 0.54 19,440 1.7 3.1 FE Conoco
59.44 0.33 315,480. 0.9 2.7

3.
qﬁHﬂ’iﬁﬁzo 956 i
0.4 666,400 1

2.5 D fawpe 1000 800 20.317 28.6 0.49 9,955.330 1.3 2.7 516,400 1.2 2.1

8 Conoco 1000 1000 20.565 24 0 56 11. i ~F ! N AR 2800 400 0,025 340 0.25
6. 250502000 KAR 2800600 112 4 165 1 0. 39 4B, 336,000 /2 184.6 L AR
2800 $00 e6Masnial 10qd.2 0 481?9WT%§N@86WIDS ' 213 3 O A e?ﬁ@ﬁmﬁﬂ 0 0. 045
100. 8% 0.57 25, 650 1§§£2g1 4 ?g?? 28Qp 10 081 g@ [Coqdugy V 20800 400
0.087|1 59.19 0.35 3 1 40 6. g
0.4 6 an 85 1 1 21 5 Conddm ORn { “% g“nggmq §§N§
104. 2 21 2p C Conoco 2800 1 1000 27. 06 31.3 0 59 15 965 400 134 1 227%.3
hgfiﬁr nmgﬁgmpore pg@nefer Qﬁpcefif WSS Ealcuygged fr?n1resu§¢§ by

HM—FFQ LS Nno rapr acant o L\ID fa average Ce ol 7N n .“.Ct e
Thernﬁknn@q@ggghﬁmky was cal cul ated fromthe neasured thermal diffusivit|y
usi ng|g%enon pul se ﬂ@@ﬁ di ffugjovity technlque 6?5 WO 01/ 66490¢.6
PC-I-/ U‘-‘(W:Il.ll n7n1’) Tﬁhl Q I I I Thcr m! @nduutl VI I. y Ild UIJU\.;I f I‘\.; TIICI na:
Condu¢iGoppéry 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

10

Based on the data in Tables II, III, and IV and in Figures 25 and 26, it can be seen that

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

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

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

equal to copper, i.e., at least 45 W-cm’/m-°K-gm, and usually on the order of at least 75

W-cm’/m-°K-gm. More typical graphitic carbon foams of the invention have a thermal

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

W-cm’/m-°K-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 W-cm’/m-°K-gm. 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 W-cm*/m-°K-gm. 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
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vs. Density for Mesophase Derived G aphite Foans nade from D fferent
Precursors in the Invention. Conoco ARA24 Thermal Specific_ Ther nal

G aphi t iWeO16¢9Ther mal ' Specific Thermal onductivity Rat &CHIPEY ity
Conductivity Graphitization Rate Density Conductivity Conductivity" [g/crn

[Wm K FotBd i nl
0. 59 1]2994\%%?2“?% giggffffgﬂ%egag%n ﬁ’le? 5‘% 92, 1%&%&%6 9{6%%%8"{35 0 56

80.1 143 10 . _ . 87 10
0,53 175343 et e digviy a%ﬁaaaflﬁ%ﬁ%ﬁr%a#’wﬁ% ety SR oe 1o
4 0.4 84.1 210 10 0.56 11 165 295 4 04 13 1 61 268 4
0. 32 5®iatlegst 290 V§:can/m 6l epp vith the daig 1&63@‘6&@41 15@”&%% aﬁgégﬁho%‘n% 40. 8
117 10 0.62 152 245 0.59 151.2 256 4 061502504 0.57 148.9 261 4 |
0. 57 14Bat2pérific ARAR! cBhnduativities Spelnd drider dhee derat 278 Wt VinS 4t gronareenat

" Speci fic Ther nal
5 least 300 W-cm*/m-°K-gm, and indeed even at least 325 W-cm’/m-°K-gm, are at-tainable.

Pore diameters indicated in Table II 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/cm’] x 1,000,000 [cm’/m’]

10 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

15 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

20 500,000m*m’ are contemplated in the invention. Indeed, several samples shown in Table 11

were above 1,000,000 m%m?®, and in the preferred embodiment, the carbon foam has an SSA
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Density Conductivity Conductivity Rate Cbnductivity I Conductivity

Graphitization Rate [g/cmj [WmK] [Wcecm'/mK-grl [Cmn DenS|ty [g/ cm-
[WmK MU K-gnj (C/min] 0.6 136 227 10 0.52 93 179PGHUSHBEOH31 6 219
10 0.38 92.2 243 10 0.51 127 249 10 0.45 86.8 193 10 0.53 127 240 10 0.55

85.3 | éﬁft 143t a¥dub2,008,00@ 83/nFOmBredpréferdtdB atli@ast @bdut 51009,000254m,ndte 39 74. 5
191 10 .53 118 223 10 0.39 68.2 175 10 0.57 112 196 10 0.29 67.1 231 10

0.48 10 173 10 0.57
0,12 155, 9 41 Pyl BRI Al I B HIPnRl 2 10, 0,7
94 1 192 ,A8. 3. 10 cific T uct | = Ther mal
Conduct W&Q(ir&?)(f /Hbdwﬁéggénvsa#‘{eﬁ °§g§]€ %@gwpgé)gggogo ?‘{U%f\)(é)ef%ﬁai’ t]]'abl e IV.
Mat erial Thermal Conductivity Specific Thermal Conductivity Density
| n- pl an35,000,0Q alpd beieg contpinplatedOfihe abpey noseble[lignit enrdile 334 fidpe [lwwmpﬂy
[WenB/ nKgn] [Wem / nKgm  Typi cal 2-D Carbon-Carbon 1.88 250 20 132 10.6
5 unknown, and while the data in Table II show the highest value achieved with the few
samples therein tested as 43,836,000 m?*/m?®, values both higher or lower than this value are

contemplated as within the invention.

Evaporative Cooling: Examples VII, VIII, and X, along with Figure 14 show that the still
air experiments in a vacuum furnace produced the following cooling rates:
10 L Using acetone as the fluid, the carbon foam temperature reached -
53.4°C (C) in no more than about 4 minutes;
II. 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
15 in no more than about 3 minutes.
Examples X1, 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
20 more than 38 minutes;
II. Using ethanol as the fluid, the carbon foam temperature reached 14.3°C in no

more than 38 minutes; and

-39.



EWC- 300/ Cyanate Ester 1.172 109 1 63 0.6 Copper 8.9 400 400 45 45

Al um num 6061 2.8 180 180 64 64 AlumnumO.19 - - -10 - - 52 Honeyconb
Al uni nunME#p4905 12 12 24 24 Based on the data in Tabl eBCTPSO 4912 5ng | v
and in Figures 25 and 26, it can be seen that the carbon foans of the

invention, wien ongRPivatead the U8, BelEabbS Fag dnipettiturk ROJcHBA 18.90Mdis T Vi ty
and specific thermal conductivity. The graphitic carbon foans typically

have a thermal condugctiyit f at least 40 WnK and/or a specific thernal
conductivity at Irgggﬁt%ﬁgli%ﬂﬁ?lﬂ?so copper, i.e., at |east 45 \B‘l;rrB/ nKgm and
usually on the order of at l|east 75 WnB/ nKgm_ More typical graphific
carbon’ f oansAdindicated abpuanittha foregnies BiqrmatianWas demmddron the das Pigsentehst 75
WnK and/or a specific thermal conductivity of at |east 100 WnB/ nKgm In
t he pr efih reges b odiexperimerth previousyndebaitre shéwingalecreasastin campeaatereavitlt her nal
conductivity of at |least 100 WnK and/or a specific thermal conductivity of

at s| easﬁméqsiﬁggce%{ﬁ{eég(ﬁtg}éﬂén alPl P r&hBEHRE,. SBRQREEBRE By 56 RieanPihabglycar bon

f oans havi ng conductivity of at l|east 125 nK and/or a specific

thermal conpductivity .of .at l.eas 7 ; d
Fnbodi nelf S@Bﬁt}]@hﬁ%alfeedré‘%gr@ﬁn ghgat%‘%ui?ﬁ\g/alﬁ%ew ﬁ?g?&r%?g%po it ueglES?\r/Firoﬁ y of at
east 150 WnK and/or _a specific thermal conductivit f at | t -37 WO
01/ 66498xapeiy. Usbarople M1 itapshonshpndsedig canditiqns H%Fhé’ %%5‘12@93%%%% 84

enbodi ments contenpl ate carbon foans having a thermal conductivity of at
| east  1latbtonk wak tienilididy the cagber iféant réablesdatemperatiue of v#64.y°C of namotethan 2250
WenB/ nKgm with the data in Tables I1-1V and Figures 25 and 26 show ng
minutes at a reduced pressure (vacuum) of 29 torr. Similarly, in Experiment VIII it is shown,
10 under the conditions of the experiment, that, when ethanol was the fluid, the carbon foam
reached a temperature of -21.7°C in no more than 3 minutes 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
15 tabular data in Examples VII to X VI, 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
20 those skilled in the art. The 002 and 100 diffraction peak breadths were analyzed using the

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

094
Bcog26)
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that specific thermal conductivities on the order of at |east 275
WenB/ nKgm and even at 5 | east 300 WenB/ nKgm and i ndeed even at | east 325
W8/ mKgMO Hr684%t - t ai nabl e. Pore dianmeters indicated in ¥abU& % er e

measur ed bedeh€s HBIcEMEaYite ofzk S1 §RAE X-raPLRPengtPREGIhe GreDihAGR MrBRANOL her
property that affects the overall thermal performance of the carbon foam

is the spegf - cal cul,at.ed by: A /I nBl,.=.Taotal Pore
Area [n2/ g']%lkih'ﬁ)leﬁ}salﬁ{ @’ﬁfﬁ‘?’@%@ﬁé é%??ﬂ@dﬁlfmb% ‘ng?ﬁﬁ%ﬁ{?]% §ieﬁh§’sﬁ%§ re Rp&cific
surface areas indicate a | ower_foam pororsity which reduces the effect of
the nat ufraCiGRGBEET (6 SHRMR lr’c?f}iﬁ%ye&le@t@a@e%lq Gvhidais chrgprigtitaofanieBaEert he
nore efficient conductive heat transfer node to dom nate thernal

per f or mangpacingpmge verSSATe waaTldangremetrap ordatiiveeof gl iondpred graphits. hsed
surface area to volunme ratio and increasing the contact area between the

evapgr at i yieerfal et sda@nd cdi@att @ AMhTRE SeHedter motBAd i SindhSMnad of AflirsakfAlelf the
foam s response to 15 forced convective heat transfer (turbulent flow via

fluid passi 0 ) di . L NCr easi the surface area used.for
heat tran@?%@&ﬂo g%%%%n aébr?set ?llfe,mtehlg? Agg%ﬁnt% ‘¥3§rcaféﬁglt%£§%rﬂiﬁﬁs‘igﬁa
carbon foans of the inventiaon (heat treated to 2800 C.) was at |east about
6, 000 n2/RBE 3 {FRTIGAPIVIRASY & 2g5pced iy Hi peaker 168N hpragorsl Fioasntlgtustove
65, 000 n2/ nmB. SSA val ues of at |east 100,000 n2/nB8 or at |east 20

500, 000 asBised & cbmiaaflearethliite stzkén ihrweeditdcdon of mdesd apmexiataadly anpines
shown in Table Il were above 1,000,000 n2/nB, and in the preferred

erbodi menthesd 9staRikDRRsT oA Fe2 $haARy ISA high3Be A1 04 LLARy PEEIVBRAL Q{912  of
at | east about "2, 000,000 n2/ B, nore preferably at |east about 5, 000, 000

2/ ¥8, erably still I t about 10,. 00 n®/ B, .and nost
pretfer alr:)rlrE f)i/e?efg?g’ ?}{eeafé 6%35{6“5 fg&gG)Bgrg%ﬁi Sr’lrli?/(a Y}Oﬁltgﬁgggﬁp val Xltécsdagfonaatng})east
about 25,000,000 n2/pB or at |east about 35,000,000 al so bein

cont enpl Bdhermed coRiveHvipoeab e Bdars sHop ag K 1 B askienpa BIRVY SRrbeit g@i’él y 5
unknown, and while the data in Table Il show the hi ghest val ue achieved
wi th t he(Va@r).

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

Max Heat Peak Angles (29) FWHM Narrowness Relative
*Sample! Pitch Treatment | Feaming| dooz Peak Split Factor
D Precursor| Temperature | Pressure spacing Lta Lc ocz 101 100 002 101 100 (RPSF)
'cl Psi] [nm) inm] | [nm]
original AR | 1000 1000 0.3362 20.3 | 44.2 | 26,4853 | 42.3185 | 44.2751 0.2940 0.5540‘ 1.287? i _
Pt el s o T | T e | T [ [ s i ok | Do | BASare | B R (RS
N AR 2800 400 0.3364 11.8 | 48.2 | 26.4769 | 42,1512 | 44.1507 | 0.2292 | 0.7644 | 0.8856
K AR 2800 800 0.3362 17.8 | 46.6 | 26.4839 | 42.0911 | 44,2000 | 0.2348 | 0.5374 | 0.7207
L AR 2800 200 0.3360 215 | 79.3 | 26.5006 | 42.1416 | 44,2069 ] 0.1628 | 0.4542 | 0.7807
@] AR 2800 | 1000 0.3358 214 | 56.7 | 26.5540 | 42.2270 | 44.2815| 0.1530 | 0.5220 | 0.7438
Q [ AR 2800 [ 1000 0.3354 18.4 | 824 | 265383 | 42.3065 | 44.2815| 0.2040 | C.4568 | 0.7438

* Samples N-Q of Table V are the same as samples N-Q of Table 11, respectively.

15 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:

FWHM.o . FWHMw
2 2
29100 - 29101

RPSFz[
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sanples therein tested as 43, 836,000 n2/ nB8, val ues both higher or |ower
than this value are contenplated as within the invention, Evaporative
Cool i ng: YR Vi1, VI1l, and X, along with Figure 14 EHEWSF (gﬁlzt he
still air experi ments in a vacuum furnace produced the follow ng cooling
rates: 10 |.Aldniatigr RBSF orikcads didver pdalts di 1Gthandcidrl nd fiveaablé Binger@hditiens
reached - 53.4C (C) in no nore than about 4 mnutes; Il. Using ethanol as

the flu r n
bhout | o1ohhebRE SRR HORMEMEN SRy [ ZRCHAY f%Pﬁﬁ‘%Si‘?E%‘%‘ePﬁzﬂrﬁ‘?{S?#%%?at ure

L hs e o ReSf ottt ben TR76 ol e AT rboiel 1o B8 ror SR Bt tsatasEne s

conduct ed under anbi ent room t enperature conditions produced the follow ng

cool i ngat?4Pes: being OJ@?&@H@&@%&I@S@@I%@‘HTP .uid, the carbon foam tenperature

reached 0.5C in no 20 nore than 38 mnutes; Il. Using ethanol as the
fluid, the carbon foam tenperature reached 14. 3Cin no nore than 38
m nutes; and -39 WO 01/ 66490 PCT/USO /07012 111. Using water as the fluid,

the Carm&omaE@Jreﬁeﬁwcwﬁzaheach%qre%&7%%Ize afOscafiPhe elehb@bn AfcrOLAPhESE AS
i ndi cated above t he foregm ng I nformation was derived fromthe data

present to th experinment s i ous descri bed show ng

Glecr eastt PPiY Sraiyes BETfoantiamite S BE 1y TR o PR BHE MU R ORGHA MR o

respectively. But these are by no neans the only conclusions that can be
drawn fopsmintReopagsty batween ¢ells é@r Hoses) R0P.ovith pucheels (s PorRshbaing phpimilar

geometric shape, typically ellipsoidal, and sometimes spherical or essentially spherical. (It is
noted that a sphere is a specific form of an ellipsoid.) It is evident from the images that the
10 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
15 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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exanple, in Exanple VII it is shown, under the conditions of the
experinent, that, when acetone was the fluid, the carbon foamreached a

t enper at MO1EP49946. 7C in no nore than 2 minutes at a rediCEYSWER yre
(vacuum) of 29 torn. Simlarly, in Experinment VIII it is shown, 10 under

t he congitipms of the experinent, that, when ethanol was the fluid, the
carbon foam reached a tenperature of -21.7C in no nore than 3 mnutes at a
reduced pressure (vacuum) of 1.2 torn. And again simlarly, in Experinent
XI, with acetone as a fluid, and under the natural convection conditions
of the experjnent, the carbon. foamreached a tenperature of 5.7C jn no
mot e t han 10-ni nuf &&roos %g%“QH@v§Fﬁ?Fﬁ?ﬂgﬁﬁéﬂﬂgpéﬂgpﬂ%§“%%fﬂ%%%ﬂm?%ghlthe
15 tabul ar data in Exanples VII to XVI, which data illustrate the conbi ned
ef? ect 2P Kearki gphuratedh srithedcetona dusaid xoonytempdragsa, goobsgerbpes-56f G iRa0daBon
foam of the invention have upon the cooling rate achievable with acetone,
et hanol thaisbuainghutes ¥HPE platsEhnber Xréded\pbyist Siactuah) appeoxialasdet ers were
determ ned fromthe i ndexed diffraction peak positions (Table V). The
X-yay tallite size determnation is well known to 20 those
sk%lleggﬁﬁggﬁéggkgﬁ he 002 and 100 diffraction peak breadths were anal yzed
using the Scherrer equation to determne the crystallite dinensions in the
a- and c- directions. _ 0.92 t B co~28) -40 WO 01/66490 PCT/ USOL/ 07012
where t is the crystallite size, ,. is the X-ray wavelength, B is the
breadth of the dihfathenifeam whishk whewnitigllycta raemfterpsiRihe{ IPREMYNAERUS t he
instrunmental breadth], and 20 is the diffraction angle. As shown in Table
V, 2t he DBZ aebdan(rwdbd &hith ghabastamatdrobst tempefaturéitcenlsay @bout specC mgho meas very
narrow and asymretric, indicative of highly ordered graphite. The 5

inferl [ | IS0t range of
apor oxi A ARG ES WL PoElt e e DR (R R Lol

c-direction, was | cul ated fromthese data
Zij equ?valent to 1(:8 torr.

1 3. A carbon foam which, when initially at a room temperature of approximately
2 21° C and saturated with water at said room temperature, cools to below 0° C in no more than
3 about 3 minutes when placed under a reduced pressure (vacuum) approximately equivalent to
4 29 torr.

1 4, A carbon foam which, when initially at a room temperature of approximately
2 21° C and saturated with acetone at said room temperature, cools to about 1.0° C in no more
3 than about 34 minutes when exposed to ambient conditions under natural evaporation.

1 5. A carbon foam which, when initially at a room temperature of approximately
2 21° C and saturated with ethanol at said room temperature, cools to about 15° C in no more

3 than about 23 minutes when exposed to ambient conditions under natural evaporation.
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to be at | east approximately 82.4 nm and the 100 peak (or 1010 in
hexagonal nonenclature) was used to calculate the crystallite size in the
a-di rect ("AOHI4% | east approxi mately 21.5 nm  These crySAfSHE%} zes are
| arger than typical high thermal conductivity carbon fibers and 10
therefore, the foantdrbgarent #hikhowheh iparallono sdom tenigeyatie dflagproaimisely

pyr olytic carbon and high thermal conductivity carbon fibers such as K1100

vap o @f maﬁﬂ{tp Q/ltfl'vpa%rsaﬁsél e ) tenqsﬁ?:lrgrevcoc%s f@bold {dr@gt hemoRat a for

oam x Heat Angl FWHLI Narrowness Rel ative
I e tc t ment Foam n QcZ act P
rr?Ser at T R TS Spb s o009 TO1 00 TRRGES. [ - O

[PSI| [ nmJ [nm [nr’ri original AR 1000 1000 0.3362 1 20.3 44.2 26.4853
42.3185 1 44.2751 1 0.2940 0.5540 1 1.2870 0- N N AR 2800 400 0.3364 11.8
48.2 26.4769 42.1512 1 44.1507 0.2292 1 0.7644 1 0.8850 0.413 K AR 2800
600 0. 3362 17.8 46\ GarBén AB3OhaAZndOthermal.cafdxlivily 384Blefst 38 MI/°R207 0.298 L
AR 2800 800 0.3360 21.5 79.3 26.5006 42.1415 144.2069 0.1628 0.4542 0. 7807
0.299 O AR 2800 1000 0.3356 21.4 56.7 26.5540 42.2270 141.2815 0. 1590
05220 0.7438 0.308 Q 2900 1000 0 3354 1 13.4 82. 4 26. 5383 42. 3065 1 442315
2010 0 4568 1 8 0.304 .1 * | e t sane as
sarblos N 3 Taft Erben il Baterped in L PR asraeoge i A8 107
peaks is characterized by a relative peak split factor (RPSF) paraneter,
or 2nar r 588”8 Kcal cul at ed using the peak angles and the full width half
maxi muns (FV\HM e equation is: FWHM FWHMOO 2 2 RPSF = 20,00 - 2B, ot

1 9. A carbon foam as defined in claim 7 having a thermal conductivity of at least

2 75 W/m-°K.

1 10. A carbon foam as defined claim 7 having a thermal conductivity of at least 100
2 W/m-°K.
1 11. A carbon foam as defined in claim 7 having a thermal conductivity of at least

2 125 W/m-°K

1 12. A carbon foam as defined in claim 7 having a thermal conductivity of at least

2 150 W/m-°K.

1 13. A carbon foam as defined in claim 7 having a thermal conductivity of at least

2 175 W/m-°K.
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-41 WO 01/66490 PCT/ US01/ 07012 A snaller RPSF indicates closer peaks at 100
and 101 and favorable lattice conditions for thermal conductivity and
struct urWP O146488rity. The data reported in Table V shows W%VH%%“”%&r RPSF
no greater than 0.470, with the | owest reported value for a carbon foam

heat treatedjs at 289fondBiMds QefaRQ in0MRIhIBe1Hi1ghest3 halinga thadibdum bhermal
M crostructural Characterization: Figures 27 and 28 are scanning el ectron

”iSrOQrﬁﬁgﬁtRﬁt(EQSmHQ%%\ﬁrﬁuﬁture of a foam sanple of the invention. The
foam exhi BIts & structure aving open interconnects between cells (or
pores) 200, with such cells (or pores) being of simlar geonetric shape,
typically ellipsoidal, and sonetines spherical or essentially spherical.

(It is noted that a sphere is a specific formof an ellipsoid.) It is
evident from%he Arages fodmms tdéféneton gl Hihay mgst mepcimynethiesnd icopdiciiyity
.parallel to the cell walls and highly aligned along the axis of |iganments
219. Thifabbiotd7ywahicgned structure is significantly different fromtypical
vitreous carbon foans: vitreous carbon foans are void of graphitic
structure, have | arge openings and |inear |iganents, and are nostly

pent agonal dodcahedral in shape. Moreover, it can be seen that in the
junctions 220 betyween |liganments, the.graphitic .15 structure_is |ess
al?gned and Bbsseggé@mﬁégﬁgﬁawaéaSP%&@%&@P“@%”PQ“%B?F&#&E%ﬁ§€ﬁat this
arises fromthe lack of stresses at this |location during formng.

Ther ef oWesm¥h&Kughl - ordered structure in these regions is primarily an
artifact of the structure in precursor nesophase prior to heat treatnent.
-42 WD 01/ 66490 PCT/ USO1/07012 W claim 1 1. A carbon foam which, when
initially at a roomtenperature of approximately 2 21 C and saturated with

acetone at spi d rQOMyGTRSH AL HEfhedGR Blafm709.2R06E 15 Bvifg h Rp&QridMhesnal

2 conductivity of at least 100 W-cm’/m-°K-gm.

1 I8. A carbon foam as defined in claim 16 having a specific thermal conductivity

2 of at least 125 W-cm®/m-°K-gm.

1 19. A carbon foam as defined in claim 7, 11, 15, or 16 having a specific thermal
2 conductivity of at least 150 W-cm’/m-°K-gm.
1 20. A carbon foam as defined in claim 16 having a specific thermal conductivity

2 of at least 175 W-cm’/m-°K-gm.

1 21. A carbon foam as defined in claim 7, 9, 13, 15, or 16 having a specific thermal

2 conductivity of at least 200 W-cm’/m-°K-gm.
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3 than about 4 m nutes when placed under a reduced pressure (vacuum
approximately 4 equivalent to 1.2 torr. 1 2. A carbon foam which, when

i nitial | YOM664%900m t enperat ure of approximately 2 21 CGHHSUA At ed
wi th ethanol at said roomtenperature, cools to about -28 Cin no nore 3

than about 6m NUA @arbdheshnP hSGathet MlElaird 16 BAViBEd SPEEHS tHeEmbMdaBITVity
approximately 4 equivalent to 1.0 torn. 1 3. A carbon foam which, when

initially, at r.aom tenperature of approximately 2 21 C and saturated
wi%h \Nacffeaﬁﬁeg%tazszgio\gcrnﬁ)gnrln ?é?}ﬁper ature, cools to below 0 Cin no nore than 3
about 3 m nutes when placed under a reduced pressure (vacuum approximately
equivalent to 4 29 torn. 1 4. A carbon foam which, when initially at a
room tenperature of approximately 2 21 C and saturated with acetone at

sal d room t &3fper ah wabon oo s defingdouclaim @, T.il3, hb ondp davidgutsaeciibout 34

m nut es when exposed to anbi ent conditions under natural evaporation. 1 5.
A gar baRefeaebNhica ity Whanedsn2 30 Wi’/ mt°Kaghoom t enper at ure of approxi matel y
2 21 C and saturated with ethanol at said roomtenperature, cools to about
15 Cin no nore 3 than about 23 m nutes when exposed to anbient conditions
under natural evaporation. -43 WO 01/66490 PCT/USOL/ 07012 1 6. A carbon
foam whi ch, when initially at rqomte rature of . roxijately. .2 21 C
and sat ur at & wi th Cﬁ%’PBIfO%‘P a%‘é‘%ﬁ’e SB R @P&P&Fé?“dﬁg ripg %ﬁﬁ%l"fg Cin
no nore 3 than about 33 mi nutes when exposed to anbient conditions under
na2 ur al ofew keetr 225 Wrem’/m-°K:gnf car bon f oam having a thermal conductivity of
at least 40 WnK. 1 8 A carbon foamas defined in claim?7 having a thernal
conductivity of at least 2 50 WnK. 1 9. A carbon foamas defined in claim
7 having a thernmal conductivity of at |east

1 25. A carbon foam as defined in claim 7, 9, 13, 15 or 16 having a specific thermal
2 conductivity of at least 300 W-cm’/m-°K-gm.
1 26. A carbon foam as defined in claim 16 having a specific thermal conductivity

2 of at least 325 W-cm’/m-°K-gm.

1 27. A carbon foam as defined in claim 7, 11, 13, or 15 having a specific thermal
2 conductivity in the range from about 114 to about 334 W-cm’/m-°K-gm.
1 28. A carbon foam as defined in claim 16 having a maximum specific thermal

2 conductivity of about 334 W-cm’/m-°K-gm.

1 29. The carbon foam of claim 7 having a specific surface area of at least 6000 m’/m’.
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2 75 WnK. 1 10. A carbon foam as defined claim?7 having a thernal
conductivity of at least 100 2 WnK. 1 11. A carbon foam as defi 9 in
claim?7 H’é@%’r@“&“thern&l conductivity of at least 2 125 \RFEH{?S“Y‘”?’; A
carbon foamas defined in claim7 having a thermal conductivity of at |east
2 150 WnK. B0l3rhelafbanlfosmboarims SAed, 28est J9rha@ingi avpécilia\suffgcesarthef aral
conductivity of at least 2 175 WnK. -44 WO 01/ 66490 PCT/USOL/ 07012 1 14.
A carbo sined in claim8, 10, 11, or 13 having a maxi mum t her nal
2 g%ndug 45\9?@6@ @Lbut 187 WmK. 1 15. A carbon foamas defined in claim

7 having a imym thermal conductivity 2 of_.about 187 . A
Carbon Foam fvi TG <artepdesm OE RS ey e ut FERIPea AT L gaR U0,

WenB/ mKgm 1 17. A carbon foamas defined in claim7, 9, 13, or 15 having a
spekifi an¥mdrmal 2 conductivity of at |east 100 WenB/mKgm 1 18. A carbon
foam as defined in claim 16 having a specific thermal conductivity 2 of at
| east 125 WenB/nKgm 1 19. A carbon foamas defined in claim?7, 11, 15, or
16 having a specific thermal 2 conductivity of at |east 150 WenB/nKgm 1

20. A carbon 3f20%gﬂf¢%§€b%ﬁffwﬁ€f'k1'anﬁ '12%1/@#& ﬁ]@ﬁé’éiﬂgsﬁfa%[?%?éafdf%t thsra¥adoo

conductivity 2 east 175 W
2 m*/m’.
1 33. The carbon foam of claim 13, 16, 28, or 29 having a specific surface area of at

2 least 100,000 m%/m?>.

1 34. The carbon foam of claim 27 having a specific surface area of at least 500,000

2 m?*/m’.

1 35. The carbon foam of claim 29 having a specific surface area of at least 500,000

2 m’/m’.

1 36. The carbon foam of claim 29 having a specific surface area of at least 1,000,000
2 m*/m’.

1 37. The carbon foam of claim 19 having a specific surface area of at least 1,000,000
2 m?*/m’

1 38. The carbon foam of claim 29 having a specific surface area of at least 5,000,000
2 m’/m’.
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1 21. A carbon foamas defined in claim7, 9, 13, 15, or 16 having a
specific thermal 2 conductivity of at |east 200 WenB/ nKgm_ -45 WO 01/ 66490
PCTI USO M®/194901 22 A carbon foam as defined in clai m 18CHESIHER
specific thermal conductivity 2 of at |east 225 WenB/nKgm 1 23. A carbon

foam as def i pedThdcebat fBarh oflclaimlB, 15188, 28for 26 hbvivg AGpecifp eGifide @areadftaher mal
conductivity of at least 250 Wcmi/m'K-gm 1 24. A carbon foam as defi ned

i nycl ai i pecific thermal conductivity 2 of at |east 275
W%M/m%%ﬁghhpﬁgagf/ﬁ'carbon foam as defined in claim?7, 9, 13, 15 or

16
hayi ng a spec¢ific therngl andyctivity of. at |east 30 26.
A Xar bon foa%(}'ath%‘@lﬂi’% a%&&?ﬁﬁbﬁgvﬂﬁ%W@Cﬁsgﬁg%eﬁrﬁa ?QQW{M%QH vity
2 of at least 325 Wcm/m'K-gm 1 27. A carbon foamas defined in claim?7,
112 13, m¥m’15 having a specific thermal 2 conductivity in the range from
about 114 to about 334 WnB/nKgm 1 28. A carbon foamas defined in claim
16 having a maxi mum specific thermal 2 conductivity of about 334
Wem/m'K-gm 1 29. The carbon foam of claim 7 having a specific surface
arga of at '??ST?@&QQoﬂ‘E/aHﬁof claifh® MRvihY 829 RixtaddSk4 8F A iast 10,860,0000€
carbon foamof clarm 15, 16, 28, or 29 having a specific surface area of at
2 heast 25,000 n2/nB. 1 31. The carbon foam of claim 29 having a specific
surface™dfea of at |east 65,000 2 nR/nB.

1 42. The carbon foam of claim 9, 15, 20, or 29 having a specific surface area of at

2 Jeast 25,000,000 m*/m”.

1 43, The carbon foam of claim 29 having a specific surface area of at least 30,000,000
2 m*/m’.
1 44. The carbon foam of claim 15, 28, or 29 having a specific surface area of at least

2 35,000,000 m*/m’.

1 45. The carbon foam of claim 29, 36, or 38 having a specific surface area no greater

2 than about 44,000,000 m%/m°.

1 46. The carbon foam of claim 34 having a specific surface area no greater than about

2 44,000,000 m*/m>,

1 47. A carbon foam having an X-ray diffraction pattern characterized by doublet 100

2 and 101 peaks characterized by a relative peak split factor no greater than about 0.470.
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1 32. The carbon foam of claim 17 having a specific surface area of at

| east 65,000 2 n2/nB. 1 33. The carbon foamof claim 13, 16, 28, or 29
havi ng aYépedofioc surface area of at 2 |east 100,000 np/ RET/UOKH 02y q
carbon foam of claim 27 having a specific surface area of at |east 500, 000

2 ng/nmB. 1 33g, llsh@ars@ﬂ ham {sqrmned incdlahin 28 viayh ¥ -@y dFeettidcpastenf ace area
of at |east 500, 000 n2/nB8. 1 36. The carbon foam of claim29 having a

spegific rhon foam
of 1 ai o igbiEeR 8 %@‘%é;ﬁ 0! peiQPheralined i1 hd pRf B R 1o
38. The car boH@% 8 8' aim 29 having a specific surface area of at |east
5, 000, o@#ratey t 470D 01/ 66490 PCT/ US01/ 07012 1 39. The carbon foam of
claim9, 15, 18, 28 or 29 having a specific surface area of at 2 |east

10, 000, 000 nm2/ nB. 1 40. The carbon foam of claim 29 having a specific
surface area of at |east 15,000,000 2 n2/n8. 1 41. The carbon foam of

clai m 21 havigg AcHpecfdahtassdéfines i A4iaa3 Dhavag dredsiay AXAOMLRer2 N2/ nB. 1
42. The carbon foamof claim9, 15, 20, or 29 havi ng a specific surface

aron of Rlracrit &R aduid 160 4301 s pllarfidter, RoRe hRAMA aick@ iy 29
haV| ng a & srgce%fl g@ace area (grf{) earst e 5’001 efp oh
3 greater than about 0.470.
1 50. A carbon foam as defined in claim 21 having an X-ray diffraction pattern
2 characterized by doublet 100 and 101 peaks characterized by a relative peak split factor no
3 greater than about 0.470.
1 51. A carbon foam as defined in claim 8, 10, 12, 16, 20, 24, 29, 31, 35, or 40 having
2 an X-ray diffraction pattern characterized by doublet 100 and 101 peaks characterized by a
3 relative peak split factor no greater than about 0.470.
1 52. A carbon foam as defined in claim 46 having an X-ray diffraction pattern
2 characterized by doublet 100 and 101 peaks characterized by a relative peak split factor
3 between about 0.298 and about 0.413.
1 53. A carbon foam as defined in claim 27 having an X-ray diffraction pattern
2 characterized by doublet 100 and 101 peaks characterized by a relative peak split factor no

3 greater than about 0.413.
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2 m2/nB. 1 44. The carbon foam of claim 15, 28, or 29 having a specific
surface area of at |least 2 35,000,000 n2/nB8. 1 45. The carbon fo

cl ai m 29WO/6HP 33 having a specific surface area no gregngmoﬁogﬂ%n about
44,000,000 nm2/nB. 1 46. The carbon foam of claim 34 having a specific

surface areasqo gpeatisyn folansdeArdd inZlddh 909, 00ANPZ 118, 28, 3%/ or #8 BaiRON foam
having an X-ray diffraction pattern characterized by doublet 100 2 and 101

0 370, ‘S Sl Aot Bel Bl BB D3 tofPlhlod AR A% QORRAE IR 0T

and Toxelak e g et rdessy et EPaf Pl ek QT Tt actor no’ 3 greater

t han about 0.470. 1 49. A carbon foam as defined in claim39 having an
X-ray diffraction pattern 2 characterized by doublet 100 and 101 peaks
characterized by a relative peak split factor no 3 greater than about
0.470. 1 50.5%A sahaften fHaamatngdaiX-redlifffactibaipaitad chavetegzaibya fidywidth
diffraction pattern 2 characterized by doublet 100 and 101 peaks

char act ﬁilf ﬁ%%nmfn R %&k%gi& o?fl%'e{&eeh%%&fo f‘:@) an%l a%ﬁ?é 864 B&%%Qes@bom
0.470. 1 car bon efined in claim8 0, 12, 0, 24, 29,

31, 35, or 40 haV|ng 2 an X-ray diffraction pattern characterlzed by
doubl et 100 and 101 peaks characterized by a 3 relative peak split factor
no greater than about 0.470. 1 52. A carbon foam as defined in claim46
haVi ng an X- P&y difdarbostfoem asdefiegdin chaimhy wherein; saisd Xosay dbiiscaen pateraid 101
peaks characterized by a relative peak split factor

2 further characterized by a full width half maximum for the 002 peak angle of between about

3 0.159 and about 0.2292 degrees.

1 57. A carbon foam as defined in claim 53 wherein said X-ray diffraction pattern is
2 further characterized by a full width half maximum for the 002 peak angle of between about

3 0.159 and about 0.294 degrees.

1 58. A carbon foam as defined in claim 8, 13, 20, 26, 28, 29, or 36 characterized by
2 an X-ray diffraction pattern having a full width half maximum for the 002 peak angle of

3 between about 0.159 and about 0.294 degrees.

1 59. A carbon foam as defined in claim 58 in which the X-ray diffraction pattern is
2 further characterized by
3 (a) doublet 100 and 101 peaks further characterized by a relative peak split factor

4 between about 0.298 and about 0.470, and

(9]

(b) a d002 spacing between about 0.3354 and about 0.3364.
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3 between about 0.298 and about 0.413. 1 53. A carbon foam as defined in
claim 27 having an X-ray diffraction pattern 2 characteri Zf{ng%/‘gg bl et 100
and 101 PEHRSNaracterized by a relative peak split facth ]ér eater
t han about 0.413. -49 WO 01/ 66490 PCT/US01/07012 1 54. A carbon foam as
defli ned in cb@i m @ catton fd3m al defiRal] in2fim2W, ha3thg axnedBpdradiangeterdbetweeX- r ay
diffraction pattern characterized by doublet 100 and 101 peaks
char act %%%6 2Ry aBou 30 WRLALS Yad @Qﬁhsx@p&etéveé@%fogf 0.0 @hasAL I U mRm2 B dand
about 0.4 . car bon 'foam havi'ng an X-ray diffraction pattern
chgracterized b wdth 2 mfor t he 002 peak angl e of
be vveenaéﬁﬁtb‘fer(?&ig@htfﬂﬁo% %rteatﬁr%gaggg%x 1 56. A carbon foam as defined
in claimb52 wherein said X-ray diffraction pattern is 2 further
characterized by a full width half maxi nrumfor the 002 peak angl e of
bet ween about 3 0.159 and about 0.2292 degrees. 1 57. A carbon foam as
defli ned i n cbhi m BXIavbvarfeam as defined inayaiati I, Br Aclt6, on2Pbavtieg amesn pref ur t her
characteri zed by a full width half nmaxi mumfor the 002 peak angl e of

?Weendﬁﬁﬁ:%gr nd gPeal? InANEh AR &d%%nﬁ%&%@en dboB80.2Ana AbBAN. épgﬁﬂc&ﬁ.

ined in claim8, 13, 20, 26, 28, 29, ‘or 36 characterized by an X-ray
dlffractlon pattern having a full wdth half maxi nrumfor the 002 peak angl e
of 3 between about 0.159 and about 0.294 degrees. 1 59. A carbon foam as
defined in claim58 in which the X-ray diffraction pattern js % rther
characteri zef2by 2 hea) exghangecievicgsonnasing s pdsidrangher fufaceibs e ‘@’rﬁ%ﬁ’@’d by a
rel ative peak split factor 4 between about 0.298 and about 0.470, and 5
(b a doPdampaci ng bet ween about 0.3354 and about 0. 3364.

1 63.  An evaporatively cooled heat sink comprising the carbon foam of claim 7.

1 64. The carbon foam of claim 7 containing micropores containing a phase change

2 material.

1 65. A carbon foam as defined in claim 7 having a density from about 0.4 to about

2 0.65 gm/cm’,

1 66. A carbon foam as defined in claim 7 having a density from about 0.55 to about

2 0.60 gm/cm’.

1 67. A carbon foam as defined in claim 7 having a density from about 0.50 to about

2 0.65 gm/cm’.
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-50 WO 01/ 66490 PCT/USO /07012 1 60. A carbon foam as defined in claim59
havi ng a nean pore di aneter between 2 about 30 and about_60 m crons, and a
density W@t%@gf“about 0.2 and about 0.65 gnmicn8, and 3 FGEPWYEZpeak

split factor no greater than about 0.413. 1 61. A carbon foam as defined in

claiml, 5, g3 16A c@fboASohd\ek defitedTBRiMAT vt MBRL fore Atangteatoegredthan 60
m crons and a density between about 0.2 and about 0.65 gmcnB. 1 62. A

heat exghan i nprising as a heat transfer surface the carbon foam
2 gf cltglﬁﬁnag&t%gg%’%a ﬁgevapor atively cool ed heat sink conprising the carbon
foamof claim7. 1 64. The carbon foamof claim 7 containing mcropores
contai ning a phase change 2 material. 1 65. A carbon foamas defined in
claim?7 having a density fromabout 0.4 to about 2 0.65 gmcnB8. 1 66. A
calbon foam 6% deficagwnifpamlaaidefirediavlany 7shayeesd myarf peymdigiotier @ §5ate about
2 0.60 gmcnB. 1 67. A carbon foamas defined in claim7 having a density
from abguh aBoth@0teicaeut 2 0.65 gnfcnB8. -51 WO 01/ 66490 PCT/ US01/ 07012 1
68. A carbon foam as defined in claim7 having a nean pore di aneter no
greater 2 than about 340 microns. 1 69. A carbon foamas defined in claim
7 having a nean pore dianeter no greater 2 than about 60 mcrons. 1 70. A

Cali bon foam '?(? de}c\I cgreb%nl tgalglazsildc%gedclg%[a?r%tfcrﬂarza%genbzgd %}r/] a1>1< 'x'-% cﬁlff;afc ggtion

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

1 71. A carbon foam as defined in claim 7 characterized by an X-ray diffraction

2 pattern having an average d002 spacing of about 0.336.

1 72. A carbon foam as defined in claim 7 characterized by an X-ray diffraction

2 pattern having an average d002 spacing of 0.336.

1 73. A carbon foam as defined in claim 7 having an open cell pore structure

2 substantially comprised of ellipsoidal pores.

1 74. A carbon foam as defined in claim 7 having an open cell pore structure

2 consisting essentially of substantially ellipsoidal pores.

1 75. A carbon foam as defined in claim 7 having an open cell pore structure

2 comprised of pores whose planar cross-sectional images are substantially circular or elliptical.
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2 pattern exhibiting relatively sharp doubl et peaks at 20 angl es between 40
and 50 degrees. 1 71. A carbon foamas defined in claim7 characterized by
an X-rayW@®p488tion 2 pattern having an average do02 spBcl’/Hy"6¥%%bout
0.336. 1 72. A carbon foamas defined in claim7 characterized by an X-ray

diffraction 7@ paht@rddnitenhng défincave ichga 7000 thesmaspen @eldpo.s&36urel 73. A
carbon foamas defined in claim7 having an open cell pore structure 2

subst ant | - (i ' ' - :
et nod qraistifs FAPBT Rt ples PR ro BteBRonal s S bR BB
essentially of substantially ellipsoidal pores. 1 75. A carbon foam as

de inednﬁﬂ%@Fékn17 havi ng an open cell pore structure 2 conprised of pores
whose pl anar cross-sectional inages are substantially circular or
elliptical. -52 WO 01/66490 PCT/US01/07012 1 76. A carbon foam as defi ned
in claim7 having an open cell pore structure 2 consisting essentially of
pores whose Pl.anaa carsFosaat defmald ih chgay drsabsabillanpemtdlystnichaal ar 3 or
elliptical. 1 77. A carbon foamas defined in claim7 of substantially open
cebl st rdisd rei [ i1y, Offg
negophd%§&%#p§%§?§Q§§B§?%§?fgﬁ#§c%?%%ﬁgﬁﬂ%éﬁgﬁgﬁgk?ﬁghgg%FMﬁgF?rax%g?jsaid
carbon foam havjing been nan-qgxidativyely stabilized..1.78...A carbon foam as
de5 i necPlPRe @F&F]Irln“%iil %ﬁ%r‘g@ﬁ aﬂ’é’ﬁlgg?fﬁ:f‘%l ggﬁ%&’?%?’flg?tf‘ﬂ?ly galgﬁf‘ﬂéﬁed al ong the
cell wall axes is substantially in the formof graphite. 1 79. A carbon
foam as defined in claim7 characterized by being essentially 2 conpletely
graphitic and being further characterized by an open cell structure

subst anti al 18.3 carprioadtamfs dtfingddnicthith 7Goriesecianaidiryrbonapbstirgially

substantially aligned along the axes of the cell 4 walls.
2 aligned along the cell wall axes is substantially in the form of graphite.
1 79. A carbon foam as defined in claim 7 characterized by being essentially
2 completely graphitic and being further characterized by an open cell structure substantially
3 comprised of ellipsoidal pores and by graphite substantially aligned along the axes of the cell
4 walls.
1 80. A carbon foam as defined in claim 7 having a pore structure consisting
2 essentially of pores having diameters within a 100 micron range.
1 81. A carbon foam as defined in claim 7 having an X-ray diffraction pattern
2 substantially as depicted in Figure 11.
1 82. A thermally conductive carbon foam having a substantially isotropic thermal
2 conductivity.
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1 80. A carbon foamas defined in claim7 having a pore structure
consistin 2 essentially of pores having dianeters within a 100 m cron
range. 1Y¥A01/%&4¥%arbon foam as defined in claim7 having aRCXYS4y07012
diffraction pattern 2 substantially as depicted in Figure 11. 1 82. A
thegrmal Iy corggduct iAvearb@ Ram dsQRm&RM d8inP8 B whskaai Bhkimdl Tehdpivity ihar mal

2 conductivity. -53 WD 01/66490 PCTIUSO1/07012 1 83. A carbon foam as

def,i ned I rein said thermal conductivity is at 2 |east about
402ml ?&Tﬁ)ﬁtmkggarﬁgn foam as defined in claim82 wherein the specific
thermal 2 conductivity of said foamis greater than about 75 Wen8/nKgm 1
85. A carbon foamas defined in claim82 wherein said foam has a specific
surface 2 area of about 6000 n2/nB8. 1 86. A carbon foamas defined in

cl di m 82 haviddg atA tabert foatmmstdefioed fcliitns8whersin the gpatificiarmesl within a 100
m cron pore dianeter. 1 87. A carbon foamas defined in claim 82 wherein
said f ogpdiRevidy PRI RAKELs gleathr it HounPs W-eat/gl-Kegran about 340 microns. 1
88. A carbon foam as defined in claim82 wherein said foam has
substantially 2 ellipsoidal pores. 1 89. A process for producing a carbon
f oam conpri si ng 2 (1) | i quefying a pitch and 3 (2) heating the quuefied

i t.ch under in heric conditipns t.o
Ear bon f oam @8 car on am as%e%me 1’1 alm éz wﬁerem saldot%am has a SpQCI%}C Sur ace

2 area of about 6000 m*/m’

1 86. A carbon foam as defined in claim 82 having at least about 90% of its pores
2 congregated within a 100 micron pore diameter.

1 87. A carbon foam as defined in claim 82 wherein said foam has a mean pore

2 diameter no greater than about 340 microns.

1 88. A carbon foam as defined in claim 82 wherein said foam has substantially

2 ellipsoidal pores.

1 89. A process for producing a carbon foam comprising

2 (1) liquefying a pitch and

3 (2) heating the liquefied pitch under non-oxidizing, superatmospheric conditions to
4 produce a carbon foam.
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WO 01/ 66490 PCT/USO /07012 1 90. The process of claim89 wherein the pitch
is liquified in step (1) by heating 2 under non-oxidi zing conditiaqgns

i ncl udi nNYOL1¥PE8sure | ower than the superatnospheric 3 pr@ggH$EK%W6du0|ng
the carbon foamin step (2). 1 91. The process of claim89 wherein the
pressure of s@i d FHPEIoBERDSPRAGHISO wherdi® fdi gilcB RSl BeUE i€p S3bd heatrgon f oam
in step (2) is less than about 69 atm (1000 psi). 1 92. The process of

cl ai m l?naéfpﬁ&?biad %%ﬁtid?lg %&cﬁﬁggpﬁééuré %v&@ftﬁdrﬁecge% éﬁ&ﬂ@éheﬁ 2 static

superatnnsp eric pr rocess o ameg eln said
gtlng in ste &33 S c r|ed out ag%a 2 tenperature no greater than

ut 4gessere progucingihe Béo%m(’ﬂ SIEP §)m 89 wherein said heating of the
|l iquified pitch under non- 2 oxidi zing, superatnospheric conditions in step
(2) conprises heating at a tenperature 3 between about 420 C. and about 480
C. 1 95. The process of claim94 wherein the heating in step (2) is carried
out such thagl. 2 e preask of olaim RO avhierygn dequessudtof Saiddupaameospherice bet ween
about 420 C. and about 480 C. 1 96. The process of claim89 wherein the

tin until the
F o rmat | SHUFE Brddeding Sa R icioft i Akb (19]eps HaE HERRRO RIS G600
PCT/ USOL1/ 07012 1 97. The process of cIa|n189 further conprising 2 (3)
coking said carbon foam by heating said carbon foam under non-oxidizing, 3

u er at nospheri c condition The cess of ¢ m 97 . ere sald
ehting in step ( Torgeess PF Patin 38 hirer He PP AR BHET S

The process of claim97 wherein the tenperature in step (3) i's heId
colst anttatic superatmospheric pressure.

1 93.  The process of claim 89 wherein said heating in step (2) is carried out at a

2 temperature no greater than about 480 °C.

1 94.  The process of claim 89 wherein said heating of the liquified pitch under non-
2 oxidizing, superatmospheric conditions in step (2) comprises heating at a temperature

3 between about 420 °C. and about 480 °C.

1 95.  The process of claim 94 wherein the heating in step (2) is carried out such that
2 at least some foaming occurs at said temperature between about 420 °C. and about 480 °C.

1 96.  The process of claim 89 wherein the heating in step (2) is carried out with no
2 release of pressure until the formation of the carbon foam is substantially complete.
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2 for at least 15 mnutes. 1 100. The process of claim 97 wherein the
pressure is held substantially constant 2 during each of steps é%? and
(3). 1 10?(90*I*ﬁ(é‘9‘brocess of claim 97 wherein the pressure iPrﬁ:Télthé’b (lﬁ) and
(3) isidentical. 1 102. The process of 97 wherein the tenperature during
coking in stey. (3)TheSprocese oflain BOARtHEDO8mfisidg 103. The process of claim 97
further conprising, after coking in step (3): 2 (4) carbonizing the carbon
foasn by heating i s Q% di 21 i ; : L higher
than that for okl oc g FL CrbR K, R b B R
the, coked foamis cooled.prior to being 2 carbonized in step (4). -56 WD
01/%6490“‘9?3"?7%@%@7 ltl‘J%‘S'105. The process of claim 104 further
conprising, after carbonizing in step (4): 2 (5) further heating at a yet

hi gher tenperature to yield a graphitic carbon foam 1 106. The process of
claim97 further conprising, after coking in step (3), heating 2 under
condi tions suf§fli ciBprocespodclae 92 wherinsdid beatiap o step O3 vartriedvut at a
oxidatively stabilizing 3 the carbon foam 1 107. A pitch-derived carbon
foagn wi tt&nﬁ&a&?@ﬁb&%@ooﬁ@re structure substantially 2 conprised of pores
of simlar geonetric shape. 1 108. A carbon foam as defined in claim2107
havi ng struts interconnected 2 throughout the carbon foam 1 109. A carbon
foam as defined in claim 107 whose open cell pore structure consists 2
essentially of pores whose pl anar cross-sectional images are of

subkt anti al | Y% he E@r@ogsgggﬁ@m Pz;w@ﬁ@pbt_he temperature in step (3) is held constant

2 for at least 15 minutes.

1 100. The process of claim 97 wherein the pressure is held substantially constant

2 during each of steps (2) and (3).
1 101. The process of claim 97 wherein the pressure in steps (2) and (3) is identical.

1 102.  The process of 97 wherein the temperature during coking in step (3) is no

2 more than 1000 °C.

1 103. The process of claim 97 further comprising, after coking in step (3):

2 (4) carbonizing the carbon foam by heating in a non-oxidizing environment at
3 a temperature higher than that for coking in step (3).

1 104. The process of claim 103 wherein the coked foam is cooled prior to being

2 carbonized in step (4).
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1 110. A carbon foamas defined in claim109 wherein said cross-sectional
imges 2 are substantially circular or elliptical. 1 111. The process of
cga|n110U0%h@@@Pn the pressure in steps (2) and (3) is EKQUBgyﬁﬁWFaIIy

i dentical. -57

1 105.  The process of claim 104 further comprising, after carbonizing in step (4):

2 (5) further heating at a yet higher temperature to yield a graphitic carbon foam.
1 106. The process of claim 97 further comprising, after coking in step (3), heating

2 under conditions sufficient to produce a graphitic carbon foam without oxidatively stabilizing
3 the carbon foam.

1 107. A pitch-derived carbon foam with an open cell pore structure substantially

2 comprised of pores of similar geometric shape.

1 108. A carbon foam as defined in claim 107 having struts interconnected

2 throughout the carbon foam.

1 109. A carbon foam as defined in claim 107 whose open cell pore structure consists
2 essentially of pores whose planar cross-sectional images are of substantially the same

3 geometric shape.

1 110. A carbon foam as defined in claim 109 wherein said cross-sectional images

2 are substantially circular or elliptical.

1 111. The process of claim 100 wherein the pressure in steps (2) and (3) is

2 substantially identical.
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