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STATEMENT REGARDI N DERALLY SPONSORED RESEARCH OR DEVELOPMENT The United
St at es Go M rights in this invention pursuant to contract No.

DE- ACCS- 9 en the United States Departnen %r Ener%\é %V
Lockheed Martl*nsslﬁner gy Research Cor poEatl on. BACK 0 PAVENTI ON
The present invention relates to carbon foam and conposites, and nore
particularly to a process for producing them The extraordinary mechani cal
properties of conmercial carbon fibers are due to the unique graphitic

nor phol ogbeTCI'hBA&EtD GCARBON EAM ANDEOMBOSITESAND WE ﬂ“gﬁﬂ%m‘sophase
Fi bers,” in Carbon Fibers, Filanments and Conposites, Figueiredo (editor),

Kl uwer Academ ¢ Publ i shers, Boston, pp. 43-72 (1990). Cont enpor ary advanced
structural conposites exploit these properties by creating a di sconnected
network of graphiti@rATERMEN REGARDING $EDER A PRPANYGREDAL € MRt ri X.

Carbon foam derived froma pitch precursor can be considered to be an

i nt erconnect ed network of ruts, as shown in Figure

1. As such interconnected m&@bﬁﬁ?@hﬁ%&%ﬁa potential alternative

as a reinforcenent in structural conposite materials. Typical rocesses for

produci ng carlheVHited Blates GPY%“&“‘H}%%EHG in iRy eRfO RIBIaBHIRCGONE2Et Nam of t he

pitch precursor in which the pitch is nelted and passed froma high

pr essur OE-AGI0SFOEQAR 22464 \between she EnitelStates Depatmad pfi Energylahg Locktiesd pr oduces

a "Flash," thereby causing the | ow nol ecul ar wei ght conpounds in the pitch

t 0 vaponNi£&in HnbfyyMRds6dich Colporation,. 26 November 2004 -2 resulting in a pitch

fgam See Hagar, " Joseph W "and Max L. Lake, "Novel Hybrid Conposites Based
Car bon Foans,"™ Mat. Res. Soc. Synp., Materials Research Society,

270: 29-34 (1992), Hagar, Joseph W and Max L. Lake, "Formul ation of a

Mat hemat i cal Process Mdel Process Mdel for the E ng of a Mesophase

Car bon Precursor,"” Mat. R%C@BQWET%@@MEQ{Q%&%MW Soci ety,

270: 35-40 (1992), G bson, L.J. and MF. Ashby, Cellular Solids: Structures

& Properti es Thegresanoinvéntimagelatdewe dubdn foamadyl coBipbsitas, arld more porticuladlyito and

Eng A110, 1 (1989), Knippenberg and B. Lersmacher, Phillips Tech. Rev.,

36(4), (YF&ss farpoddRMeaitmA. . P. Crepaux and E. J. Mutard, U S patent

4,276, 246, (1981). Then, the pitch foam nust be oxidatively stabilized by

heat i ng i n ac;fhe(e?( raQYdiA %111 l%?:{ﬂﬁﬁ%ggﬁgsr %ﬁ cotxﬁ}ﬁér?g)’ca‘r?&f’ﬁﬁerk bftkiud Qo fHae

structure an | ng oes no duri ng car boni zati on.

See Hagar, Joseph W and Lak " Formul ati t| cal

Process ngrﬁ%btéce@g H’&D’O\fb'l“' %@ﬁf"ﬁﬁts geag%ss@&ﬁ %E

Precursor, Mat. Res. Soc. Synp., Materials Research Soci ety, 270 38—40

(1992) avicsophasedibers,| in Canhan Bibrs, Eilaments and Compesites, Figuiredp (aiioy), Kiwwey i s a

time consum ng step and can be an expensive step depending on the part size

and equigndehicRbliskics. Bokton, pp.e13-72(1996). dlchednporiryladianced stuataraboni zed i n
inert atnosphere to tenperatures as high as [100C, followed by

| ect i B gtés%srpg)lﬁjtgcgéb&gﬁ?@&léymr ﬁgQg%ﬁ&cﬁﬁ%%k%f%faﬁﬁﬁictﬂlﬁn&ﬁé bon

f oam CIhe tech I ze a“polyneric precursor, such as phenol |c

Lo, iskosSber 1 iAppestRbr s Cion Se%eev%ﬁ%ma&aqi@%r%&fs%?%&“@ Soc.

Synp., Materials Research Society, 270: 41 46 (1992), Aubert, J. W, (MRS
Synposi wensidered tabsigsinteromneated netyork obgryphitip liganents o @Ut%ﬁﬂshp"@ i ewi s, J.
of Mat. Sci., 2:507-512 (1967) and Noda, T., Inagaki and S. Yanada, J. of
NonCr ystRighrene A&ﬁubﬂmterboﬂ%tea%mdrwﬂ&yrepﬂbwm ppesstialaltematippés ®d arid t he
sanple is heated. At a specified tenperature, the pressure is rel eased,

t hus Cal{%in'?&cérﬁ&t1ﬁ%éﬂu&9c3n%§1t@ﬁxav&ﬂaﬁti le 26 Novenber 2004 -3 conpounds
are released. The polyneric precursors are cured and then carboni zed

w t hout a st ation.s f ssy"
or Vi treous omef Plahet e BodiEiE o i ull ?%.‘f%&’i b BEEME T frodfh s
has | ow thermal conductivity and |ow stiffn Jose and
Max L. Lafeam ofthrpitghrracusioryn whichae pictdis te%ﬁ%‘f ﬁmlﬂJéﬁ]% P‘%S%’E‘f. Res.
Soc. Synp., Materials Research Society, 270:41-46 (1992) In either case,
once t heregioaro a fov presede region. <Thewodyremiatly] thispredjsas at'Blash, therabyt he
facesheet used in the conposite. This can be an expensive step in the
utilizatdaggin@thetlb® rﬁ&@éﬂlar-r\bﬁgﬂtrdéﬁ@%&nd%fmtﬂﬁﬁ pitdhweﬁlﬁdrma (ﬂmqﬁmﬁﬁeﬁs)t hese
I | m tat| ons by not reqw r| ng ‘bl owi ng” or "pressure rel ease" technique
nore, an oxidation stabilization step is not
reqU| r’ﬂmmmulwmnnmmher rret hods used to produce pitch-based carbon foans.
This p ss time consum ng, and therefore, will be | ower in cost
and easi er*GQO@l*f abri cate IVbr eover, the foam can be pr oduced W|th an.

o — '

o T 1 1. . Y



The renoval of unwanted heat is a frequently encountered problem
Conventional solutions include cooling fans, ice packs and refrigeration
systens. In the latter, a working fluid is conpressed (condensed) and
punped i nto an expansive chanber or pipe system where it evaporates,

pul ling heat fromthe atnosphere to satisfy its neede%*%‘fegﬁf” (g)élt of

vapori zation, .and. thys cqol i K47 O, i J ol gr bl own
t hr ough"tH& R&LE pg%ﬁ)gﬁbgeeg%a%gg%e gl‘&f@%%%ﬁ%ﬁ%?%@?yﬁ)}gl | ar ger
vol unes such as in donestic _and automptive ajr c itiopin teny. 26
Nov enbe ConrpositesBased pw@a@@gﬁ%@s('mtrﬁgeg'% SJB'HIB’ %ﬁ’%oﬁ?eﬁrﬂ@?lg&coml ex

\
equi prent i ncludi ng punps, valves, conpressors, etc, Many refrigeration
syst ens 276:09i34¢199%), Hagar,Jos@HOY . @ikt Moam)L,. Lake, (Rormylafipnsigdvatienabcedl dous or
environmental |y unfriendly. An evaporative cooling systemw th a high

t her mal P?&Uégsuﬂgh%’li Brycdd®Mddal M%ﬁe@d&ﬁi%oﬁa Mesaphase Chrbwe Precomsbr, AMugrReat i ve.
There i S a nee or portable coolers ich are |ightweight and i nexpensive
so as tq, be,depl,oyed i fd 12’_4cyi idsBn. Qo ha N F. AdIS,

t her mal &Qc'c%mﬂué\g%&\%alﬁg?%eg%’hf%ogiﬁq%g’]?ﬁ?s i 1\§/§e12n)¥\|eor;S Gver cones them
limtations of the prior art. In addition jthe present. ifueati relates to
por ous cGellalen Sphids: NESS &, eﬁ@f&%ﬂg@fﬂ%?@ﬁiﬁ"@‘ (é%@séﬁi:bgg@c}‘ 'f’b forma

heat sink product, and nore particularly to a process _for produgi ng them
Ther e anatcSeir ant Eng Aty 12p989)cKnippaeberdand B dessmechen Fhillipy E@‘g- BeViar ge
guantities of heat for either cooling or heating an object. Typically these
appl i catjsp)s(107GF @ BbRAIM, S0, PaDieghyk drdel. JnMouerd, dJ. Sspaperttidcl 6124600 §R1).

wl ing fins, natural convection, or radiation cannot dissipate the heat

ckly iﬁgmerp%{ég lf%e{nq Hitrst M]&%iﬁgh’%gastﬁ’d{ﬁied%eﬁﬁnér # 2 (0P ¥k pief) foRingangr Ol em

a materi rge specitic heat capaci'ty, such as a heat sink, is

placed in contact with the object as it, heat, Li NG, t i nrocess,
heat i s hougs Hresby egossolinking ﬁ’@éfr“%tf‘?ﬁ@“flr &8¢ '?%ﬁhﬁgtfc%iﬁqég&% r{%ﬁgﬁgs% f E heat
sinks tenperature rises, it "stores" the heat nore r_apigl t han can be

di ssi pateatbonivatie SenHagamn heseph Warand dviaxxbrivake: TFopmulatpnp %:X(%?E‘E‘%&“C t he
tenperature of the heat sink rises the heat flux fromthe hot obj ect

decr eas g5 ocditi®1dde]l ProséiR Medel ftheFadning of a Mesopinse Cobiondsecurdos, Mub Rebj ect s.
Therefore, although this method of energy storage can absorb | arge

titi s i Cat ) 55-40 L19 filc] a@dP.r all
L R e S ra A

appl i cat sorbing heat is 'through a change of

phase of th eria r.than.a ghan i Me. . L)AL y, the
phase tr%&%%fé%%’p&zkﬁg%rﬁﬁ ls‘a%ﬁ%lﬂgg&[u%gné &%%%agl er %‘8 @% orders
of magnitude greater thermal energy than the heat, cgpacit f.the terial.
For exangsépedepending ap did past SizsangrequipipeRfieapirGh Ehe éthfﬁﬁedgzﬁgcﬂtﬁl% 152‘!{%59
Joul es of energy, whereas changing the tenperature of water from 99C to
100C onl yardisgudn ad ikl almobprroto tempergtpresias hightesrl 1081@ $ollevaedshyhgyibiegtion
Wer ature of 579 grans of water from 99C to 100C absorbs the sane anount
heat. ASeRYARAFAlsHEHasHRIClo Wolle AlradiiCoubhefanme trend is found at
e

the nelting 1 olnt o material. This phenonenon has been utilized in

| i catj to .either.
s tuat i onsOBehue EiigE ERRh A s sp SOFITRRANA, WM o efeg: O
h h terial h ' | heat ,
Phc: pr ocob@eteavidbpiah. SEp 158ahdotat JpIovat haAker MHEPer Sevt bR B cfc:

and thus it cannot be utilized in certain applications. However thg
utilizat O@Bn—QfellédlEodiixsg'hWhd?resraﬂ'occ&m@;,cMiatcrlag Reseaishwpodictim 0o ¢1982),
shortcom ngs descri bed above. |If the high conductivity foamis filled with

t he phasﬂuﬁ%ﬁww.mﬁsi%ppﬁihﬁl Rb85a5Hs CHT: FCITE 19%0)yCowhird) F.Bewdds® of
y

t he extrene hi gh conddctivity in the struts of the foam as heat contacts

the surface. of, t t; cz_g&.gb%_éhz(L@%ﬁ%ﬁgﬂé‘ﬁﬁmﬁé&?aﬁdﬂspmﬁmut aiohoam to a

very | ar G&VSuf-9 nge “material. Thus, heat is very

qui ckly distributed throughout e ase change st eri i i tast O
absor b~ oCresielfing pedidsal =2§%39§¢1%‘§<‘5r 5?@? Veaﬂﬁr%ﬁ?*ypﬁﬁ s l}ﬁé ?ﬁ@inlé ?s\rll%e%éd' Al
tenperature, thus keeping the driving force for heat ,tr,Sms er at Iltﬁ

maxi mum atspedifial tekpetative, thepreswire isirgleasednthpneaugisg apueH &%gﬂ?‘\i‘rﬁstvy? e absor b
energy in applications such as mssiles and aircraft where rapid heat
generation is found. A material that has a high heat of nelting is encased
in a graphite or netallic case, typically alum num and placed in contact
with the object creating the heat. Since nost phase change materials have a
| ow t hermal conductivity, the rate of heat transfer through the material is
limted, but this is offset by the high energy absorbing capability of the
phase change. As heat is 26 Novenber 2004 -6transmtted through the

. - S b o e o L




SUMVARY OF THE | NVENTI ON The general object of the present invention is to
provi de carbon foam and a conposite froma nesophase or isotropic pitch

such as synthetic, petroleumor coal-tar based pitch. Another object is to
provi de a carbon foam and a conposite from pitch which does not require an
oxi dative stabilization step. These and other objecti¢@Yoxsmbes@etpl i shed

by a nmethod of_ producin arbon fpam wherein an .appropriate.mld.shape is
sel ect eﬁo@ﬁﬂmﬁséf"e'ieg?@?%ﬁg eé’ﬁ%% i PRI ger"&feélfglg ﬂ%\egle abolnézrég[%fhiogdgt 0
wal|s of the mold. Pitch is introduced to an appropriate |evel in.the nold,
and t he stabilization giep. gdoweverathesereqursess prpduens \alassy orvalEeAihcarkop aich i vel v,
an inert fluid could be enployed. The pitch is heated to a tenperature

suf fici gigks iic? exbidltegaphitiderupiure ind, thus, kasllowuhamahearidugtivefyendioy stiffness. about
50C to about 100C above the softening point of the pitch. The vacuumis

' el easeds anga AR bRphiw! il e BPLAIGH Rbalfied S GebhBFisy I OfenielRROUL | 000

psi. The pit eate 0 a tenperature sufficient to cause gases to

evol ve d f the pitgh. T i i S t her ) t enperature
suffi ci Hm’g%kgest %C'g‘ﬂ’?’e'hlﬂgaﬁ%aﬁﬁﬁgesﬁﬁ%&rof %'C%Z(?’gaf%tg (Stlggo%m t enper at ure
with a sinmultaneous and gradual release of pressure. In another aspect, the
previ ousl y ddseithdsesases prgsthe faanbiggpmeds itiis then hendeddp 35eRa8C §1PL0 Hist er i al
such that the nolten pitch does not wet. 26 Novenber 2004 In yet another
aspect, faidveheebhiedtin iesconipdside CDhip barsbeeah dxpensiee step bothe fitilization o thet fopmoduced
by the nethods disclosed herein including a foam product wwth a snooth

integral fac eﬁﬁg)gﬁcesé & thisiihven@bR bb&tomeP@ete BnkaidAe by MARGEMMROS t e product
i & produced by ering facesheets to a carbon foam produced by the process

this jpventjon. Another abj .e f _ i i i Qrovi de a
ther m GG P FameT saidude PivGicR R TERD. FNRRNAE ot 7
met hod of producing a cooling effect utilizing a thernmally condugtive
carbon fstabization plep ignt Fequirgf; asdr ofhst msthods yseddo produge p’é%h%?ﬁgf’?f Yevi ce
enpl oying a carbon foam core. These and other obj ectives are acconplished
in one eohasli Thisprdryssis ldse timel doysunuing,entlitherefopd, mih b dowerd cesiapdpasicdm | n
one aspect the foam has an open cell |iganent conposition. In another

enbodi "qa% icatd1aMBRIOS&T ineTBarcin B sRARddSKigdlabinteprated fiadt of high tdtmilng a
cooling e l?ect wherein a thermally conductive, pitch-derived carbon foamis

sel ected, The. foami t ' ' [MeTT}! ;

cvapor atioBARgp Y AervD g R RS ol W foffh (RAPRORBL R  bAL oo IR,

enbodi ment, the objectives are acc |l i shed by a heat exchangi ng device

havi ng aﬁmw@?ﬂmw%ﬁaﬁ&eﬁe@}mw?ggﬁd@w Bd carbon foamcore. A fluid

i nper neabl e coating covers a portion of the foam core and exposes a

portion. The Eheuesedt ipventionrfuphenrelates taia thesmallneonsdyeidvesiopmmalaraldspvedt i ng

| i quid. 26 Novenber 2004 B _In another aspect, there are upper and | ower

r eser voi fr§michrbbhatieBussrernsirc atd morewatticutarlyao @ therthally pomdictive, petvh-derived f | ui d

gm_mi cation with the upper and | ower reservoir adapted to deliver the
poraty llli’ogllﬁ'th{nrg i trﬂgmll%%ﬁqlfcﬁ§ﬁyr iR Keal SxchRfgilPPRIpefRELT VOi r. I n

still another aspe e carbon tfoamils positioned Th separate colums to

provi de a cold storage contajner with spacing between C n yet
anot her as pec'E,C‘i’SQOé{gli Qfé‘nﬁ@f‘éeaﬁeﬁéf Q/E"Sﬂ‘??‘ﬁlg eﬁ%od}x#eéﬁcgprﬁég?n 't?étlni s!@?n luidis
devel oped in the presence or absence of an evaporative Ii?uid by npving the

foam t heoleions incdedesoaling nenieppacks peshreigeratinsrsyaismsg In e 1atss| 3 Werking ect

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.



Still another obj ect of the present invention is the production of encased
hi gh thernmal conductivity porous carbon foamfilled with a phase change

mat eri al wherein trenendous anounts of thermal energy are stored and
emtted very rapidly. The porous foamthat has been filled with a phase
change material (PCM will conduct hegt to the phase éhalyemperr®Ptal such
that the tenperature.of the phase ch e material will remai | ose to the
operating + ersERataplnB e ieaian wERARERal dorietarint oA ufipd BimbS, | o
a heat source such | as a conputer chip, friction due to re-entry through

t he at no@bresreompressprsietar ManydefEigeration aystangrrequire the sise pEQEGS {Kraen)r which| y
and uniformy throughout the foamand then to the phase change nmaterial. As
t he mat & icansiddraheardohaseenvitonalesatlp anieddlys Aof evapgrmatiteicelimgsgstanavithy t han
non-PCM material due to transfer of the |atent heat of fusion or

vapori zaj ﬁigﬂ the%av&fnaﬁétm%,tma&!w&@d I)Hél{ﬂ SRAPlePQowti ddsZ BekrbRiveMTheRAES IY

rapi dly when placed in contact wwth a cold object. Non-limting enbodi nents

Foods. - desBergierenieseBsEny et armiaiPHEnar dRar Y ER 53088 sPhold iy '

energy as they experience cyclic heating during orbit, and a design to cool
| eadi ng fld esindghirt epridyoounsihi c f1ight or re-entry fromspace. 26
Novenber 2004 -9 BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a mcrograph

i | lustrating Tlpthemhallyaohductive aanbai fduni of thisdovention estercamos thellingitatons of and
open porosity. Figs. 2-6 are mcrographs of pitch-derived carbon foam

gr aphi tigegdrigt arg900C and at various nmagni Fcations. Fig. 7 is a draw ng
carresponding to a SEM m crograph (shown in Figure 27) of the foam produced

t he proce f..this invent.i . Fi i C i rat:i mul ative
i ntrusion vof% d\}@PS@S pf)eosgli} 18}9%1%5(5%?&%0&_?0@1% Js%ﬁ%ﬁlcijﬁgrwﬁ %efil%hsl{]@g% 'Tyhg | og
differential intrusion volune versus pore dianmeter. Fi ._1? IS a g?rﬁagh
i | | ust r a8hapge mpisrialsepd cagaspdlo fafmmeetrﬁlwrafl@qt@da?@e@gv% flo £ PEIFEFSaw
pitch. Fig. 11 is an X-ray analysis of the graphitized foam produced by the
process fof ptddusingivamt i on. Figs. 12 A-C are photographs illustrating foam
produced with al um num cruci bles and the snooth structure or face sheet

that devel opSThere 4 QYRR AaNY AticatldifsitBat rdqiiyeitBe ogh Gﬂﬁi‘déechéhﬁwés of
e |

illustrating the production of a carbon foam conposite na n accor dance
with thig, i Lon. . Fi ' . .Ae j ' hapsd oam
corposi t 55 Fih Welik f: nchigluT RS THREAL et FHtaflont PiodER! RADs
tenperature/tinme of e .carbop foamresulting fromthe evaparation of a
wor ki ng. FpithaEResel fgsipahan hiough sestins, pitytal Coveon, i BIRammEt y e
illustrating one enbodi nent enpl oyi ng the carbon foamof this invention.
Fi g. 18-dissipate theihegt quickdy erougheand, thug, the ohigdt ayerdentsr Te allydatadhis Broblgst. dyi ng
the carbon foamof this invention. Fig. 22 is section cut of a heat sink
devi ce fgatetibbwithg 14rg@shediici@anephtity, swohcthsahehtsink, is placed in contact with the
. object as it heats. During the heating process, heat is transferred to the heat sink from the hot
object, and as the heat sink[ls temperature rises, it "stores" the heat more rapidly than can be
dissipated to the environment through convection. Unfortunately, as the temperature of the
heat sink rises the heat flux from the hot object decreases, due to a smaller temperature
difference between the two objects. Therefore, although this method of energy storage can
absorb large quantities of heat in some applications, it is not sufficient for all applications.

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

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



‘phésé change material. Fig. 23 is a section cut of a heat sink to prevent
overheating of satellites during cyclic orbits. Fig. 24 is a section cut of
a heat sink used on the |leading edge of a shuttle orbiter. Fig. 25 is a

chart plotting the thermal conductivity as a functio densi for ARA24
mesophase derived graphite foam graphitized at 4C/ mi #@ﬁavq%ﬁ%% 26

Novenber 2004.-11 .Fig. 26 is a chart plotting the.1her ivity as a
functi orf"H¥S aémﬂlfd?&ea%éﬁ%%aﬁw&%‘ﬁ%‘ﬁ &%ﬁ@gaﬁﬁfpﬁ@%aéggﬁnﬁéé aphi tized
at 10C/mn. Fi gile 27 is a phot ograph taken by SEM i rragé ng of a sanple of the
car bon fexamplst thetveponigation obh gram gf wagr pisl 09°G19bsashy 2450 {alesPiigpergM i nagi ng
of a sanple of the carbon foamof the invention illustrating the open

i nt er conggéas chst e ]ilmat@wﬂofabaw 6m 1999C t1800°AtcnlE shsoshstd. 2ii Rubdsef | s
about half that o he cell dianeter, typically on the order of 40%to 60%

of the cell djaneter. DETAlILED DE PTI H o I to
i |1 ustrdE&he ?%‘?{dﬁ’é%{ﬁﬁnéﬁbedt&??g}h“68%%3%‘8%3%?{3%%?#%??% he
followi ng Exanples |1-XI X are set forth. They are not intended to limt the
i nvent i cibsorhs theysanespmomntpfihieat as evppergting bersat of yrtanat 109°C okhesamedtead is o
placed in a nold with the desired final shape of the foam These pitch

mat er i al By themeRingoad off thedBsteti gl Thik Phértvnsenbn dapbeenMtilizetinsdoimeARA24
nmesophase pitch was utilized. A proper nold rel ease agent or filmis

appl i ed . i t '
cate, “BoP BRI hel i REor R Enfla P TR R 1 Bl Melelel. o
as a nold release agent. If the nold is nmade from pure alum num no nold
2&ease sRfstiinot WeBtssary since the nolten pitch does not wet the al umi num
, thus, will not stick to the nold. Simlar nold nmaterials may be found

that the 26ARknghisselidbinek of phasechanggseaeriad hagia veryderge thegesticalifapaciiy | not
need nol d rel ease. The sanple is evacuated to less than 1 torr and then
heat ed tig aBsdrb | tht prezesPip noXa rapiddne Hstuise of Gediffivalties bfibeat thnsferi ang poi nt .
In this case where Mtsubishi ARA24 nmesophase pitch was used, 300C was

suf ficiegps ité‘ﬁnﬁo@?é ulti®ldlin c%tlgﬁn !ﬁ[ﬂi@dﬂbﬁs‘? Ho®ePas 8 viifizaidn JftRIKigh Metmkpt and

then a pressure of up to 10 psi  1s applied. The tenperature of the system

is then raised.tq 800 or at rature suffi.cient 0 . whi ch
5 abourccBdbRny TagBatT Piggeme i Foneotpies skt ERort ARt Kbl

t han about 5C/ min. and preferably at about 2C/ mn, The ten%er éure is.held
for at |ieamis fiedrwithikaphase shangeJateriel dhaprosess samRecoms Yoretapid, Besahshgte
power is turned off and cooled to roomtenperature. Preferably the foam was
cool ed athe axtrahely highappductivitytiethe struB@fthafoan, ahheabtamants bt sprfaconithe at a
rate of approximately 2 psi/mn. Final foamtenperatures for three product

runs werf;n0fGs ra?ﬁﬂﬁr&%%iﬁ&pﬁ%o@&ﬂﬁe Fduen mdrﬂ grgééﬁirﬁce Rie® 98 theghise

rel eased gradually to atnospheric conditions. T am was t hen heat

treated {0 | 050C . [ ;

tgeat od fimecafegel TR BeAGE bey BRI FBhRAFIo DRR e AR SRR BERHAL o
fim produced with this techni que was exam ped.w.t h.photom cro rz%f)ha}(u
scanni ng2llavang pdée absogh %@%@%@WF"&-‘?‘%‘“&B@ il withot cﬁ'@?%{fﬁ mperature,
porisinetry. As can be seen in the Figures 2-7, the interference patterns
hi ghl i ghthus kedpirez the daingferce onhegi transfen atiids mexivyun.pol ari zed |ight indicate
that the struts of the foamare conpletely graphitic. That is, all of the

pi tch was conMgsttstiks mvegtss%ﬁfmitiﬂi@e@imc{hahéra?ade dromgnity® #bsord enbrgylie struts.
These struts are also simlar in size and are interconnected throughout the

foam Thlq?p fé@t%nq sha{jésé‘lﬁfgsﬁlé;rﬁgg a%rﬁ%ﬁ%@%%mi’é?w l%abgﬁﬁriﬂi-oﬁl?s fuhdf Aesgerpdd good

strengt h. seen i n rogra of the foam the foamis

open cel | ul ar nj n hat.the porosity is.not clqsed. Figu 9 are
Pooul ts et Bisa Theh bei ot BkingneRiege o alerohif O aiqa Gase PRz it
pore sizes are in the range of 90-200 mcrons,, 26 Novenber 2004 -13 A

t her mogr and plecediin centactywit the jebjectateatingcshe heat: Sines mestphaseshgrgcanaicHals t he
tenperature at which the volatiles are evolved. As can be seen in Figure
10, the RPivedlowaiamanesiduytididylas raictof hemssankfer thryughahe diateriahistlaited, but
tenperature range between about 420C and about 480C. Although this was
per f or meg; Q%ﬂ ' i i) hseldhaRgd) s heaEissure wil
not shifﬁufﬁfgkef e§§Bi|5§? ?g%??§%Q$%§?g¥g$g?Iﬁ%ile t%e pressure is at

| 000 psi, gases rapidly evolved during heating through the tenperature
range of 420C to 480C. The gases produce a foamng effect (like boiling) on
the nolten pitch. As the tenperature is increased further to tenperatures
rangi ng from 500C to 1000C (depending on the specific pitch), the foaned
pitch beconmes coked (or rigid), thus producing a solid foam derived from




pitch. Hence, the foam ng has occurred before the rel ease of pressure and,
therefore, this process is very different fromprevious art. Sanples from
the foam were machi ned into specinmens for measuring the thermnal
conductivity. The bulk thermal conductivity ranged fr 5 o 106
WnK. The average density of the sanples was 0.53 g/ gﬁ@ov é\é\rrg\?g%ght IS

taken into accqunt, the s i fic therfal conductiyity of the.pitch derived
foamis t@@@ﬁltwgﬁmﬁ%@ @Fé‘éqeéﬁc ph&rﬁplpfﬁqasgfo @8BB@F.Cﬁﬂ%rﬂﬁtPnaeﬁlﬁg‘P&?ﬁeons can
be utilized to estinmate the thermal conductivity of the struts thensel ves

t o be nehmge riferialcidsest Thihe hieat sourpsdegins & meltrSiger thademparatsranfile phase y
carbon fibers produced fromthis sanme ARA24 nesophase pitch. X-ray anal ysis

of the fcﬁ@r%?\’iﬁ@ce@ﬁrdb@é AR Ehined@tipaliitRanitbeal aiels] t ffurdrah thedtear urde to he
mat eri al . e Xx-ray results are shown in Figure 11. Fromthis data, the

gr aphen?}tga @ya%i@gga hgageggggeg?n%%s\é%&%igaggsg%gﬁdﬁwem, 43 R3fed? Qontihies faha ence

| ength 3 nm and the stacki ng hei ght was

determned to be 442.3 nm 26. Noyenber -14 The, C i trength
of the daNFEPBLARURESRAE BT BE 5 13k Uhter e e OB FEE e e v
measured to be 73.4 MPa. The foam sanple was easily machined and coul d be
handl ed lowertherynalicondigtivite ahusdlfanmamngqat flaw fuethernli facly dispveralldayithermat s
important to note that when this pitch is heated in a simlar nmanner, but
under ordoyd@iivig Bh teisoli® aed Baie phiseehmigeahatbralsriimits ainatatecaf Heyt absorptioman
when under pressure. In fact, the resulting foamis so fragile that it
could n € I : ests. Mol di ng under pressure serves
t Iini?&Pﬂéﬁgf%ﬁfﬁé@ge?ﬁ%&ggpfgkgnggioduces a usable material. EXAMPLE

I An alternative to the nethod of Exanple | is to utilize a nold nade
fromalumnum In this case two nolds were used, an al um num wei ghi ng di sh
and a sectioned soda can. The sane_process as_set forth in Exanple I is
enpl oyed except that the fi¥NaMMARYQF TEHHEYRENIEONas only 630C, so as to
prevent the alumnumfromnelting. Figures 12 A-Cillustrate the ability to
utilize conplthe gehapbebjemlof thefpresent indertiongs toprplide catbap dohnh erda compasite
case, shown in Fig. 12 A the top of a soda can was renoved and the

remai ni Yorfi 3ndt3FchsBor ﬁoﬁ‘@ﬁi&'pit@l‘Pchﬁ'a@@ﬁﬁht%ﬁ?ﬁétrd@@ﬁn ot bddlz@tbasddiirht hat t he

shape of the resulting part conforns to the shape of the soda can, even

f hit] ion.to. 2800C. . This, d ' ' bili
of o f oam ANEPTPHNSS s e sl ERRREHa X ke ROARRL Wi &g o7

case, as shown in Figs. 12 B and C enpl oying an al um num wei ght dish, a
very sndtsﬁhe%luﬁfaa@é“aégeﬂé‘?lml%ﬁtqphe surface contacting the alunm num This
is directly attributable to the fact that the nolten pitch does not wet the
surface of t HBhest amd othen objéntivesvra lackoatplishedbbiea methedod peadusigsrdendoped
parts with snooth surfaces so as to inprove contact area for bonding or

i mpr ovi ngp&eitantappropliale mdilisRape IO SYleL 1€l didazefetibly arbaprafiate malklaelheet and,
tQys, a foamcore conposite can be fabricated in-situ with the 26

eDer 200 ap itk B A BE R, BREN [AFEoRREF ta ardpisprste feFeliR el fiatied

t oget heragg_g egra erial’, "no in ce joints result and thernal
ol o<uTdtheORAISEURgd S ABALEH TN BPOAMEDHRIETT v arieht “eia) Ry Tne
foam of this invention. L
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
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.

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

a material such that the molten pitch does not wet.




EXAMPLE 111: Pitch derived carbon foam was produced with the method
described in Exanple |I. Referring to Fig. 13A the carbon foam 10 was then
machi ned into a block 2"x2"x 1 /2". Two pieces 12 and 14 of a prepeg
conprised of Hercules AS4 carbon fibers and I Cl Fi bi 25&@ ber 2004

Pol yet her et herkeyt one thernopl astic rgsin also of 2" YPPPeI$TZe were

pl aced on the top and bottom of .t he foam sanple,..and al s placed in a
mat ched gr apﬁT‘ o4 Etp‘??ﬁ’al?r 3PPl mec%’ﬁ?%%ss% ﬁCGBW%@F]%\éﬁ‘hl?yt tge 6?1%} R’\é)\g?a“? g l’f‘%e
conposi te sanple was heated under an applied pressure of 100 psi to a

t enper atpupdiiced bggeanethods disglesedthesay WR‘dIHBWefoé@rm@@rct Witheassmaodhintegstled
under a pressure of 100 psi to a tenperature of 650C. The foam core
sandwi cHagshest. generally 20 was then renmoved fromthe nold and carboni zed
under nitrogen to 1050C and then graphitized to 2800C, resulting in a foam .

i th carbon- ggr, : Pserin
\émeneral |y 30(\1?5@@ %%ﬁ&?%péﬁéﬁ:?@g?ggﬂng%k/%ﬁgﬁw\gﬁgﬁp é%&%gfigggd cargbon f oam

was produce ith the t hod descrihed in l.e 1.. 1t was then nmachi ned
into a g#‘iféﬂeeg'g??'%r n;@ar.n pmﬁlc &&B@%‘f"%ﬁ%ﬁﬁ-‘@éﬁ%' mat eri al ,

2"x2"x1/ 2", were coated lightly with a m xture_of 50% et hanol, 50% phenolic
Durez Resin aeatheriobiect ol preseridmreationidapraidapthenmallyt coRsr e NG ROQAd
carbon-carbon naterial were positioned together and placed in a nold as

i ndi cat ddammn Exanple 111. The sanple was heated to a tenperature of 150C at
a rate of 5C/ mn and soaked at tenperature for 14 hours. The sanple was

then carboni 2gg JHH@er olil]éét L O@Yovtife & HRbeoddTPridueimed @BhE e utifzid8Q0C, 26

enber 2004 -16 resulting in a foamw th carbon-carbon facesheetls bonded
@t he ﬁﬂrfaﬁ%' T(gi? IS SI sp _shown generally at 30 in Figure 13B. EXAMPLE
V: Pitc EQCEPBERRPOLM s produced with the method described in
Exanple |. The foam sanple was then densified with car l%on by the t hod of
chem cal vapatiill #other phicris t9 Bievids@ hraigrshaneme drvirsiamployiag & saan fFm | 4
g/cnB, the flexural strength was 19. S MPa and the fl exural nodul us was
2300 MPzoreThe thermal conductivity of the raw foamwas S8 WnK and the
thermal conductivity of the densified foamwas 94 WnK. EXAMPLE VI: Pitch

derived car bofheb@R0 MRS dYjQtliveeste WedompliiRed M oAe embBaERdnP BY aitierXBy P! € | .
The foam sanple was then densified with epoxy by the nmethod of vacuum

I npr egnat i en.,. ; at 1S0C for S hours. The density
increasZE&n?‘gcnf.lggtcg?@ﬁe%\g%b@ﬁf(ﬁﬁ'exuraI strength was neasured to be 19.3
MPa. It is ohvious tha(ﬁ? gt her materi al ? such as netals, ceram cs,
plastics, or IpoBeasnee; the foam hasanenen cell Kgament 5emBHteY to the surface of
the foamof this invention to produce a foamcore conposite material wth
accept abl e prinpaetherembadimest, tieobjestivéscus aachmplisheddyyiaoscthed ofpreducingp ot her
materials could be inpregnated into the foamfor densification. Based on

t he dat aobhigefféct whetetn & fefmbiecondubion, pivdrderbiee carbbn feay &rselecteds @heat i ons
3 be made and the inportant features of the invention are: 1. Pitch-based
bon f . i j i : il | it hus
Savi ng (oD i e AR R g e DA P A A i

foamis %fhi Sved upon graphitization to 2S00C, and thus high thernmal
conduct i CFS? and stiffness wll be exhibited by the foam making them

suitable as a core material for thernal applicatiagns. .
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.



26 Novenber 2004 -nB. Hi gh conpressive strengths should be achieved with
nmesophase pitch-based carbon foans, naking themsuitable as a core materi al
for structural applications. 4. Foam core conposites can be fabricated at
the sanme time as the foamis generated, thus saving #ﬁﬁe angl gﬁ@is 5.
Rigid nonolithic preforms can be made _with significaft ‘GPER°H ity
suitable for densjfication by the Chem cal Vapor Infi.l.tration nethod of
ceranic and JBPRYSHET a5PSqttRERGALe upper pid oo FRSEAveLr LIy d cpmympicalinn i, 4o

wi th significant open porosity suitable for activation, producing a

monol i t hiote zndta g dewibom. fluid commusication with theenpengnd JaWgr FR§EIVAE pr essur e
applied, the size of the bubbles fornmed during the foam ng will change and,

thus, thgagtedtd dalivesthe engiotatimitudd hem the e résesvoiran tHeeuppef mstredir. The
followi ng alternative procedures and products can also be effected by the

process of thj sy | i &t RPoStioREEhQERaticbinERIP bRsvidhapes

for densificgbiégfr%%@ﬂ%ﬁgﬁ%crt’]%glgiﬁg{)npregng)toi olr?. 2. Alg%?vgt ed car bon

nonol i ths, . 3. tical absorbent. 4. L density heating elenents. 5.

Fi r ewal I°°Wa§t%ﬁa§€13‘?m%‘?‘erﬂ8 w&m@&w@%‘ﬁ@%f‘ﬁ%ﬂ%m ssion targets for

hi gh-energy physics applications. It wll thus be seen that the present

i nvention pr duiyeeanothsr asneet, relativeanetinndbesyeqs the foagnanrdheahirprsfers St or

structural and thermal conposites. The process involves the fabrication of

a gr aphidevelop&nim the presehcies apeaceofam dvapdrative liquid by mowingahe fam, fereby

synt heti c, 26 Novenber 2004 -18 petroleum or coal-tar based. A blend of

t hese p'&g&@%aﬁ%&a@bﬁaﬁoﬁ%gEH%'réb)éﬁg-thJ&%liﬁg@HEétf' ed process utilizes a high
rgh tenp

rature furnace and thereby, does not require an

PaLSsur e
(‘dativest i,l]ization. ste The foam has. a, rel ativel i

di stributi onaﬁfﬂ iﬂS’?‘Ef SFJE’&@"%%BWR?‘E pFoFayion 5 EII?‘P?HWE‘ ‘%:flegéﬂesé‘ﬂﬁ@‘c’il%?“{m} and
density of approxi mat el &)0.53 ?/crrB._ The mesophase p,itcﬂ is stretched al ong
the st ruosdugtivityorays friden deany filled witharbagashangematcaal wherpigiremendpys, o 4
graphitic structure in the struts. These struts will exhibit thernal
conduct i amdunesofahensl efdrpeas skired rak enitted MerywapiglyeXpeprarovefoamghatdesf or mance
carbon fibers (such as P-120 and K1100). Thus, the foamw Il exhibit high
sti ff nesg.canficl R TBIhaSOABMES natdridl BICM) WRIl Yorlday itaNGithypKase chargecc) . Thi's

foam can be forned in place"as a core material for high tenperature

sandwi ch panel s far_ baoth thernmn ructur - I reduci ng
fabri catl?‘gtt“?n?eli SHﬁh ﬁ’éf/a‘n‘ﬁ‘??‘???%‘& aﬁﬁ?gl&% § ugcﬁ'l?%t%rﬂa?g{l%g&{rﬁelggﬁ}isf %ﬂ& oam can
be easily activated to produce a high surface area_activated carbon. A The
act i vat eRpesasingdempesaturs i the Agice Asdicrls ééj e e Ypfeesdrom gt’ﬁt SPWEe iy
granul es such as attritlion, channeling, and |arge pressure drops. The high
t her mal  ascncbnauiterichip, Grinticonlup dara-oitryttheuigh theratinospheeey obradistion sydipst o

provi de an evaporatively cool ed heat sink or heat exchanger. The carbon

f oam asstﬁﬂght\,/ﬁﬁls ﬂ‘rﬁrﬁﬁiiﬂté&ﬁﬁ?ﬁlﬂlﬁ&ﬁl wifoemlythebughowtehe folamchnidrthérn ©she ghage has an
n structure which allows free access

change material. As the material changes phase, it absorbs orders of magnitude more energy

O

than non-PCM material due to transfer of the latent heat of fusion or vaporization.
Conversely, the filled foam can be utilized to emit energy rapidly when placed in contact with
a cold object.

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

hypersonic flight or re-entry from space.



to a working fluid to the cell walls/liganents. Wen the working fluid
contacts the cell surface it evaporates, and the | atent heat of

vapori zation causes cooling of the carbon foam The extent of cooling
depends upon the working fluid and the anbi ent condit] SYF&‘E/Q?E@ ature and
pressure). The heat sink/exchanger tenperature has b Q Te®% all to

| ess than 223K ( 50C) using acetone ag the wor ki ng fluid at a pressure of
1200 mcrons Hg (1.2 torr), and 0.5C using acetone as the working fluid at
anbi ent tenperature and pressure. Forced air flow over the carbon foam

i ncreases the tenper atuB%JEF@ESGRI@’ﬂ@@sQEFHﬂﬁRAWW%venber 2004 -19
observed under anbient conditions. The heat sink/exchanger described herein
finds appli catiponi ai michg@dphridlosating $ypséat oarben édanawithéntsmoahecheddyrboaol i ng
suits, portable refrigeration systens or coolers, and air conditioning
syst ens notive). The follow ng Exanpl es denonstrate the
evapor ath‘%@@%ﬁ?%&%ﬂ?@%&on the previously described carbon foam when
contacted with different working fluids as represented by acetone, ethanol
and water. These Exanples are not intended to |imt the invention in any
way. The foamed carbon was doused or partially inrersed in the workjng
fluid. Upon rigeval aemgigtogtaphaef Rifdhgdarived garbam foams graphitiged #2508 Gt es
VII-X, the foam sanple was placed in a vacuum furnace with a thernocoupl e
penet r atvangus haghifiestionanpl e. The foam tenperature was nonitored as a
function of time and pressure (vacuum). The anbient | aboratory tenperature
was approximately 21C. EXAMPLE VII: Acetone Tinme(m nutes) Pressure(Torr)
Tegperature(C) 0 7401 3.51 29-37.52 29-46.73 1.2-51.84 1.2-53.4 Wien the

le was r ved fromthe vacuuym fur i.t_was ted .that |
formed, pres %bf? af‘lrﬁwwgﬁﬂpg&‘élgﬁ%@ﬁmn}l?r8ﬁ§af’hg§‘|p&vpﬁé?§’§% %@sogﬁ%r e, or
desorbed fromthe foam EXAVPLE VIII: Ethanol Tinme(m nutes) Pressure(Torr)
Tenper atfora(poydwed hp fig macesef this invendiopq 73 1.2-21.7  Ti me(ni nut es)
Pressure(Torr) 4 1.2 5 1.1 6 1.0 EXAMPLE I X2 Water 26 Novenber 2004 -2C~
Tenperature(C) -25.1 -26.8 -28.6
Ti me(m nut es) Pressure(Torr) Tenper at ure( C) 074020. 512916. 42291 6. 532916. 642914
. 652912. 96291f}¢5 2%cHaf IRustraff2 SurRulatiVintiiSioh RehudRRCRerals poicadihetet. X t he
sanpl e was i rsed in water in vacuumto ensure that the foam was
saturated. This probably allowed an excess of water to penetrate the sanple
and reduced the exposed foam surface area avail able for evaporation.
Mor eover, the_resultant ,his\%rh ,vvaiﬁer ,Parti, |, pressure in the furnac? made it
i npossi bl e t oFigt Y #iarhgsdiusiiating log ditfgrentiald TeVQliigg VeIsHH R AMRSST: ¢ he
experiment was repeated in Exanple X, but with substantially |ess water
applied to the foam EXAMPLE X Water (Repeat) Tine(m nutes) Pressure(Torr)
Tenper at ure(C

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

raw pitch.

Fig. 11 is an X-ray analysis of the graphitized foam produced by the process of this

invention.

Figs. 12 A-C are photographs illustrating foam produced with aluminum crucibles and

the smooth structure or face sheet that develops.



0 7401 9.91 2914.52 290.33 29-5.5 26 Novenber 2004 -21 In this case,
sub-zero tenperatures were attained in a nuch shorter tinme than for Exanple
| X. The data for Exanples VII, VIII and X are plotted in Fig. 14. The

| owest tenperature observed (-53.4) was attained in Azé(rgnut S #@l ng acetone
as the working fluid. Tenperatures of -24.1 C and -5. REEe éi ned over
the sane tine_period when the worKki n'gl,of'l id s .et hanol . and water, |
respect i vel y.Fig\ 134y ispseharpaticadewy fllysgrating §p§Q\g‘[‘a‘°§‘l‘b‘?‘P FabE QENPESLIS | | |
were perfornmed to show the effect of evaporative cooling at atnospheric

pr essur ena@ledn hergpdanat with. thiftevehtiamed car bon sanple was placed in a petri

di sh. A thernocouple was |ocated in a hole machined into the foam The
carbon foam was doused with the working fluid until the bottom of the petri
di sh was conpletely covered with the working fluid. The resultant foam

tenperature the. i i . t one
Ti me( m nut es) %&?@?@?ﬁs?g%@n‘@%&m“ﬂ@%égﬁ%ﬁ%@ g@ﬁ?‘eﬁf%%ﬁs e 2% 003, 22
13.6213. 0311. 5222. 9410. 3232. 7S8. 9242. 668. 0252. 477. 3262. 386. 6272. 196. 1282. 01
05. 7291. 8115. 3301. 6124. 9311. 4134. 5321. 3144. 3331. 1154. 1341. 0163. 935
' 0.8173. 7360. 7183. 5370. 6380.5 -22 26 Novenber 2004 After 38 mnutes there
was no acet orfagwildilglage chartsiplotiing tempgiasuresimeofdbe carhen faapbisauliiag fredhp| e.
The sanple was placed in an air circulating oven at 60Cto dry it and then
al | oned dy@pdraién 60 ROk il Q6RLdiaL ts this inveidWPLE XI | : Et hanol
Ti me(m nutes) Tenper at ure( C) Ti me(m nut es) Tenper at ure(C)021. 6191 5. 4120. 3201 5.
3219. 62115. 1319. 02215. 041 8. 62315. 05!
8al2414. 961 7. 82514. 8717. 4261 4. 8817. 1271 4. 8916. 9281 4. 71016. 72914. 71116. 5301 4
P216. 33114. 61316. 23214. 61416..03314. 5151 5. 83414..516| 5. 73514.417] 5 63614. 41
815. 53714. 438‘161&-. ls%‘[%’e%ra‘%%‘aw? WﬁWéﬁ“i“ﬁ‘éP% Offem °‘§‘F‘§H} ?‘f‘B‘gP{‘t“géﬁ%‘iﬁﬁ Olof
ethanol visible in the bottomof the petri dish. The sanple was placed in
an air doamwfhisinyeolign at 60C to dry it and then allowed to cool to
anbi ent tenperature. EXAMPLE Xl I1: Wader
Ti me(m nut es) Tenper at ure( C) Ti me(m nut es) Tenper at ur e( C) 020. 9191 9. 31~
20. 32019. 3220. 2211 9.3 26 Novenber 2004
-23-Ti me(m nug:es)el r L a1 J . 2419. 92
3To. 251 0. B24TdE 0 BES i ABEeYRHS WA AR dERan RO b o o 1 11
9.53019. 01219, 5311 9..013~19. 53219. 01419. 43319. 01519. 4341 8. 91619. 3351 8. 91719.
33618. 918 RPnIRFNPL HB BN i t i onal water squirted over carbon foam
sanple. After 38 mnutes there was a significant amount of water visible in
the bottom of the petri dish. The tenperature of the carbon foam plotted as
a function of tinme is shown in Fig. 15. The m nimum tenperatures are higher
for all threcFign2Xkissectionwutisf 4 heahsink deviee for éhdavdng faodarsirigacetihiagié as the
evaporati on occurred under vacuum Mbreover, the rate of tenperature
decr easeHRS HMEE nafdMal er for all three of the working fluid under anbient
cagpditions. The | owest tenperature reached (0.5C) was attained in 38

utes with acetone as the working fluid. The | owest tenperatures attained
over simlar tinme periods were 14.3 C and 18.9C for

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

orbits.

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

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



et hanol and water, respectively. Athird series of tests were conducted to
determ ne the effect on foamtenperature of enhanced air flow during the
evaporative cooling process. The procedure set forth in the previous
Exanpl e was foll owed, except that in this series of experi nta(g‘fan
(rotary, electric notor driven donmestjc cooling type)2 gv 820 bl ow

anbi ent air across the foam an E)etrl'”di ah.. . 26 I}Jov?.nber 200~ -Zél- EXAMPLE
Xl V: Acet one Vilg126fippchyt aﬁqttmgt e thermal conductivity as a function of density for Conoco

f 1 owTi me( m nut es) Tenper at ure(C) Ti me(m nut es) Tenper at ure(C) 021. 54- 2. 815. 25- 3
. 22- 0. 96n&oplas? derivedl. grmpititei foan pnaphatszefl ab §f€riminy r epl eni shed wi t h addi ti onal
acet one. EXAMPLE XV: Et hanol with forced air »

f I owTi me( m nut es) Tenperat ure(C) Ti me(m nut es) Tenperature(C) 02l.169. 111 4. 678.
9211.588. 731 0. 898. 849. 7108. 959. 3 Ethanol in Petri dish repl eni shed once.

EXELMPLE XVI :Mater. wi f i o

£1 owTi me( m nUREL T8 wé’té‘?té’ﬁggﬁ’g’?%@ibr%sﬁ%’l imaging of a samplc of the afoep am OTHe o 791
4.9217.11014. 8316. 51114. 8415. 91214. 7515. 613l 4. 7615. 31414. 7715. 11514. 6 The
data frodfY®@8Aples XIV, XV, and XVI are plotted in Fig. 16. An enhanced
cooling erect is obtained when air is forced over the evaporating working
fluid/carbon foam . Table | bel ow summari zes the tenperature drops

{di fferences) attained for each working fluid under the three sets of

condi ti ons engihoeeid a photgribuakendy SEM4maging dabkemple oSthenarbondbamefper at ur e
drop data for the three conditions exam ned here. Tenperature Drop,

CWor ki ng

FLowAcet gnée'%fé?@%ﬁﬁgﬁkfﬂﬁ%ﬁ Elft%l%?%%f???@é&é‘tcgﬁiﬁeme. HERNE R B Inehdonnect
i T | . Ry
condi ¢ | hemelebiaaboyidpansal e o hamEh iy STl ST EE A BT e

vacuum pressures were used, as indicated by the anbient data. Forced air
f 1 ow enheetlahaimetbe cool i ng ef fect due to evaporation because the parti al
pressure of the evaporated sol vent over the foamwas reduced, and the
saturated air was being constantly purged with fresh (unsaturated) air.
These data clearly denonstrate that the carbon foamof this invention

readily attains very |oprARMBSTASCEPTIONOH PHENRVENDONL i ve cool i ng
u

effect of the working id, which can be used for the renoval of unwanted

heat. The three ex e, working, flpids I I e

sel ected bec aﬁ‘s‘g&?ﬁ gﬁhbgfr?teég%lf’%g%‘? #qamrggﬁa?%‘gg?rh&%ﬁtgﬁﬁgﬁﬂn&%ﬁ%%mﬁed have a
high |atent heat of vaporization, a vaporization ter’r})era ure close to

anbi ent , foblewingnExamgles LXIX arpset fomthe gy pip not iendsd toimt{ae MYSRHORIANY 5| of
this invention attains |ow tenperatures for several reasons: (i) It is an
ef fici enlvapeat transfer nedi um because of its excellent thernal

conductivity and large surface area; (ii) The working fluid has a high

| atent hgtangpriv@pori zation and a |ow tenperature (close to room

t erature); (1ii) The anbient pressure is low (i.e., a vacuun) causing

14 evanor 2l gl BRGEEPRILORTNAN] AEinold A MEVERRAY i hpe 3P The

foll owing are rp ns o0 err nents of heat renoval systens
for different applications that take advaptage,o he, | ow,t r.at.u '
at t ai nedtherfOQme%E@férﬂl‘Sh maigrialy Wé}?tSPB’ﬁteleEéﬁgﬁd‘e%’af ﬁ%ﬁ‘ﬁ‘\?«l\e @ﬁ@ﬁ?@a:‘{%'
evaporatively cool ed heat sink or air conditioner for home or autonpbile is
i | | ust r aéehesophBsaypitchvasaridized.| % paepet 1®ld releese rganyor film i applipditdbe sideom a
reservoir 112 to a header tank 114 via punp 116 and lines 15 and 17. It

drai ns t Br @UakbId Realf¥ RATbVaPathd p&t.0fn thiti casd, Boesti NivridedprahaidsDenGemphite i n a
i nper neabl e coating or skin 120. The downward flow of fluid through the

foam 118 0 Gl PwdRAGharhflfy 58l SR Riled8E Aeht Vit e oRIiE ke eroffi prer enti al

aluminum, no mold release agent is necessary since the molten pitch does not wet the

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



created by the punp 116. Evaporation of the working fluid fromthe carbon
foam surface causes cooling of the carbon foam 118. A vacuumin the
reservoir 112 created by punp 116 enhances evaporative cooling fromthe
foam 118 and increase the tenperature drop, as dennqg{&ateq)ig %Qe previ ous
Exanples VII-XVI. A fan with a nDtor]%Z and duct 24 QYgbeL 2 ar ate air
stream (at anbient tenperature) fromthe air used _for evaporation through
penet r apitehdoesaiof wet #nd, Hss they Wil netsed &Oiéf?leé‘ﬁ%l ?B%?W’H’g‘? "’l’i‘@"%?ﬁé? Eesf he
air gives up excess heat to the cooled foamcore 118. The air therefore
exits t ieanflomm andrtkenllic@tedtto bé¢roperatmis approximatebyr X tor W0HH ebeve the pefiening duct ed
to cool inhabited space. Condensers or cold traps 28 may be required to

condens §oMRPR thR¥dabd Wherk Mitdudahl AR 4M&opilde piteindanssd, 360°Kiwg fluid is
returned to the header tank 114. Alternatively, instead of air another

cool i ng f,bel} Gy %‘f’ﬁ)?s ;?ﬁntv\ﬁlte%.ra with Fyljeﬁa@?edgtb}é%%o NPkl £{d théd & BRSO d be
used to Paiove heat From critlca conponent s, Zlich as el ectrohics or

chem cal /medicines in_cold storage, or. .internal conbusii gngi nes. Fig. 18
shows aMPdQARY} Rt ilwpye@oﬁh%@nw&?aaufs& thesysipy1f fhepagyse A‘i‘?%@ﬂcg’g‘g & at ed
carbon foam core 32 surrounds a series of open cavities 36 into which itens
to be coahpatataresufificieddo cikeghe pidelpwhichtis shputki n 38 al so provi des encl osed
cavities 40 and 42 above and 26 Novenber 2004 bel ow the foam core 32. The

wor ki ng spbed: g dbouP eo00ed. Mhisds pbdornid o hoste df & gicater HAnabolt 6/ hin: andyh
openi ng 44 and drains through the foam 32. Vents 46 are additionally

| ocat ed j Yk Yo a | ; [ filddi # the
Wsphg#ég?ﬁaﬂf&aa‘a%?%ﬁ?o%ﬂ%ﬁ IRE B P REN PP L MR 4

face redugces the foam s tenperature. t for .additional king fluid
evapor at?F8ed ©akap Qt?@ae %PWnBﬂ‘é{e’b‘ﬁé‘r‘fnﬁ‘ggﬁtaf’é§°‘§%(,§jg“[rlﬁ’8§ﬂ9@8\é\r%¥uﬁ% t he
tenperature within the cavities. The entire cold box is wapped or clad in
t he t hereferabhsthe foanowaseepled atrarteefiappioxinately d b °Ciming withagleaserod prespup
(cold storage) cavities. A fan could be fitted to the insulated cold box

130 to igraasLapproxifatly 2 Psintigh Rit fom mngretatires forithree pasiact fues wempor at i on
rate of the working fluid. An evaporatively cooled cold pack could al so be

made W 19B0bE%30°¢ A4 866’3@%%@{\‘1’%9%12% SerEmhaursistibatd ghadulips@ currently

avai | abl'e are frozen p and may be fabricCated using the

carbon foam paterial.. A carhon foam bl.ac I | ith a

i nper rreé’gtf‘gsﬂl?ﬁ’f“éfﬁ"alt}on?h m%?il ngs ﬁeaihﬁaﬂl}be@% tgéag%"ﬁ’?@%%?ﬁ‘z g&v?eelﬁd%\ﬂh% f oam
surface and evaporate, causing the foamtenperature to_ drap. An opepi.ng

t hr ough nifnegen blanketanditheryhaat tipatedusn sepasie Bt 0ldu %3) %ﬁ%ogeégliaamﬂgﬁﬁ m
evaporating fluid to vent to atnosphere. Fig. 19 shows the carbon foam 118
of this Amgeention in the formof a block 51 to be used as an autonobile
radi ator generally 50. Hot engine cooling fluid is introduced into intake

mani fol d 52 @ﬂ?@f%ﬁ% GﬁredﬁeH%ﬁthﬁﬁisW@él&m@@%% ok i fied vitthshoteraieidgrapbly, 51 to

out put mani As seen in Fig. 20 foam bl ock 51 is supported in an

» '

onobile as i.ndicated at 5 Vi t . 5. Hot
fluid i sSC%‘BH%?)S%mW“{%‘ESﬁ?RY @glr@u ?{]9‘%?%?/ %i?ﬁ%g‘l%é’{‘gr‘]@@ 85‘?%@%?'&%%%‘33?1‘ ol d
52. Cooled fluid returns, to engine 59 by j f ke conduit 60.from out put
mani f ol cegsin the Figﬁ‘éﬁsa?u?’d%ﬁitqr@r%ei%“%g P'ﬂg 1 tﬁﬁ isoghygppatic,regiqns “Pg?c ed

t hrough the foam bl ock 51 and renoves the heat to the environnent. The

ef fi ci eneyssefoldrizat lightindicate thiat dm stiws oflie freor arg Qompletdhe geaphitien {Thaf is, alk
directly related to the surface area of the 26 Novenber 2004 -28 bl ock

S1. Si NG tRe pidM W Qnkerted t8 @raphite dnd Sinel YiochgitRedas of s samsr Tkesaatratsy
| 9,000 nR2 of surface area while a typical radiator nay approach 10 n2, the

i ncreased effici.ency.. - adi i ' of
g ¢ ad a4 G ik atd e Byl chiop AR Mo, TRUIUG RALAER O,
device generally 70. The di, devi.ce includes, a foam.di ord4gn 72
connect éffe fpamwaulddise ‘g\]i%épﬁjéﬁsséﬂﬂ@ﬁ? St‘?el‘gﬂ} oS SReRg B Zﬁ?’ Llﬂ?ﬁ él?‘u@l | ow
conduit nenber 76 and an outer conduit nenber 78. Air and an evaporative
fluid armicrograpiefthd faam, shecloaais operecelivlar mepning shat ghe nogesityihBotcdessfdi sk
portion 72. The air and evaporative fluid are spun out of the disk portion
72 as i tFiigfirek Otanll Ochré fesiilrofohk sictt@npporisiraetdly wkispTheseaestsiddicatei thatitge pdrewn by
arrow 80 for the air and arrow 82 for the evaporative liquid. A fluid

i nper ne (o W nseal ed surface on opposing sides of the
di sk po??%%ﬁ§§§“h€g¥%?Pﬁ?gi?gﬁgg%c%oled i s passed down central hol | ow
conduit nenber 76 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 notor 90 driving pulleys 92 and



94 by drive belt 96 with pulley 94 connected to conduit 74. It wll thus be
seen that through the present invention there is provided: (i) A carbon
foam having a very high thermal conductivity. Large tenperature gradients
are thus unlikely to devel op, and the surface cooling_due to evaporation
will be quickly translated to bul k m_ahe_ri al cooling. ¢ Npveppherg has an
extended surface area resultin omits cellular structure. This allows
for rapid eva‘bwpgﬁv’é‘?em%@“@g?{ﬁi’ﬁ&w Plishway ?‘?r? o gt&%ﬁ‘ﬂlﬂ% ®an open
structure which allows the working fluid to perneate the material . 26

Nov enberte@p@dtur@at whiol) thetvelatids| are evadvesin dAd ¢agdesaen inrlipeetl Oethe pitgh Inses/ar i ed,
allowing the material to he tailored to the selected working fluid or

anti ci pafeady 20% df8 ndddp i tdpidly i the tdnp@itkiengngd bitaedrpabohed e Camdaboithat
is non-toxic and environnmental |y acceptable. (vi) Evaporative cooling

SySt ems gd6@ agthpggfﬁis%ﬁe @mg@ﬁﬁeﬁgﬁs p}ésalré,whehacﬁﬁ&l bOVBOOZRI ©) ener gy

consunption an ease ella ew or no noving parts. Anot her

obj ect of the present. ipvention i.s the oductign a_carbon heat
oi'nic_ pr QERSHte AIGHET SABS S i el DEBRELCTHS b PESRBLS B APEERRY oam
filled with a phase change material wherein trenendous amounts of thernal
ener gy agasessupidbcevaineddvring bepting thropghy theitemperatupiapge of PACite 4B99G. cbhani t h a
phase change material (PCM) at a tenperature close to the operating

t enper atgasés fbdide fdaminge:feds(like dbiling) ardthe dndlentpiteh s Ak ftlectempbraonre & heat
source such as a conputer chip, friction due to re-entry through the

at mos ph%ﬁ@r{iﬁé&ﬁ it 3 te&g)eﬁgglﬁ? ga?]ngﬁlg'ﬁdng Bbo°d o 1080%CE ?dckﬁeﬂ&iﬁgs'n frRRpedidic and

Lformy roughout hen to the phase ange nmaterial. As the

erial .c e hase,, |t absorb [ der f magni.t ude e_ener han
non- PO e b eoaaE PiEh pfeafes gpikegh Of HE 4l AORRIRE S Fo o egh et wbeh
vapori zation. Conversely, the filled foamcan be utilized to enmt genergy
rapi dl y mitsbn Hsnee dlap foamengrhaseccurradrbefore thegelspsecefipressis-and pthesefye.diisodi nent s
di scl osed herein are a device to rapidly thaw frozen foods or freeze thawed
f oods, eprdess Wverpdiffessnt ffonopevibesst.ng of satellites or store thermal
energy as they experience cyclic heating during orbit, and a design to cool

| eadi ng ed9eSSMIE%HOIQXH@%%HNV&JIMCH&% Qo "s;?‘ec?rﬂéﬁSYf_of FrRARUPIABEE thbinr der to
illustrate the carbon foam heat sink product of this invention, the

follow n X | es,are,set forth, Th e I I

i nventi ch)ngﬁcatgﬁty. %Tbulk @M&%‘}%‘SPV%@E@%@&EQX%@% #db &I\;}}%etf gr

Thawi ng Food Acetic acid has a heat of ;nelting.of 45 J/g at a nmelting point
of 11 @vemge deesity ofthesemplesgvasi0.3oelem’™ . Whep pyeight igteken g HegMrtheg 3/ g at
0C. Therefore, take a block of foamand fill it with liquid acetic acid at
r oom t engpecifioehdrmahconidhétivity ofthoeysitodh derived foom ivmuer 4 times greatenthan shat af

pol ymer such as pol yethyl ene on all sides except the top. The top of the
foant ac eédp?e@qmikhei &svanibhd cal e Gfifip&DoWstifa® the Glerileondlctivitndiithicistrutsy

m num pl ate that snaps into place thus sealing the foam acetic acid
i de t 1 | a ! i ) : IS
r0- i . NomBet N g BRG 10 WABKTRE it CubbIf e eyl Eont Wi caon ©
acetic acid that fills the fo i.S rou hlg 921 granms. Therefore, when a
pi ece of 1pgreproduegdfrom this sape. ARALABHOBRASC RICH the top of the al umi num
bl ock, the foamw || cool to the freezing point of the acetic acid (11C).
At this pointX-tapendigas ofghe &amowas perrfmrmpgéo detemiige Hisicaysialling strucBisg akthei t

also remains at 11 C) will be equivalent to 49 KJ. This heat is rapidly

transf er magribp Tﬁ&-fa?(?éﬁﬂts ARAsho#a ih Figuhals Kroin thissdatd, etepgraghent 13€) . Thi s
anmount of heat is sufficient to nelt roughly SO0 granms (1 Ib.) of neat.

EXANPLE Ll (413t Soli RS 6656 e HRbhn eSah el 11069 P  ng Oycl i c

O bits. carbon-carbon conposite wt foamin which the foam

is a core materjal w car bon-carbon.face sheets .(figure . Fill the

f oam cor GCtGHRC t°§1?m0§g ‘Hnﬁﬂ‘ggﬁ S@ﬁ?gﬁ‘&é’e}éfgf‘f §$tem§ &%%%ase 45& ?al?rgf fin wax,
that nmelts around the maxi num operating tenperature of the satellite
conponents. One nethod to performthis would be to drill a hole in one
surface of the carbon-carbon face sheets and vacuumfill the phase change
material in the liquid state into the porous foam Once filled, the sanple
can be cool ed (the phase change material solidifies) and the hole can be
pl ugged with an epoxy or screwtype cap. The epoxy and any ot her seal ant
must be able to withstand the operating tenperature of the application. The
foam core conposite will then be nmounted on the side of the satellite that
is exposed to



26 Novenber 2004 -31 the sun during orbit. As the satellite orbits the
earth and is exposed to the sun, the radiant energy fromthe sun wll begin
to heat the conposite panel to the nelting point of the phase change
material. At this point, the panel will not increase in_tenperature as the
phase change nmaterial nmelts. The anount of radiant ené? JipvemberZRd| can
absorb wi Il be dependent opn.the thickness and. oyter, dinmensi,ons of t.he

panel - The SoBRFSHEN SSIE SLAP SHTBIFR HeIA TN 41 Bt AMBAGHE ERGUIEEESEIOB! ¢ he
orbit tines of the satellite such that the material never conpletely nelts -
and, t hmmduliswes nesesened $0 b3 AdiPa. t Ereplopmirsample wseaasilymaphinebangdbgonid be o

| eaves the view of the sun, it will begin to radiate heat to space and the

phase chandled rRalRY withowt fedr didiginags, indicamga. godistrangth.e will repeat itself
once the satellite cones into view of the sun once again. EXAMPLE Xl X: Heat

Si nk for Leagj;g %F%ﬁ éoq{&E ?‘Iihté gn?fﬁex; Eﬁ]?ﬁﬁéﬂlﬁ% hbfe@it diffilafXRARAI AR ARIGXT F ere

heats during reentry. Speci e | eading edges of the craft can

reach 1800C and .t he bell f the.craft can reach te r.at [ as

1200C. - ORRGHeRs pERisyBe el pame it al e B P REE G Ba i, AL

| eadi ng edges and at the surface of the belly (Figure 24), it would be able

t o absorfictshomsghltisgdeany is s fasiledhatdtgand nat guercbe handigdtp parfpema tastsr at ure of

the hot areas. This also would permt a faster re-entry or (steeper glide

sl ope) avigldingi uiidar pressife serves e limittke prowth efithecallsameisproduces hiusableswterink

phase change material would nost |likely be an alloy, e.g.

ger mani wlj%w whi ch nelts around 800-900C and does not vaporize until
h hi gher than the maxi numtenperature of the craft. For exanple,

mani um has, a heat. of for i on.&heat, of s, woul d
requite 1.0 K %}?er@‘rvﬁﬁﬁﬁﬁrﬁq%ho#)gﬁﬁ%n@ﬁglsttgﬁp*@l{é%é;f?tnro g({ %@gﬁﬂé{gﬂg&cl)?ﬁéklﬁ] $ting
car bon/ car bon heat-shield by 668C. In other words, if the existin
car bon- daflipeasesve malds wersdised an alungnumoysighing dish gad Asertionsd §qd|aé’8‘%f Thén the
maxi mum t enperature of the heat 26 Novenber 2004 -32 shield would only be
about 1Xkghepracesd saet fofthdh BxtmpRIGCeployedexceptethsatrthie fidelpokuigrigmperature
duration of thermal |oading. This U S. patent application incorporates by

ref er engg,ddi Eiet, §hid thskdvearhbaninghhaio®melding. patent application no.
08/ 921, 875 a&ll}lt ed S’epterrbg’ﬁ 2, 1997; U.S. patentngappl i cation no. 08/923,877

filed Septe r 2 9% .U | ' jil.ed June
8, 1998: L Tt b%?@ielhasgﬁﬁt@%%.lgﬁ tﬁ@“‘b@%@%%ﬁ%’?j@?@%&? © 1999:
Klett, J., l Hi gh 'I;g&r nallg}gong%giéh\éiw%?nggphg%emgif ggé %%vaq%ﬁgn%%" tic
Foam " 4£9MPI9XTapciImpibE B0RN Ziig h  J.
Klett, C Walls and T. Burchell, "H gh Thermal Conduc-tivity Mesophase

Pi t ch- Demid\ksreGmining cdfosmed as Eifoddt Nofrelpase @genst avas ghilizrd: Netg that theshape of
Properties,” Carbon '99, 24 1 Biennial Conference on Carbon July 11-16,

1999; J.thKl&tking phkt@bnfbhAS iPthe S oF thedolly carlyesandfaes graphitizatidieto 2860°C.
phitic Foans,” J., Conposites in Mg., 15 :4, pp. | -7 ( 1999); J.

Gar bon P gemSEE e dipeh el JRBTRY o MRRATL M Bt s hRF BB Hehol G v

Eur ocar bon Programme, vol. |1, Strasbourg, France, July 5-9, 1998; and
pages pu%‘F‘P%‘r&?é]tsat the web site of Poco G aphite, Inc. of Decatur, Texas,
at the Internet address poco.conl pocof oani grafprod, as downl oaded on,
January 21, 2JB0be secThdeasal aschowndn Figst12 Baad Sramleying amaluganurasressht dish; ¢ v
The validity of the flash diffusivity method and whet her the open porosity
woul d pey ér} sipesfisiffhécoRadforhbdof ertsufates@ntaoting thealwaimpie Traslistdirebidy
establ i shed. Deep penetration of the pulse in sanples typically causes a

change iR INGLEBREEE! it ﬂhg nﬁ)?f@% EI)RHII 36esQdt (WeEthB 36rfadedFhPAluinffing Tk €.

Thus, errors 1n the reporte sivity can be as high as 20% However,
the rather large struts and small .openings of the, f lim ; epth of
penet r at Wﬁwdtahg‘ﬂt%‘ﬁlm B‘f?é‘“?%cof‘{;@e’bg?ﬁg e@??’%@?@? gm?§368&%e§ é%@elhﬁ’g?&2004 -33
- 500 mcroneters), or less than 2% penetration. T ereéore,. it vvaﬁ bel i eved
t hat' t hi epntast Aieh derebondingerymproying keat transfesc Fhisgmoothgugiace will petas pieng)
conductivity. This was confirnmed by testing sanples with both the flash

di f f usi vilegt andi thos, safodmtdoee tdmposite can balfabritatedinksts withtheneasur ed
conductivities varied by |ess than 5% verifying the flash nmethod as a

vi abl e nmethod to neasure these foans. |If the pore structure changes
significantly, the flash nethod will likely yield inaccurate results. In
anot her enbodi nent of the invention, tw different precursors were used to
produce foamw th the process of the invention. These precursors were a
Conoco Mesophase Pitch and a M tsubishi ARA24 Mesophase Pitch (herein
referred to as Conoco and ARA24). The results are shown in Tables Il and



approximately 256 to 334 WnB/nKgm As stated earlier, for a foamwth a
bul k thermal conductivity of approximately 58 WnK, the |iganent thernal
conductivity is approximately 700 WnK. However, with the data shown in
Tables Il and 111, when the 26 Novenber 2004 -34 tgﬁ@gal ﬁo%ggti vity of
the foamis about 147 WnK, the Iigag%nt t hermal con VS 4
approximately 1800 WnK and for g foamthermal conductivity approxi mately
| 87 W nitabrication pighedace sherkr fince ddn fbaicated f%g%r %@&8@@?‘3@2@0 WnK. It
is an unusual property of the invention that the thermal conductivity of
thi s gr amthifadegoinss tesult dralatherinml stdssesamill el less, resulting i @ strengdr ingtepiakf er abl y
conpletely isotropic. The foam exhibits substantially isotropic thermal

conduct i vi ty T¢RoRswARE %xérﬁ;gltebmuisﬁ&te fiRiredidhion Bk csmﬁssifetrhmeﬁad cipleeng
metal lic thermal managenen

materials (Table 1V). The foam exhibits a

t hermal .co Ctd vi t 46 to 187 WnK for the ARA24 foamin Table I, that
i's conpélgea%?fghltsﬁ%veflﬁglgl ane thermal conductivity of other carbon-based

t hermal nmanagenent nmaterials, such as the carbon-carbon conposites

cont ai niEv?%"Mg’ ‘fiber that are listed in Table IV, which are 109 WnK and
250 WnK . The foam has a significantly higher thermal conductivity in the
out - of pl ane Rifich detivedreattvarfoamaas mm%wéfgﬁb@me&l@dﬂgm@@}n BxanaMe &re 1
WnK and 20 WnK. Carbon-based thermal nanagenent materials typically

exhi bi t peflisiha s Figl 134 teattmeatigOwasnhémmpadiangl iatch blotk 2Tx2pkERE Twer mal
conductivity, as shown in Table I1V. Al though several of the other thernal

managenen i i i tAher uet 4 1y i their
o't Blbosf'E2 A P4 St e Y thite] Br PR ASY clporEL B L R 1
ductivity of the foamis significantly, taer than all the available
thor i Bebyelhsebsrkeyienehramaptast ercatso ot Ko G aies Prie piased BEHRIGR P08 1y 1 s
more than seven tinmes greater than copper (45 Wn8/nKgn), the preferred
mat er i albottom dfdhe foginrdampias andhell pias placed i, a matched graphite meldi16 bHr t her nal
managenent, where weight is a concern or where un-steady state conditions
occur ofcofiprestio by igedphite pring@arB. i EheSdopobios sanplérwas hedtddounday an sppiee
mat eri als. The advantage of isotropic thernmal and nechani cal properties

shoul d %éesrgﬁ%g)gjo{? géé%rg bfhgﬁe%lﬁret SHR08(¢ Gt AP Eof 3°BHh. ernniPRtRe b ihehent .

26 Nove . Properties of Carbon Foam Sanpl es of the

sampl o Rested BRAT st G PO Rovie ALer TP Ab o oo ana oL e b

Pressure
generally 20 was then removed from the mold and carbonized under nitrogen to 1050°C and

then graphitized to 2800°C, resulting in a foam with carbon-carbon facesheets bonded to the
surface. The composite generally 30 is shown in Figure 13B.
EXAMPLEIV:

Pitch derived carbon foam was produced with the method described in Example L. It
was then machined into a block 2"x2"x1/2". Two pieces of carbon-carbon material,
2"x2"x1/2", were coated lightly with a mixture of 50% ethanol, 50% phenolic Durez© Resin
available from Occidental Chemical Co. The foam block and carbon-carbon material were
positioned together and placed in a mold as indicated in Example IIl. 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,



(Psn Tots! Pore Area (m/g) Mean Pora Dianeter' mcronbl Certsily f
cm-Spec: Cic Surface Area [mMirm |~ Thermal Condudivily" (W m-Kj Spec: Bc
Ther mal CondurrvAy /SV~c:n~-mK gma t ARt 000 ~a006t.9790. ZZt 3. 635. 380 . 0. 6:
7aAR ' 100060047. 89t 250. 3i 1', 779. 3001, 2 | 32ht aRt 0008007 1%&9 30. 936. 400
© .1.33.0 IP' F.: r .ARr- Canoco ~1CRQ i atOOOthO rg4% 0. 95d
{ 190.7 .59 as0,5a ~ 0.3319,aa0 ~ 31%%°a80 t1.7 ' % = iE
! Conacot radboR in pfopebRithgatPRS8bapceTiopt hond foghe sirtace. Ths i also shown
. £ 00080020. 3t 728. €0n99. 9S5. 330 ~1. 3Z,'B! Cortoco ' ~st,. ,; r'. "- i ~.
N AR1COOgenerally at 30 in Figure 13B.

EXAMPLE V:
Pitch derived carbon foam was produced with the method described in Example 1.

The foam sample was then densified with carbon by the method of chemical vapor infiltration
‘ for 100 hours. The density increased to 1.4 g/em®, the flexural strength was 19.5 MPa and the
‘
i flexural modulus was 2300 MPa. The thermal conductivity of the raw foam was 58 W/m*K
| and the thermal conductivity of the densified foam was 94 W/m-K.
EXAMPLE VI: |

Pitch derived carbon foam was produced with the method described in Example 1.
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/em® and the
flexural strength was measured to be 19.3 MPa.

It is obvious that other materials, such as metals, ceramics, plastics, or fiber reinforced
plastics could be bonded to the surface of the foam of this invention to produce a foam core
composite material with acceptable properties. It is also obvious that ceramics, or glass, or
other materials could be impregnated into the foam for densification.
| Based on the data taken to date from the carbon foam material, several observations

can be made and the important features of the invention are:

1. Pitch-based carbon foam can be produced without an oxidative stabilization step, thus
saving time and costs.

2. High graphitic alignment in the struts of the foam is achieved upon graphitization to
2500°C, and thus high thermal conductivity and stiffness will be exhibited by the

foam, making them suitable as a core material for thermal applications.
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t echni que. Novenber 2004 Table Il11. Thermal Conductivity and

Speci fic Thermal ngduct | Density for Mesophase Derived G aphite
Foans made f %Sﬁylpgg%}fatn\éls&%cursors in the I nvention. Conoco ~. ARA24
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densification by the Chemical Vapor Infiltration method of ceramic and carbon
infiltrants.

6. Rigid monolithic preforms can be made with significant open porosity suitable for
activation, producing a monolithic activated carbon.

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

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

of this invention:

1. Fabrication of preforms with complex shapes for densification by CVI or Melt
Impregnation.
‘ 2. Activated carbon monoliths.
3. Optical absorbent.
4. Low density heating elements.
5. Firewall Material.
6. Low secondary electron emission targets for high-energy physics applications.

It will thus be seen that the present invention provides for the manufacture of pitch-
based carbon foam for structural and thermal ¢omposites. The process involves the

fabrication of a graphitic foam from a mesophase or isotropic pitch which can be synthetic,
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mesophase pitch is stretched along the struts of the foam structure and thereby produces a
highly aligned graphitic structure in the struts. These struts will exhibit thermal conductivities
and stiffness similar to the very expensive high performance carbon fibers (such as P-120 and
K1100). Thus, the foam will exhibit high stiffness and thermal conductivity at a very low

. density (0.5 g/cc). This foam can be formed in place as a core material for high temperature
sandwich panels for both thermal and structural applications, thus reducing fabrication time.

By utilizing an isotropic pitch, the resulting foam can be easily activated to produce a
high surface area activated carbon. The activated carbon foam will not experience the
problems associated with granules such as attrition, channeling, and large pressure drops.

The high thermal conductivity carbon foam of the invention may be utilized to provide
an evaporatively cooled heat sjnk or heat exchanger. The carbon foam, as derived from
mesophase pitch and as depicted in Figs. 2-7, has an open structure which allows free access

. to a working fluid to the cell walls/ligaments. When the working fluid contacts the cell surface
it evaporates, and the latent heat of vaporization causes cooling of the carbon foam. The
extent of cooling depends upon the working fluid and the ambient conditions (temperature and
pressure). The heat sink/exchanger temperature has been shown to fall to less than 223K (-
50°C) using acetone as the working fluid at a pressure of 1200 microns Hg (1.2 torr), and
0.5°C using acetone as the working fluid at ambient temperature and pressure. Forced air

flow over the carbon foam increases the temperature drop in excess of that
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4004004545A1 gy WM%E&%J&Q%M&M@V@HMﬁJ@COdﬁ &ffect on the previously

- 52HoneyconbAl um num Foan0. 512122424 Based on the data in Tables I, |11,
and |V ﬁ@{%ﬁb&i G BH £3m e%’lﬂnégfedk&ithccﬁﬁe@& watkih tiﬂfi‘%s 41§ r%?eﬁn?e‘a]’hyf oams of

t he i nventli on, en graphitrzed, have surprisi n&y 1 gh R Rer m

conductivity and specific thermal conductivity, The graphiti¢c carbon foans
t ypi cal RSetensy gthanelpad water - Jhessdixampley ab@ﬂ%ﬁlﬂ%@ﬂ@i@ﬂ@ﬁf@&ﬁ&ﬂdp a8y speci fic
thermal conductivity at |east equal to copper, i.e., at |east 45 WnB/ nKgm
and usuaialyy The fednedsaton vols datisddenpartially wsmsysakiythe Morkang flpidc dfpogr aphi ti c
carbon foans of the invention have a thermal conductivity of at |east 75

WK angémsvabfrémaiié WotkindBuidPdndee ibicitddVinBrambled (VII-Xa te B4 sHbpRWEKIM | N
1‘;& preferred enbodi nent, the carbon foans of the invention have a thernmal
d

uct izt y: of I ]%]@&QI/ r 051 foahd\GF tivity of
at Ieask) M&%‘"\%ﬁr@%ﬁk&?ﬁ&%‘%&eﬁre errg% p@ﬁ%%%?%éfr‘légo con F@?}éplrg%gg %I:igr bon
foanms having a thermal. copductivity of at |east |25 W nd/ or a specific
t hor mal CETURRIE VA TOHOrl S Acug s e e RN < TF BPBiERE
enbodi nents contenpl ate carbon foans having a thermal conductivity of at
| east 1Ebowteny tempgratureawapapprd¥imatelyedliel conductivity of at |east 200
WenB/ nKgm Still nore highly preferred enbodi nents contenpl ate carbon foans
havi ng EXAMPDEIVIEOAderokd Vity of at least |75 WnK and/ or a specific
t hermal conductivity 26 Novenber 2004 -38 of at |east 250 WenB/nKgm w th
the data in Fgh the) PMes@RE(TkQUr €S 3RnBBduadeehowi ng that specific
t her mal conduct%@?rtull esg oeﬁ tﬁ(ed(r)l?der of rz;l? Ieagt 275 WenB/ nKgm and even at
| east 300 WenB/ oKgm and. i ndeedggi/en at | east .F.f; WenB/ nKgm are

L€

at-tanmabl e. Pore dianmeters indi ed in Table were neasured by the
mercury pori si n]etry met hod. Specrfic Surface APéa:  Anot her property that
affects the ovefall thermal perf8rnance of the?drbon foamis the specific
surface area (SBA), calcul ated b¢: SSA ~nR/ nBF5:8Total Pore Area (nR/gJ x
Density (glcmi~4 x 1, 000, DOO &njl nBJ Snal | eS3dpecific surface areas
icdi/cate a lower foam pororsity which reduces the effect of the natural

ect iwkenB@tanpflefad Rimded &ofrl 8 WA fubiikce ARFasdok@MihatliBEhdlofm&d f i Ci ent
conductive heat transfer node to dom nate thermal perfornmance. Larger SSA's

ner oasPrgunRg fstfiBRst BBt FRISRS hERRRL BPAbR IR MR, °

material,. SSA is also an indicator of the foanmi s response to forced
convect R4 heat transfer (turbulent flow) via fluid passing through the
medi a by increasing the surface area used for heat transfer. As shown in
Tabl e | EXAMELESAIL akthendlor t he graphitized carbon foans of the invention
(heat treated to 2800C.) was at |east about 6,000 n2/nB, typically above
25, 000 nR/ nB,TimeGhifvey) PrdsdeTaRhcal | y abovaefibeRifite n8. SSA val ues of at
| east 100, 000 ng?gs %? at Ieast)SC£2CIIhQ/nBﬁ§re cggginplated in the
invention. Indegd, several sanpk shown in Tapje Il were above 1,000, 000
n2/n8, and in the preferred enb% I ment, the cgggpn foam has an SSA 26
Novenber 2004 -39 of at | east aggut 2, 000, 000 q&@nﬁ, nmore preferably at

| east about 5, 000,000 n2/nB, no preferably stilll at |east about

10, 000, 000 n2/ B, and nost prefé&rably, at |eastldbout |5, 000,000 nR/ n8,

w th SSA val ues of at |east about 25,000,000 n2/n8 or at |east about

35, 000, 000 al so being contenpl ated. The upper possible limt on the SSA
value is currently unknown, and while the data in Table Il show t he hi ghest
val ue achieved with the few sanples therein tested as 43, 836, 000 n2/ n8B,

val ues both higher or Iower than this value are contenplated as wthin the
i nvention. Evaporative Cooling: Exanmples VII, VIII, and X, along with
Figure 14 show that the still air experinments in a vacuum furnace produced
the followng cooling rates: |I. Using acetone as the fluid, the carbon foam

M I Y 1



53.4C (O in no nore than about 4 mnutes; I1. Using ethanol as the fluid,
the carbon foamtenperature reached 28.6C in no nore than about 6 m nutes;
1l Using water as the fluid, the carbon foamtenperature reached -5.5C in
no nore than about 3 mnutes. Exanples XI, XlIl, and ”ﬁdv r%lbor 0y‘vith Fi gure
15, show that the natural convection,gexperinments con SABEBRAEr " anbi ent
room tenperature condi4t.l uced the f 1 oling rates: 1. Using
acetone as t I@GFWP%(}?}]%YI%%G?%?%& f oam tenpgérrﬁaéé%tg&r(??ched 0.5C in no nore
t han 38 m'nuteé; [1. Using eth | as the fluid, _the carbon foam
tenperature redched 14.3C in nd-hore than 38 7 q&xt es; and I1l. Using water
as the fluid, ®©he carbon foam tlébperature reacke® 18.9C in no -QO nore
than 38 minutes. 26 Novenber 2004 As indicated above, the foregoing
i nf or neEEXAMPIES IXleWiaved from the data presented with respect to the
experinments previously described show ng decreases in tenperature with tinme
usi ng acet ong; , an 1 spect TMgdetatuRWECYE hese are by no neans
the only corrl}gﬁje I ons *hat g%ﬂr%@%gé(g?ggm fromé@%le t?tgul);r data set forth for
t hese experi msrbts. For exanpl e,74ion Exanpl e VI 5Oi5t is shown, under the
conditions of the experinent, tggt, when acet 5% was the fluid, the carbon
foamreached a‘tenperature of -46.7C in no nore than 2 mnutes at a reduced
pressure (vacuédm) of 29 torn. S??h'larly, in EQB riment VIIl it is shown,
under the condidtions of the exp@?inent, that, %en ethanol was the fluid,
t he carbon foam reached a tenpeR@ture of -21.2€6n no nore than 3 m nutes
at a reduced prsessure (vacuum @b 1.2 torr. And%again simlarly, in

eriment X, gMmth acetone as agfluid, and under the natural convection

ditions of thhe experinent, thg carbon foamjgached a tenperature of 5.7C
in no nore thar;; 10 m nutes. Thesg and sinlar g¢@nclusions nmay be drawn from
the tabul ar data in Exanpl es VI§ to XV, which ‘§ata illustrate the conbi ned
effects the hi gqn thermal conductPvi ty and SSA'?)‘ operties of the carbon foam
of the invention have upon the cooling rate achievable with acetaone
et hanol In thadnsigace of Example EX theesample wasrigynensed|iy wiater i waqupmgo gasusethabihe ver e
determ ned fromthe indexed diffraction peak positions (Table V). The X-ray
met hod foam wayshahied! ahisiprebatbt allowied ah iexcess of wiitkt tokpenemate thet sapwke aldi | | ed i n
the art. The 002 and 100 diffraction peak breadths were anal yzed using the

Schener (&Auaf the @{c/éc%e&i Bl Hirfie hid aG4iMbledbr dvafordiio® NMiod@svet, Ihd fegultamt and c-
directions. _ QW21t ~ B cc~. ~2~) 26 Novenber 2004

high water partial pressure in the furnace made it impossible to attain good vacuum in a
reasonable time. Consequently, the experiment was repeated in Example X, but with

substantially less water applied to the foam.

. EXAMPLE X: Water (Repeat)

Time(minutes) Pressure(Torr) Temperature(°C)
0 740 19.9
1 29 14.5
2 29 03
3 29 -5.5



-41 where t is the crystallite size, ~, is the X-ray wavelength, B is the
breadth of the diffraction peak [full width half nmaxi mum (FWHM m nus the
instrunmental breadth], and 28 is the diffraction angle. As shown in Table
V, the 002 peak (which is characteristic of interlayeg acin was very
narrow and asymretric, indicative of highly ordered gﬁé\g’gﬁe{”kf"gﬁ%‘e‘
interlayer spacing calculated with t ' Scherrer met og is in the range of
appr oxi mat el yindhisgase, sybnzere iempesgiures wererafiainedya g mychshortertime thap for
c-direction was calculated fromthese data to be at | east approximately
82.4 nmExmtple¢ B¢. 100 peak (or 1010 i n hexagonal nonenclature) was used to
calculate the crystallite size in the a-direction of at |east approxi mately

21.5 nm  Thesph&datSior HxainPles VAE S/ dDeai@loticdan Figy P C The fovadit tehperihre
conductivity carbon fibers and therefore, the foamliganents should perform

simlarl I VAP e ' ]{’@% nductivity
carbon fi Sél&gggggﬁ%‘ggﬁ%géﬁ% I{q/lg%%% g%?%\%ngg%@r%g%é ??{bér ﬂ?@/'GCF). Tabl e V.
X-ray Diffraction Data for rhan Foam.Sanpl es Max Hear Peak Aneies
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are the fame The catbopifeam Nagdotiseiarithethe workiag Huisk unyid the bottem oftbe peteitdishat t he
100 and 101 peaks is characterized by a relative peak split factor (RPSF)

par anet ewas mpléely@oneed withahe woatigg flukl. Mhetrbsitpstdsamnghpaatardwhsibed ul |
width half maxi nunms (FWHM). a equation is: FYYHNIO Ft YH-LT o001 RPSF =

2ei 00- ?Bifiad as 4 fidictidh HREPer 2004

Example XI: Acetone

Time(minutes) Temperature(°C) Time(minutes) Temperature(°C)
0 21.7 19 3.4
1 15.7 20 32
2 13.6 21 3.0
. 3 11.5 22 29
4 10.3 23 2.7
5 8.9 24 , 2.6
6 8.0 25 24
7 7.3 26 23
8 6.6 27 2.1
9 6.1 28 2.0
10 5.7 29 1.8
11 53 30 1.6
12 49 31 1.4
13 4.5 32 1.3
14 4.3 33 1.1
15 4.1 34 1.0
16 3.9 35 ' 0.8
17 3.7 36 0.7
18 3.5 37 0.6

38 0.5



A smal l er RPSF indicates closer peaks at 100 and 101 and favorable lattice
conditions for thermal conductivity and structural integrity. The data

reported in Table V shows values for RPSF no greater than 0.470, with the
| owest reported value for a carbon foam heat treat edg%t 280 Ci)@ng 0. 298
and the highest being 0.413. M crostgyctural Charact ONSEMBR “®gures 27
and 28 are scanning el ectron rnicrographs of the pore structure of a foam

sanpl e the invention. The foam.exhi.bj,ts a.structure ' n
interco Erc:{ksmﬂ'é’%/%lé‘?{e &ap e ag%?nepwlﬁlg)m %d’,e?r{/\ﬁltglﬁ%% rEﬁe‘]ﬂlaq\‘l&s of§ Bgor es)
being of simlar geonetric shape, typically ellipsoidal, and sonetines
spher i csamply. Bressempleavasplagsdde prair .cwulqtlrigmsi@%@?’@ﬁatd%lt $pt tea aflgwed to
specific formof an ellipsoid.) It is evident fromthe inages that the
gr aphi t teol 8¢ anibientrtemparamré.ent ed parallel to the cell walls and highly
aligned along the axis of ligaments 210. This highly aligned structure is
si gni fi gAY E AT exglhof rom typi cal vitreous carbon foans: vitreous carbon
foans are void of graphitic structure, have |arge openings and |i near
| i gament nd are nostl ent nal dodcahedral in s e, over, it can
be seen tsrhrﬁ(?‘“’i“ﬁst he junc%ffng’ﬁrgqmgz bet weg“ﬁ&ﬂn%%sﬁents, ?ﬁ‘gpegtrl%éggfti c
structure is less aligned and possesses nore folded texture, It is
postul ated that® this ari ses2fPom the lack & stresses at lif‘s | ocati on
during formng.l Therefore, 2h& well-ordere@structure in thédse regions is
primarily an arifact of th&.6tructure in Plrecursor nesophaage prior to heat
treat ment. -43 W claim P®HONovenber 200221. A carbon fdsftn having a
t permal conductj vity of at fggst 106 Wm-Kp32. The carbonjf§oam as defined
i&cl aim1l haviqng a thernal ygenductivity ofgat |east 125 YWorK 3. The
carbon foam as defined in chfagm 1 having a,¢hernmal conducijyity of at |east
150 Wm-K. 4. e carbon foam,as defined i96cl aim1 havi ng, g maxi mum
t hermal conductjvity of at gést | 75 Wm-K,_5. The carbon lgam as defined
inclaiml havi8ng a specifi 4 her mal condu%?ivity of at | A8t 100
W-cn8/ m-K~gm & The carbon!¢-8am as define@in claim1 ha¥thg a specific
t hermal conductliOvity of at Mledst 175 W-cnBE¥-K~gm 7. Thel4drbon foam as
defined in clailm 1 having al&pecific thernd conductivityléb at |east 225
W cm 3/ m-K~gm128. The carbos3ifoam as defiped in claiml hagi ng a specific
t hermal conductjyvity of at hgast 325 W cnBp m-K~gm -441966000 n2/ nB.
10. 65,000 n2/ nB. 26 Novenpgp 2004 The cagpon foam as defjged in claiml
havi ng a specifj.L surface alig of at Ieast3 he carbon foapgs defined in
claim 1 having é:speci fic slllégace area of g% | east 11. Th%’%ar bon foam as

d

defined in claim1 having a_ specific surface area of at |edast |, 000,000 ni/
n8. 12. The carlon foam as &2Pined in clai A1 havi ng a sp fic surface
area of at |eask® 35,000, 0001%6/ nB. g; }:;‘

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 XII: Water

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



13. The carbon foam as defined in claim1l having an X-ray diffraction
pattern characterized by doublet 100 and |01 peaks characterized by a
rel ative peak split factor no greater than about 0.470. 14. The carbon

foam as defined in claim1 having an X-ray diffracti atter
characterized by doubl et 100 and 101,peaks character &%@E"Vﬂ}‘%ﬁrn%o@f‘ati ve peak

split factor._.between abouyt 0,298 .and a ! 3. 15. opon foam as
defined in cTué{?mﬁl]nV\ﬁesﬂavi ng"“‘ W -e(rg%)y di f?ﬁﬁ%gf%%}patterglﬁlﬁm&g:?gri zed by
doubl et 100 ana 101 peaks c acterized by relative peag‘ plit factor ,
bet ween about @.298 and abolit”0. 470. -452?;6 Novenber 2004°16. The carbon
foam as defined in claim1 Hading an X-rayz‘Hi ffraction paH-_ér n
characterized By a full wi dth7half maxi mum¥or the 002 pebklangl e of

bet ween about @.159 and abolR.60. 294 degree® 17. The carbthlfoam as defi ned
in claim1l havigng an X-ray ghffraction pat2ern characteri r®tl by: (a)

doubl et 100 and 101 peaks fygther charactepg zed by a rel aijgye peak split
factor between  gbout 0.298 g about 0.470,9and (b) a d00%y gpaci ng between
about 0.3354 and about 0.33 5 18. The carhon foam as defygngd in claiml
havi ng a nean agre di anet er 'gt ween about % and about 60./1,crons, and a
density between<about 0.2 ahdabout 0. 65 g cnB, and a rg%tive peak split
factor no greatlér than about®#®.413. 19. The carbon foam as’-Befined in claim
1 having a near4pore dianet&4no greater tHan 60 microns 8h8 a density

bet ween about (52 and about 19465 gmicnB. 284 The carbon fb%th as defined in
claim1l1 having1s density frooBabout 0.55 t®5about 0.60 gnig&#fB. 21. The
carbon foam as jgefined in ci@sm 1 having azgean pore di angg.er no greater
t‘n about 340 @ crons. 2¢g Novenber 20043746 22. The cafpon foam as
defined in claim1 having a nean pare diang§er no greater g gan about 60

m crons. 23. The carbon foam as defined in claim1l characterized by an
X-ray diffracti.on pattern exhibiting rel aLivel har p doubl et peaks at 28
angl es bet ween 48ldgippabpatge .O‘?g?argﬂ%%oé%%é??? oam as defined in claim1
having a pore structure consisting essentially of pores having dianeters
within a 100 m cron range. 25. The carbon foamas defined in claim11 having
subst anfiftat B8 mimésrtherie ovas hasignificastoansumt bf water vidible i hige atonoof the getrias
defined in claim11 wherein said foam has a nean pore

dish. The temperature of the carbon foam plotted as a function of time is shown in Fig. 15.
The minimum temperatures are higher for all three working fluids than in the previous
Examples where evaporation occurred under vacuum. Moreover, the rate of temperature
decrease was much smaller for all three of the working fluid under ambient conditions. The

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

A third series of tests were conducted to determine the effect on foam temperature of
enhanced air flow during the evaporative cooling process. The procedure set forth in the
previous Example was followed, except that in this series of experiments a fan (rotary, electric
motor driven domestic cooling type) was used to blow ambient air across the foam and petri

dish.




di aneter no greater than about 340 mcrons. 27. A carbon foam as defined in
claim1l wherein said foam has substantially ellipsoidal pores.
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The temperature drops recorded in the above Table I for a vacuum represent extreme
. conditions. Lower temperature drops would be attained if intermediate vacuum pressures
were used, as indicated by the ambient data. Forced air flow enhanced the cooling effect due
to evaporation because the partial pressure of the evaporated solvent over the foam was
reduced, and the saturated air was being constantly purged with fresh (unsaturated) air.

These data clearly demonstrate that the carbon foam of this invention readily attains
very low temperatures, due to the evaporative cooling effect of the working fluid, which can
be used for the removal of unwanted heat. The three example working fluids employed in the
Examples were selected because of their availability. An ideal working fluid would have a

' high latent heat of vaporization, a vaporization temperature close to ambient, be non-toxic and
environmentally acceptable.

The foam material of this invention attains low temperatures for several reasons: (i) It
is an efficient heat transfer medium because of its excellent thermal conductivity and large
surface area; (ii) The working fluid has a high latent heat of vaporization and a low
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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fluid through the foam 118 occurs under the influence of gravity or a pressure differential

. created by the pump 116. Evaporation of the working fluid from the carbon foam surface
causes cooling of the carbon foam 118. A vacuum in the reservoir 112 created by pump 116
enhances evaporative cooling from the foam 118 and increase the temperature drop, as
demonstrated in the previous Examples VII-XVI. A fan with a motor 22 and duct 24 directs a
separate air stream (at ambient temperature) from the air used for evaporation through
penetrations 26 in the coating or casing 120 and foam core 118 where the air gives up excess
heat to the cooled foam core 118. The air therefore exits the foam core 118 at below ambient
temperature where it may be ducted to cool inhabited space. Condensers or cold traps 28 may

' be required to condense vapor exiting the foam core 118. The condensed working fluid is
returned to the header tank 114.

Alternatively, instead of air another cooling fluid, such as water, ethylene glycol,
helium or nitrogen could be used to remove heat from critical components, such as electronics
or 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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insulation and a thermally insulated lid 48 seals the open (cold storage) cavities. A fan could
be fitted to the insulated cold box 130 to increase air flow through the foam and thus increase
. the evaporation rate of the working fluid.

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

Fig. 19 shows the carbon foam 118 of this invention in the form of a block 51 to be

. used as an automobile radiator generally 50. Hot engine cooling fluid is introduced into intake
manifold 52 connected to pipes 54 which pass through 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
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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. outside of the disk portion 72. This is shown by arrow 80 for the air and arrow 82 for the

evaporative liquid. A fluid impermeable coating 79 provides a sealed surface on opposing
sides of the disk portion 72. Hot fluid to be cooled is passed down central hollow conduit
member 76 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 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.

(ii) The foam has an extended surface area resulting from its cellular structure. This
allows for rapid evaporation of the working fluid.
(iif)  The foam has an open structure which allows the working fluid to permeate the

material.
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(vi)  Evaporative cooling systems such as those disclosed herein potentially offers low
(zero) energy consumption and increased reliability with few or no moving parts.
Another object of the present invention is the production of a carbon foam heat sink

product, i.e., encased high thermal conductivity porous carbon foam filled with a phase change
material wherein tremendous amounts of thermal energy are stored and emitted very rapidly.

. The porous foam is filled with a phase change material (PCM) at a temperature close to the
operating temperature of the device. As heat is added to the surface, from a heat source such
as a computer chip, friction due to re-entry through the atmosphere, or radiation such as
sunlight, it is transmitted rapidly and uniformly throughout the foam and then to the phase
change material. As the material changes phase, it absorbs orders of magnitude more energy
than non-PCM material due to transfer of the latent heat of fusion or vaporization.
Conversely, the filled foam can be utilized to emit energy rapidly when placed in contact with
a cold object.

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

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 liquid state into the porous foam. Once filled, the sample can be cooled (the phase change
material solidifies) and the hole can be plugged with an epoxy or screw-type cap. The epoxy
and any other sealant must be able to withstand the 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. At this point, the panel will not increase in temperature as the phase change
material melts. The amount of radiant energy the panel can absorb will be dependent on the
thickness and outer dimensions of the panel. This can be easily calculated and designed
through knowledge of the orbit times of the satellite such that the material never completely
melts and, thus, never exceeds the melt temperature. Then, when the satellite leaves the view
of the sun, it will begin to radiate heat to space and the phase change material will begin to
. freeze. The cycle will repeat itself once the satellite comes into view of the sun once again.
EXAMPLE XIX: Heat Sink for Leading Edges
Currently, the shuttle orbiter experiences extreme heats during reentry. Specifically,

the leading edges of the craft can reach 1800°C and the belly of the craft can reach

temperatures as high as 1200°C. If a foam core comppsite panel is placed at the surface of the
leading edges and at the surface of the belly (Figure 24), it would be able to absorb enough
energy to dramatically reduce the maximum temperature of the hot aréas. This also would
permit a faster re-entry or (steeper glide slope) and maintain the current maximum
temperatures. In this case the phase change material would most likely be an alloy, e.g.
germanium-silicon, which melts around 800-900°C and does not vaporize until much higher
than the maximum temperature of the craft.

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

replaced pound-for-pound with germanium filled foam, the maximum temperature of the heat
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This U.S. patent application incorporates by reference in their entireties the following:

U.S. patent application no. 08/921,875 filed September 2, 1997, U.S. patent application no.
08/923,877 filed September 2, 1997; U.S. patent application no. 09/093,406 filed June 8,
1998; and U.S. patent application no. 09/458,640 filed December 9, 1999; Klett, J, “High
Thermal Conductivity, Mesophase Pitch-Derived Graphitic Foam,” 43" Int'l SAMPE
Symposium, May 31-June 4, 1998 (Aneheim, CA); J. Klett, C. Walls and T. Burchell, “High
' Thermal Conduc-tivity Mesophase Pitch-Derived Carbon Foams: Effect of Precursor on
Structure and Properties,” Carbon '99, 24™ Biennial Conference on Carbon July 11-16, 1999,
J. Klett, “High Thermal Conductivity, Mesophase Pitch-Derived Graphitic Foams,” J.,
Composites in Mfg., 15:4, pp.1-7 (1999); J. Klett, and T. Burchell, “High Thermal
Conductivity, Mesophase Pitch Derived Carbon Foam,” Science and Technology of Carbon,
Extended Abstracts and Eurocarbon Programme, vol. II, Strasbourg, France, July 5-9, 1998;
and pages published at the web site of Poco Graphite, Inc. of Decatur, Texas, at the Internet

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

Thermal Conductivity and Specific Thermal Conductivity: The validity of the flash
diffusivity method and whether the open porosity would permit penetration of the heat pulse
into the sample had to be established. Deep penetration of the pulse in samples typically causes
a 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
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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 thennai management materials have higher
in-plane thermal conductivities, their densities

. are much greater than the foam, i.e., the specific thermal conductivity of the foam is
significantly greater than all the available thermal management materials. In fact, the specific
thermal conductivity is more than seven times greater than copper (45 Weem®/me°Kogm), the
preferred material for heat sinks in the prior art. It is clear that, for thermal management,
where weight is a concern or where un-steady state conditions occur often, the graphitic foam
is superior to most other available materials. The advantage of isotropic thermal and

mechanical properties should allow for novel designs that are more flexible and more

efficient.
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Thermal l *Specific Thermal I Graphitization I Thermal | *Specific Thermal
Densﬂ,' i Conductivity , Conduchvity l Rate ' Conduclivity 9 Concuctivity | Graphiizaticn Rale
(gem®] ; [Wim-K] Weem¥m-K-gm] ;| [*Cimin] Density [gfem”] | fwim-K] W-em*m-K-gm)] | [*Comin]

059 ¢ 1341 | 227 10 05 ; 187 334 ; 4
0.56 971 | 164 | 10 059 ¢ 183 i 310 ! 4
056 1 801 143 i 10 082 | 180 290 ; K
0.54 102 | 189 i 10 05 ;177 316 | 4
0.53 99 | 187 i 10 038 & 170 293 | 4
0.49 104.2 ! 213 | 10 061 ! 169 277 4
043 | 852 | 188 10 056 | 1686 296 4
0.4 | 841 210 10 056 | 165 | 295 4
04 :+ 851 | 213 10 0.6 161 ! 268 J i
032 | 551 172 10 0.61 160 ! 262 i 4
036 | 408 114 10 0.59 157 256 4
035 | 408 | 117 ! 10 0.52 152 245 K
i | 0.59 1512 | 256 q
: 2 06 | 150 ! 250 2
f ! 057 -] 1488 | 251 i 4
i | 057 | 146 | 256 I 4

i
i Themal ! *Specific Thermal | Graphilization Thermal *Specific Thermal
Densily | Conductivity | Conductivily Rate Conductivity | Conductivity Graphitization Rale
{g/em’) Wimk] | (Weemlim-K-gm) {°Cimin] Density [grem’} (Wim-K) ! {W-cm /m-K-grm [°Cimin}
0.6 136 | 227 i 10 052 | 93 i 179 10
06 | 1318 219 10 038 | 82.2 : 243 10
051 | 121 249 10 045 | 86.8 f 193 10
053 ° 127 | 240 } 10 055 | 85.3 | 185 10
052 | 121 233 10 0.4 75 i 188 | i0
0.47 1196 ¢ 254 10 0.3 74.5 ! 181 ! 10
053 1 118 | 223 10 0.39 88.2 | 175 | 10
057 | 112 | 196 10 0.29 67.1 i 231 ’ 10
048 | 1053 | 219 10 0.28 62 221 10
048 | 1045 218 i 10 0.31 55.2 178 10
057 98 | 172 3| 10 03 | 526 | 175 10
051 98 | 192 | 10 0.25 50.5 ! 202 ! 10
049 ! 94 ! 192 i 10 0.27 48.3 i 179 10

* Specific Thermal Conductivity = Themmal Conductivity divided by Density.
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Conductivity
Density In-plane Out-of-plane In-plane Out-of-plane
[em/em’] [W/m*K] [W/meK] (Weem*/m*°Kegm] [Wecm’/m*°K*gm]
Typical 2-D
Carbon-Carbon 1.88 250 20 132 10.6
EWC-300/Cyanate
Ester 1.172 109 1 63 0.6
Copper 8.9 400 400 45 45
Aluminum 6061 2.8 180 180 64 64
Aluminum 0.19 -- ~10 -- 52
Honeycomb
‘ Aluminum Foam 0.5 12 12 24 24

Based on the data in Tables II, III, and IV and in 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 Wecm®/m*°Kegm, and usually on the order of at least 75
Wecm?’/me°Kegm. More typical graphitic carbon foams of the invention have a thermal

‘ conductivity of at least 75 W/me°K and/or a specific thermal conductivity of at least 100
Weem® /me°Kegm. In the preferred embodiment, the carbon foams of the invention have a
thermal conductivity of at least 100 W/m+°K and/or a specific thermal conductivity of at least
150 Weem®/me°Kegm. More preferred embodiments contemplate carbon foams having a
thermal conductivity of at least 125 W/m+°K and/or a specific thermal conductivity of at least
175 Weem®*/me°Kegm. Yet more preferred embodiments contemplate carbon foams having a
thermal conductivity of at least 150 W/m+°K and/or a specific thermal conductivity of at least
200 W'cm3/rr;'°K°gm. Still more highly preferred embodiments con.template carbon foams

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

<
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least 300 Wecm®/me°Kegm, and indeed even at least 325 Weem?/me°Kegm, 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/em’] x 1,000,000 [cm3/m3]

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

As shown in Table II, the SSA value for the graphitized carbon foams of the invention
(heat treated to 2800°C.) was at least about 6,000 m%/m’, typically above 25,000 m?%m’, and
even more typically above 65,000 m%m>. SSA values of at least 100,000 m?/m? or at least
SOO,OOOmZ/m3 are contemplated in the invention. Indeed, several samples shown in Table II

were above 1,000,000 m?/m®, and in the preferred embodiment, the carbon foam has an SSA
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preferably still at least about 10,000,000 m*/m”, and most preferably, at least about

15,000,000 m*m?, with SSA values of at least about 25,000,000 m*/m’ or at least about

35,000,000 also being conterﬁplated. The upper possible limit on the SSA value is currently

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:

L Using acetone as the fluid, the carbon foam temperature reached -
53.4°C (C) in no more than about 4 minutes;

I Using ethanol as the fluid, the carbon foam temperature reached -
28.6°C in no more than about 6 minutes;

11 Using water as the fluid, the carbon foam temperature reached -5.5°C
in no more than about 3 minutes.

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

L. Using acetone as the fluid, the carbon foam temperature reached 0.5°C in no
more than 38 minutes;

IL. Using ethanol as the fluid, the carbon foam temperature reached 14.3°C in no
more than 38 minutes; and

118 Using water as the fluid, the carbon foam temperature reached 18.9°C in no
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with respect to the experiments previously described showing decreases in temperature with
time using acetone, ethanol, and water, respectively. But these are by no means the only
conclusions that can be drawn from the tabular data set forth for these experiments. For
example, in Example VII it is shown, under the conditions of the experiment, that, when
acetone was the fluid, the carbon foam reached a temperature of -46.7°C in no more than 2
minutes at a reduced pressure (vacuum) of 29 torr. Similarly, in Experiment VIII it is shown,
‘ 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
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
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.

" Beog28)
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1099& ( peddEAr WGl Galf maximum (FWHM) minus the instrumental breadth], and 20 is the
diffraction angle. As shown in Table V, the 002 peak (which is characteristic of interlayer
spacing), was very narrow and asymmetric, indicative of highly ordered graphite. The
interlayer spacing calculated with the Scherrer method is in the range of approximately
0.3354 nm to 0.3364 nm. The crystallite size in the c-direction was calculated from these data
to be at least approximately 82.4 nm, and the 100 peak (or 1010 in hexagonal nomenclature)
was used to calculate the crystallite size in the a-direction of at least approximately 21.5 nm.
These crystallite sizes are larger than typical high thermal conductivity carbon fibers and
therefore, the foam ligaments should perform similarly to high order pyrolytic carbon and
high thermal conductivity carbon fibers such as K1100 and vapor grown carbon fibers
(VGCF).

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

Max Heat Peak Angles (29! FWHH Narrowness Relative
*Sample| Pitch | Treawment |[Foaming| doo Feak Spit Factor
ID  |Precursor| Temperature | Pressure| spacing | L3 Le o2 10 100 002 101 100 {RPSF)
[l [Psi} jomi | fom) | [nm| _ —
original | AR | 1000 1000 | 03362 | 203 ﬁ.Z 26.4853] 423185} 6+.27511 0. 2940 0.::5{0» 1.2&7‘0 ~. ,,_.0'-.’0.. -
@ e T R R e O D T e P B Ee oo A
N AR 2800 400 | 03364 | 118 | 48.2 | 26.4769 { 421512 | 44, 1507 0.2282 | 0.764¢ | 0.8655 0.33
K’ AR 2800 800 0.3362 | 17.8 | 46.6 | 26.4839 | 42,0911 ) 44 2009 0.2348 ] 03374 | 0.7207 |- 0.222
L AR 2300 | &0 ©.3360 | 2%.5 | 79.3 | 26.5006 | 42,1418 | 45.2059 0.1628 | 0.4542 | C.7807 0.29¢
0 AR | 2800 | 1009 0.3355 | 21.4°| 58.7 | 26.5540 | 42,2270 1 &4 23 181 01530 { 05220 | 0.7-38 0.308
T T AR T mee | 900 | 03351 | 184|824 | ae33en[ 429065 | £12815] 02040 | O 2386 07438 | 036

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

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

maximums (FWHM). e equation is:

( FWHMo FWHM
2

\ 2
RPSF=
26!00 - 29!01
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for thermal conductivity and structural integrity. The data reported in Table V shows values
for RPSF no greater than 0.470, with the lowest reported value for a carbon foam heat treated

at 2800°C being 0.298 and the highest being 0.413.

Microstructural Characterization: Figures 27 and 28 are scanning electron micrographs of
the pore structure of a foam sample of the invention. The foam exhibits a structure having
open interconnects between cells (or pores) 200, with such cells (or pores) being of similar
geometric shape, typically ellipsoidal, and sometimes spherical or essentially spherical. (Itis
noted that a sphere is a specific form of an ellipsoid.) It is evident from the images that the
graphitic structure is oriented parallel to the cell walls and highly aligned along the axis of
ligaments 210. This highly aligned structure is significantly different from typical vitreous
carbon foams: vitreous carbon foams are void of graphitic structure, have large openings and
linear ligaments, and are mostly pentagonal dodcahedral in shape.

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

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

. least 150 W/m-°K.

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

conductivity of at least 175 W/m-°K.

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

of at least 100 W-cm’/m-°K-gm.

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

of at least 175 W-cm’/m-°K-gm.

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

of at least 225 W+ cm */m-°K-gm.

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

of at least 325 W- cm’/m-°K-gm.
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19.  The carbon foam as defined in claim 1 having a mean pore diameter no greater

‘ than 60 microns and a density between about 0.2 and about 0.65 gm/cm3.

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

about 0.60 gm/cm3 .

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

than about 340 microns.
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22.  The carbon foam as defined in claim 1 having a mean pore diameter no greater

than about 60 microns.

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

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

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

essentially of pores having diameters within a 100 micron range.

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

conductivity.

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

diameter no greater than about 340 microns.

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

ellipsoidal pores.



