: e3e]*] | 6T*n8 March 2003 Pl TCH.BASED CARBON FOAM HEAT SI NK VABTMreHAZD3
CHANGE MATERI AL STATEWMWG FEDERALLY SPONSORED RESEARCH The Unit ed
St at es Gover nnment has s invention pursuant to contract 5 No.
DE- ACO5- 960R22464- ~ bet weeksobde Unit ed St ates Departnent of Energy and
Lockheed Martin Energy Research Corporation. BACKGROUND OF THE | NVENTI ON

The present invention rel Q 4 ie QE} i|lled wth phase
change 10 materials and g@%}%\%’% g@ @\Lt ‘En i 4ggt, and nore
particularly to a process ¥ ] t &8 rrently many

applications that require the storage of large quantities 15 20 of heat for
either cooling or heating an object. Typically these applications produce
hen so rapidl y $RATEMENGIREGIROIRG 5B DERALIGY SPaik$QBED RESEARAHal
convection, or r%di@%i og{ican ot di ssi Fate t he heat qui ckly enough and,
thus) the object! "GEFIeHeHEES CRYCRITRY et RSN S ABYATERT P SHEREPICRNIFL h a

| ar ge specid. &F18al sCRPReI-H { Sd [ L. gont act
with the objde?téqggoibt ot gﬁ?ﬁﬁ@h@”ﬁﬁ%ﬁ%&%ﬁé@sﬁ BEEf Y66

t r ansf er r edoticheehddreatEnsigykRéseanh tCrepdretionbj ect) and as the heat sink's
tenperature rises) it "stores" the heat nore rapidly than can be dissipated
to the environnent through convection. Unfortunately, as the tenperature of
the heat sink rises the hegtsdagrdnendbheoinepigsbrdecr eases, due to a
smal l er tenperature difference between the two objects. Therefore, although
this nmethod of &hepgpestiovengencelateabspotoul aarhen deemtilléd wih phadeehtngsn sone
applications, .t i‘? not uf}i ci ent féigj( a%é%appl i cati ons Anot her nethad of
absor bi ng a2k 8¢ FRATEH I I CRA R SX Frediust. 3nd mere PARLER{2EY 10 8HTRRES &t her

t han axgha@ggu&;ga{}ﬁ.gperature. Typical ly, the phase transformation of a

mat eri al absorbs” two orders of magnitude greater thermal energy than

t hereat capaci t Vhavé ateheurrmtlgmaly.2pplicatiexatiat equirbehe/apaee salargenqdntitiegr am
of water at. 100C absorbs 2,439 joul es, of er gy whereas, changing the

t enper at urd 68t g%é?’élf‘erfcr%m%gr gg“f‘g ap %C‘-%QBWE;Y Hisso ERpIcations PE%‘%!%sméf
energy. | noakbialy MO fhimal @isShAthnl AR IRMBES A HEL nQlrPESn &cAlE Riradalisy from
99 C to 100 C-absorbs the same anoint of heaf as evaporating 1 gram of
eater at 1Q6Mt didspasare heeteqdckly efiaughdindt thuheherebjecngrepbeans. Taf alidverte
materigl. This 8 March.2003 phenopenon has. been utilised,in so

nop | ol G eEols et eL PG Srat PR FEETRIGHS BBt LTy B PR

Si tuati ongpwhhedr WAtBRobdcE ahf Hekds| DDORg WRMekting frokBQURdAt & 1Bsiefreldltgck Of
phase change material has a very IarZe%hen; etl'cal capacity to absorb

heat, the tpe basesiskifmtite hotchsct 20des Bedwasenlos terhperativre-iigeg) it i'sereast thee

transfer and thus i.t, cannot be .utilized.,in certain |ications. However,
the Ltil i 5T B SrRe ok OAF Eivets bipetd e BrOReR d SRRt oL &M e ¢ he

shor com ngseesdictped (b peritife sHBOhEARHIGEsks tHethéaf MANT-bH the hbesbjedit h t he
phase chan;e material, the process can becone very rapid. Because of the

ex- t r eifel Weprieadss,ahued o atsnvalles temperaterestifierescedfetwirn thegwo abjensalherefract s t he
surface of, L 0Sn 88 Merhda bedc PR Shieb BNSINLH fifkd NI AHEDCMH AR Loam

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 2 material
25  absorbs two orders of magnitude greater thermal energy than theheat capacity'ofthe

material. For example, the vaporization of 1 gram of water at 100°C absorbs 2,439

joules of energy, whereas changing the temperature of water from 99°C to 100°C only

absorbs 4 21 Joules of energy. In other words, raising the temperature of 379 grams of

water from 99°C to 100°C absorbs the same amount of heat as evaporating 1 gram of

30  water at 100°C. The same trend is found at the melting point of the material. This

1
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to a very large surface area of the phase change natei Zal . ?hud Mahefat2003
very quick.ly distributed throughout the phase change material, allowng it
to absorb or emt then ma energy eh-trenely quickly w thout chanein2
tenperature) thus keeping the driving forc; for heat transfer at its

mar . i rnum Heat sinks have been utilized in the aerospace commurdty to absor
b enerey i nPABORSHPD bat basAsisErhin 48MeiZppligasignatndeiticl ePFk OWAYYYE rapi d heat
generati on J.sLaNd. o lebi Al if Bl s, A NA0 faat, ofc Elbing i s encased
tn a ~rapl~dte or et alfic case, typical alum num and pq aced in contact

wi th the object ahbaiimgsdlheblbdadt priSsacingpaiziphiss chandagedi-erd:ikhks have a
low therrnal conductivity, the rate of heat transfer through the material
is |inited, 3agntRiabsed fgpt, bt PIRgesSHENel YRPEMRICREC s S bt Teapsiofiey of

t he phas; n As heat s transmited throt he netal lic or

ar aphi 1 & ool D s SRR A0 BRI el R T Bt Bl

cl osest to thbaigheRdmeOUseR e} fHSnt Vill®letconsdl 1he €hdi@riaEPEEsatBbea et he
phase change nmaterial does not change until all the material nelts, the
flux from tthehisdgendeunoe foam isHaleghvagethe phrgechapgome ariak dheairneess ekat i vel y
constant. HKaowever) as_the heat gontinues, to nelt nore .phase change

mater ) MOLEF Mo TaP e Bas it P S DRP Y TRy R PR Pagedotuch

| over t her n@lhegQREtietd e tirfadelb$hd AR K i D hpl traﬁénqwewgbb@xouz tHe foagt . the

overall low thermal conductivity of the solid and |iquid phase chance

mat er i al% |3Vt Bryshrurfaat ereafof heagthzab shangt meterah dihus,hhest isnedugeskiyhe

e~ciency of.the system Recent devel opnents, of fi Qer-r i nf.orced gonposites,
i ncl udi ng g&f%&ﬁe%/@“é%%hoé‘b%ﬁ_ s %‘é&%ma&é‘ﬁh Bbo‘?’é’qdi Iroe?_f(‘ePFjﬁ‘fbsorfeg}“f Bved
strength, shérgh BRSEMeIGRRIY RRhGE ALKy In AfAchpbAEELIMGS Reddin SiHR -dﬁ“«gg%l‘sce

engi neering materials. Carbon fiber s have | ed to sienificant ~BSTI TUTE
SKEET | Ful &ri@at trargfaveat ¢ty n2gfsumdvancenents in these progenies is

conposi tes of va~xqu | ymerjic, netal., .and cerar - matrices. Ho-ever
CurTent  app-i carrenaOrHSs bon Thed o ARGuOHISE st FoaH I Frel S i

rei nf onigenegislickfordsh@e ARl nidiaés AT RRAT Wherd PRid GadtigenlratibRisYo@id1A fr om
hi gh-density 5 el ectronic nodul es to conmuni cation satellites. This has

sti mul at edmaess@hihehhasm bishbeat of seiting 6 eneasedinanmgraplopesmeiallis casss semifalg

met hods. Hﬁzﬁﬁﬁﬂ?#%ﬁﬁ' 1SQRVEL Y L¥en dh@Wnied %QEQP %H?hLﬁ‘."’Sﬁ?S’%%&}%@E of then
mal expansi on ar e é) primary concerns I'}’l t her rg.a managenen

appl i cat i otimng&eatedhidhaveadbw thderetapueniiso theGareshetatrbaer doopgiitiee f or

El ectr oric Thermal hTanagenent applications,” 11J.~ ~~"orksho Tay 3-5,
199a 1 o s@ﬁﬁ@ﬁklééwdahﬂ-'tv\msghQﬁ“SEhgbﬂwmslyenfwbswwg fa@cabmrﬂfgbe phise

F33615-93- G-.2363, and, AR_Phi || i . S .
F29601° 3-%5%%6‘?6‘%??8 PERY g?tlté&RE’."E“%&llF‘%ﬁg{f‘ﬁ’ér n%trgp%g‘ncfﬁ?i fé’g‘hl E’%ﬁfe&hi’é‘
Conposi t esmbeHall tHRrphake Mpnag eiseinal lobddto/he heopurch-begins 3o melt 1994e the

supported by AF 'I|~'right Cabor at ory under Contract F33615-93-C 23E and AR
Phil li ps Laboeraatreof titophase change msésriabgosomt 9B2nge aopgbell hearatefEhrmeadist i ons ar

| S str;ving .t oward sandwi ch approach in.which a.lo ns,.

struct uralthgg% it B ﬁ&?t WU toﬁ%‘%@@%ﬁ%r‘fﬁa%ﬁ TP rT%a‘Q%hedw\?é\fﬁggég'é‘%’%\een a
hi gh t her nabweaindisahk Vedncohafas e flelt rdbriehhitl MangOmeterial, endré figlidtied to | ow
density materials to ensure that the u~ei~ht limts are not exceeded

Unf or t ehatferygd. difbownndtoanbe dineid das Borchdeiesicbpmaraerdustysy.ah% t he only
avai |l abl e yrat er.i al s fpr use in_ARi tenperat ur.e applicatio >) 0. 'o
5 oh ¢ her AaEOhANER DRy SFEar Do hone SUBah Rl BrT B EPuh AR L RIRO

-

expensi ve #n@ ligprayHacd e g6 eFpaRRdinties 1hevee enHeE kbirbiich enR yineesuces
therefore, a gerformance penalty is paid for low cost materials. i-iigh
A]

conducti v@tbgle aireb@»mftbarssstsme al so nore expensive to nmanufacture than |ow
conductivity CaE{ebcht éeq.%{g?amet'lps o'%%%léf-re%i%rcteg cgg%ogttegri%élﬂging%r%gh %ﬁns,
30 have been driven by requirements for improved strength, stiffness, creep resistance, and

toughness in structural engineering matenials. Carbon fibers have led to significant

to
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'S In order to produce high sti~hess and high conductivity carbog Nfa? 003
invariably, a pitch nust be used as the precursor. Tlvs is because pitchis
the only precursor which forts a highly aligned graphitic structure which
i~s.a requirement for high conductivity. Typical processes utilize a

bl owi ng teci ~-~tiyue to produce a foamof the pitch precursor in which the
pitch is meited-R0eks RaERedridoemMedi N SR RSN R Gb M =AC, hal ah@WepeSSure
regi on. Thernmod~l nam cally, this produces a "Flash," "thereby causing the
l-ow nol eculm@tndegei ~ht conpounds in the pitch to ~~anorize (the pitch
boils), resulti ook BSLITLLIE . CTSFFTb~Rn%P_ %f il ‘8d rch 2003 iin a
pitch foam See FEGar. " FOTEPhERT-CHITES 2F 5X°P" £PRE "e¥ No\Fer® :%%?Ftﬂ“%ﬁi}ose B
Based on GafdrefemeRficSiherMimana Rofent inO8plicaMarnBing diTh@h &RALS, Resear ch
Socie~ ~, 27( 3.~ (1992); Hagar, Joseph W and A-iax L. Cake, "Fornulation
of a 1§ at¢iestatricalodPles t¢ tomoehichigrssgliresJodehasftimuldied Fsearch ingo ofova

>" 4esophase. Car bon Pregursor,." Mat .. RE 5 S@c .ai_‘yrrp , .»~. faterials Research
Soci ety, ZHISBICEREEGHS)OMpPHIEOCeSIFE methodh High themag] gondusiitxillar Sol i ds:
St n~ct ur es,,gkht R b&Sicier ) - r Ve W YA K 9 @ hsaon, L.J.,
“lat. Sci .s‘*iﬁ*&“é‘ﬁg%%ﬁ“ﬁ%gﬁmE’E.BS‘%@%S&%*S ity °{Aecr‘§%%$e°??“gghi Il ps
Tech. Rev.arBgedhent {fHic&)gnsabet Bol, t\¥ein Dévelogtnertiof Catbonalatbin Cdmp\ditk ar d,

U S pate = ?76, " =6, é’ll 981). Then, the pi ,';ﬁ?h foam nust be o-~:idatively
st abi | i zedbE'eFgniteRtTY! Manigemeor PRI get) TP D Ao m ofiayss-St haPbby,
crossl {hisngrdhey 8 RECkiber Bibraishatdet ébﬁﬂzatmmrtf%hsﬁ%iic-ﬁ@gfa pt mel t
during carboni zati'on. Seé€ Hagar, Joseph ~1J, and Max L. Lake, "Fornul ation
of a Mat heWdFhihps Prtocaosy Gouteict Nupdes 52980 BHEH0 Fédr amdiienghn &hBnd High a

~f esophase..Carbon Precursar. - ~ldat. Res. So ri,al,s, Research
Soci oty STETRA MR ROY CIc, CAmRRRISS o5 ThermeL MRk it JoA WPTlPBon. | 18
?7:697 ( 19&899 3-5Th9§4,'s§p§qrt!éﬂ?_y' ﬁPNﬁﬁ@ﬂt%béPa@&y%@eﬁ@Bm%t a3 EPeNI. ¥es St ep
depending on the parrt size and equi prment required. The "stabilized" or
0>: . i di zednpiAR Rhillgp stliebaratanydomitrzedNLmbemF 313661 £93a€ 0168 phesh saplicetions ar

t enper gt ures.as, hi as 110Q C. Then, graphitization.is perforned at .
t eper 2t UFES LG BRS &S BO0UCT P T OHIE THH & [P HER EOHOGE 608 or aphi ¢ c
struct uremat&sdilitd BYnl ol fharhPid daYRbi¥hdd R WBdH ¥ higRMelidabi AR dfQWiry 30

O her techniques utili'ze a polyneric precursor, such as phenolic, durethane,

or bl ends faskshdatsrusturhl qrecare lided Hagor derbos apherils @redsivexhat the Meighe,
"ldealized Strut Ceonetri f or en-Cel | ed Foans, " t. Res, Soc..

Sy 1 SHFES P S EEPE OB S F Bem T g bR oo 3 PR RS 5
~~posi um E¥ea6e@diy8siladdhalkhiskdr useliRARhGoMpéaide appllatidd>I6d0° drv~-~s, J.
of Mat. Sci., 2:507-512 (1967); and Noda) T., Inaga 25 and S. Yamada, J. of
| ~Ton<@r yEgll therraal Sohuisivity c2r86n Bormeycombgsnynalsprglexpemsk expersiyedgpl i ed and
the sanple is.heated At peci fied.t grature) the pressure is released,
thus causRETERGTT Fnpdies B RBERa b PR bete 5 E5TdrBagda “rhe
pol vrer : Cp&{aﬁ?‘i'f EQB £8r 1BWEc B8R AR HIIcRQd n8 @R RADIcZRE n b A0t aRoShéM | | zat i on
step. However) these precursors produce a "glassy" or vitreous carbon which

does not espengive tgymapifaciuee Gen By catduckvighekrberhipamshiapattodre l9ghaal
conduct i vi tx. and | oW sti~' ness. See Hagar) Joseph a SLTESTLTL' TE SHEET
(Ful e 76151418 8NBER2'2003 ~' and ?~lax L. Lake, "ldealized Strut Geometries

for Open-Cel | egh 5RRP{o Sroduce High stiffhe@s 8nd high conductivity carbon foams,
invariably, a pitch must be used as the precursor. This is because pitch is the only
precursor which forms a highly aligned graphitic structure which Fa requirement for
high conductivity. Typical processes utilize a blowing technigue to produce a foam of
the pitch precursor in which the pitch is melted and passed from a high pressure region
30 to alow pressure region. Thermodynamically, this produces a "Flash," thereby causing

the Jow molecular weight compounds in the pitch to vaporize (the pitch boils), resulting

(98}
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foc. sy~n~., Materials Research Society, 2;0.-~-~6 (199?) In eit cAas
once the foamis for-n;ed, it is then bonded in a separate step tgeﬁamﬁ 2003
facesheet used in the conposite. This can be an expensive step in the
utilization of the 5 foam The e~~traardi nary nechani cal prope"ies of
commerci al carbon nbers ar a due t the unique ~raphitic norphol ogy of the
e~rtruded fid apeet SoanbeReEdBagaIddzph Wi dmghviabt MaisopNase Hyibper Sompb#
Carhop Fibers. Filanments and Corns_ites) Figueiredo (editor), hJuwer
Acadeni ¢ PubEFshet SariBastanms. plfar 4Res7.25qc1.996) .Chtet ey PPRITEBR 7 (

structural g N expl oi. h Mroperties by creatd di sconnect ed
net wor k of g?g]s%?t)i%%%‘rg SR Q{I'h%I%?I\IQOS'e?’ﬁ}éT E@”&I‘latéoﬁb%ra fﬁnaefnea%’r?ﬁ 5.

Car bon f oa~ModdePiatrek X1028) for Phd Bdhnilh € 008 30450 fRdte MR- KT 6858 Math®an
i nterconnected network of graphitic |1ganents or str,~ts, as shown in

Figure 15 ASOSUDIA nderathnReteetth hocipey. kg 0 38l (198p); é5ksen, h.Jpar@hf Fal
alternative inforeepent. in structural. conposite, materials. e
process of é%?bsvr SNPGRS R gl el ‘ %ﬂ?&epdﬁsngre]‘vﬁ??ahgégg by
avoi di ng a Gluseming’, Nedr. S8l eSSBREANEDERSEIso); achpheiergt M dny. QdeeRadhe foam
Furt hernore_an oxidation stabilization step is not réquired) as in other
net hods usediutlips grecbiuRe . pi (), HA8EY; ead Fomzsmaks RniCrépaaxhngkl ¥. Maugardd
graphitic ccture, jLhis p Jds less time consumn s 8 d therefore,
will be lo -iPn‘eé‘bér’gnéée@g‘j%ﬁs’i“&“f‘A’Bﬂ”&%t%?”? Fite o CaRYBFbIrgRiduced
with anig ntiegniag phis (G kn s hahPabHR! 1Hean H%‘rhks%hwo?ﬁefé? 194 Jpje surface

o the foam thereby proddCing a carbon f oam a snBoth sheet on the
surface to "stepiliging” heapitth smigfdees ncBUML durRg GFOSFEEELbA-S ENTAdAN Jasepibjiect of

the present__i,nvention is._production encased. hi gh-thermal ~5 conductivity
porous car %HM%’&% TEF)Fq’eﬁgW“t’ AU Prix ‘Wﬁ’ﬁ%&ﬁﬁf"éﬁ Madehhgaces M odshendous

amounts of thOepARIn G NVEYoHaE B1BHR P rétitkR ,MafFﬂeﬁdS%%E{%ﬁ.?ﬂiﬂérYalsThe
h (PCH- at

porous foamis filled with a phase change materi al a tenperature

cl ose to tHeseaseh Sociy, REAFSHH (1982 hfant WEhicke Vilc,eand PAS!. ISéadffarsCaddad to t he

surface,_frar urce such as a conputer chip. friction due to
e entr P ¢ PGV IORD): SIS BHET Seor B 1610 7 S enPAS e iR GREPIrE | s
transmut ed ohags ghiy sa@qne@Fm%f;’reahi-rkd.mhgz%m&&@ eri%go;&h%{ﬂeq

SUSSTTTUTE SHEET | Rul e 26 8 March 2003 the phase change material. :~s
t he mat eri gkrbohzad gsaphasgestmiosphabsior tesperateesaoligh aapit°GCddhamr e ener gy

t han non-PCT mater.ial due to.,transfer of the |atent, heat qf fusion, or
Vapor | st | SIEFEBHREPS S RETared of R Futes Bghua a0y G Forrogeced NP ueRe v
rapi ~ when cphaeadiy Brafntagty cHIrE,trstﬁ;iﬁglndat sﬁf@f gfitverMNRHh LY ddradcgrdRd) ment s

di scl osed herein aré a device to ragl y ths~. ~ frozet foods or freeze
t hawed ¥Foods, a Qb gahtieugsriiient PelvErdsAreaussonf susheephénods, wetheneras

e SRS SR LS Ao g il o

space. :~T Geohelrie@fbeOpbeRTell BEF fdrRs e Marl RSCHbI. IPmbs NiAte RAIORESRr HABodION T 0a;
n and a to conposite froma nesophase or isotropic pitch such as sgnthetlc,

pet r ol eum &70:8645-(1 29 Wastebapt, U cW., MRSt higmpashjme8roceedings, p6-117i1d¢ @2@r bon
Foam and accompostie 18 M RLLeD WA 9% H9%15 (B2 a R 1P
25 and S. Yamada, J. of Non-Crystalline Solids, 1:285-302, (1969). High pressure is
applied and the sample is heated. At a specified temperature, the pressure is released,
thus causing the liquid to foam as volatile compounds are releasg‘d. The pol}'x;'xeric
precursors are cured and then carbonized without a stabilization step. However, these
precursors produce a “glassy” or vitreous carbon which does not exhibit graphitic

30 structure and, thus, has low thermal conductivity and low stiffness. See Hagar, Joseph

SUBSTITUTE SHEET (Rule 26)



These and ,other objectives are acconplished by a nethod of pr odéjcﬁ p(g} Zrag%on
foam heat sink wherein an appropriate nold shape is selected and 6
an ~5 appropriate nold rel ease agent is applied to walls of the nold. Pitch
is introduced to a appropriate level in the nold, and the nold is purged of
air by applying a vacutim for exanple. .alternatively, an inert fluid
coul d be enp @y@dmlhqapbtqaeébsechs%ed;ebﬁseaqeg?&F@ﬁéﬁ@%ﬁamﬁ AR Cﬁé}t to
coal esce the pitch into a [fquid which preferably is of about’ 50
about 100 Sfocabove, bh@r@dﬂmamg S;muem 200.41k% (d|99t2b:h The vacuumis
rel eased a; 20 aIn Bert fluid aéop i ed .at sta Eres ssure up t o about 1000
psi. The pitch i§ gtcéa"t%’catte%@’éfwg slﬁf’sf B PIG%N EaGBE e e o
evol ve and fi@anget D& dRhEkeoT iRl TR cks b bE Ettf‘eﬁls b@@ttesqln bR R SReLALYr €
sufficient to coke the pitch and the pitch is cooled to roomterrperature
with a si mfParaneous and , ~ adual release of pr essur e. T'.~.e foamis then
fille: wth a phase change materi al ,and enca ed togrodﬂ%q %n efficient

nyf

heat stor age prodEst2CHEILMERMAYEH PLRRSELSS O Fﬁ@mﬁr il GESFEidEd st eps
are enpl oyesk idig FFRbIICAIPOSASLE: Be 6 b §hat 5L hs gl Ltch
does not adhe#rgqli o%etlsurfaceg%ﬁéthg% &éﬁlaﬁ% § an%t %r asllt)géci:"tap1

obj ect i ves Maseplase bibst s, SinaChri per< 3 : v 'e Gt Figt eiedioqedi: by, the

met hods di Iose rei n' afoaj;n roduct With a 30 snooth inteeral
f acesheet %§$ “PBT%%&I’#T% %We‘*?‘é? (1990} Gonmgrerrarpedvanqedt | |

anot her,oasp(%:gt 3] 5 o r
facesheets to %he@%gﬁ; %g{%g{;&g@g@gn%%glﬁgéagbbégsggﬁe%q cbl%/m@’gP}g\g/{ant| on.
Fi2. 1 is gmephitiofilanentolieldtdgester dyrak agpxipeietelmitrik hChirbon feurh derivadsfrdg . acet i ¢
acid as the %hase changg material 5 Fig, ? is a section cut of a heat sink
to prevent PEVR AEAEG D FC%i’@ﬁ‘??’f%?e6’&1Hﬁere?(‘fleF@dd’ret‘b?ftksOfﬂﬁﬂﬁ’m% is a
section cufigfenss J}esﬂlutss'a FITC}'!@?QIE! e As&aeH N0, E eec b n%n@g'rlﬁ%ttkg or biter
Fig. 4is anvcrogr aph ustrat ng typical car oamw th inter

connect ed mearesomn alpogmmhalmmndﬂapemnﬁncmmyn su.hatlﬁagcompc&ltamte’ﬁ alg.ogr aphs
of pit h-deri ve.filﬁcar bon ff.cam %ﬁhl tized at 200C and_at .var.i ous

magni f i tati ons goces@iys ﬁYerE‘?'Bﬁﬁ"?fHﬁ“b’F‘aE'éfF”HﬁﬂafIB‘&Prl"b?so]?i’uced by
the processoffind 4 “btbwirlgN¥enbiire Fiifase! tel:nﬂjéu@tocﬁ}aﬁﬁce'ﬂh!e% F¢iHEmor

curul ative intrusion vol ume versus pore diameter. 15 Fig. 12 is a chart
illustrat mmgwdﬁglomsraéﬂlénm@”aﬁw mrmsmnredommthﬁemboqwsedmaxmdpeqr pitFi g. 13

is agra ust r e er.at ures whi ¢ atiles are given off
9 prba dlcarb mﬂu ‘tu aligne grap uc erLcture q'lhls process 1s lessque

consuming, and therefore, will be lower in cost and easier to fabricate. The foam can bx

20 produced with an integrated sheet of high thermal conductivity carbon on the surface o
the foam, thereby producing a carbon foam with a smooth sheet on the surface to

improve heat transfer.

SUMMARY OF THE INVENTION
An object of the present invention is production of encased high thermal
25 conductivity porous carbon foam filled with a phase change material wherein
tremendous amounts of thermal energy are stored and emittad ve-:x.y 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-entrv through the atmosphere, or radiation

30 suchas sunlight. it is transmitted rapidly and uniformly throughout the foam and then t¢

SUBSTITUTE SHEET (Rule 26)



fromraw pitch. Fi;. 14 is an ~-ray analysis of the graphtized f@a@yrch 2003

pr oduced E)y the process of 20 this invention. Fies. | ~ A-C are photographs
illustrating foam produced with al um num cruci bles and the snooth structure
or face sheet that develops. Fig. i 6Ais a schematic vietwiiiustrating

t he production of a carbon foam conposite made in accordance ~th this

i nvention. Y% Nbage chepBe metenghetsipectatereal shangepphashelt ebsoplrerBgam conposi t e
of tl-iis i tion. DETAl > Tl T C 32w ~+El ~ ' f1LON | n order
Co 111 ust r aeedilehore SR o REr O e ol Be SFe A D S HERRRT e
foll owi ng eRempleszp68:-88h CorldisehThBY ARdEHRAtcah Bt eNHad benki dhetot ey,
invention in any way. SUBSTI TUTE SHEET | Ful e ?61 8 March 2003 Exanple 1 vy
Devi ce for WhemplacedrgQonecewih aesidiobjast. a heat of nmelting of 4~ J/g at a
mel ting point of,,11.. C. The h.of nel.ting. of food, primar~ly.ice, LS

foue. 113V 76 37 NAPIGEInEREPETBER! G SRA HEERE & Y SR BRPNIEN T 08 h

li quid acetfogd @G flede 152 QLITIRER: debtS HORMM blerRB:iBBCRSAMI0 R G5 Made
froman insulating polyner such as pol yethylene on afl sides excepf3 t he
top. Th tephefma heergpanveyetperiaict dydicdekting durlrg dikit,cadpetesigritd boal hi Yh
thermal conduct i V4' tg aI.unﬁnum&FI. a‘j&.e t hat snaps into place thus sealing the
foam acet i ¢-3&LISTS CHENE REPPANF LERECTTErITHYTUR 8FFn figure 1). If the
foam bl ock is | [-Der dhidet et seBt Fvkeitidan b rofQanyi.s 614
grans. The nmass 'ﬁd'géreﬁ’%ctggit% %rﬁz;ﬁ t mivllom&np hg&F B‘;éj"nh%ids%r‘@ufé’%??mé{? 1 gram1 o
Ther ef oife, cahensite fiomcemesophegz@msateatic pischpduak eslsynnhecionpantieumt bhcbhlezt op of
the al um num Ioclﬁ, t he fogmvm' | | coo% to l;the neezi.ng B"Oi nt ﬁc_)fthe_ acetic
acid (1 | CPXeRPERi 4MBTEhOYSEHE I HFRY 45 A BV P23 I0E PR FeTRID as it
freezes (i h—y@dhs&ege,@@i,&ﬁm@tan%&m bthbipeaRAUtal ent -to 49 1J. This heat is
rapidly transferred to the frozen neat as it the (it also remains at 0C).
This anount of HAéase sl subef phje@ives arg atedrvplrsbed) by g @I ofgureduciiy darbbn)

ofrneat. )zxarpple. w Hat Sink To Prevent er.neatin ~atellitAs
During_~, v CH‘"‘?:Q%I B’i”}{YS‘VWS‘&f@eap_Bfo@QFEdHQIéa?%‘%frfs é%?fiﬁ%‘gla’?cgepr\?mﬁ%a’? he foamin
whi ch tise E@RBpiise nOOTEARLBEHAL aWileh 16 3/2008f GAHRAN Finhss BhtestSed {d £Ur e
?). Fill the foamcore with a suitable phase change material, such as a

par af f n wakppropriate hedlel & the oualdl and eheveneldspurged odeir by 2pplyimgperatumefof t he
satellite co nents. One nethod,t. r,formthi ul.d,be.to drill hole in
one surfac%xag%)p?“‘t'hﬂt%ﬁ?‘b‘&?&’éal”ff&pwgsgﬁgﬁgé@&%ﬁa‘ t@cﬂ%’f Pearedi9ea phase
change nat @fipalarhi subRiddtapiclalsdcatiee pitthantohai R waka praamblyineeztddil ed, the
sanpl e can be cool ed (the ghase change material solidifies) and the hole

&

can be pl ugyddtombont 4A0 8pargvethe seft&vrg ppet @faps piTthe ToporguuaNd relsgsadtaier
seal ant must. be .able to wthstand the 25 operati A erature of the
2ppl 1 cat] oft ma SO SR Ba AL 2 SRR Bt v kPP o TR B e LR "eHET 4P de of
the satel ltefPefalat shicPenp@s 8shst Qadeb o VWY o@RE pitch. THEhREN is further
heated to a temperature suficient to coke the pitch and the pitch is cooled to room
temperature with a simultaneous and gradual release of pressure. The foam is then fille:

with a phase change material and encased to produce an efficient heat storage product.

I
(¥ ]

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

composed of a material such that the molten pitch does not adhere to the surface of the

'Jn]

mold.
In yet another aspect, the objectives are accomplished by the carbon foam
product produced by the methods disclosed herein including a foam product with a

30 smooth integral facesheet

SUBSTITUTE SHEET (Rule 26



satellite orbits the earth and is exposed to the sun, the radi an% & rerhg%(oO
fromthe sun will begin to heat the conposite panel to the nelti g% in c?f
t he phase change material. .fit this point, the panel will not increase in
tenperature as the phase change nmaterial nelts. 3o The anmount of radi ant
enerEy the panel can absorb will be dependent on the thicl:.ness s

SUBSTI TUTE C~i Fﬁ‘sztﬁlta‘rfo@hezfas?'ect a&aiRnqhad Q8mpakitk Uted: ifplobuedishonghef t he
panel This can be easily cal culated and desi gned throueh hnou~led7e of the
orbit tinelgceshesthed B@taarpan ®2ERTAC YOyt the PrRgESGIANs fisigaticonpl et ~I v nel ts
and, thus, neveg. exceeds the nelt tenperatu Th .hen the satellite
ea—res 11 vi chitol T arsgn (e heaf FPEEI bRy Sre Ll Do WA Mol D858 "ana
the phase 6baRER B halefi begin to freeze. The cycle will repent itself
once the satellite comes into view of the su once anain. Exanple 3 ~ Heat
Sink for Leadi nijgEdisgesaCtion ent dfig hazheink hoiptaventoessiteerinesbet ilene dsriegt r ene
heats duri n,gl.éx%./\.trv. Specifically, the | eading edges of the crab can
reach 1 808*"T°EHY the belly of the c: aft can reach tenperatures as high
as 1200 C. If m@gfPAM &Lfi6n 6PNk LSRRI drsthR ReRR ke bPE suntagsqf the
| eadi ng edges and at the surface of the belly (Fi ure 3}, it would be able
to absorb enougehisrgypicregrdpaiusirasaisitypicaledthve fodre wit-iniereamneakdper at ur e
of the hotCa r%ﬁs. ;I'htis ?| so would permit a faster re-entry or (steeper
glide sl op&) ANg*HET A FPERBCaYY-ent maxi num tenperatures. In this case
the phase changegg r7ab @fd Rlcrographd & piRsldetied LdrBby R adpRlitadat 2809°C _
ger mani um si |l i con, which nelts around 800-900C and does not vaporize until
much hi ghérd eheamouhaagaiicaions enperature of the craft. For exanple)

CGer mani um has &. heat. of, rmation, (heat of. neltine) of 4S8 3/g. .This woul d
Fequire 1 0 ke D TR NS L CaPR Lo PR A SEL P TP SRG OB b ot 1
car bon/ cajhemideat -shield by 668 C. In other words, if the existing
carbon-carbon we: a 2U repl aced pound-for-pound with germaniumfilled foam
t he maxirnurn T@gpéint ahat dlustritingmemulghieehqusmuydumaivyrshepaissinmetet.31 C

i nstead of about 00C duri re-entr dependi ng on, the duration of

ther ma? | oadt ng® 1o 1earbilEeke fe Bt et Tl AT %5 SOkt vsf s B0k b1 aced i a
mol d wi t hgihheiedesi red final 25 shape of the foam These pitch materials can
be solvated if desired In this exanple, I~"IltsUblshl r'~ ~-~~ nesophase
pitch was util Figed3 iya grappaiiusiraling theltemperanigesnt varch velmhlpsaragpienadfTt o t he
si des of ttrgr% rg&l gt ho all ow renoval of the part. In this case, Eoron

| ~Titride Spray Pifd: Dry Gaphite Lubricant were separately used as a nold
rel ease went. Fig {46 dW0Kctay Sndfiieofl thoardphiiizedfdim producdibybt grécsease agent
IS necessary since the nolten 9 SUBSTI TUTE SHEET (Rule .261 8 March 2003
pi t ch2QoddisiByertiher a to the alu.. ~numand, thus, will not stick to the

ol 0. ST arglBekaedn, SmYohe LI ANRk LS RLLEN dosR Al adher o and.

t hus, they w l1=not nee ease S evacuat e ess than 1
terr and drbébles bepiRGriddtR siredtpeIcrifbde she@Rps dexelgpi.el y 60 to | 00C above the
so~er~ng point. In this case inhere ~~itsubis~".i 5 .~FvA?-t_nesophase
pitch ws used)igl30th G avahematic viepdRestratingihe piodu@sint 2 caf®nazmum r el eased
to a r~tro~en bl anket an hen r.essure of up to 1000 psi is applied. ?he
t enper at Lngqptﬂs’l??W&ggﬂf‘ﬁ%g{ﬁ}?c?H’gh%gfnsvgan?no 800C, or a tenperature suntient
to cofs the pitmh MR Gh pérshlbve freivofIROBrbén fokmoimpasitef thisohveribrat a ra
to of no greater than 6 mn. and pr eferably at about ? C/ nman. The
tenperature is held for at least 1 ~ mnutes to achieve an assur ed soah
and then the furnace i 00 tenperature.
Preferably the foam mgﬁﬁé@r@b&l @?d%?g}(’#ﬁ@w 1.5 Cmn. with
rel ease of pregsw& 8411&hal Be i-HBRPEMX hERLRIbrodikh bk inbidrh, fream
tenperatures for three product runs were SO0C, 630C and 800C. During the
cool cyclejowngssamgles arerset fabedhey aduat inpended & hmgpheinventpondiany oveY: The
foamwas then he 15 treated to 1050 C (carbonized) under a nitrogen

bl anket and then heat treated in separate runs to 2500C and 3800C
(graphitized) in Argon. Carbon foam produced with this techni que u~as

exam ned with photom crography, scanning el ectron rvcroscopy (SEl~~), Y-ray
anal ysis, and nercury porisinetry. As~can be seen in the Fib res 5-10) the
i sochromati c regions under cross 20 polarized light indicate that the
struts of the foamare conpletely graphitic. That is, all the pitch was
converted to graphite and aligned along the axis of the struts. These stn:.
are also sirnilar in size } nected throughout the foam This
woul d i ndicat~ that the f%gﬁqgrmﬁf}ﬁdé Eggg%ﬁ(?\é’ﬁe'sﬁt?l rmess and good stren~ h. As
seen in Fig. 10 by the SEM rnicrograph of the foam the foamis open

ceJl uiar nmeaning that the porosity is no 25 closed. Figures | 1 and 12 are

v Y Y M —y g e o, " o,



A therrnogravinetric study of the raw pitch was perforn~~d to &deechizae3t he
tenperature at which the volatiles are evolved. As can be seen in Figure
14, the pitch loses nearly 20% of its mass fairly rapidly in the
tenperature range between about 30 430C and about 480C. ..~Ithouah this
~~as performed at atnospheric pressure, the addition of 1000 psi pressure
will not shift this effect sigaam' blmla@d\yg‘ e ffhEhefiarefomhi | e the 10
SL1$STATTLITF Sf-~FF'.T | Rnl P March 2003 pressure.is at 1000 psi,
gases rapi dly evol§He2gdiehg Frééifl“?ﬁm'i%? oﬁgﬁbf’%%mte W,Sé?oét'ftLﬂféH éL-ng'@'lf‘oﬁ’ 4~0C
to 450C. Th@fﬂa§:‘%§ ol?&”@éjdl‘b‘?m%“ﬁy%énx@go@mﬁﬁﬂ% L] kecbondring) o0 4 b foLten,
pitch. As the terrperatur alsincreaséd fi ther to tenpératures ran;in=
from Q0 oo 4000 it @1(1-dJemxmmeng aom at ieors peep. fTHe fpehok)l bﬂteheusﬁ:damacb(pl tch
becomes ¢oked uci solid foagm derived from pitch.
ence. the POUSTRE HHEHekls P BOLGY & Pﬁ%l?&ﬁ%ﬁ%a’éf%ﬁMa&ﬁeaﬁa) Th hey

e’ fore, thi@pRIFkeRnlfeeli€hYidbsckelRNe cfagﬁedp&ﬁ“aﬁ hefmdl comBfB\G9 fromthe
f oam wer e rrachl ned into specinens for surrg the therm con uct iz ~ity. The
bul k t her r.alimlnugopldieabitvintys inangleck n‘hmmaﬁao Wnrmh(mfaaeﬂ@ﬁcxw-ma‘te the@olfhe aver
age density of the sanples was_0.53 glcnB, .when wei'ht is taken into accoun
t the speci®st(by@arared ndigmattt ﬂWFﬁO%ﬂ’beﬁblspIQ'@h\dérmvéQ Sinordlodhe s over
4 tinmes gr t % utilized to
estl mat e tﬁcgt{tg eH}g %%ﬁj E)I Vi ?Spoq{a e{:%&t;!ﬂﬁ-{ ugf?{ 3‘%—@' RIESHS 'Eé HaT | y 700

VI m K. 10ThiBherSomp npah atﬁx&etdfrrlnghmfehteiﬁ phmkd ipaideltset bthtthe £y dfaRe f i ber s
produced fr omthis sane ARA24 nesophase 15 pitch. X-ray anal ysis of the
foam was pEYHPHBPIQT. Yra ioam 1l CPHE‘OC‘P??F%WS h@%?f@étae?té’ asfd { IneChedteri al .
The x-r ay g X i r ne
| ayer Spamtﬁg%?i&{&%@ n?atsé koéﬂ' brﬂ'mﬂ%g C}Q%’E@ U:!:AﬁSId gmr%}ese‘qgg‘lts%g ntégr?gsn%eﬁl E'ﬁg h
(L",~) wasvdlébeleqmimeldmtt@ M\B%&mmmﬁid[vh&nsﬂ’emkIt@@nd’lf%z{tlﬂtmm&sﬂaherm ned
to be 4a2. 3 The, conpressi on strength of the sanples were neasured to be
3.4 M'a a Iaag]ﬁéeraaﬁfmg&%ﬁhﬁ@muésoab@t HesdEisread 12 Breeogghin 3 fpeamsThe f oam
sanpl e \was pﬁ,s’ ¥m Q%ghl ned and coul d be handled readily w thout r"ear of
damage, in |cat|ng od strength. It is inportant to note that when this
pitch is heated in a simlar manner, but only 25 under atnospheric presser

e, the pitch | mor € t han when under ressure_ In fact, the
resultlngfo : ' ravent Oxepheating OF Sarelliteg vehic Qsbisr f or m
tests. ;" Tol ding; émpl@ra oQFbeo%SééH?onsc%rnY i Q»'th'tE@ Iroam% »GIFJBW'}]%% i{ heofel I's
and produces a usable material. SUBSTITUTE RFt' FFT Rul e 2f 8 March 2003
X nl A i material with carbon-carbon face sheets (figure 2). Fill the foam core with a suitable

phase change material, such as a paraffin wax, that melts around the maximum operati:

20 temperature of the satellite components. One method to perform this would be to dnll
hole in one surface of the carbon-carbon face sheets and vacuum fill the phase change
matenial in the liquid state into the porous foam. Once filled, the sample can be cooled
(the phase change material solidifies) and the hole can be plugged with an epoxy or
screw-type cap. The epoxy and any other sealant must be able to withstand the

25 operating temperature of the application. The foam-core composite will then be
mounted on the side of the satellite that is exposed 10 the sun du?ring orbit. As the
satellite orbits the earth and is exposed to the sun, the radiant energy from the sun will
begin 1o heat the composite panel to the melting point of the phase change material. At
this point, the panel will not increase in temperature 25 the phase change material melts.

30 The amount of radiant energy the panel can absorb will be dependent on the thickness
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.fin,alternative to to method of Exanple 4 is to utilize a nol d8ndatehn20a3
alumnum In this case two nolds were used, an al um num wei oh; ng dish and a
sectioned soda can. The sanme process as set forth in Exanple ~ is enpl oy-ed
except 5 the anal coking tenperature was only 6.10C, so as to prevent the
alumnu"~ fromnelting. Figures 1 ~ A-CilJlustrate the ability to utilized
conpl ex sh@ﬁ@@u@tjguserfs%s@&Wn@gmn%e@ﬁn«mﬁ@ d0RMd 444 QB8 116RSE, Shown
in Fig. 1 ~ top of a soda was removed and the renmining can tsed as
a ol d. NoLmeixédseoé@‘@mrha@mﬂmolfﬂzee@w‘hi\e stichothehite hiteris mape C@fnpﬂehelv
resulting par t copforns to the shape of the sada ca ven

graphi ti zat®4 énﬁaf‘g S‘E‘)%@@“rﬂ’fi:? é’?‘m‘ﬁ’sﬁ&’?@%”’t”h% d‘ieﬁehgf'bﬁﬁlsaﬁ é%eFr?Syﬂof t he
foam an. tbﬁ\@&'zhantpuerPoﬂ@a H@“ﬁt§k§%€egncﬂ)@‘fﬂrth‘ésn&}ﬂantzé‘?ﬂasé?fa@ﬁq case,
as shown in Fi's. 1S B and C enploying an al umi num wei dishy a very snooth
surf ace :wabegxmmﬁdezyn ThheydamfilhmpeetonteHatricn thetsaeellab gpmeninne ViEhi of the Su
directly attributable to the fact that the nolten pitch does not adhere to
the surfac8'Yfé&Re al umi num This woul d allow one to produce conpl ex shaped
parts with snmooth surfaces so as to inprove contact area for bonding or

i npro~.zng heat transfer. This snooth surface will act as a face sheet and,
t hus, a foam core conposit &xeanictbe HabSindabeleddinsEdgeswi t h t he fabrication

of the face sheet. Since it is fabricated together ; 20 an integral
material no int EFFERA, L}Gﬁ H't“é” @OliPT EXREAET GRAICXEETR a3E JURgg 122H8).| ess,

resulting g ﬁfch@n fd Ie és of 1 £ 1@l %a?l%ﬂ:g I%)é@m? aﬁ& tﬂelgéﬂzto'f'me c:EHe
production of a drrp05| erla e;rployrng the fToam of this I nvention.
25 xamibe &nl?eidhhexdxgaenameds esalmgblas 1 220N CrvdS 2 fraodesre domipblitet prmeliephredd a:
described in anp 4 Referring to FI 16A the carbon_foam |.O was, t hen
machi ned 8 S‘S'Y}%fled’(fllh"?’eignﬁleﬁges %’§T3F?°§’r‘i’d Oplly BF2Ye FpdbEG R i sed
of Her cul es)AehheabRABuEh Qﬁﬁrrz@ t@-@r@ﬂag“al@ RubdelBe %Lmnh%fﬁxrp@ﬁmu %5569”9

t hernopl astic resin als® of ?27x2"x " si'ze were placed 30 the top and

bot t om of hchera‘amaﬂusala@hx@ulchpmm fasms rtpbacedr (smeaerr@tdchmegandarpmntasn mol d

.6 for co ression r.a I [ e conposite s was heat ed:
inder a 13NSE RSy Rprrafrfs. 1R R s oy AesE RIGS clrtersh R BT PR
pressuw Qfkel AR RASoY e 2 dgeeﬁﬁ%ﬁjbaqtyr@orpfwh&%%@araurr@m odoCakd d8dd-nofhe
conposite was then heated under a pressur a of 100 psi to a tenperature of
650' C T foapeuzruntis andhihighepthislthemarsimaind (en@ravars afhbsicned: no~~ed f: omthe
nol d and car bci:rolfexa

mple, 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

20 replaced pound-for-pound with germanium filled foam, the maximum temperature of th
heat shield would only be about 1131°C instead of about 1800°C during re-entry,

depending on the duration of thermal loading.

Example 4

Pitch powder, granules, or pellets are placed in a mold with the desired fmal
25 shape of the foam. These pitch materials can be solvated if desire& In this example,
Mitsubishi ARA-24 mesophase pitch was utilized. A proper mold release agent or film is
applied to the sides of the mold to allow removal of the part. In this case, Boron Nitnide
spray and Dry Graphite Lubricant were separately used as a mold release agent. If the

mold is made from pure aluminum, no mold relezse agent is necessary since the molten
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undernitro en to 1050C and then graphitized to ~S00C, resultind Marc 2e@m
~~th’ 5 cdrbon-carbon facesheets bonded to the surface. The conposite
eenerally 30 is show, Figure 16B. ' Exanple 7 Pitch deri~~ed carbon foam
u. ~as produced u-ith the nethod described in Exar;,p 4 It was t hen
_nachlned into.a,block 2"x2"xl/2" eces of carb bo iai o2
o 1) o DG GPs COARER P 15 PR FIch et 9 O B8 e 25~
phenol i ¢ Durgzd.Resi @f’o%'nh"i‘pal 18hd HiOdR §5Sin g?%}?elre %be%a ..e%dl-m‘?néé?ﬁm bl ock
.and car bon- car bon terial were positioned togefther and pfaced in a nold as
i ndi cat ed i rel&gsarfiesabiplelnevsanpdaoles theal edr tod eheh daged ad arenpdradh0C at a
rate of ~ G mn and sozked at tenperature _for 1~ haqurs. The sanpl e u-~as

then car bonfRAEEN ALY SR it@ B dn 2Ry eths 6 erEnsprint %ﬁh%?«éﬁm}tef%’dfsv@S%ooc
resulting i Af Ql G b face
This i 3l saRaRd TRt AR SO 5, 380 LRES AR B ARG, R Ve
carbon f oamelzzes praodtregeh Wat}kmrahmmtmpdssﬂescmmmoom ;Exsrhpbbedﬁl .Thehe foam

sampl e was then densifi ed with carbpn by the method of chenjcal ~-apor 20
i ~I'tration fF@Peff@Ueﬁéd?essyﬂrﬁélsaléfﬁsrat59d th8P_ s atemperatiyie spiciepho edkexur al

strength wag, éﬁcztﬁn%cﬁ 1969 ihe, dc%*ggws@gwf&%ewaﬁ at%g% '}q &»atgh . her mal

conductivity e ra-. oam was the Ton it ~~i ty of
t he densi f|:efct/rhbalzn&p*eaf&ael-ym‘d%amt@°K/m¢amhbee—#per3uFa is blalddfer 2vlegstgar bon f oam
V~. ~as ﬁroduced wi th. the net ho& descrj bed i n. Exanp ~. The fgam sa Ie was
then dehsi fRBHEHEQ BCEPEAR 5T éo%b%%efbfhﬁd%mﬁ? P?fﬁ?fégﬁ‘é'F‘F%ﬁ’T'ﬁﬁé copbH~

was cured Lt nB and t he
fl exural s??éﬁ%ﬁgsm%éggﬁédabp;{%gg%. %fb@fgﬁ%@fﬂg%lﬁﬁﬁrémgﬁéﬂ% | Rul e’ 61
8 March 20Q35 m/hm vii(iseldak € o Bpre et revEind ﬂ‘é@&aﬂpﬁ@hﬂlé&lmbﬁfﬁiﬁl Binalsfuah as

metal s, ceranics plastics) or ijber-reinfaorced plastics bonded to the
surface of ‘$RRFTRIYETHIBF tfw Efqu%’HPS “ege iﬁ%&ééoacﬁ%ﬁ%& @m@s.w@l

material width, 3eCaptAR %Qe?sreﬁpr?a“dﬁhlﬁgto arfids éﬂ Qul*aaéonﬁ“ﬁg% q‘h@ am wapqgl

i nclude cer”a.~~IcCs, ass, or ot mat'é re nat I nto oam

f or densi netiedmo 13&@%@1 (@mbdﬂmdﬁiab@ertaakeﬂadrfbldﬂiee:arﬁﬁh@mhbttare&&rdhan f oam
mat eri al, several obsen-~ations_can be made outlining inpor tant features of
the i nvent SERFFARRNSIACCGHC 2pd 289Q Ch (s5artitzeddin HEEPT oam can be produced

wahout an oxi dald Mk nShah frbd@lel Qith this technique was examined with

photomicrography, scanning electron microscopy (SEM), X-ray analysis, and mercury
porisimetry. As can be seen in the Figures 5-10, the isochromatic regions under cross-

20  polarized light indicate that the struts of the foam are completely graphitic. That is, all
the pitch was converted 1o graphite and aligned along the axis of the struts. These stru:
are also similar in size and are interconnected throughout the foam. This would indicat
that the foam would have high stifiness and good strength. As seen in Fig. 10 by the
SEM micrograph of the foam, the foam is open cellular meaning that the porosity is no

25  closed. Figures 11 and 12 are results of the mercury porisimetry tests. These tests
indicate that the pore sizes are in the range of 90-200 microns.

A thermogravimetric study of the raw pitch was perform:Ed to determine the
temperature at which the volatiles are evolved. As can be seen in Figure 14, the pitch
loses nearly 20% of its mass fzairly rapidly in the temperature range between about

30 420°C and about 480°C. Although this was performed zt atmospheric pressure, the

addition of 1000 psi pressure will not shift this effect significantly. Therefore, while the

10
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step, thus saving tinme and costs. |0 2. high graphitic ali gnrregtM#@ht%@3
str~ts of the foamis achieved upon graphitization to 200C, and thus high
thermal conductivity and stiffness will be exhibited by the foam nmaking
themsuitable as a core material for thermal applicatior 3. High
conpressive strengths should be achi eved w th nmesophase pitch-basee carbon
f oans, nl 0O htable. W16 QLS -'caflg,‘ u ne

appl i cat i 3#§?Q£Bﬂ%m&gg%%b%%“§%ﬁ?og?'E glg g%gﬁﬁ%’e%?aé@f’i[?% g@‘%’[éﬂg &% time
as the foammgsofeIICatedl 0 TthTSe gasdsngotiam fannkimposTest (ke betlpilionmrel it hic
pr eforns can be nmade wrth significant open porosity suitat for_

densi fi catW’B’ﬁe’bﬁ’/"cthhéséﬁ%"fﬁ‘%ﬁ‘\’féﬁéF“CF?FFF‘FS-‘{@FT BhISRASHOH 6 F 2 8ESRPE and ca;
bon i nfi | LIRRESo2006: £ (8L ShaERA h Disfedtfcliflnt e fah Do FRAR Mnbllecceq

si gni fi cant open por osi sui fab tor activati’on, producing a monol T1hi ¢
acti vat®ed (caribi,. thés piddutisg alyelid tisarh Hativddyfr stapitch rigeddeethprfegsing has appl i ed,
the size of the bubbles formed during the foamng wll change. and, thus,

t he densi tAFCUZES BHEGITNE APIE2S61H EFCSPY G FBF theTRmant hePraFsse it vty difsramtefic

foll ow ngfpgé\tig‘gsnﬁ{_i ve procedures and products can also be effected by the
process of this invention: |I. fabrication of preforns v.~th conpl ex shapes
for den~i oca: i ddantyesGrdmahe fozrewtmmedirediiomn. sp2cimias forat@duiray thenhemmol i t hs
with high thermal conductivity. 30 3, .Optical absorbent. ~ Low density
heating elC8REHIYLal rsUpdR theOr copgrstivigyregeseiom 53 WhrR. AK20386 Wim e éhal |
Material @6y £ : i r } SAL.ON Pg .1 | gh-eneray
physi clg agSF:agéﬁa?ba%ggggé%ee%b ‘%?etﬁv"g%t(?g}r]g%bgdﬁithgégv'ﬁ%rt lﬁ%}émnglgoljggcﬁ re of

pi t ch- baseit gatiionhdranr cdiatidiynds thopiteh derbledifadm doih Isheer akinkeBpOREt €s.

The process involves the fabrication ¢ S graphitic foamfrom a nmesophase or
i sot r opi cUntte# afisPepere Burthas dsfivriinsicen bpatiligaddgresimaigrthedemelar based. . 4
bl'end of E&?&%ﬁ%‘# 8%%% sfld 1%%3&1 1§ TRV RA700RE ﬁ-'@'ﬂ&s*?@o&%&’r%%re iilizes
a high pressure h gh ténpérature Ti. ~rnace and t Rer & y, doed ROt T Squire

and oxi dahigiieh&imabtdrdvativignesbepiibetherddeasd fam thisrematARL: Y mebd Fhagen
di stribution of pore size: 0100 mcrons), very little closed porosity, and-
densi tly oP"f?i’pproxi mately 0.~3 g, ~cnB. The nesophase pitch is stretched

along the str ut}éggfangﬂﬁs beamsih %%slsﬁe?foﬂgdr}é"@éz@%ng{&%fli%xﬁ%%

aligned eraphitic’structure in the struts ese struts
of the material. The x-ray results are shown in Figure 14. From this data, the graphene

layer spacing (d;) was determined to be 0.336 nm. The coherence length (L,,;40) Was
determined to be 203.3 nm and the stacking height was determined to be 442.3 nm.

20 The compression strength of the samples were measured to be 3.4 MPa and the
compression modulus was measured to be 73.4 MPa. The foam sample was easily
machined and could be handled readily without fear of damage, indicating good
strength.

It is important to note that when this pitch is heated in a similar manner, but only

under atmospheric pressure, the pitch foams dramatically more than when under

2
wn

pressure. In fact, the resulting foam is so fragile that it could not even be handled to
perform tests. Molding under pressure serves to limit the growth df the cells and

produces a usable material.

1
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thermal canductivties and sti~'"ness sinmlar to the very expensigeyhi-ghoggs
perfor~r:ance carbon fibers {such as P-120 and KI 100). Thus) the toamwlI
exhibit high stiffness and thermal conductivity at a very |ow density (-0.~
Qcc). This foamcan be ~or~ned in plac 15 as a core material for high
tenperature sandw ch panels for both ther;nal and structural applications,
t hus reducing fabrication time. By utiEkaipgSan isotropic pitch, the

resulting foam can easi |y acti ed0 produce a.high rface area
activated car bon%irzfﬁ%maagi\ie\}étt‘éedm Et\aﬁ’r%g(?g%%gﬁevf 70 r‘i(‘)"ltxzeegﬁné)?ﬁy@r‘??%ntc}%

probl ems asgReliAliRdnWhistagy @iheRsSueb usediah Rivnioim vehainetisngndand | arge
pressure drops. 15 SUBSTITUTE SHEET fRote 261 ' ' 8 March 2003 CLAI MS
What is cl apsrb@nedsode cap Phosrewsproressresdeiciony imEsampert it sapldrsdtexsemk

conprising: ,.sel ecti,ng an appropriat shape; _introducin itch to an
appr opri at e”']eév&f“f‘ﬁ’%sbﬁ‘ EE%FEE;D“ ifu‘?rgY ﬁgb;t SOfEEdWé%Fat ‘ﬁ’ﬁﬁh”%ag?’dr fa
vacuum heagjspgosaid pitch to a tenperature sufficient to coal esce said
pitch into a |'iquid; releasing said vacuum and backfilling an inert fluid
at a static presBigueesup AeC dlvomste 1006biyitp uéadd cxgnden shaped cloldofa
tenperature syff.icient to cause es to evolve and forma carbon foam
heating sai F°C4FBBROTBEMSHRP IPH%;@T%%QSS P&t &8t 12 o- KR B frdach:

cool i ng sai g, canLRRRd EAaMd QBB {AMREE 3t B AN, 53]5‘5.% %g&ﬁ%&%‘%n&% 8asi ng
d car bon

said inert fluid;, at least partitally encasing sal foam and "at

| east p&@ t itaky yre Shdpei aighporsobisg pegiconforof s diekhepy bithe sodarcam, hemafter

phase- change terial. J rqocess of clai,m1 wherein.sai.d piLtch is

i ntroduced H&P V%ﬁﬁ’l?f‘é?égo?)i@g?ﬁs 3N abersdg%g’énW’Oﬁﬁéf%ﬂfymg?ee#%ms%'d
pitch is inheedusad RednRewier 8d sRifdpard® ° ° 8 March 2003 4. The process
of claim1l wherei'n said pitch is introduced as pelletized 'pitch. 5. The
process of any dnehofecohdicas, s thommeindiigs. daiBlapd € emplaying syaméturs wei

nmesophase oy. .isotropic pitch. 6. The progess of any one of clains 1-4
wher i n saiEp VB S SUEFS EisiPHBH] D0 SRS S e So et b h.
15 directly attributable to the fact that the molten pitch does not adhere to the surface of
the aluminum. This would allow one to produce complex shaped parts with smooth
surfaces so as to improve contact area for bonding or improving heat transfer. This
smooth surface will act as a face sheet and, thus, a foam-core composite can be
fabricated in-situ with the fabrication of the face sheet. Since it is fabricated together
20  an integral material no interface joints result, thermal stresses ‘will be less, resulting in
stronger matenal.
The following examples illustrate the production of a composite material

employing the foam of this invention.

25 Example 6

Pitch derived carbon foam was produced with the method described in Examp:
4 Referning to Fig. 16A the carbon foam 10 was then machined fato a block 2°x2"xVz
Two pieces 12 and 14 of a prepeg comprised of Hercules AS4 carbon fibers and ICI
Fibirite Polyetheretherkeytone thermoplastic resin also of2"x2"x1/i" size were placed
30 thetop and bottom of the foam sample. and zall was placed in 2 matched graphite mold

16 for compression by graphite plunger 18. The composite sample was heated under &

SUBSTITUTFE SHERT (Rule 26)



7. The process of any one of clains 1-4 wherein said pitch is a8 March 2003
coal -deri ved nesophase or isotropic pitch. 8 The process of any one o?
claims 1-4 wherein said pitch is a blend of pitches selected fromthe group
consi sting of synthetic nmesophase pitch, synthetic isotropic pitch,

petrol eum deri ved nesophase pitch, petroleumderived isotropic pitch,

coal - deri veghyres gRiRase 21106 hs; reqqeﬁg@#am@rolfsggh b 03 FAPLESPELGA. TH. The
process of any one of clains 1-8 wherein said pitch is a solvated pitch.

10. The procwsmsoé vemyphoneeatfd wider apreks@ewfiéf@pr tsaitempenzagiragf 630 & fect ed

by a vacuum step. 11., The process of any one of clainms 1-9 wherein said
purging is é’F’F’é’E’f%ﬂaW"a'h{’f"ﬁgﬁ”efaluﬁizg."“’%‘2‘%“’%’”%’1’3{36@5’%‘}Eﬁm%‘ PO 88TsM ¢l ai s
1 11 wher el ihgaAhitlougr w3 cling infh MR ZPOP2s0 RO ERirAln L 955, L0AN 1

torr. 13. The proc&ss of any one ains 1-12 O\E:herel n fitrogen i's

i nt roduced asbdnherbarefzcedhestis Gonded. tothe syrfameeSise efmpotjte @dLerolly 30 Bi gkpwl- 13
wher ei n sai pitcg is heated to a tenperature in the range of about 500 C
to about 1008'€!%Po coke said pitch. 15. The process of any one of clains
1-13 wherein said pitch is heated to a tenperature of about 800 C. to coke
said pitch. 16. The process of any one of clains 1-13 wherein said pitch is
heated to a tenperature of about 630 Exaripefoke said pitch. 17. The process

of any one of clai 1-16 wherein the tenperature to coke said pitch is
rai sed at a rat é’.”&g%ﬁﬁ" %%?%?Fotaﬁ’a‘ﬁa%m@.d”fféirwﬁ? Histractheg descRaedindexasar of  any

d at arate FEdReh SPANSPIES i Hises:h28 oo P
Tor at |east eomantac Te O SuRHkane RE PR R Ble gl ARl A ERRRLT  F

clai ms I 12"xiiel2, wesatoktpd I ghlyiwittheatiesré of 30% ermeasiatovepheholDutez80 C. to
about 100 C. to coalesce said pitch. 20. The process any one of clains 1-19
wher e sai dResamRbBPBE penial Chgmigal €p. Diyprgam block and carbon-carben

material were positioned together and placed in 2 mold as indicated in Example 6. The

sample was heated to a temperature of 150°C at a rate of 5°C/min and sozked at

temperature for 14 hours. The sample was then carbonized under nitrogen to 1050°C
15 and then graphitized to 2800°C, resulting in 2 foam with carbon-carbon faceshests

bonded to the surface. This is also shown generally at 30 in Figure 16B.

Example 8
Pitch derived carbon foam was produced with the method deécribed in Example
4. The foam sample was then densified with carbon by the method of chemical vapor
20 infiltration for 100 hours. The density increased to 1.4 g/em’, the flexural strength was
19.5 MPa and the flexural modulus was 2300 MPa. The thermal conductivity of the ras

foam was 58 W/me °K and the thermal conductivity of the densified foam was 94

W/me°K.,
25 Pitch derived carbon foam was produced with the method described in Example

4. 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 increzsed to 1 37

g/cm’ and the flexural strength was measured to be 19.3 MPa.

-
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at a rate of approximately 1.5 C./min with the rel ease of pressurd §areh 2003
rate of approximately 2 psi/mn. 21. The process any one of clains 1-20
further including the step of densifying said foam 22. The process any one
of clains 1-21 wherein said-phase change mat eri aI is acetic acid. 23. The
-process of any o of cI [ C e material is a
paraffin wax. r&?ﬁrepoﬁis Lee%%%%’%é%%oﬁén%Y ’SUQE% ee}aésl R phase
change mat e@lﬂxcsl 8r gBérivRMYfthIed aﬁsuaahﬁsnawfoeﬁé s@ﬁawmaeo_a{ otihR ifGeds: 24
‘wherein the step of at | east partjally encasing said carbon foam conprises
at |east pafdPARLE &S ERG C@&?R?Sbamtﬁﬁ»afbamapqrﬁpa—béﬂamr@é@wﬁeﬁédl@mdserrent
mat eri al . 0 Q glal s, 1-24 st ep, of at
| east parti g s& eenrgés?ng 'ssgglc’ é%&gﬁ o‘h”c QI SS’C%%%FT%E? 3? %YQF%%\?WISI i y
encasi ng;safc;i—rp@;rrla@ﬂsﬁﬁ@a,@hl n an al um ni um encasenent material. 27. The
process of any one of clainms 1-24 wherein the step of at |east partially
encasi ng sai d caBbsad ¢ro@md@mkcrsmdm ﬂoeais;t: cmpnlxeawmaeﬂmésemahal d car bon
foamlnac r bon-.carb ntf %) E A Ph g asene

mat eri al . senaﬁ‘g?%?ﬁ? hey ‘mgFHPP%?%G‘caé‘d 59 ?ﬁé”‘ﬁ'PB% 2t gcly d in
any one of C' ai mp, Bt lbasd® carBoR FOGE 8 @pv@&@éﬂd% E‘}%u@a%m{?vi 5%915”119‘3% si nk
conprising: selecting an appropriate nold shape and a nold conposed of a
mat eri al t haep, mﬂﬁnlnglttmhar(ﬁ)egtmot wet; introducing said pitch to an

appropriate level .in the nol thear from.sai ld to forma
vacuum eat i ng s4r&"FFIRAG ! teBﬁ‘BéB%lf‘E‘t“éo UFf’PE‘F‘éHCHE%'g&‘J‘BP%sce sai d

pitch into @adHifidn 1belseast %dsﬁwmm%%%mwwahh'sf"ﬁnéﬂ Wiggt fluid
at a static pressure up to about 1000 psi; heating Said pitch to a

t enper at ur eexgipfted by el fopm, mkm%the'npumajihe Mco;reerhaﬂeral ¢artbermaf eppiicacionl i ng

said foamto ro eratur.e and sj
%ml-iz amgompresswe strengihsmﬂ

€ acﬁ;lezed with mesophase pitch-base
carbon foams, making them suitable 23 a core marterial for structural applications.

15 4 Foam core composites can be fabricated at the same time as the foam is
generated, thus saving time and costs.

5. Rigid monolithic preforms can be made with significant open porosity suitat
for densification by the Chemical Vapor Infiltration method of ceramic and carbon
infiltrants

20 6 Rigid monolithic preforms can be made with significant open porosity suitat
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.

25 The following alternative procedures and products can also be effected by the
process of this invention:
1. Fabrication of preforms with complex shapes for dendfication by CVT or Me
Impregnation.
2. Activated carbon monoliths with high thermal conductivity.
30 3. Optical absorbent.

4 Low density heating elements

14
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rel easing, said inert fluid;, at least partially encasing said foamgapdcitogns
| east partially filling porous regions of said foamw th a phase-change
material. 30. The process of claim?29 wherein said pitch is introduced as
granul ated pitch. 31. The process of claim?29 wherein said pitch is

i ntroduced as powdered pitch. 20 "' 8 March 2003 32. The process of

clains 29 Merei-ngﬁg#,g]] Q}.Iatrgljf'ali s introduced as pelletized pitch. 33. The

process of any on clains 29-32 wherein said pitch is a synthetic

nesophase or i setLopicpidghelsdbon FhRsiphoness fof highyneae pafsicl ibiMeardd- 32
wherein said pitch is a petroleumderived nesophase pitch. 35. The process
of any one of clains 29-32 wherein said pitch is a coal -derived nesophase

pitch. 36. The Q of ..an: - of [ Q-35 rein sald.mold is
purged by a V&Cl%ﬁ'ﬁg%%ﬁ Iéhéa}lé%én%g@ggf%%h%ﬁ%ﬁr‘.é@?%htgh g?‘ %@ecggbo&m&hy one

of clai ns R pk\iesiAichurshidd tHBnth] c8mpukite ATy prdBedsievdivdslthé hbaed @sec
heating. 38. The process of any one of clains 29-37 wherein said phase

change #at gephitic fearadom & mesorhaseaer. isquiepippceydicdicaaky sprbeis, pelralensy 29- 37
By one of iR T a6 a T R &t Bl halth B ot SePee e e B um
41. The pnanRssa AfchaR¥ssOREhi 1epipati¥Bred8nie WREHHRIdby! BSesSicRPeffre 20d
oxidative stabilization step. The foam has a relatively uniform distribution of pore sizes
(~100 microns), very little closed porosity, and density of approximately 0.53 g/em?.
10 The mesophase pitch is stretched along the struts of the foam structure and thereby
produces a highly aligned graphitic structure in the struts Thes-e 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 plac
15 as a core material for high temperature sandwich panels for both thermal and structural
applications, thus reducing fzbrication 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 granu_les such 2

attrition, channeling, and large pressure drops.

Jn‘
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8 March 2003 at least partially encasing said foam conprises at I§Q%; 5
partially encasing said foamin a polyethyl ene encasenent nmateriaf. 497 ?R%
process of any one of clainms 29-40 wherein the step of at |east partially
encasing said foam conprises at |east partially encasing said foamin an

al um num encasenent material. 43. The process of any one of clainms 29-40
wherein the step of at |east parti grarmgncasi ng sai d foam conprises at

| east partially encasing said foamin a carbon-carbon conposite encasenent
material. 44. A carbon foam heat sink produced by the process clained in
any one of clans 29-43. 45. A process of producing a carbon foam heat sink
conpr i Whay: 1 s et lecineary ian appropriate nold shape; introducing pitch to an
appropriate level in said nold; purging air fromsaid nold to forma
vacuum heating said pitch to a tenperature sufficient to coal esce said
pitch into a liquid; releasing said vacuum and backfilling an inert fluid
at a stath® epressucf prodycabsut $600CPsEoaRclaed oS TF FPREH I a
tenperature sufficient to cause gases_to evolve and form carbon foam
heating sai $IRFDOI P AR R LékSefatdr 8R8B%fi cient to coke the pitch; 22
8 March 2003 cooling said gﬁrbon foamto roon1%e frature. nd . .

si mul t aneousty* S &G 5a &9 ABr PPPFEPE 2 bf a T"’}rﬁ% £ HE SRR t he

opposite sides .of said arbon.foagggaggegin the facesheets to said carbon
i d°ca?

foam at |daStIpat (14l | O8hEF&Eng _ n“ f ANt and facesheets; and at
| east part 'k?ézié’:trlg :ééa{l%p AUAUE " §ILANROL AL I GRF PONA OA WAL Bsce

phase- change™ na

said pitch into a liquid;

releasing said vacuum and backfilling an inert fluid at a
static pressure up to about 1000 psi;

heating said pitch to a temperature sufficient to cause
gases to evolve and form a carbon foam;

heating said carbon foam to a temperature sufficient to
coke the pitch;

cooling said carbon foam to room temperature and

simultaneously releasing said inert f£luid;

at least partially encasing said carbon foam; and

at least partially filling porous regions of said carbon

foam with a phase-change material.

2. The process of claim 1 wherein said pitch is introduced as

granulated pitch.

3. The process of claim 1 wherein said pitch is introduced as

powdered pitch.

16



46. The process of claim45 wherein the adhering of the facesheetgp&ﬁ EQ%OB
carbon foamis effected by a nolding step. 47. The process of claim 5
wherein the adhering of the facesheets to the carbon foamis effected by a
coating material. 48. The process of any one of clains 45-47 wherein

‘sai d- phasehe hengeagmte idlains 1aGlkireiackdid4Pitdhel orovessdiednrys one of
clains 45-47 wherein said phase change material is a paraffin wax. 50. The
pr ocespebletaiyednel tath.cl ai 16 45- 47 wherein said phase change material is
‘germani um 51. The process of any one of clainms 45-50 wherein the step of
at least partially encasing said carbon foam and facesheets conprises at

| east partially encasing said carbon foam and 23 8 March 2003 facesheets
in a pblyEreyheeresH s amhongaodr cahimg2l-Fheherotessal mificlories & cl ai ns
45-50 wherein the step of at |east partially encasing said carbon foam and
f acesh@epshebhprmewephise @ystisp4roPar] pikakasi ng sai d carbon foam and
facesheets in an alum num encasenent material. 53. The process of any one
of clains 45-50 wherein the step of at |east partially encasing said carbon
foanlagd f acesheets conprises at |east partially epcasing said carbon foam
and f aBeshBBtRIPFESE Q& KB C&8E CoApBSi tat e‘ﬁ}&%’é%h%rﬁa‘rfgt%ﬁ%h 152 The
process of ny one of ¢l ains.45-50 wherein said, facesheets conprise a
carbonpggfﬁgﬁ %6%%%§F?£1Wﬁ¥ggpﬁﬁ.°§5}Sﬂt589b85?%50 arbon foam heat sink

produced by the process clainmed in any one of clains 45-54. 56. A process
conprising: (1) heating a liquified pitch under non-oxidi zi ng,

super ag ”D'fﬁé‘e;%%cé?é‘%% iga&g;iogq%' QW %99%&99% Qﬁré%fé% S A adlige a

car bon f oam cooki carbon foamb I sal d Tcar oam at a

t enper abi{ £38POYE: aRUEL AR Gr H%@%Eoggg'gﬁgﬁ?i ng, superatmospheric

conditions; (3) heating the coked car oam under conditions sufficient
to produce an essentially graphitic carbon foam and (4) at l|least partially
filling porous regions in the 24

8. The process of any one of claims 1-4 wherein said pitch is a
blend of pitches selected from the group consisting of synthetic
mesophase pitch, synthetic isotropic pitch, petroleum-derived
mesophase pitch, petroleum-derived isotropic pitch, coal-derived

mesophase pitch, and coal-derived isotropic pitch.

9. The process of any one of claims 1-8 wherein said pitch is a

solvated pitch.

10. The process of any one of claims 1-9 wherein said purging is

effected by a vacuum step.

11. The process of any one of claims 1-9 wherein said purging is

effected by an inert fluid.

12. The process of any one of claims 1-11 wherein said vacuum is

17



' 8 March. 2003 essentially graphitic carbon foamw th a phasegChgnR@e2003
material. 57. The process of claimb56 wherein the tenperature in step (2)
is held constant for at |east 15 mnutes. 58. The process of claim56 or 57
wherein the pressure is held substantially constant during each of steps
(1) anepp2)ed58t Taesptioamsk tamr.one of clains 56-58 wherein the pressure
in steps (1) and (2) is substantially identical. 60. The process any one of
clainms 56-59 wherein the tenperature during the cooking in step (2) is no
nore than about 1000 C. 61. The process of any one of clains 56-60 wherein
at | ead8 .sdhe Poaseag ¢h amepere )ofpctiaignsatl -4 2t whpspanunétbeg@eehs about 420
and about 480 C.. 62. The process any one of clains 56-61 wherein said

heat i ngtH@ERCeInAFt FoAsiRent ifiwit- t o produce an essentially graphitic
carbon foamin step (3) includes a tenperature in the range of about 2500
to 2800 C. 63. The process any one of clainms 56-62 wherein said heating in

i ses_heatjng th d..carbon fqam fraor 2
Cerper Atur SBLBYECP R OF TR ORI | T IEedD (21 BB BalcBeaackt bohi Db
bon  f | i ting, at 25 o h 2003
by aher PERRRr SPure P Eratie Sh R e B PO RPP! Ceaf Borbrdam o4,

The prq@ggs enytﬁngogg géf&g@i§%156-63 wherei n between steps (2) and (3)

t he cook car bo oamis C " 65. The process of any one of clains
56-64 wherein said pitch is a liquefied nmesophase pitch. 66. The process of
any one of clains 56-64 wherein said pitch is a liquefied pitch of

petrol agm @heSyRbBEEL CoPrady Nond bf HR 10838 Qhe®BYNOBS: Qf pEtéh NBg 56- 64
wherein said pitch is selected fromthe group consisting of ?lquefled

nesophasateet el guiepbéedicard df efitedomesenhase coxat Baiacppttkh. 68. The
process of any one of clains 56-64 wherein said pitch is
16. The process of any one of claims 1-13 wherein said pitch is

heated to a temperature of about 630° C. to coke said pitch.

17. The process of any one of claims 1-16 wherein the
temperature to coke said pitch is raised at a rate of no greater

than 5° C. per minute.

18. The process of any one of claims 1-17 wherein said pitch is
soaked at the coking temperature for at least 15 minutes to

effect said coking.

19. The process any one of claims 1-18 wherein said pitch is
heated to a temperature of about 50° C. to about 100° C. to

coalesce said pitch.

20. The process any one of claims 1-19 where said foam is cooled

18



a liquefied nesophase petrol eumpitch. 69. The process of any QN agﬁ]%bgéns
56-68 yielding in step (3) an essentially graphitic carbon foam having a
bul kK thermal conductivity between about 58 and 106 Wm K. 70. The process
of any one of clains 56-68 yielding in step (3) an essentially graphitic
car bonatoanratei 0f @pmpecinidteelivhdr.mél Ccdmndocwiitht ghgreateaseéhah four tines
that of copper. 71. The process of any one of clains 56-68 yielding in step
(3) 26pregsWaecht 200R e s samrodimatgldapRi PEs/®anrbon f oam havi ng a
specific thermal conductivity greater than that of copper. 72. The process
of any one of clains 56-68 yielding in step (3) an essentially graphitic
carbon foam characterized by an X-ray diffraction pattern_substantially as
depi ct éd -i Bhe| Broagss @y e miocdedmst lan) SHEtBErclarkedbsy 681¢i el ding in
step (3) an essentjal]y graphitic carbon foam characterized by an X-ray

di f f r aSEPBNCHat Rt hi vk Faichd @Fubl et peaks at 20 angl es between 40 and 50
degrees. 74. The process of any one of clains 56-68 yielding in step (3) an
essentially graphitic carbon foam characterized by an X-ray diffraction

pattern,haying _an average d002 .spaci.n f ;about 0.336_nm _.75. The process
b ol TARRBF YT e g RIS e dcP Ao erBi e hhpee i cess
any on f i - 75 rein the phase-change material freezes at a

tenper%?g?ggégogg %g%fl%u ‘does not boi bel ow room tenperature. 77. The

process any one of clainms 56-75 wherein the phase-change material changes
phase froma solid to a liquid below 1800 C. but remains in the liquid

state yg teng LEHPEsS &f S 6%1&%@%1%%9 @-—ﬁ¥7whe§e§%r§§i3%s7c§- The

t
process of any one of clalins 56-75 wherel n the phasechange material changes

phase thapha sQtEFidD B |d P ArahkOWak200 C. but remains in the liquid
state up to a tenperature as high as 1200 C. 79. The process of any one of

clains 56-78 wherein the phase

24. The process of any one of claims 1-21 wherein said-phase

change material is germanium.

25. The process of any one of claims 1-24 wherein the step of at
least partially encasing said carbon foam comprises at least
partially encasing said carbon foam in a polyethylene encasement

material.

26. The process of any one of claims 1-24 wherein the step of at
least partially encasing said carbon foam comprises at least
partially encasing said carbon foam in an aluminium encasement

material.

27. The process of any one of claims 1-24 wherein the step of at
least partially encasing said carbon foam comprises at least

partially encasing said carbon foam in a carbon-carbon composite
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change material is selected fromthe group consisting of waterg wgehisos
acid, germanium germaniumsilicon, and paraffin wax. 80. A process
conprising at least partially filling the porous region of a thermally
conductive, non-oxidatively stabilized, mesophase pitch-derived carbon foam
‘Wi t h aepbaseméehange:amialri al . 81. The process of claim80 wherein the
carbon foam has a bul k thermal conductivity between about 58 and 106 W m-
K. 82. The process of claim80 wherein the carbon foam has a specific
thermal conductivity greater than four tines that of copper. 83. The

pr ocesg8of ActarihoBOf edrerrerat tdimke pirbdinckdabyhakeapspees$ | cldisdrain
conductivity greater than that of copper. 84. The process of claim80

wher ei anyheneapbonldoeenhad’.a bul k thermal conductivity | ess than or equal

to 106 Wm K. 28 "' 8 March 2003 85. The process of claim80 wherein the
carbon foam has a specific thermal conductivity of at |east about 109
W-cnB/ m-K~g. 86. The process of claim80 wherein the carbon foam has a

speci f P8 -t RePRarFeED M RTFUGANG ShEpxbenR 4Balt NeaY aHak aPRINRL DHING:
W-cnB/ m oK. 87 The grocess of claimB80 wherein the cgrbon foami s
char act er i z881B5EERI @ HPREMTENS S fartePrs 8bfstafft IF?m%%Sﬂ%ﬁ?%ted in

FIG 14. 88. Th oce of cIa|n1%8 0 wher |n the carbon foamis
charac?eWFE@Hl%§ a5(Wé%F?ﬂf3ﬁ%ﬂﬂ SpQP eFRt having an average d002

f ab 0,336 89.. Th f b
Foam i o charBerRrrs Bl s B vy Sl oA °?§?§r§ﬁr%a?feg‘%ﬁvsxh?re@?% kst ot
Kk t 20 f cl 89
peaks at 20,3pgl s @g%vg AQRL 5 IR0 865 £o2f) oThECRLgEESS Of claim

wherein the spacing o Fron pattern is 0.336

nm 91. Theh@é??ﬁéssgid%ﬂ 8Q, whers éfa%r%afsﬁ@ 1f:9 Bhedoh piddal ly at

a tenperature o apprOX|nat y 21 C saturate W th acetone, cools to a
t enper ghyfepPEchobnte 4 Mitqi@re than about 4 mnutes when under a reduced
vacuum pressure of about 1.2 torr. 29

releasing said vacuum and backfilling an inert fluid at a
static pressure up to about 1000 psi;

heating said pitch to a temperature sufficient to coke the
pitch and yield a carbon foam;

cooling said foam to room temperature and simultaneously
releasing said inert fluid;

at least partially encasing said foam; and

at least partially filling porous regions of said foam with

a phase-change material.

30. The process of claim 29 wherein said pitch is introduced as

granulated pitch.

31. The process of claim 29 wherein said pitch is introduced as

powdered pitch.
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8 March 2003 92. The process of claim80 wherein the carbon fo
initially at a tenperature of approximately 21 C and saturategghPF@$Q003
et hanol, cools to a tenperature of -28 C. in no nore than about 6 m nutes
when under a reduced vacuum pressure of about 1.0 torr. 93. The process of
'cl ai m 80 .wirkeeprotdes caf homifimamo whesrdin kiadlll piathaiseiperaduced ods
approximately 21 C. and saturated with water, cools to a tenperature of
-5.5 Cpeilhehbzedreitdtan about 9 m nutes when under a reduced vacuum
pressure of about 29 torr. 94. The process of claim80 wherein the carbon
foam when initially at a tenperature of approximtely 21 C. and saturated
w th acetone, cools to a tenperature of 0.50 C. in no nore than about 38

m nut ed3wh&heuRdeseamtr Emny oot fmsdedmsr é9c8Adhesasn 981d Thet @k obess of
cl aim 80 wherein the carbon foam when initially at a tenperature of

appr oxPnEYBEPebIC Crespprhask at’sP it CePR&RBI, "cools to a tenperature of
14 C. in no nore than about 38 m nutes when under anbi ent roomtenperature
conditions. 96. The process of claim 80 wherein the carbon foam when
initially a_tenperature of approximately 21 C. . and.saturated with water,
cool s bé'a%ﬁgnﬁﬁ?ggﬁ?eogfaﬁX)Qﬁé%Q$1ﬁ}qﬁHFe¥Pﬁéa HBSEF1§8Sﬁ%§u?b§C under
anbi en e re.c i tians. . 8 March 2003 97. A process o~
produc%nggggégggﬁnég%gwsﬁéﬁgggﬂhEﬂ%&ﬁ%%%ﬁtiaIIy as herei nbefore descri bed
with reference to the draw ngs and/or exanples. 98. A process substantially
as hereinbefore described wth reference to the draw ngs and/or exanpl es.
59. A 63l bonef gaoLbgato iy Ridused by g HBLHad.Aecatdl 09140800 oe Of
the preceding clainms. 31 .AY3. AF[3L.A;. A9. A A . A An

L. A3. Aa. A3aR@iePivédSAndsdbhdse HihcddD. A A AU A A A A . AU AAFA J{D

nps! psv"x*z# }
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42, The process of any one of claims 29-40 wherein the step of
at least partially encasing said foam comprises at least

partially encasing said foam in an aluminum encasement material.

43. The process of any one of claims 29-40 wherein the step of
at least partially encasing said foam comprises at least
partially encasing said foam in a carbon-carbon composite

encasement material.

44. A carbon foam heat sink produced by the process claimed in

any one of clams 29-43.

45, A process of producing a carbon foam heat sink comprising:

selecting an appropriate mold shape;

introducing pitch to an appropriate level in said mold;

purging air from said mold to form a vacuum;

heating said pitch to a temperature sufficient to coalesce
said pitch into a liquid;

releasing said vacuum and backfilling an inert fluid at a
static pressure up to about 1000 psi;

heating said pitch to a temperature sufficient to cause
gases to evolve and form carbon foam;

heating said carbon foam to a temperature sufficient to

coke the pitch;
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at least partially filling porous regions of said carbon

foam with a phase-change material.

46. The process of claim 45 wherein the adhering of the

facesheets to the carbon foam is effected by a molding step.

47. The process of claim 45 wherein the adhering of the

facesheets to the carbon foam is effected by a coating material.

48. The process of any one of claims 45-47 wherein said-phase

change material is acetic acid.

49. The process of any one of claims 45-47 wherein said phase-

change material is a paraffin wax.

50. The process of any one of claims 45-47 wherein said phase-

change material is germanium.

51. The process of any one of claims 45-50 wherein the step of
at least partially encasing said carbon foam and facesheets

comprises at least partially encasing said carbon foam and
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at least partially encasing said carbon foam and facesheets

comprises at least partially encasing said carbon foam and

facesheets in a carbon-carbon composite encasement material.

54. The process of any one of claims 45-50 wherein said

facesheets comprise a carbon-carbon composite material.

55. A composite carbon foam heat sink produced by the process

claimed in any one of claims 45-54.

56. A process comprising:

(1) heating a liquified pitch under non-oxidizing,
superatmospheric conditions below about 500° C. sufficient
to produce a carbon foam;

(2) cooking said carbon foam by heating said carbon foam at a
temperature above about 500° C. under non-oxidizing,
superatmospheric conditions;

{3) heating the coked carbon foam under conditions sufficient
to produce an essentially graphitic carbon foam; and

(4) at least partially filling porous regions in the

24



10B 10B3=&109B& () -, ; MLOYB& ()-. OQ* R&SSTTWU3_@/ #10% C C& ()-"!-

10%JU& () -! g#10%JUS () -! g#10%JUS () -! Yg#10%&' () -! g#10% Ul U8 ()-T\R//"@(‘S?ﬂ\?ﬁ’\(}%
VW =11 L1109& ()-$10%& ()- 10 U 10 U 10 U>: 10% U& () - Yf; 10%

U& ()-!/#10%U& () - WAKYYZ[ zX6~_=!1 #yF"10965& ()-!, yF'10%&' ()-! @F" 109%WE&' (
- 1" 10%p& é3séi DR )grhd %R o )ealribon( £dain’ @X6h_&! bh&@108@age () - !, &GFL0Y&
"()-1(, &@*10% : & ()-!6, &@10%

& ()-yF'10%RAterigyF 109%&' ()-j m >~ aGbbCl!, & '!110%r& ()-3s

10%m&’ ()-$10%& ()- 10 10 10

=9109%&’ ()-:10%&' ()- GobbbTccYddEbC! !, & ! 10%r&' () - LS#10%&' ()- ! 10%r& () -
MLO%M&' () - 10%m& () - 9! 10%r& () - Ydde\ eef Zf aBbCl !, $10%&' ()-" 10%r& () -

& 109m&Y () TiFe 10ogress -afl 'clEgigmn&6( ywhereiposBe (Femperagipg gaBueter . (200%r&' () -
S, 10%r& (%- * MLOY%T8! ()Egﬁlvrm%r&' ()-" ' GLO%r& ()-!%#10% [& ()- ghhhhhhhhb@!!
10%v&L§) bedd ogrghanty diar G 1ewst18onRippt 8f-

10%r& ()-/10%r& ()-h<iii.j7jjdEb@!! 10%& ()-S10%& ()- & 109%& ()-

109&' ()- 9 10%&' ()- Y109%&' ()-jj*kkklVIdEb@!! 10%&' ()-&L0%& () -

1098 ()-Z"109%& ()-F 10%& ()-.@ 10%& ()-V | mZnpnodEb@!!Y _

(10%&' %?ﬂqi /@P‘%%QWAH%OF&BGWL P09 %)7 whegegn (yhe pressure is held

109 ();82090009PRARO@. LY, 4 d0%E Lt e 00 11) ana (2.

59. The process any one of claims 56-58 wherein the pressure in

steps (1) and (2) is substantially identical.

60. The process any one of claims 56-59 wherein the temperature

during the cooking in step (2) is no more than about 1000° C.

61. The process of any one of claims 56-60 wherein at least some
foaming in step (1) occurs at a temperature between about 420°

and about 480° C.

62. The process any one of claims 56-61 wherein said heating
under conditions sufficient to produce an essentially graphitic
carbon foam in step (3) includes a temperature in the range of

about 2500° to 2800° C.

63. The process any one of claims 56-62 wherein said heating in
step (3) comprises heating the coked carbon foam from step (2)
at a temperature above that for coking in step (2) to produce a

carbonized carbon foam, followed by further heating at a vyet
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66. The process of any one of claims 56-64 wherein said pitch is

a liquified pitch of petroleum or synthetic origin.

67. The process of any one of claims 56-64 wherein said pitch is
selected from the group consisting of liquefied mesophase

petroleum pitch and ligquified mesophase synthetic pitch.

68. The process of any one of claims 56-64 wherein said pitch is

a liquified mesophase petroleum pitch.

69. The process of any one of claims 56-68 yielding in step (3)
an essentially graphitic carbon foam having a bulk thermal

conductivity between about 58 and 106 W/m-° K.

70. The process of any one of claims 56-68 yielding in step (3)
an essentially graphitic carbon foam having a specific thermal

conductivity greater than four times that of copper.

71. The process of any one of claims 56-68 yielding in step (3)
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73. The process of any one of claims 56-68 yielding in step (3)
an essentially graphitic carbon foam characterized by an X-ray

diffraction pattern exhibiting doublet peaks at 20 angles

between 40 and 50 degrees.

74. The process of any one of claims 56-68 yielding in step (3)
an essentially graphitic carbon foam characterized by an X-ray
diffraction pattern having an average d002 spacing of about

0.336 nm.

75. The process of claim 74 wherein the average d002 spacing is

0.336 nm.

76. The process any one of claims 56-75 wherein the phase-change
material freezes at a temperature above 0° C. but does not boil

below room temperature.

77. The process any one of claims 56-75 wherein the phase-change
material changes phase from a solid to a liquid below 1800° C.
but remains in the liquid state up to a temperature as high as

1800° cC.
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80. A process comprising at least partially filling the porous
region of a thermally conductive, non-oxidatively stabilized,
mesophase pitch-derived carbon foam with a phase-change

material.

81. The process of claim 80 wherein the carbon foam has a bulk

thermal conductivity between about 58 and 106 W/m-° K.
82. The process of claim 80 wherein the carbon foam has a
specific thermal conductivity greater than four times that of

copper.

83. The process of claim 80 wherein the carbon foam has a

specific thermal conductivity greater than that of copper.

84. The process of claim 80 wherein the carbon foam has a bulk

thermal conductivity less than or equal to 106 W/m° K.
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characterized by an X-ray diffraction pattern substantially as

depicted in FIG. 14.

88. The process of claim 80 wherein the carbon foam is
characterized by an X-ray diffraction pattern having an average

d002 spacing of about 0.336 nm.

89. The process of claim 80 wherein the carbon foam is
characterized by an X-ray diffraction pattern exhibiting doublet

peaks at 20 angles between 40 and 50 degrees.

90. The process of claim 89 wherein the average d002 spacing of

the X-ray diffraction pattern is 0.336 nm.

91. The process of claim 80 wherein the carbon foam, when
initially at a temperature of approximately 21° C. and saturated
with acetone, cools to a temperature of -50° C. in no more than
about 4 minutes when under a reduced vacuum pressure of about

1.2 torr.
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93. The process of claim 80 wherein the carbon foam, when
initially at a temperature of approximately 21° C. and saturated
with water, cools to a temperature of -5.5° C. in no more than
about 9 minutes when under a reduced vacuum pressure of about 29

torr.

94. The process of claim 80 wherein the carbon foam, when
initially at a temperature of approximately 21° C. and saturated
with acetone, cools to a temperature of 0.50° C. in no more than

about 38 minutes when under ambient room temperature conditions.

95. The process of claim 80 wherein the carbon foam, when
initially at a temperature of approximately 21° C. and saturated
with ethanol, cools to a temperature of 14° C. in no more than

about 38 minutes when under ambient room temperature conditions.

96. The process of claim 80 wherein the carbon foam, when
initially at a temperature of approximately 21° C. and saturated
with water, cools to a temperature of 19° C. in no more than

about 38 minutes when under ambient room temperature conditions.
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98. A process substantially as hereinbefore described with reference to the drawings

and/or examples.

99. A carbon foam heat sink produced by a method according to any one of the preceding
claims.
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