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THERVAL | NTERFACE MATERI AL W TH ALI GNED CARBON
NANOTUBES BACKGROUND Fi el d of the Invention [0001]
WO Tdisg3isayenti on rel ates to cooling of m croel BCT/USMINEL031314
systens, and nore particularly to use of a
nanoconposite thermal interface material that includes
T}F%gg/{}fﬂw A&Emliﬁﬁ&AﬁQﬁh% ANENEDIPERBONE NANOTUBES
croel ectronics, such as m croprocessors,
create heat. Thermal interface materials are used to
conduct heat in mcroelectronics. Figure 1 is a side
view of a m croprocessor and heat sink assenbly 100
that illustrates how | aPACKGROUNRr nal interface
materials 104, 108 are used to conduct heat away from
Fieldhef the dmwgptiaressor die O to the heat sink 102. The
m cr oprocessor and heat sink assenbly 100 includes a
[009WpsSt rEieindetttonvelacds ta cooltigaimuceskotrotic sydems and more
attached. There is a first thermal interface |ayer

particdibM 10 uskQF aRhv&eipdshe thdimilapeaasnMterisl tBatOnalndesailigned
i ntegrated heat sink ("IHS") 106, which is also

car%i_ Hﬁﬁ)tt’\)?cgf;o the substrate 4 by a sealant |ayer 12.
e Tl ayer 108 is typically a material such as

Ba(i: L en i.fth a bulk thermal conductivity of

. 03] There is a second thernmal
interfagce layer. ("TIM") .104 between the | 106 .and .a
10003k o ffkociiiorichesuoh R girPCSo L TR BFfty TEEPH Py ace
used is a silicon grease,materi al that has a ,Bul Kk
mateRias e usesia Gerqdust hgat gy micsealeqtioniess Figugx1 19 ¢ sidg view of a
desirable for the TIM layer 104 to allow a user to .
migrppracessehandrheat sielk assemnbly MiOtthas ullussiotesihaw laysirsef thagmal interface
know edge or equi pnent, or to be reworkable so that
matdnialshiddt 168 are ui@Ptorvaydine hea mpag droanthe maatopasdessdr diehi 16 to the
has typically prevented the solder material of the
heat kMk 1102y @he H€roprocessor and heat sink assembly 100 includes a substrate 114 to
which a microprocessor die 110 is attached. There is a first thermal interface layer
(“TIM1”) 108 between the microprocessor die 110 and an integrated heat sink (“IHS")
106, which is also connected to the substrate 114 by a sealant layer 112. The TIM1 iayer
108 is typically a material such as indium solder, with a bulk thermal conductivity of
about 80 W/mK.
[0003] There is a second thermal interface layer (“TIM2”) 104 between the IHS 106
and a heat sink 102. The TIM2 layer 104 typically currently used is a silicon grease
material that has a bulk thermal conductivity of less than 5 W/mK. It is desirable for the
TIM2 layer 104 to allow a user to attach the heat sink 102 without special soldering
knowledge or equipment, or to be reworkable so that the heat sink 102 may be removed
and reattached. This has typically prevented the solder material of the TIM1 layer 108
from also being used as the TIM2 layer 104, even though the thermal conductivities of the
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fromal so being used as the TIM | ayer 104, even
t hough the thermal conductivities of thesol ders used

WO 20050%51864TI M | ayer 108 are higher than the siPdTO$S®04/031314

grease materials used in the TIM |ayer 104. [0004] In
operation, the mcroprocessor die 0O generates heat.

soltBf ukbMn theXer ﬁ%ﬁ:rqg@ q{*éq{i%hetr % thedlic ed e ¥MtliMs used in
m croprocessor die O to the IHS 106. The TIM |ayer

ducts the heat away fromthe IHS 106 to
th%ﬁé%%@§@r§?ﬂk 102, which transfers the heat to the

roupdi ng .envj ronnent and a fromth
100141 o pRERRSERIOR, B PIRORTOcS Rk e 0 g Teyieh fcaty T Z{MAdaver 108
moder n. m croprocessors. have becope faster noJ.e
copdigs thig heat wga;y frpra Sheymiraenpeessry dic hibio, tﬁerﬁfiggﬁﬁr Che TIM2 layer
thermal interface materials used in the TIM |ayer 108
104 laent qeadagtathe| hggteaway(norm shed HhHiorta theclmatisiak iL 07t Wiaish transfers

that may not be sufficiently |large to conduct enough
thdeat teathe purirowmnding e viroomentrand@ssyifrodi theGniarogracessonend heat sink

heat sink 102. [0006] [0007] BRI EF DESCRI PTI ONOF THE
asdIRMIY NGS [ 0008] The various enbodi ments of the

invention are illustrated by way of exanple and not by

(0868 Of Ak nffdeat hRPoprBedsEifts hiWeesme Fastd? @nd GRRE PSRt Jthey also
drawi ngs, in which |ike references indicate simlar

geg%rﬁfﬁ%r% n2Rd THE Wb the b0 BiRdredct Hilkt&ials n%ﬁés%% a?ﬁM’l' RYer 108

a mcroprocessor an eat sink asse

il es | ayers of therpmal jnterf rial
ani e TANANaFEr ARl Conty T hdtindo iR B SRR Foree o

die tot heat sink. [0010] Figure is a side vie
coptic HRoTB SN D BUBRESErCessh hiebhd Snete Heceab i 102

t hat includes |ayers of inproved thermal interface
[00@0eri al according to the present invention. [0011]

Figure 3a is a flow chart that illustrates how the
i nproved t hi@00F | BRIEF BESCRIPTION OF THE DRAWINGS

[0008] The various embodiments of the invention are illustrated by way of example
and not by way of limitation in the figures of the accompanying drawings, in which like
references indicate similar elements and in which:

[0009] Figure 1 is a side view of a microprocessor and heat sink assembly that
illustrates how layers of thermal interface materials are used to conduct heat away from
the microprocessor die to the heat sink.

[0010] Figure 2 is a side view of an improved microprocessor and heat sink assembly
that includes layers of improved thermal interface material according to the present
invention.

[0011] Figure 3a is a flow chart that illustrates how the improved thermal interface

material with aligned carbon nanotubes is made.
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material with aligned carbon nanotubes is nmade.[0012]
Figures 3b and 3c are side views of carbon nanot ubes

wo 2n80zaBéggnnent materi al both before (Fi gure 3)T/a$x04/031314

after (Figure 3c) alignnent. [0013] Figure 4 is a flow

chart that illustrates how an inproved thernal
Cerf . =2 : : .
OBIBC! SREoRShAT o B SRR PRUIRIBNY Pt e

oo DU 05! e R ARR) ST T
OB, i S S PRSP e

view illustrating how the conbined materials of Figure
maferzgl avith gljened earberynanodihes fsgpedesacsarding i SEbodteeny af the
accordi ng to one enbodi nent of the present invention.
pr¢sgutligyertiogurhen zlayss asad aswn @higrmenthmatetigl] ust r at es how
an inproved thermal interface material with aligned
[0@k4] bonFigareod iskachow shareitiet ilostoatel ingndre detail dwbatie olagtmabérial is
the present invention when liquid crystal resinis
prépaedll asordingatbiogdembbdirher i al . [0017] Figures 8a and
8b are side views that illustrate how the conbi ned

[0085) €T | BighireXd ishl A Rew iflistraliRY BEW theDdnibihdd Iﬂht%ﬂglstolf'?fgure 4 are

subjected to a field according to one enbodi nent o

subjRlis® I EREH LB HA R e BR Hils ACBidithe to gne embodimen of the
specification to "one enbodi ment" or "an enbodi nent"
pr‘?’?&%‘nlgv? 'SP a featur e, structure, material, or

racferistic described in connection with the .
lﬂ‘ﬂﬁent (GHES Lisiaia st ! StTAEO RO theighel dpterface
the invention. Thus, the appearances of the phrases
materipl gt adighedicarpen nangfubes i madecaspordinggaan empodiamang gEthe
pl aces throughout this specification are not
presentaswantioh wheh llignisf arystalrgsin ¢ ushe as amalignment material.

[0017] Figures 8a and 8b are side views that illustrate how the combined materials of
Figure 7 are layered on a film and then subjected to a field according to one embodiment
of the present invention.
[0018]

[0019] DETAILED DESCRIPTION
[0020] References throughout this specification to “one embodiment” or “an
embodiment” means that a feature, structure, material, or characteristic described in
connection with the invention is included in at least one embodiment of the invention.
Thus, the appearances of the phrases “in one embodiment” or “in an embodiment” in
various places throughout this specification are not necessarily all referring to the same
embodiment or invention. Furthermore, the features, structures, materials, or
characteristics may be combined in any suitable manner in one or more embodiments.
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enbodi nent or invention. Furthernore, the features,
structures, materials, or characteristics may be

WO ewsbsmised i n any suitable nmanner in one or MOPET/US2004/031314

enbodi nents. 3[0021] Figure 2 is a side view of a
m croprocessor and heat sink assenbly 200 that

[Odﬁf le lrJ idlggulje@yi@ 3 gla%qgew %P4 nﬁéro Es@&egldt 1?%{ ﬂgﬂ( assBmBl ﬂﬁ)echat

according to one e |nent pr esernt

T AR @?&f i

nsfer. This therrm [ er.ef or
oo R EEOHBE S PET BTN THE BeRRUAN i Hagerih whrlrlﬂﬁs Gatbon
and may have hi gher_ thernal conduct|V|t|es t han
napqiahesalignge @rth%gléecﬁlﬂﬂ of het rapy %.Hu%tfvnuéléaterfm @ﬁ@ﬁal is
the use of the layers of thermal interface materials,
thep¢fore @Mpccomeosmectg@mabmé@@m matediah€NTIM "hhland seasihisivy higher
200 of Figure 2 nmay better renove heat fromthe
theminar copdoctdstiarthati the HermpDidR2facd mateniasrpoeviovsdy ssad. dibdough the
heat sink assenbly 200 includes a substrate 4 to which
us@ofthé [BFsaF eisa il it fA0e haterialsaxOReN4, Theehrostodesbdrrant heat sink
thernal interface layer ("TIM") 204 between the

PSS g@e 20h8y Beker Atb\RMehi QA HRL Rtbréiotessdritte 110.
"I ") 106, whi ch is connected to the substrate 4 by

[O(fﬁn,ieal ’ﬂﬂat c?%ﬁ‘{)%e]sgor aﬁﬁ ?IGZ;IUSMJ( Jsgéﬁ%l | nc’f& afég a sub%rg}]e 114 to

e present |nvent|o es car

notubes conbi th nor e rral s.
Crirorpiger Gos!(lsletb, Thetfe § o8y Midrafif bRt fayer
~mcroprocessor 0 to the IHS 1 Thi s . heat y be .
CHMI P betest b maiRtopEIoessof diecp i 2 e%tf:%ﬁteg?leét sjuks(c FHS")
206 in one enbodinent. To transfer the heat
106.avhighisrrenpeatestio th subsiate &4 by mscalagtdayep 342 nﬁbe E@Ml layer 204
aligned to create heat-conducting paths in the
of i embedioeniodf the ptes¢nt amsheen inghidehcarbort frmokubes sembined with one
enbodi nent is the direction of the z-axis 206.
or Alorgatheigmatetiale aThe TIMandien D4 tramsfers dadt@way from the microprocessor
heat - conducting paths in the direction of desired heat

1 10 E@ﬂh@fIHS 108D TR Rat My bOGANSK rredoNBstahtialliytiy t1Rf dﬁé&ﬁon of a z-axis
| ayer of inproved thermal interface material 204 al ong

20§ mnedén?l?o%ﬂl&ﬂ gg(ir Ifé?tl{erh%ﬁt”ﬁle GAAYGhbE YW hin tRETIMI layer

ayer | mpr ov er ma
204 may be aligned to create heat-conducting paths in the direction of heat transfer, which

in the illustrated embodiment is the direction of the z-axis 206. Aligning the carbon
nanotubes to create heat-conducting paths in the direction of desired heat transfer
improves the thermal conductivity of the layer of improved thermal interface material 204
along that direction 206. The thermal conductivity of the layer of improved thermal
interface material 204 may be greater than about 100 W/mK, which provides improved
heat transfer performance as compared to prior art thermal interface materials.

[0023] There is a second thermal interface layer ("TIM2") 202 between the IHS 106
and a heat sink 102. In the embodiment illustrated in Figure 2, the TIM2 layer 202 also
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interface material 204 may be greater than about 100
W nK, which provides inproved heat transfer
WO p@sfoerseance as conpared to prior art therml PCMUSZO0&H0H314
materials. [0023] There is a second thernmal interface
| ayer ("TIM2") 202 between the IHS 106 and a heat sink
1nci]LQi%s ce*rgoﬁ RénoRiiRe gbﬁﬁf%? Withaik o e bief I'ngﬂéflﬁlsz ThE IT?MZ layer

ayer 202 al sol ncludes carbon nanotu es conbi ned
20 rlnté 619'5] fledlla \x)a?rﬁ%np {hlg fIS%%S N ihl%liléa %\2? {\‘Eh L ﬁé{aqus g%ﬁerred

ransters heat "away from eat
is transf eré&? subst l al Ly

hi
sutg{ap ey BB AR GHen £T R S oba00 I S ETERE AT e e rapar this heal,

transfer this heat, the carbon nanotubes within the

the—ppmnm@ygpbmnlﬁﬁ);hquﬂ\g iagﬁlé%()% yay: pealigned to create heat conducting
heat - conducting paths in the direction of heat

paths wrthe directigni of eatriranplsr.iwhicksinrthe dlustatiod ambrediment istthedirection
direction of the z-axis 206. As with the TIM |ayer

of 0 4;axad 309niAsgwith eheCHMblayeraddds alkgming the chrboil nMothizesan the TIM2
202 to create heat-conducting paths in the direction

layerif 202a®ickeate hadtonduating pathsrimythe dpécion of desifddeied®dransfer may
conductivity of the layer of inproved thernal

improy Efeak@naRE SidudlivigOat thé Fﬁ?]}gr dthatprélicd eedrin@Niné@fhce Material 202
wth the TIM Iayer 204, e thermal conductivity of

alo&g ﬁﬁﬂt ﬂ?f@cftloﬁ chﬂ‘pthE "I?Mg% drPb8 thaffe iRl &)ﬁhﬁém%?f%f the

|gne on hanot Ubes may be greater t

layg (?fl“{m Ved\%en['nab%rgaﬁg B erla&jséz w{[ﬁ P%rb% cqgog)ln narngHL%];s? rrnay be

nce own 1 n Ve SCUSSI On

of rocessor die

gregt&aﬂ@ b oW EeR: B ves emaraiaver e ade: n%r?%maa?e

zer 204 may transfer_ the heat generated by t
r opgkoBewEgR the aboye diseufsion ph Figre 7, the aﬁgom%e%orashes} 10 may

206 to the IHS 106. The IHS 106 may be a heat receiver

be & beatisewet.v Thg fitse anprovertithetneal intorfycefmasanialHaydan@Q4 may transfer the
source, the mcroprocessor die 10. The heat then

hedt garwehtsd by list raictopabdegsaaldoenbl (t dubstantiatiyala{pthé raxist 206 to the THS
| HS 106 t hrough the second inproved thermal interface

1067et 18 THE 1062218y be @ BedtQedeer ftateesvifig hddd 2ondMekddhaway from the heat
transfers the heat to the surrounding environnent and

smﬁ\‘!@Yhef ﬁufé%ﬁr@@es&'ﬂr@l’i@?f@ Chre3feht tﬁ&gtrQ"él‘é s&%ﬁknﬁﬁﬁzﬁ%’é Yhe z-axis

Wth 'the TIM |ayer 202, the may act- as
20%@%1'1?%%%§ P08 ﬁﬁ%lyg"l‘lntﬂ E&%n!f' ﬁ%ro%d’%el]tgea 15@%a<?ecﬁ1at%§ialt1g}¢er 202 to

the heat sink 102, which transfers the heat to the surrounding environment and away from
the microprocessor and heat sink assembly 200. With the TIM2 layer 202, the IHS 106
may act as the heat source, and the heat sink 102 may act as the heat receiver. By aligning
the carbon nanotubes in the layers of thermal interface material 202, 204 to create heat-
conducting paths in the direction of heat transfer, which in this case is along the z-axis
206, improved thermal conductivity of greater than about 100 W/mK may be achieved.
[0025] While the microprocessor and heat sink assembly 200 of Figure 2 has been

described with both thermal interface layers 202, 204 as including aligned carbon
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t he carbon nanotubes in the |ayers of thernal
interface material 202, 204 to create heatconducting

WO pmshsisefn the direction of heat transfer, whirtn/useobdioza3i4

case is along the z-axis 206, inproved therm
conductivity of greater than about 100 WnK may be

naﬁl&n &VBE is [ngpgg%]a%le@l Ihe g[%s‘ﬁ?]l E&QEéﬂfrlpﬂq lli‘eﬁ{)on nanotubes

SI n ésserrbly gur een descri ed W t

ahg%tcfj IH ge %‘g&ﬁl ?r%gsflera oni; df tl%od;ierqﬁal 1&%&&&1’ l??erf t202 204

ano ubes requirenen
I b use th Mvvlth ca n nanot ubes
to éﬂll? e thet C(B}drug%‘flfeyo%nh?t levesy App 1{’8? OfhRr @’ﬂpf} one
of the thernal interfac ers 202 204 to inprove
MICRProREORANd besh sk apse 0\/ 10 mpwglsp gipke Usepf eneriTagyg of layers

ot her than a m croprocessor and heat sink assenbly 200

of theymal intsriaadkmatgsiel. ocJuch applicagpnypekidein betyeesa Beaysource, such as
thermal interface material. Such applications include :

a dien ] betand e heat rbeeater 90 eat eemeversuals aga tead sty 102nal vaponehamber, a
receiver or heat renover, such as a heat sink 102, a

heMaiipys, ot buebEdat ratelventorpemever InGluble ippliRationse theiitsvedithermal
removers. In such applications, the inproved thernma

mtbﬁ‘ﬁc%ﬁﬁ?t@ﬁal%ﬂ%lig’ﬁ'ed WhbBn RhAGHIRE nA AR 3G HRA SN Bice

be used as thernmal interface material for inproved

m'ﬂ@rgatl ff(§ 1?[@?%\%'& hfeﬁtotfgn it Etggfz{ §itferdnY g&e Q)[f 8%:; g{)uI%@ W & ﬁlffe?ent type

type o o recelv Figure 3
s.a flow chart 300 that illustrates how the |nproved
Of#’ﬁaélr?fﬁll V¥nterface material with ali gnhed car bon

na otubes is .ma a rrent on nan bes
cohigtitet ‘SB%‘W ‘{hﬁ‘ﬂgw‘agﬁ% Yrirates ﬁ‘ﬁi’“él[‘)‘? HPPYPBe‘i @’&BWI

in a conbined material. The alignment material aids in
intarfaegrmetgrislveticalignes carhAB N@RRsubesily FRde inra qupkadipen. Carbon

thermal s interface material in the direction in which
nahetabesvir¢ Corbeined 30 feth ap dligithent maaterial betsselh th atembiredmaterial.

material may al so be conbined 302 with one or nore
Thetatigimemtredtedd] 2idsdn aBgnihg tHervatboa nanothbesewlithim tier ingdroved thermal

These other nmaterials may be a matrix or filler

intBEh& thatbrialQh 11 NRICLiOMIrBWhidh hedtiwilne teabRHtAEThe ndddtubes and
car bon nanot ubes conprise greater than about 5 percent

aligﬁ%g\(g'rﬂi?érlﬂ s&%dﬁ&d@Z%ﬂt@Bne S thBR Ak r ikt &P Bto result in

i ments up to about

the combined material. These other materials may be a matrix or filler material, or other
material. In one embodiment, the carbon nanotubes comprise greater than about 5 percent
by weight of the combined material, although in some embodiments up to about 25
percent by weight of the carbon nanotubes is used, and still other embodiments larger
amounts of carbon nanotubes are used. In general, a larger amount of carbon nanotubes
results in a higher thermal conductivity. In some embodiments, the carbon nanotubes used
have a mean length of greater than about 10 nm. In another embodiment, the carbon
nanotubes used have a mean length of greater than about 100 nm. In general, longer mean

lengths of carbon nanotubes results in better heat-conducting paths once the carbon
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0 percent by weight of the carbon nanotubes is used,
and still other enbodinents | arger anounts of carbon

WO maso31ebes are used. In general, a |arger anoRaWwUs#004/031314

carbon nanotubes results in a higher therm
conductivity. In sone enbodi nents, the carbon

naﬂ}gﬁ% lé?eeﬁ}%fﬁ%& d IJ@a‘fﬁmﬁ g n{# gﬁgﬁz{hoﬂjbe ﬁ'[%lé &arﬁultlple walls

! In anot frent e car
t
are t nﬁeﬁ)%wues cp miél%rs,], P 3 a%gﬁ) on er 9@%?}5%{(3{1%&1 %urface

bqn nanotubes resu better h a

mo&ﬁ%&oaﬁq@énxpﬁ%vecw%ﬂaﬁwﬁ%e% e OB gty syrother

enbodi nents, nanotubes with single or multiple walls
PUE0&LSysed. |1 n sone enbodi nents, the carbon nanot ubes

may be treated with surface nndlflcatlons to inprove
[002F1 t i nfheacadbaor nagioBybes arie direni atigoed B4 NiHis/mapitbe don¢ by aligning the

for other purposes. [0027] The carbon nanotubes are
aligreent ahateriud d TBO dlignhiins nneyiabkasthbigeatily stahdtapes.ngs theealignable

al ignnment material. The alignnment nmaterial has

stradtin@s alfhen th Al ShniéR matdisal biealizthe B3 Qusd the Chitbof hanotubes to
within the alignnment material are aligned, they cause

beddiffe ARMRETs RRNCTHPARUL Qm@@&?rféﬁtsahffﬂ?&@ aBen&lt matdrills are used,

vari ous enbodi nent s, dlfferent al I gnnent rmterlals are
anéjﬁl%q'fletﬁl&g?ﬁ%%%la ttbl%gﬁ gfeﬂgl t#)?ﬁgl‘? HDGase upon Vﬁsl) &kfers
oS et g matafl'?‘léﬁ st PO hattE B B ahey maseial

is eas ich all ms creation of thernal erf
alighpeio gqmaf naqarl@w B 18 4r158nVhiaR a[la%greﬁm of thérmaf ffertace
typ |call¥ cheaper and nore practical for nore
maggspsil wathtaligned cqrbopminotubgsithasistypieaily cheapar and mose pragligal for
of an enbodi nent of the conbined material including
mdroepgmabans. nanot ubes and al i gnnent material both
before (Figure 3b) and after (Figure 3c) alignnent.

[0028yur eBigBies 3B@ndGc bitel sikiet view eofvenm ddgnem @ f tiecongig@imaterial
nanot ubes may inprove the thermal conductivity of the

ﬂﬁ@afﬁhﬁ‘{ah&hbesl dﬂdtahgmﬁéﬁ'ﬂ%it&ldl |bbﬂ§5€f&‘é?ﬂ1g‘ﬁfb 3b) and after
Flgures 3b and 3c, it is desirable to conduct

(F@{u%%) Epgnrﬁerﬁ.x F?gu?&%’b 40 @illustrate how aligning the carbon nanotubes

may improve the thermal conductivity of the combined material. In the example
illustrated in Figures 3b and 3c, it is desirable to conduct heat along the z-axis 206, from
the bottom of the combined material to the top. Note that in other applications it may be
desirable to conduct heat in different directions, so the carbon nanotubes may be aligned
differently. In general, much of the heat conduction through the combined material occurs
along the carbon nanotubes themselves. Paths created by aligned carbon nanotubes along
which the heat can travel from one side of a material to another may provide increased

thermal conductivity.
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the bottom of the conbined material to the top. Note
that in other applications it may be desirable to

WO nosvdisé4 heat in different directions, so thePCEUSOM 031314

nanot ubes may be aligned differently. In general, nuch
of the heat conduction through the conbined nmateria
[0629F ur SFl%{nQ:n.ﬂ) 10&r£aNHAN ARSI thiteMBS08ERith Eﬁélhigﬁled carbon

created by aligned carbon nanotubes al ong whi ch

nanoefaﬁes%@ grg@mﬁah nreaﬁ%,?c;}ﬁbe%@@ﬁ nafe Bﬁﬁllﬂa[l%%a%f@ﬁtg%ns

rovi I Ncrease ermal con UCtIVIt
t I 3
o Sy A PRSP Y D RIS Tl
e D £ A A 0T LTS B o

created by the unaligned carbon nanot ubes 306 al on}g .
majgial ko the 4@p- cbitnsethe theraral eanduglivityof theunadignedbmatesial $4feof Figure

bottom of the 5 material to the top. Thus, the therma
3bgoretatielowy of the unaligned material 308 of Figure

3b is relatively low. [0030] Figure 3c illustrates an
[0630ipodi Figote Jefillifiantalangneddimsnd ofithd ahighet ¢oamhbifdPmatefinled]2,

the conmbined material is aligned 304 according to

aftbi {86 cEmBihed GRItIRAN isAPALABRPaceoftinElo Hig@t 3ueldarbofhanotubes
nmenti oned above, the alignnment material may include

c0§(f1fcyﬁédt' WeB. Adhaltionad 85ove e GRERRG rﬂﬁz{ﬂéﬁzﬂ lﬂ%@ ihQuieGARures
I gned as the allgnnent matertal 1s ned. After

tha%lcé%g%@éarg’ a@;?gtogl%ggﬂlng %H%ﬁgﬁtag %@é}lgn@% t llleglgf“ ahéned

carbon nano at hs

Afff@e@@mﬂtéﬁa?weicﬁéﬂ ol op Al otn?%o et govice

pa%éﬁi%dﬁp  slovey hi@%@%@?'@ra%? ”?;%5%%&#&% b glignsegurgeria

aligning 304 the material is a straight path 314.
3 12 |tp teden- allatse ppths AlB BA6, I 1Remawgisathy Waprevetheshamal eepdactivity
been substantially fully aligned along the z-axis 206,
of thednatemalor nor e nanot ubes nmake contact so as to nmake a
substantially straight path 314 directly fromthe
[0031] t onDaé typb@f phth YN thayedeebindd Blaligning 3084 the material is a straight
path 314. In a straight path 314, the carbon nanotubes 310 have been substantially fully
aligned along the z-axis 206, and one or more nanotubes make contact so as to make a
substantially straight path 314 directly from the bottom of the aligned material 312 to the
top of the aligned material 312. This straight path 314 provides a direct, unbroken, short
path for heat to travel, which provides a very high thermal conductivity.
[0032] Another type of path formed by aligning 304 the material is a crooked path
316. The carbon nanotubes are not perfectly aligned along the z-axis 206, yet still make
contact with each other so that a complete crooked path 316 is formed from the bottom of

the aligned material 312 to the top of the aligned material 312. The crooked path 316 is

not as short as the straight path 314, so the thermal conductivity may not be as high as
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top of the aligned material 312. This straight path
314 provides a direct, unbroken, short 0 path for heat

wot@stosméel , whi ch provides a very hi gh ther maPCT/US2004/031314

conductivity. [0032] Another type of path forned by
aligning 304 the material is a crooked path 316. The

aloRRERABNIARRT YRReVRF %eamo‘ﬂﬁg hRAE s BlobREEFRB IS chalyhR

z-axi s 6 yet still nake Ccontact with each other so
corL @‘{ed% ?é%lfié}ég |c?{b89§g€roat?€etrspéﬁ éé)st{l% ﬂl{eﬁgg Joﬁ@ﬁ@tfvlﬁﬁ of materials

il SR G gf’% AORBA 14, <o the ther fm|”°t *
10831 e A i er oY it tormieg o P ADS i e g aples peth with

316 may be conducted by the aligned carbon nanotubes
ongammoregaph 31§ hisrsyah a gapredsroaket path 18ahest may sohirayel all the way
such crooked paths is still quite high. [0033] Athird
fromythe lofersatthcef dithealigngd aldtgiil 852 BOhe upecrsatfesd ofthé aligned
crooked path with 5 one or nore gaps 318. In such a
magapel whilokedg patducidy dwaaionmayotube. Howveedr, thielgaphd20 in such
way fromthe | ower surface of the aligned material 312

gappRdicRsdke® peths 8 UE fradined niakeeiabb 1 Dieg beprhglldrahan3the gufy présent in
bei ng conducted by a carbon nanotube. However, the

undfMhed ?h%geria[‘ 36"8J %B tlﬂﬂlﬁ@ﬁﬁjal %MEQQ‘Z’@F Rgtedd8 With S%L:h %B‘;I?;ﬁ:d crooked

eri al l'er than the ?aps presen
pafl'3 é%ﬁ?@u@wﬁ{a ﬁféh%l wﬁga%p%% nlﬂt@ E“‘gﬁ%ﬁg g?ﬁg@igﬁ%édvsjtrta}’gh‘?{)aths

st b i gher th he una| ned erl al .
mw&g&ws&&gﬁ%@mﬁga& el el RS P it aﬁzﬁwuce the
304 of the materi n carbon n no ubes reduc
nugpher ofRpeHb %fnqqg?ff;&oas%cil Agbeiay AgoruRe AIER Itlwsn%@aw longer
across the aligned material, so | onger nanotubes ma¥
narrcé@h,e@enaynedmng@numbergé,ggpsi@ﬁmmanam%wsm@wase the thermal
i ncrease the thermal conductivity of the aligned
combcavityadf the Aligred[r0@8431 3#2gure 4 is a flow chart 400
that illustrates how an thernmal interface materi al

[0084] h aip@reeitis @@loOchan400tthiteBusimes hewrmdRerntad nterf@ee material
used as an alignnment material according to an

wi@Ht B Rbon H—aﬂl%tlfﬂeﬁirha&%e PR WHRA cfhY4s hed 2498 aliBnhb® material

I nproved ther nal
according to an embodiment. The clay is prepared 402 for use in the improved thermal
interface material. In some embodiments, the clays used may be an agglomeration of
individual platelet particles that are closely stacked together like cards into domains called
tactoids. In one embodiment, the individual platelet particles of the clay have a typical
thickness of less than about 2 nm and a typical diameter in the range of about 10 nm to
about 3000 nm. The clay may be chosen so that the diameter of the clay platelets is on the
order of the length of the carbon nanotubes. The clays used in some embodiments of the
present invention are swellable free flowing powders having a cation exchange capacity

from about 0.3 to about 3.0 milliequivalents per gram of clay material (meq/g). Some
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interface material. In sone enbodi nents, the clays
used may be an aggl oneration of individual platelet
WO pashiigées that are cl osely stacked toget her rdKeSWad/a@b3314
into domains called O tactoids. In one enbodi nent, the
i ndi vi dual platelet particles of the clay have a

endb¥Binteats dsBictys @RS aRfsweBasle R Mot howddis RilAnga EatRInCeXchange
ianmeter in the range of about 10 n to about 3000 nm

d
e di aneter of the
Ca%#g?%%%%ﬁﬂ??gi@% t bég%fr'gzrﬁqu? the length of the
bon, nanot uhes, The cl ays. u kRS ' .
0GR PP B iaRe e 308 of TR LB Ry by causing
owders having a cation exchange capacity 5 from about .
a URTe Tl § it gl PATERS SRR Sty hicBiaRS amonium
material (nmeq/ g) .. Sonmeenbodi nents use clays that are
compeyndsn some eabedigRnisgtoFairfarastial 9y corgpigtecatiop gxchanges. Many
exchange capacity from about 0.90 neqg/g to about 1.5
meteadsdo af@oghish this geybe smsodi ments, preparation 402 of
the clay may be achi eved by causing a swell abl e
[0036) er eHigatead/istadflave aleirt SO0 thatatiesteatesiin neredetathihow the clay material
cations, which are ammoni um conpounds in sone
m Bt R $02 4o ® ddelehibalin®nt. CORPEIRY & digders@d 502 into hot
exchanges. Many nethods to acconplish this nay be

we{t'frevglith 4 Q3R arlTe Y L6 Sb%e?refei O¥sb 38 4boa?B0 bb&kes Celsius. An

lustrates 1n nore detail” how the clay material may

orgaglicg{agggﬁsglg C?flché f??%?%l@h@ ?\ \L&elo&ealgdt@ﬁ gé {ﬁgﬂ bddel4Gb gl¥e clay.

water w nperature
about degr eges, Cel si 0_abou 0 degrees Si us,. .
THRGEH, el e S FONSRAR 300 o0 B of nE R 5E R o e
al cohol, is then added 504.to the ¢lay. The salt an
cappnfo Srehap R OB o meisbeions PEESGH iR it sl ospivech {he ayers of
sufficient for the organic cations to exchange nost of
the ¢lay.mEhiaimakas thestaypnerssamppiible Mathggrtpiarmatsx meateiiadsh suefeas
| ayers of the clay. This makes the clay nore
pobyongratwilll which e day will be cahbingd. n@ther ingthods may he aised to increase
polynmers, with which the clay will be conbined. Oher

cofiphtieitisy ingyadef usttsh éxehirper @as elagadsihan idoldted 08, whidhaea be
of cation exchange. The clay is then isolated 508,

ac%ﬁﬁh@@ﬁy hﬁra@i‘éﬁ%tﬁfﬁgzﬁﬂznp&brﬁﬂ' Hitvire, k@dether methods or
centrifugation, spray drying, and other nethods or
combinations of methods. The particle size of the clay is then reduced 510, typically to a
mean size of less than 100 microns by methods such as milling, grinding, pulverizing,
hammer milling, jet milling, and other methods or combinations of methods. Optionally,
further treatments may be performed 512 on the clay. These treatments may include
treatments that aid in exfoliation of the NTIM material into which the clay is combined,
improving the strength of a polyamide clay interface of the NTIM material into which the

clay is combined, and/or other treatments. One example of such a treatment is

intercalation with water-soluble or water-insoluble polymers, organic reagents or
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conbi nati ons of nethods. The particle size of the clay
is then reduced 510, typically to a nean size of |ess

WO 20b%0818430 mi crons by nmethods such as m || i ng,PCVus2004031314

pul verizing, hammer mlling, jet mlling, and other
met hods or conbi nati ons of nethods. Optionally,

mbrhd?§ fsilhRERInPRNh s, WYalP6r HBhARRIRRCE aRlVof Befd oprlate

These treatments may includé treatnents that ai

mgtélflﬁg n‘ﬁ{ HeRRofbirdaiEndNTI M mat erial into which the cI ay
I'S |nprOV|ng t he strength of a pol yam de

y igt rfac th I rmter I_nt
lﬂﬁ#ﬂ | RORBE fo Bloutef BT IR B s Pt o win
treat ment wnaclau

thmeeﬁregaf'aab (R o ok efhe Rebri |néayp33m/hee?<§nbla?dg%% it th lay
reagents or l1lOnononers, silane conpounds,

ang theershist Banotubss. Bhrdsasborpranefubss h?rartl%te%l{sawﬁll ‘yhlsh they
their conbinations. [0037] Returning to Figure 4, the

are gethbinehrasolt besombined meterisk lommp |eng@dm®:4lt of the prdsent invention,
prepared clay. One or nore other materials may al so be

the olap comdrigkddesaitlidn dabbet 23 porceann ty mleéght af therrombimet ireerial. In
The carbon nanotubes and other material (s) w th which

anbthey edbédifent) theaday @sprises Rsatha® aboI SherRhEDY Fkight 6f the
one enbodi nent of the present invention, the clay

coRfiRd mAsridIeaR ihhRN: ARAWmMRAaiR&! C8e Ela?léo%h%tles%fthz{dqﬁ)out 2
combi ned material’. In anot her enbodlnent the clay

IR S5 5o g&%gﬁ@%ﬂ%ﬁg g% o cnou
I i. t b t of. .

piftefts DR St 19 M0 B8 Giroef 3& e e i P afeial i

ah&rl?% ﬂﬁ%ﬁ%dﬁﬁéﬁﬁ%ﬂ%@ d t %%q% ge?r%ﬁlfwilure%a@ nagural clay, a
aligned. The clay used in the inproved thernal

syntheee elay.c madifed ahyliasilicete, ar anether slayor ayixtuge efdaysetyatural clays
clay, a nodified phyllosilicate, or another clay or

inctdg smextitdf clayssopsh afNenoutmadrilbihisey sapondk Utbetosite auicd,vevhizykite,
such as nontnorillinite, saponite, hectorite, mca,
bevghite,alontrogite, beidelie] vadkomsRoite, ghdite, kenydéte] 4ndl others. Synthetic
vol konskoi te, magadite, kenyaite, and others.
cla3%Mhd18de $ynthetic mica, synthetic saponite, synthetic hectorite, and others. Modified
phyllosilicate clays include fluorinated montmorillonite, fluorinated mica, and others.
[0038] In some embodiments, one or more of a wide variety of matrix materials may
be combined 404 with the carbon nanotubes and the prepared clay to form the combined
material in some embodiments. For example, a matrix material may be chosen for its
good wetting performance and/or its low interfacial resistance with carbon nanotubes.
These matrix materials may include polymers such as silicones, epoxies, polyesters, and
olefins, solders such as indium, tin, and their alloys, polymer-solder hybrids, or other

matrix materials. Olefinic resins are useful because they have good wetting and low

interfacial resistance with carbon nanotubes. Some examples of olefinic resins that may
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clays include synthetic mca, synthetic saponite,
synthetic hectorite, and others. Mdified

WO pilogh3sed | i cate cl ays include fluorinated PCT/US2004/031314
nontnorillonite, fluorinated m ca, and others. [0038]
In sone enbodi nents, one or nore of a wide variety of

be WBdd 1h>§oﬁi€teﬁibb§in§en'f§9df tH@px‘é@éﬁ@ iRHtiGPthcide Polyehyfeaebon
nanot ubes and the prepared clay to formthé conbi ned

ool G5, R PRIy, i APPSR b s o

I'ts goo
erfo I and/ or |tsIOW|nterfaC|aI resi stance with
p“gvéﬁﬁeo%{ﬁl Eii‘?f’gggpr()?ﬁlét§§ matri x materi aI s rray i ncl ude
ol yner s su h as. si.l i cones, oXi es ers,.an
0059 i nherwg] aé%duguwraghqrrfefﬁmateﬂa QST e pornbAed a4 wih
al | oys, polyner-solder hybrids, or other mat ri x
5 theggriedn nangtubey and the propawsd siaye dors e gpmbined panserial & some
have good wetting and low interfacial resistance with
embadipumtsn dihetaliysconBoetivedidtenpiney holp impefviethaethemaal gonductivity of
that may 11lbe used in sone enbodi nents of the present
the sonebitiédy pligred| mederig) bly implovirende hpaltsapsfopyloegearbon nanotube
pol ystyrene, and paraffin wax. OQther matrix nmaterials

pailiBYhadhe® 2@s UTRE céiublivfiltes addiiinbrvalthed@sini2 onductivity of the
properties. [0039] Thermally conductive or other

gapd iib 0ETSulR FRlelstha a'ir@ﬁfsealﬁ Qo€ e B8N RAM 114@14dé’\éetr5hﬁc5§uch as
carbon nanot ubes and the prepared clay to formthe

10 alugrgl%hg)?(gdveé ér%}:n lnﬂhdé %l\ﬁﬁﬁﬁ ermmfé' 'Ht?ehrs mﬁ51%h+r}’as aluminum,

p I mpt ov
cond t|v

b S B S S B S g s
h h h
(044 i hr ovA e roreier e 06 oA L MR SFDertd T B osnedagitprals s

fillers that are used in sonme enbodi nents incl ude
that erasholttbe slaylexists aslindividush datelgbpartieles nmallitadtelds, and small
alumnumnitride, and others, netals such as al um num
aggrepqes of tactbidswithalredgto dieersjons of thes thas abéut26 nnmdi enw and
others, and other filler materials. [0040] After
15 enfbodidmdhdivitdch 4R4ns hbe of tikytldybexifieadiplaitserdadtoids Mdth less than

conmbi ned materials so that nost of the clay exists as
abgﬁgg:S?éitééké‘& pRiedte redmdihbms GheretNBLiay hafi MickhesstdThbout 2 nm.
In some embodiments, it is desirable to have higher numbers of individual platelet
particles of the clay and fewer tactoids or aggregates of tactoids.
[0041] The combined materials may then be subjected 406 to shear forces. The shear

20  forces align the structures within the clay, such as the platelets, tactoids, and aggregates of

tactoids. As they become aligned, the platelets, tactoids, and aggregates of tactoids cause
the carbon nanotubes to also be aligned so that the NTIM has improved thermal
conductivity. Many methods can be used to subject 406 the combined materials to shear,
including molding the combined materials, extruding the combined materials, and other

25 methods. In some embodiments, the NTIM material that has been subjected 406 to shear

12



aggregates of tactoids with height dinmensions of |ess
than about 20 n in one enbodi nent, which neans nost of

WO tdee/0sisedy exi sts as platelets or tactoids w tPCT/ES®04/031314
t han about stacked platelets in enbodi nents where the
clay has a thickness of about 2 nm In sone

is ﬁ%&@&d&a%ﬁ ’ixiltio:p Fs?'ofjae&'léc?é?i' tﬁlckf»?esg %Eﬁrogh&@ %r H&%a of

I ndr vi et particles of l'ay and fewer

apézli"‘c%gn d"'f'he;%r g&?%%qgéne € l?{gd Hr? e Sgﬁarle ep%d&ek&gpfo rarhsfer heat. For
ex:irﬁ]rél% Sealgf'i-{is 3@2{&%}2‘564 Sl“él?félag.? élllpﬁ&ae%? z@y 2§§1 aiescrlbed above

gregat es of tact0|ds As t he becone al i ned th
wqérl ram@metpsFlglfrs@t ét pad with alignedcathon sanefub S4neh bed%seééaééf IM2
t he carbon nanotubes to al so be allgned so that the

5 layerR02 bresuderthe DVEM padeatlomss theokratisink U012 (o bavgmpvad endbrgplaced, and
can be used to subject 406 the conmbined materials to
allehieanseritmettactithghead sidk 12 whthoutspbcinkbshl deming kinavigdge or
extrudi ng the conbined materials, and other nethods.

equipmeATETREaE NTENE Satetibles Miitadloat @sd &la TIM2 1dyes2d2ard has a
subj ected 406 to shear 12is then divided 408 into pads

thePfaPcon8h@RL9ahdth FERE BmedRiZhOPhhRER th&mal E&d@@ﬁwg&@rsnicone
e

application.’ These pads can then be used in a w

t For exanple the
gre‘é%f;ﬁfeyla@bgf*ﬁl’é“l S%gtdtg & H?‘??/f’&gr}ggﬂ MR Iayers 202, 204

cri ed ab
o i andithetl %ﬂ%@&?ﬁ@% TRGEY therota Carbins Br R Wyl ere
202 b e M pad al heat sjnk .102
PR gy dAs AR YERSR e%rnblaﬁ% W w0 Hrfest %l%gls-t“faéleﬁ carbon
t he heat S|nk 102 wi t hout speci al sol deri.ng know edge
naggrtules angd /B gramsTef ag alphacolpfmig/repit Watry matgrial ﬂm THINiRg Fﬂlé materials
use as a TIM2 |layer 202 and has a thermal conductivity
in g Heubl¢ planetary mixepfor thirgh bours Abmteriperatire of80 degrees Celsius. This
conductivity of silicone grease materials currently

combmed amtaial WhR tHeawebjedtBd 404 0he3r fbreedyexanbngitiecdminhied
the present invention, 10 grams of silica clay were

15 malirRPaRed s withh Yidhhe®dt oFaBodtNERcH: O Breshd™4s thed Bivaddd 408 in
granms of single-walled carbon
to pads with a thickness of about 0.25 millimeters. These pads were then tested and found
to have a thermal conductivity of greater than about 100 W/mK.
[0043] Figure 6 is a side view illustrating how the combined materials of Figure 4 are
subjected 406 to shear forces and divided 408 into pads according to one embodiment of
20  the present invention. The combined, unaligned material 602 is put into an extruder 604.
The extruder 604 then extrudes a strand of aligned material 606. In other embodiments,
uncombined materials may be put into the extruder 604, which both combines 602 and
extrudes 604 the material. The strand is aligned because the extrusion process applies

shear force to the material. This shear force aligns the alignable structures of the clay,

25 which are platelets, tactoids, and aggregates of tactoids. Alignment of these alignable
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nanot ubes and 60 grans of an al pha-olefinic resin
matrix material by mxing the materials in a double
WO ploamnsBer y m xer for three hours at a tenper aareswi4/ @314
degrees Cel sius. This conbined material was then
subj ected 406 to shear force by extrudi ng the conbi ned

s AES el %‘?Eﬁan‘%‘“mﬁ%ﬁg ol arBof hARABY, B ”?%?“é%d]m Fige 6 the
o oL Bl PR kSR AlEoe e T o L RELEE Dy Raterial

of greater_ than about 100 W [0043] Figure 6 i s a
60 iy mpreaysablel fpany the Pﬁ@%éﬁreﬁsmF%a@m&%@@rcuw the

Figure 4 are subjected 406 to shear forces and divided
strargBinforalignpdpads£d € gisalgeted hoight wtpblgifpiure o desieed application.
present invention. The conbi ned, unaligned materi al
Nogdthat the fSheightiitioalang thetzraxie?06 6 thaTthe “brightide thié 0asetihemgasured
extrudes a strand of aligned material 606. In other

frognletidto mght in, the metritionest Rigire 6 dhssenfiyls ban thieh be nbal, fdrexample,
extruder 604, which both conbi nes 602 and extrudes 604

as bACorBYIe b1 Ak TINN @ndldr ANK2 1§¥1@£ p@ned2 BeERMSE2 dRen other
extrusi on process applies shear force to the material .

apgghﬁoﬁpear force aligns the alignable structures of
cl ay, V\,hl ch are platelets, tactoids, and

[0@%2[ fglgéure is at G %agtS’IOOALQtQH ns‘?ﬁ‘es%fowt J?fi?r[%ﬁ&léd%%%? interface

ures | turn causes |gnnent

S AT TN N WL T

To put the ali ned material 606 in a nore usable form
Praspit le‘xanﬁle@ ches %ﬂaﬁm%alurmts ysed as @h@i@l&enéwtermhu “é*r? carbon
cuts the strand into aligned pads 610 of a sel ected
namgillpgtstarseanbkibede702owith e liquidcryets] resid. dppne embodimentfithe
that the "height" is along the z-axis 206, so that the
présketiigintion,the Hgsid cagseal irssimeasprises nforotitah @bdutt20 peraght by weight
in the illustration of Figure 6. These pads can then

of bR déffdthedirRdtel® 241l the c@BbiABE nAferiaPinhly 0bnsidi@f ¢drbbn nanotubes and
and/or TI M Iayers 204, 202 of Figure 2, or in other

llqﬁﬂmrjlﬁﬁtrbé?ﬁ‘sln &tQ%ﬂbdﬁirﬁéﬂt? tlYe h(in@ cfy’sﬁme%ﬁﬁfotmp%g@s SRt 15

|'ustrates how an 1 nproved thermal “interface
percent by weight or more of the combined materlal. The liquid crystal resin includes

alignable structures. Many different liquid crystal resins may be used, including rod-like
liquid crystal resins, where the rods are the alignable structures. In some embodiments,
liquid crystal resins with melting points less than about 200 degrees Celsius and/or are
soluble in a solvent or diluent are used. Additionally, the liquid crystal resin may be
functionalized with polymerizable units, such as epoxy, vinyl, hydroxyl, or other units to
allow curing of the combined liquid crystal resin.

[0045] In some embodiments, one or more matrix materials may be combined 702
with the carbon nanotubes and the liquid crystal resin to result in the combined material.

Such other matrix materials may include one or more of polymers such as silicones,
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material with aligned carbon nanotubes may be nade
according to an enbodi nent of the present invention
WO mh®mB1Bé4qui d crystal resin is used as an al i grOTRUS2004/031314
mat eri al . The carbon nanotubes are conbined 702 with
the liquid crystal resin. In one enbodi nent of the
epEXi8S BBLycétré Cattd Aefinst §tdérk GbtinthsGhdigMatin f@ditRei€SNGYs] S?Pmer-
pm)reg_t ﬁlan about 20 percent by weight of the _co%i%n%g
soldBL oS or itk r Eri € gﬁP:‘ri fARd ﬁﬁétﬁ%( MOy %fs? %E\ used to

car bon nanot ubes an quil crystal resin. In o r

proev eogddth?%)t??c\}%gljéﬁp}oi gHjeg. crystal resin conprises about

percen rmore of the conbined material.

T ligquid crystal .resin, i udes alignaple .. .
(0GR o Hsafiyataeirs S dner il ofe A BREPe farubingd 793 with the
be used, including.rod-like liquid.crystal resins, _.
carprp panqtpkesagd sheliqid prysta] seginde resulidn thercopbined  atgiipldn some
enbodi ments, liquid crystal resins with nelting points
embedignentsal heboally odudtsgridiess may s¢lpdmaraye dhe heanal spndncsivity of
in a solvent or diluent are used. Additionally, the
thd ¢oguhiined; alygtedImatersd] by imprdvéng the btatonasfezaldngcarhon nanotube
pol yneri zabl e units, such as epoxy, vinyl, hydroxyl,
pathk tieit Rgve gipbt Thé Coraubove Bllkrs ARy Ghpidve tigohibinng dohdugtividy of the
crystal resin. [0045] In sone enbodi nents, one or nore

gaPR3 0. SRR Blesahst AA@Ysc@Sn SAPEMBEUIKRALs MhdINdd RParkRE B as

nanot ubes and the liquid crystal resin to result in

allﬁﬁﬁﬁngg)gmgnﬁ&o%hﬁﬁé %lh%migg qli@fdla,ee{ndr%ﬁ{aré,)hsl{fﬁ% Sl sSa 1T um,

I nc hé or noré o yners’ suc cones,
l4epoxi es | yesters nd.ol.efinsg, .sol ders,su as.. .
copiigrnet a1 SPGRIRES bt i sBR o SR BB Hgerials.
r other matrix materials. her .matrix materials m
Otgqr%oq;éseagw 3l%9 BSRST '06‘8“28%” iCGHQ‘ne&é%?tFrga' properti e)s/.
0046] Thermal |y conductive or other filler materials
y beTll*ﬁm?’éIFhﬂ\é@!}/ materig) is thephayesed Yol suels asMiylar jps another

liquid crystal resin to result in the conbi ned _
filmreor e¢leask liner. SBre fibrbarpionts thescomtheadmmitesialaod duakes handling and
fillers may help inprove the thermal conductivity of
prédessigoofithe esmbiabd graedian@dsiri Thishyyering 704 inay Hehperfoaaéd by
transfer al ong carbon nanot ube
casting the combined material on a film, printing the combined material on a film, or
through other methods. A second film or release liner may be then layered on the
combined material so that both sides of the material are covered in film. Combining 702 a
solvent or diluent with the material may ease layering 704 the material on the film.
[0048] The combined material is then subjected 706 to a field. The field aligns the
liquid crystal resin. In various embodiments, a magnetic field, an electric field, an electro-
magnetic field, or other fields may be used to align the liquid crystal resin. The alignable
structures, such as rod-like structures, in the liquid crystal resin in turn cause the carbon
nanotubes to also become aligned to result in an NTIM with improved thermal

conductivity. The orientation of the field is chosen so that the carbon nanotubes are
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pat hs that have gaps. The conductive fillers may

i nprove the thermal conductivity of the gaps 320. Such
WO baoshsse4 t hat are used in sone enbodi nents i NPATUS2004/031314

ceram ¢cs such as al um num oxi de, boron nitride,

alumnumnitride, and others, netals such as al um num

ah%&@ﬁﬁ b deﬁfédv(ﬁfecu@m dmé fi&ae §1sosaeds<a%§u>s&9 the@ardoR HaHbuBECo help

hers, and other filler naterials. her processes

I
ahgﬁ%e%aﬁgguﬁ% 4 m\{eg/rré?g nf?cguél l&lqi??lér exgt rg%t ﬁ%l'ncﬁ‘léh? L{Bﬂé Z}ystal
er fi rel ease

resf, |arw‘§°frp%4éﬁlfrsﬁ$ﬂé§e e s G meh {8 the falbsn,
oo SRR AR b PSR ey hi e fel

rmterl aI on a film printing the conbined material on
withopy therplignment msitggial oL pabiniig HZassolyens eeditent withythg material may
rel ease liner may be then | ayered on the comnbi ned
easemligninaiht of the materiblot¥ots thoé sheaf farees, suwhes thase applied by extrusion
covered in film Conbining 702 a sol vent or dil uent
andwi¢soribébabort eviihakspeaytoahs embadimentngher® dlay iethaatignmert material,
on the film [0048] The conbined material is then
ma§aioaseliRed 1lAighAh@cdrhiihéd makeiaf whérd lighidwigstlitesih igitie dlignment

crystal resin. In various enbodi nents, a magnetic

matdrfd th p1ak (ﬁ{(ﬁ‘glgﬁdcﬁtl& {g)ltﬂe figfy, el ectro magnetic field,

or ot er fiel used to align the liquid

[0(?4%3 |a(§ ilﬁ Iagmgljne@ nx?cggl?gn%a rnﬂlgérﬁ'i ﬁisa %ﬁﬁadaﬁ)S In some

ures Crys resin

m&)g&g‘@g%tjﬁ‘g chplggl 9%—8%%”2{ ﬁ,%rluag 2 aI S0 bect%ges hllg in other

conductivity. The orient atl on of the f| eI d [ osen
embgdimeats, flﬁéueag Be%hosrarpiurmedhe alignment prasess: v llgt e combined
desired direction. The field al so acts directly on the

mageiab isrsubjsnist (166 $o the mrgnptiafigldn Guniag thmpatanalonayHsepthe carbon

by including the alignment material of the liquid
namntylss alignekduringdateuede. smal |l er field strength may be
used to cause alignnment of the carbon nanotubes than

[0050] an Hid 9TV ni&ridlaider 8ivadddgn 0ttt paas fo@ Nisd) aTysickIss the
directly by the field without the alignnment nmaterial.
ﬁlrgn{égm Rhdded A3nétisRliepd i@ apsliddus AlthMdalintdieacB BB R such as
when a TIM2 layer 202 is applied to an IHS 106 in the example shown in Figure 2,
although it may also be removed at a different time. The pads can then be used in a wide
variety of devices to transfer heat. For example the pads may be used as the TIM1 and
TIM2 layers 202, 204 described above with respect to Figure 2. A pad with aligned
carbon nanotubes may be used as a TIM2 layer 202 because the NTIM pad allows the heat
sink 102 to be removed and replaced. Thus, the NTIM material is suitable for use as a

TIM2 layer 202 and has a thermal conductivity that is many times higher than the thermal

conductivity of silicone grease materials currently used as a TIM2 layer 104.
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ease alignnent of the material. Note that shear
forces, such as those applied by extrusion and

WO d@sosished above with respect to the enbodi nePtT/MBEN€031314
clay is the alignment material, may al so be used to
align the conbined material where liquid crystal resin

[00'5?] thg,ght 9@1’3@?%&2&?@[ }esérﬂ cAfi6n, B0 Limé Bf zﬁﬁﬁd Bleﬁﬂxc resin

the fiel lonal |y, the conbi ned

w1t§ r%sggglgng%él% ﬁ§9 @%eege(l W egO égr%‘és (%31 - %@?mﬁlled carbox% zﬁanotubes
40 gy ZoDe DA RS F 'ﬁra r%ffﬁ%%%eaﬁ%@% ) g0 gt of tgluene

the conbined material is subjected 706 to the Wﬁgnetlc
werd eompined #U2rky addmerthera e aplaﬁﬁ?%@wr eatedttorabgpt SU degrees
nanot ubes al i %ned during |ater use. [0050] The NTI M

Celys endl alix¢dsatSRepmdpratpationelipournfoe padlyre was theepassed twice
Typically, the filmis) is renoved at the tine the pad
throwghapprolbohilhst aboth) dagfrecis iietsidsa chervatmbined| matsuad b wass then
when a TIM2 | ayer 202 is applied to an IHS 106 in the

layeped 7ok @no¥midiodthiek MyPlar filthtthougincastingBYhakifn with the
renoved at a different tine. The pads can then be used

corhBinéd mafé%ay@ag Bkd sHjed&V 106D ol RadreBd HERT 0f2881: 0. fqesla for about
exanpl e the pads may be used as the TIM and TIM

thug%j\ﬁlﬁesg&mﬁ&?e ?ﬂsﬁ&glahgﬁ%aﬁ%%cw hESRs narfzmﬁ; gUfRe film

I gne on nanotubes may Dbe USG as

wi %c%’a';ﬁde GGV g Feh s BARE AL AT 100 e cetsus,
whife s Sihiesicin 08 bR Se ety ef%atha@%%@dﬁdﬁﬂﬁﬁuaﬂ@ﬁds The

than the thermal conductivity of silicone grease

filmaitas pgrapved U 2 feomt thy pads gvhach werpithgn testod pnd fpand 1Ghagsythermal
In one enbodi nent of the present invention, 30 grans

corgluctavifyhef-aboaf 100 W/mEsin with a softening poi nt of 59
degrees Cel sius, 30 grans of single-walled carbon

[0052hot tHigwres 8Daigl 8nare 8fde 2V s- tHatHtdiydtshow Henwn{blmedm&8rials of
degrees Cel sius), and 100 grans of toluene were

Fi%?é&;‘?gig ;E(e) T%E(r)éﬁq()ggﬂl:jdéglrn‘é g&?ﬁh&@ siébj Et&NBIR0OY fil& 8Ecording to one
embodiment of the present invention. As illustrated by Figure 8a, the combined,
unaligned material 808 is layered 704 onto a film 804 by an extruder 802. The thickness
of the combined material 808 can be selected to be appropriate for the application to
which the aligned material will be put. In this example, the z-axis 206, along which the
carbon nanotubes will be aligned, is substantially perpendicular to the plane of the film
804. The combined material 808 on the film 804 is then subjected 706 to a field 810, as
shown in Figure 8b. This field 810 aligns the liquid crystal resin in the combined material
808, which in turn causes the carbon nanotubes to become aligned. |
[0053] The foregoing description of the embodiments of the invention has been

presented for the purposes of illustration and description. It is not intended to be

17



5 Celsius and m xed at 50 rpm for about one hour. The

m xture was then passed twice through a 3-roll mll at
WO ad9e131880 degrees Cel sius. The conbi ned nat erp@l/ESWes/€31314

then | ayered 704 onto a 40 micron thick Mylar film

through casting.' The filmw th the conbined materia

exH’é@?tlJerkﬁ% S @6 1ROt 1Re BrelRORGHsGidcl kgl Pérs&%@ﬂlled in the

Tesl a for about thlrty m nutes to provid

relé}gﬁ #r??anazlg %ﬁ@tlﬁgh{aﬁ gaoﬁsrﬁd%ﬁg’ﬁ’&s g&éﬁ%@érg light of

e CO |ne materi al was t

8 b 100 degrees Cel.sius
e G0y attifecbhatpnadki B3 % Ing oy RS b R Yl
was di vided, 710 int The filmwas renpved. :
COMPIBAYQTEPQSIHANS, 3 sk St&)éﬁ“émt foieYrrions FRIBPANFGSBaNE iR gbe Figures.
have a thermal conductivity of about 100 WnK. [00 %d
It irthgrafers istgndaddhaishe seops ofidievinespsion hadimited gt bythis desgiled
the conbined materials of s Figure 7 nay be | ayered
desgCptiom bat fathembu izt ¢liiers appérided hergtor06 to a fiel d
accordi ng to one enbodi nent of the present invention.
As illustrated by Figure 8a, the conbined, unaligned
material 808 is |ayered 704 onto a film 804 by an
extruder 802. The thickness of the conbined materia
808 can be selected to be appropriate for the
application to which the aligned material will be put.
In this exanple, the z-axis 206, along which the 0
carbon nanotubes will be aligned, is substantially
perpendi cular to the plane of the film804. The
conbi ned material 808 on the film804 is then
subjected 706 to a field 810, as shown in Figure 8b.
This field 810 aligns the liquid crystal resin in the
conbi ned material 808, which in turn causes the carbon
nanot ubes to becone aligned. [0053] The foregoing
description of the enbodi nents of the invention has
been 5 presented for the purposes of illustration and
description. It is not intended to be 17exhaustive or
tolimt the invention to the precise forns discl osed.
Persons skilled in the relevant art can appreciate
that many nodifications and variations are possible in
light of

18
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the above teaching. Persons skilled in the art wl|
recogni ze various equival ent conbi nations, positions,
woaend/o31sest i t uti ons for vari ous conponents shomoT/US20DiVe31314
Figures. It is therefore intended that the scope of
the invention be limted not by this detail ed
description, but rather bycfAigsc! ai 6 appended hereto.
18CLAIMS | claim . A nethod, conprising: conbining at
ICESQSt car bon nanot ubes and an alignnent material to
result in a conbined material; and causing the
al ignnent material to align the carbon nanotubes. 2.
The nethod of claim 1, wherein causing the alignnent
mat &r Aahethod,aoigpnisinge car bon nanot ubes conpri ses
appl ying a shear force to the conbined material. 3.

Thecéﬁ%ﬂ;ip&g aﬁ?iela&' c%h{gﬁllnanmgéseérﬂ S hRAInt ASte Al 12880 n a

material To alrgn e carbon nanot ubes conpri ses

appl yi ng a cbhiibdtiattig; ffmbi ned material. 4. The

met hod of claim3, wherein the field conprises at

| eagdusPgeh®ilighindat ﬁﬁte{rial?tofdl'%h(ﬂhe arbaonebiubet.i el d, or

an electro-magnetic field. 5. The nethod of claim1,

wherein the resulting conbined material contains

great er Thamefhodef pRiMEaNivhbgineiughg tleedl ipamenematetibes .align the

6. The method of claim1, further conprising conbining
carBolRArokube FBE APk appil el \@esabRMo ARNQVMIER Bikerial. |

alignnment material t0 result in the conbined naterial .

7. The method of claim®6, wherein the matrix materi al

conprises at | east one of silicone polyner, epoxy

pol yner, TR ReiHAdRPLMIR, whadiniusiak 48 alighehi Ma® BB align the
198. The nethod of claim, further conprising

carﬁgrpmn%itﬁ)%s @ox&bﬂiée@ rap]gmn%raj f?éld ‘M {hQ combined material.

4, The method of claim 3, wherein the field comprises at least one of an

electric field, a magnetic field, or an electro-magnetic field.

5. The method of claim 1, wherein the resulting combined material contains

greater than five percent by weight carbon nanotubes.

6. The method of claim 1, further comprising combining a matrix material

with the carbon nanotubes and alignment material to result in the combined material.

7. The method of claim 6, wherein the matrix material comprises at least one

of silicone polymer, epoxy polymer, olefin polymer, indium solder, or tin solder.
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the carbon nanotubes and alignnment material to result

in the conbined material. 9. The nethod of claim 8§,
wowtvsgisad t he filler material is a thermally cporustiowves13i4

mat eri al conprising at |east one of al um num oxi de,

boron nitride, alumnumnitride, 5 alum num copper,

silver, or indiumsolder. 10. The nethod of claim1,

wherein the alignnent material conprises a clay

mat gr i al The méhwdwEchad 10furgleatdmpribing contbiging aditfer ingitetial with

preparing the clay material, wherein preparing the
theGafbn Hah&Ib&! an‘ﬁ%ﬁ@ﬁﬁléﬁﬁnat@rlg it& RQGE il'he CBMbRle@Ynaterial.

material in hot water having a tenperature ranging

from about 50 degrees Cel sius to about 80 degrees

Cel sius; adding cation salt to the clay dispersed in

hot ?vvat €The Mc%@i'o‘? Qlati®, %Eﬂeﬁﬂhé lller ﬁﬁférlﬁi i@¥;thermally conductive
i solating the clay; and s reducing a clay particle

maﬁaéﬁ?clgﬁxgpr ﬁeﬁgeass (S)ffahluﬁﬁ‘n n{;ﬁ&f ﬂ&%ﬂtm&l(ag zmlrﬁfrﬁlﬂ'?mtrlde

claim, conpri
aluc rrdonlng K (gueflfafc resin matri x rmterlal W th
RSP BEH: ﬂgr% ub’é 38 Fhe prepared clay to result

in the conbined material, the conbined material having
about thirty percent by meight car bon nanotubes about

b d d
per St By el BHEt leBnaT BhEFhE ¥yt fabyiay Sorblises aclay

mat eri al ; 20wherein cau5|ng t he prepared clay
nmﬁ?@bnnent material to align the carbon nanotubes

conprises extruding the conbined material; and

di vidi ng the extruded conbi ned naterial into pads of a

sel ected_si ze.
[1. ~ The method of claim 10, further comprising preparing the clay material,

wherein preparing the clay material comprises:

dispersing the clay material in hot water having a temperature ranging from about
50 degrees Celsius to about 80 degrees Celsius;

adding cation salt to the clay dispersed in hot water;

blending the cation salt and clay;

isolating the clay; and

reducing a clay particle size to a mean size of less than about 100 microns.
12.  The method of claim 11, further comprising:

combining an alpha-olefinic resin matrix material with the carbon nanotubes and
the prepared clay to result in the combined material, the combined
material having about thirty percent by weight carbon nanotubes, about
10 percent by weight prepared clay, and about sixty percent by weight

alpha-olefinic resin matrix material;

20
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13. The nmethod of claim 10, wherein the clay nmateri al
conprises a swellable free fl ow ng powder having a

WO e@bsioarseexchange capacity from about 0.3 to abOLUSB00031314
mlliequival ents per gramof clay material. 14. The
nmet hod of claim 10, wherein the clay materia
CO”thf]e?r?‘ceRll RpShShrepatd b Baihéd nfatdRARo Al ChBeaDoRT

S
| ess than abolt two nanoneters and a mean di aneter

from about h@ofiBaOIBRERIsSs EQnaipthe 308Bined AttE aklmd 15.
The method of claim1, wherein the alignnment materi al

congividifg the dxtrgdédlcontibisddamatesl intomide of abelected $iee.
nmet hod of claim 15, further conprising: |ayering the
conbi ned material onto a film and curing the conbi ned
mat 8. al Thé methodafelaig 10hehedeinghaehy nmméréal cammptisesal swailable
the carbon nanotubes. . The nethod of claim, wherein:

fre6 BIGWiY fevdk hb\ﬁﬂ?? catdiaRhArpR Rhpdrds frvnelalsout 813 toABBA3.0

material to resu in a conbined material conprises
miﬁﬁﬁgbm'eﬁ‘@tp_@}%%&'&*c@iﬁrﬁht@riél?ﬁ n, carbon nanotubes,
di il be

thyls ne, and tol uene, the conbined nmateri al
havi ng about percent by wei ght al pha-olefinic resin,
about percent by wei ght carbon nanotubes, about 20

per ggnt Ky m:é!tfg)ﬁtof Qieﬁﬁﬁtllﬁ}’{vﬁ&jelnbtﬁg @laz AMflerBh %’ﬁlgﬁ&s platelet

percent by wei ght toluene; and 21catsing the alignnment

palgig%? r“iﬁl a Itnganatlhi ests I?)? ileéggﬁggbgl@ggl%) Lﬁg&@m%ggﬁglht%gﬁ%aﬁediameter

yl'ng a magnetrc _ _ 0 1
frolﬂwg1 eﬁggqjﬁ%g)?rlle?e?g toato%[ 5(?(10'na%1§mefbe‘rsc.jew ce, conmprising. a

15.  The method of claim 1, wherein the alignment material comprises a liquid

crystal resin material.

16.  The method of claim 15, further comprising:

layering the combined material onto a film; and
curing the combined material after causing the alignment material to align the

carbon nanotubes.
17. The method of claim 16, wherein:

combining at least carbon nanotubes and an alignment material to result in a

combined material comprises combining alpha-olefinic resin, carbon

nanotubes, dimethylstilbene, and toluene, the combined material having

about 15 percent by weight alpha-olefinic resin, about percent by
weight carbon nanotubes, about 20 percent by weight dimethylstilbene,
and about 50 percent by weight toluene; and

21



a heat receiver to receive heat fromthe heat source;
and a nanoconposite thermal interface material to

WO toansiBer heat fromthe heat source to the heatT/US2004/031314
recei ver, the nanoconposite thermal interface nmateri al
conprising: aligned carbon nanotubes; and an alignnment

mat efistg thOGlistHhéH ndhdrNaPAIfnthe SabH fmoties ado'nﬁiﬂis@é?applymg a
t he carbon nanot ubes when the structures are aligned

19. The deuhggetit fieldod b 0.3uTed1£ toth Neyetdd @riBdd material.
materi al conprises a clay, the alignable structures

conprise platelets, tactoids, and aggregates of

tactgi Asdevafegcddqﬁignagaocorrposi te thermal interface
materi al further conprises a polyner matrix naterial.
20. The deV| ce of claim, wherein the alignnent

mat 873 O‘éé’ﬁ’prl ses a I|qU| d crystal resin. 21. The

deV| %@at%ce?ve@'tme%grve W% C}‘Fc{nﬂ i iRal\@RkceS A ce conpri ses

WICFO rocessor e an e hea recélver conpri ses

an 'a'ﬁtaﬁ&ro %@t%@ﬁnaﬁ'lﬁgrfa%a@pﬁ td ?r‘éhﬁ‘@r Rt fbA tHE: heat source to

further co rsing: a heat renover; and a second

nanoconposithe héd1eEdehler, thé Rirfoas@p Ggaﬁeenéra{al in@erficemedi@ial
heat fromthe heat int egrat ed heat sink to the heat

remover, thengesopd nanoconposite thermal interface

mat eri al conprising: 22aligned carbon nanotubes; and

an al i gnakgriedrratbteninahotubes; aad ng al i gnabl e structures

to align the carbon nanotubes when the structures are

al i gned. aRgligrFhent deiérpé insludingdlignable stwhetress don dligningethe carbon

source conprises an integrated
nanotubes when the structures are aligned.

19.  The device of claim 18, wherein the alignment material comprises a clay,
the alignable structures comprise platelets, tactoids, and aggregates of tactoids, and the

nanocomposite thermal interface material further comprises a polymer matrix material.

20.  The device of claim 18, wherein the alignment material comprises a liquid

crystal resin.

21.  The device of claim 18, wherein the heat source comprises a

microprocessor die and the heat receiver comprises an integrated heat sink.

22.  The device of claim 21, further comprising:

a heat remover; and
a second nanocomposite thermal interface material to transfer heat from the heat
integrated heat sink to the heat remover, the second nanocomposite

thermal interface material comprising:
22
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heat sink and the heat receiver is a heat renpver. 24.
The device of claim?23, wherein the heat renover

WO poapsisees at | east one of a heat sink, a vaperT/UuS2004/031314

chanber, or a heat pipe. 25. The device of claiml18,
wherein the heat source conprises a mcroprocessor die

and the Qﬁ@{edrc%f’cﬁ}n\{ﬁhotﬁ%g)ﬁhées a heat renover. 26.

The device”of claim?25, wherein the heat renover

conpri se .

chanber, an %%A [ﬁeat a?é}?al RICB@ ‘Eﬁ gtél\g iiggg@tg%/ew‘?glll%l t{lg ’carbon
wherein the heat so es an | nteqrated

circuit. 28. A tW@Pﬁ’&FS Wﬁ?’ﬂ?ﬂ@aﬁﬁfﬁféfﬁa&& ‘onpri si ng:

al i gned carbon nanotubes; and an alignnment materi al

i ncluding alignable structures to align the carbon

nangBubeThehrRict e ctdimULE, uviegeiartke dbdtgoatte cothpribeean integrated
thermal interface nmaterial of claim 28, wherein the
heg skcamdbeheab rachivenigia heat €poX8%e material contai ns
greater than five percent by weight of carbon
nanot ubes. 2330. The thernal jnterface material of
cl aitfh 29 Thﬁ/lﬁiéY‘é? Af elain A3 whespindhs heat £o7aeVeE COMRATigssfal dgast one of

ah'%?ttsifrﬁét B§r Hpahg%gggut twenty-five percent by

car n nanot The thermal interface
mat er i aI of claim 28, wherein the carbon nanotubes

hav 9t5her maF lieRgt hoff clgfpat gr \II Qinak?ﬁ’é“ gélag V\%ﬂrcg’zcomprlses a

The interface materrial clarm erein
mitioprecessbodiemad deizasreheiver camrmaes 4 bengrdmaofer.gr eat er
t han about 100 nm

26.  The device of claim 25, wherein the heat remover comprises at least one of

a heat sink, a vapor chamber, or a heat pipe.

27.  The device of claim 18, wherein the heat source comprises an integrated

circuit.

28. A thermal interface material, comprising:

aligned carbon nanotubes; and
an alignment material including alignable structures to align the carbon nanotubes

when the structures are aligned.

29.  The thermal interface material of claim 28, wherein the nanocomposite
thermal interface material contains greater than five percent by weight of carbon

nanotubes.
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33. The thermal interface material of claim?28,
wherein the alignnent material conprises a clay

WO emb/esised conprising alignable platel et struckares2ediadi3i4

the thermal interface material further conprises a
matrix material. 34. The thermal interface material of
claim 33, wherein the clay material conprises |ess
than twenty-five percent by weight of the thernmal

i nt gpf acehamt@mhPinterRoe m-Efk%aI SRJ1AR] 29, MIRFdiR R MARb&IYsite
of claim 34, wherein the clay mat eri al conprises |ess

thetnE@ﬂnf e Hﬁ{e?ﬁmor}%né"@ﬁ Q)hatbogf‘ twteﬂﬁ'éﬂt DGOIR 85 WeBaht of carbon

I'nterface materl al ermal fnterface
nand eerl al of claim28, wherein the alignment naterial
(s Pl ses a liquid crystal resin material. 24

31. The thermal interface material of claim 28, wherein the carbon nanotubes

have a mean length of greater than about 10 nm.

32. The thermal interface material of claim 28, wherein the carbon nanotubes

have a mean length of greater than about 100 nm.

33.  The thermal interface material of claim 28, wherein the alignment material
comprises a clay material comprising alignable platelet structures and the thermal

interface material further comprises a matrix material.

34.  The thermal interface material of claim 33, wherein the clay material

comprises less than twenty-five percent by weight of the thermal interface material.

35.  The thermal interface material of claim 34, wherein the clay material
comprises less than five percent by weight of the nanocomposite thermal interface

material.

36.  The thermal interface material of claim 28, wherein the alignment material

comprises a liquid crystal resin material.
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