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application cl g} efit of U S . Provisional Application No.
hO/ 065, 418 flemw m@g, 1997. 5 This invention relates to a heat pipe

apparatus for t ement, and nmore particularly to inproved thernma
managenment devi ces *é8fri si ng a heat pi pe and nol ded heat si i} “@Bﬁﬁmﬁents.
Still nmore particularly, the invention-irelates to a thermal nmanagenent

apparatus conprising a heat pipe conponent in thermal conmunication with a

heat' sink conponent | ?’ﬂ PR LN qﬁﬁprises a nol dabl e,
thermal |y conducti veﬁ‘@ﬁ?féﬁﬁg yniﬁ“éﬁ‘f@r&ﬁ“gﬁ'g@bl yRé“h injection 10

nol dabl e, thermally conductive, filled liquid crystal polyner. Preferably,
the thermal nmanagenent apparatus will be formed as a unitary structure by
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particles as a filler to increase thernmal conductivity. O her solutions for
t he30nmpositioned on or near a single surface of the chip produce considerable amounts of heat energy in

operation. Removal of byproduct heat is important to the lifetime of electronic components and the

art has continually sought improved thermal management systems and methods for managing the

high levels of heat output associated with such devices.

Thermal management has long been the subject of extensive study and research. Early practice
25  relied on the use of heat sinks, including carriers and housings, constructed of metals and alloys
selected for their high thermal conductivity, and such devices continue to find wide use, More
recent innovations and modifications in materials have included, for example, combinations of metal
housings with metal-coated diamond chips or wafers, intended to take advantage of the fact that
diamonds have the highest thermal conductivity known. The obvious shortcomings of devices based
30 on diamond, particularly including the practical considerations imposed by the limited size of
diamond components, as well as high cost, led to the development of metal matrix composites

containing diamond particles as a filler to increase thermal conductivity. Other solutions for thermal
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13 May 2002 -2 managenent probl ens designed particularly for use with high
power density devices include liquid cooled heat sink structures and chip
nodul e housings that rely on liquid nitrogen as the coolant. A disadvantage
of the prior art structures lies in the conplexity aSSOCIate mﬁth hgeir
fabrication. Generally, thermal nmanagenent devices have been 0t ed of
nmetal, primarily because of the 5 requiy.enent for excellent heat transfer
characteristics in conbination with good nechanical properties. There are

subst apfah@denfeR€frbbleme Bés:@fed bareicutadly fox Red1witPhigh pdWgr déhdifyaieonesniclags haga nost
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Thermoplastic resins with good molding properties are readily available as are castable and
25  moldable thermoset resins. However, resins generally have a high thermal expansion coefficient and
are poor conductors of heat. Few are capable of withstanding thermal cycling over a wide range of
temperatures without undergoing failure through creep or warping or, in the case of rigid thermoset
resins, cracking or similar failure due to thermomechanical stress. Adding fillers to resins as a
method for reducing CTE and thereby improving dimensional stability is well known and widely
30  used in the resin formulating arts and may also be found useful for improving thermal conductivity.
Particulate materials including conductive carbon or graphite fillers, spherical particles of various
metals, glass or carbon black, non-spherical metal or ceramic particles, stainless steel filaments,

aluminum fibers and the like are disclosed in the art and characterized as particularly useful where



., _,_ inproved thermal conductivity is desired. However, where resins.
containing these fillers have been enployed for thermal nanagenent pur poses
only nodest inprovenent has been realized. Commonly, filled thernoset
resins used commercially in the electronics industry have ther nal
conductivities on the order of 2 to 4 WnK, while injection nsiMan?®2i||ed
t hernmopl astic 5 fornul ations are disclosed with thermal conductivities in
the 4 to 9 WnK range. The thermal conductivity of even the nost conductive
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el ectroni c device would be a useful advance in the thermal managenent art.
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25 PPO and PPS resins. Several thernposet resins, including epoxy resins,
cyanate resins, thernoset polyesters and phenolic resins are also suitable
for use in the present invention. Thernoset resins are particularly useful
when transfer nolding is used to maufacture the nol ded heat sink. O her
nmol di ng techni ques such as conpression and i nj ection nol di ng EsMaxpe® be
used. In one preferred enbodi nent the hgat sink conponent is injection

nol ded froma thermally 30 conductive, filled liquid crystal poI ynmer. The
heat pi 0, &Rl
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havi ng excel l ent thermal transfer -5- 1~ May 2002 characteristics and
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tenperatures that will not cause damage to the heat pipe, and with 20 high
melt fl &% at the nolding tenperature. Still nore preferred will be

t her mopl astic fornul ati ons e ri s having high tensile
nodul us val ues, generally g%@%éﬁﬁﬁ%‘é‘gﬁ&ﬁ approaching the
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conpri s omniudRaHEH Qith! £$idMedS UebmAE dhdeRVE YhehE SR, colmptitig aWfifid, thermal]y-
di sconti nuous pitch-based carbon fiber. Thernoset resins are wel | 25 Known

and des©PREHSHYS Fesion JThe resin aan by thermpplagiis er thermpsely Examiples of disrmprlasisiresinsi n
the uncyfifigh akahfable for this invention include liquid crystal polymers (LCPs), aliphatic polyamides,

polyphthalamides, acrylonitrile butadiene styrene resins (ABS), and polyaryl ether resins such as
25  PPO and PPS resins. Several thermoset resins, including epoxy resins, cyanate resins, thermoset
polyesters and phenolic resins are also suitable for use in the present invention. Thermoset resins
are particularly useful when transfer molding is used to maufacture the molded heat sink. Other

molding techniques such as compression and injection molding can also be used.

In one preferred embodiment the heat sink component is injection molded from a thermally-
30  conductive, filled liquid crystal polymer. The heat pipe will be positioned in the molded heat sink to
place selected portions of said heat pipe in thermal communication with the heat sink, preferably by

insert molding to afford an integral unitary construction having excellent thermal transfer



which facilitates wet out of the carbon fibers. A preferred thernoplastic
formul ation suitable for use in the practice of this invention wll

conprise a liquid crystal polyner (LCP) resin filled with discontinuous
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fiber may be readily conbi ned and conpounded by dry bl ending or conpounded
by way of m xers, 13 May 2002 -9 extruders, stirrers, roll-mlls, and
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LCP resins and methods for their preparation are well known and widely -described in the art, and a

number of suitable LCP resins are readily available from commercial sources. Particularly suitable

30  are the LCP resins sold by Amoco Polymers, Inc. as Xydar® LCP resins.



design. To prevent bursting of the heat pipe by overpressuring, the end
seal of heat pipe may be 5 designed to rupture when subjected to
tenperatures significantly above the design upper limt. Further,

subjecting a heat pipe to high external pressure or other severe nechanica
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fiber may be readily combined and compounded by dry blending or compounded by way of mixers,



15 applications. Conventional thernoset resins including epoxy resins,
cyanate resins, novol acs, resoles and simlar thernosetting phenolic
resins, thernoset polyesters, and the |like may usefully be conbined with
chopped carbon fiber towor mlled or granulated carbon fiber as described
herein above to provide thernoset nolding resins and naterial ¥ May R0@her mal
conductivity suitable for use in thern% managenent devi ces. Such
formul ati ons may be formed and fabrlcafed by conventional 20 neans,
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togeth g@ :! f nal .stability at elevated tenperatures th

gener a §f‘1’§'“ﬂ‘ 8yfile erhusing shearingdficags pych g¢ extodgissiniectien meldise machines
mat eri a} the Hizblgb@éilalgl aﬂt SRS fibdr IbAdak AR Yanl Furkae Eéméé)fh%iie%@%e r&ii &aﬂwﬂ[;a?e‘é' de

tough, flexible parts are also known in the art, and these SO na
t her maiThy 2xspasE4s fethe RrdERR oL el @dmce\@ﬂdeam@lpq erpgucemwm@geavmreqesmgs

enpl oy %Qar'nsnthérh@llic Qz'nL: lﬂg ifthe mlgg of 1rbh 13448 206 ]gcrcmso %s&%%oé} wHeHm%F the fiber

obt ai ned as Thor nel ~ M car bon fiber K 1100X from Anoco Perforna
Pr oductas mmzﬂlypumlleé e the Sprac ¢ff dogtinuonsitow aT@k allipped ar méhg ifiber, argicttié menfratalbout

130X 10@'”%5\';\,}\}‘1& grg%grl {h%%ml;- igéhc&g&{n%g on ?o%eé meg'[ g? lne %ﬁ;‘g)r\é%eé%éd u&pgdﬁw

f i her Elaekr?@orfdntmms,ﬁﬁmcmm yhrengh cdmppession tniolgiug lor SdaMeISrpeldinkloea\thleﬂmSed in a

| udi t f 120x106 d
t her malORgR SETT ARy Tt ReiE R S Earors F st S ool o
car bon nf:hxhﬁiedEarﬂOl(Bé( afticdem vliDthen B&btylﬁmisttadtxlﬂy gheavdr tikn g1 bbér&h@ﬂhmg from 100

speC|f|cat|ons i ncl uding .a tensi of 120x106_psi,,.a density of
Sbout - snaanibcas e YO g i Suaitad GREATS BhepBEb Y e Wilte FoeptyBEher
sul f on@jghesdspect eltiloagdnedliaabdadel AB800 pol yaryl ether sul fone from Anoco
Pol ymers, Inc. PPA-1 Pol ypht hal am de resin, obtained as Anbde

poliy phtdabany, de: itk rBsih FRMURABG Qs nRtﬂLeyﬂfm.se of A6 mvuwtdarwlﬁ cOmprise from
Polyhexanethylene adlpan1de LCP Li UId crystal pal obt ai ned as Xygar

SRT 9060tesin % wheArsesblddiPher s, 4 vt 9|SP/ ‘bm&ewﬁfie@g YW

dﬁ] er myged at%wt%l dAeboh FibASAY), &r@aag@lamggeﬂoﬁest | ng) @Bt hod® Wi, @R%e preferably
ot herwi se not ed
from 55 to 20 wt% and most preferred from 40 to 25 wt%resin. The

formulations may further include such plasticizers and processing aids, as well as thermal stabilizers,
20  oxidation inhibitors, flame retardants, additional fillers including reinforcing fillers and fiber, dyes,
pigments and the like as are conventionally employed in the compounding arts for use with such
molding resins. 1t will be readily recognized that the utility of the filled molding compounds of this
invention lies in the substantial thermal conductivity exhibited by the material. These additional
components, as well as the amounts employed, will thus be selected to avoid or at least minimize any

25  reduction in the thermal conductivity of the formulation.

The filled resin will preferably be injection molded with the heat pipe using an insert molding
operation to provide a unitary structure. Insert molding processes typically include providing an insert
within the mold and injecting the plastic material about the insert or desired portions of the insert to
complete the component. In the practice of this invention a hcat pipe is inserted within the mold and
30 the filled LCP resin is then injected to surround the desired portion of the heat pipe, filling the mold to
form the heat sink. The filled LCP resin, upon cooling, forms a molded heat sink component having a
near interference fit at all points of contact with the surface of the heat pipe thereby affording

excellent heat transfer between the components.



Thermal conductivities were obtained from neasurenent of power/heat input
and tenperature differentials along nultiple paths and determ nation of
cross-sectional heat flow under steady-state conditions. Calibration of the
devi ce was made using al um num or copper panels of known thernma
conductivity. , 20 Thermal conductivity is calcul ated using tIRMsoi0Rer
Conduction Law g-- -KA eT , ex where q,,= pover I nput; A = cross-sectional
area; K = thermal conductivity; DT :'{énperature differential between
resistjve.thermal devices.in the.direction of thermal flow and ~ X =

i st are B ERrcER e B plbe i Seliel Gkere dadrect Shet nebicritiodiah empemtes | n
W K. or prestiredVhyle@0fides-ak8 iteride do Bins i partieilift dno o Bl wlthin LHERRES
K-1100 carbon fiber towwth a nomnal lepngth of 1 /4" was dry nixed wth
Xydar TERSS 9fdemperaiues derending inRart ypop She Wﬁgﬁ‘@dw&b&‘edﬂﬁewﬁ)ﬁ%wwww @vd the

pel | etdesigh. fd predent B8ising ONHRI KianBipd By WvdbotcaduiBl, the VLRl Sedfor GR4D laDSE -
Test s éginensb(G"xd"x1/%6ﬁ) mereﬁ%regarég.by 5ginjecti%noﬁglgﬂﬁgzphg%%ried
resin «ﬁéﬂgm o gantwrg whenpsybyestedoty tepyperaturasrsigrisfiesintly abaiesh thee designo ppper ilmsit. ar e
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| evel ghepiptdo basl endisten and Meeoarehivepefibiee r Highilyefilled | Hobtmerswane generpiby tifficuitno| ded
as in, agell [ =x4'x 1 [3" test.specinens.
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(kpsi )£ s5insgye pndossomplpyed,in\theypragtios of Yhis gvensjpriggenerally wil/dpve miayy melt
(ohm Cmo'las%’,‘md IR peRfif nRtding ubihg 284REBA642AEN ZRthetabPECEH, B ramferm- 00° F
(ft-Ibs%G. 13.110.5&1:11.4n0tqhed (ft-1bs/in.)3.2---- Notes: 1. Fiber.
Cont erf208-3AnChalwalk withinbe design dmypfpr Juryy heaypipes. Mqreqyer, xpessivatiniesiion
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thermal conductivity. Although there is Sonme variation, the filled

mat er i meehamggy! sessnol ded to be anisotropic with respect to therma
properties, or substantially isotropic in the plane of the nolded article.
|t appwasmsudbhag tifess forpndatiops tararthermefamgables agy pé & viriaty f | eprmentional| waldinghe

the. 11 hfHfers ihd ol AR dagial R JARRTEE Mol SRR, ASFUE byl ke 11
i ndi cafibed h@P resit twhith thirhed- piperen &inp nulitarfyi thermab mapagemientodevasss @aceprdiog tortist
in'&ctgggtqp[dipgs. Conposi tions according to the invention nmay also be
manuf atlt ired usi ng ot her thernoplastic resins to provide
ther ma!Al Xi’d‘é%ﬂ&%tcff \égtn?d%{)fesdnd injection moldable thermoplastic resins other than LCP resins are
generally known in the art, and such resins, when filled with high modulus carbon fiber to provide
thermally conductive resins that are injection moldable, may also be found suitable for the purposes of
this invention. For example, aliphatic polyamides including those widely available commercially such
25  asnylon 6, nylon 6,6, nylon 4.6, nylon 11 and the like; polyphthalamides, including the commercially
available polymers of one or more aliphatic diamines such as hexamethylene diamine, 2-
methylpentamethylene diamine and the like with terephthalic acid compounds as well as copolymers
thereof with additional dicarboxylic acid compounds such as isophthalic acid, adipic acid, naphthalene
dicarboxylic acid and the like; polyarylate resins including polyethylene terephthalate (PET) resins,
30  polybutylene terephthalate (PBT) resins and the like; arylene polycarbonate resins including
poly(bisphenol A carbonate); the well known polyaryl ether resins such as PPO resins, including the
thioether analogs thereof such as PPS resins and the like and the corresponding sulfone- and ketone-

linked polyaryl ethers such as polyether sulfones, polyphenylether sulfones, polyether ketones,



10 Exanples 6 and 7 Continuous K-1 100X carbon fiber was conpounded wth
Radel pol yether sul fone by feeding continuous fiber together with the

pol ysul fone resin to a Kiliion 1.5" single screw extruder) extruding the
conpounded resin into strand, and chopping the strand to formf Iied

pol ysul fone pellets. The feed rates were controlled to provi dé May 2003 wit h
18 wt% and with 33 wt% target |evels of carbon fiber. The pellets were then
dried and conpre55|on nol ded to prOV|dé 4" by 15 4" by 1 /8" coupons for
use as te |nens es are unnarl able 11. Exanple 8
i t 1 oBEPendr Sk s PRAE bk o b &0e e fid nd iy v Fomsmiaviensa
cont i nuensinidg m&uermaplbans bielreddily avdilaslc SsiraudeeryaF cemheei sar&scontrol |ed
to provide rod having 60 wt % target |evel of carbon fiber. The pultruded

rod wasushhpmrglabticsgwiién flddAvitPMEinill§ corldRblivel RSN mamﬁg kBorRbed
fromdried pel]lets, Uﬁ n?lg%ﬂHPM /5 ton |nbect|on mol di ng nmachi ne.
d

Pr oper 8§ descipsd beseia be guitably dhermallypeadustivg fg many &Wﬂ“i‘lm@ﬁgp'petd
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PPA-1 resin pellets and ext rusi on conpounded and chopped to prov”ﬁe pe Iets
of fil feachepedisyipationt sithouhgeapdingsosigrificant insrepse by guface exesl andin othlet)thenﬁalber
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as previously described. Properties are sunmarized in
2002 - leSelTefldarbon |fibex loafing 6gt@erally 2Rsast s giepedsRifdwt Rautefleraplyofiom 50 to 80 wt%
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50 mﬁ@bchopped K-1 100 carbon, fiber tow w th a nom nal length of 1 /4" was

pr epar ed [5ymiks| fiemasetting mbERRAC| HNS Thermotet rrokkesicrs. iad ok emay orefitly ded to

provi d%orBQﬁnEWnthth@ﬂ?eﬁtdérﬂoﬁsﬁbeﬁRﬁ@bﬂ'ﬁﬂ&d ot Rarlullirdd @aﬂ%n(ﬂfer)&s «”aagtrmed herein
direction) thermal conductivities were .4 WnK and 102.9 WnK. The

coef f i @bavstto pfovidsdharmioses mpdding waingiasl matcrm;!ﬁpwlﬁhe@@éﬁwd@ctl\ety/ﬁuawe fﬂr@pmm
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K-1100 carb towwth a nomnal length of 1" was conpréssion nol ded
t 0 2pr O\medes rﬁdmatéy rlmlusppﬁp@nmrysstoesnolélpe@r fretsder ﬂmémg Mrqsessa® of d yse of a B-

dlrectl ther C
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di r ect ithd JintdRslonaR IstaBidinyd atCdidvdtet YenymBatdtds hatfertsallySanecomeized ngbochiaracteristic of

difficulties were observe :
25  most thermoset materials. Fd]]ed elastomers that may be thermoformed and cured to provide tough,

flexible parts are also known in the art, and these also may be made thermally conductive through use

of suitable fillers.

EXAMPLES
Materials employed in the following examples include:

30 K-1100X Carbon fiber, obtained as Thornel® UHM carbon fiber K1100X from Amoco

Performance Products with published specifications including a tensile modulus of about 130x106 psi,

a density of 2.21 g/cc, and a thermal conductivity of 1100 W/mK.



Ther noset resins such as the commopn epoxy potting resins may also be filled

with carbon fiber, nolded and cured to give thernmally-conductive parts. 5

Exarmule 15 A filled epoxy conposition consisting of 70 wt % epoxy resin and

30 Wt % P-120 carbon fiber mlled or granulated to give 200 mi cron particles

was prepared by conbining the liquid resin and the particul atld MHFWZnd

m xing, then pouring into a nold and aJ,l owing the plaque to cure, providing

a thermal property test specinmen. The I'n-plane (or x direction) thernmal

conduc}iyity was .15 WnpK. 10.1nse Mbl.ded Thermal Devices Exanple 16 A

t her ma#ié%vi ce comser 41ty °§ta§‘eﬂf?f ﬁi‘@ﬁ’@nfﬁ’ ‘é‘agb%?ppézoaﬁamaﬁmpm Belymers. st ded

heat sj : +ed: i % fiber-fill L resin

For mui oy Bap RS EioR molihe g A= 30 ol ASkaY 13 e 8 o

was f i themmad dontdoctivityitod POBWHMELpport t he heat pipe inserted into the nold

cavity. The closed nold was then injected with friled LCP resin 15

f or mul pgogon, usi ogrben fibkVbiaintdis THIFRI®icaboRPibsH KLE0MR Gk 8mdS, p{)lg}ﬁieguﬁlcy

descri bed. After ejecting the cooled nolding, the centering fixture Was

r erfov ewtith pulglishedi secificationst ingliding e rtrsild eddalts ofiR0x ¥0ah actendd9of bsut RQ4q/cc,

| engt han%fatﬁérfnmoing clt?'ﬁ iopﬁ(ﬁ)c\k,i,ng[@-rml ded resin. The block was then mlled to
alrty of TS mmin

forma plur I'n thickness and 4-S mmin height, centered

on and_dj sposed por mal | o the axis of the heat pipe and spaced 1 nm apart
al ong B—%déigrrbedd FyFe ?fg%/‘H%"“THES“bV ajned 89 Rﬂé?‘%hﬁgqﬂo PRkYaryd thes sylfonga from

gr ans. Ahd6o PAYRES, 1gRd of the heat pipe was inbedded to a length of 14 mmin
a heat transfer block. The heat transfer block was electrically heated at a
const a ower i . t . r source .and th

anbi en A‘lqrrper at E{r?lgh\]/\tg;rlgﬁ'r(rigeargﬂé’e ‘%‘iT/ t sgrA ?f@gé@p?’élﬁnﬁ ﬂ%m'rc{esrgs'f’ng?‘ﬂe maco

t etfper Belymersfloe. const ant power input being inverse to the ability of the
structure to dissipate heat. 25 The die/source tenperature was 71 C, while
t he anNilentt.6 enp@plyhenamettzn@&iggmide vi ng a thermal resistance of 8.6

C/ watt. Conparative Examale A 3 x 160 nm heat pipe was attached at the
condengep end andiqtiid brystal poriapedestainengd Ry@r®SR Y06 Gesin ﬁm%cﬁi’ol?ﬁ@lﬁs,
magnesi um fi nned heat sink neasuring 13 mmx 20 nmx 140 nmin | ength,

havi ngl“&- wei ght of 26 granms. Thernal adhesive was applied to the 30
contacting surfaces, between the heat sink and the heat pipe. Tlte source
end waMeehanicgt rpperdies, Wess getarmypeds acchidingntoy ARING S@P%@F@f testinge methodsl yrlest ed
asyi N EpafMMicoldd: The die/source tenperature was 71 C, and the anbient
tenperature was 25 C, giving a thermal resistance value of 8.3 Cwatt. 13
May 208Zermhl conductdilibs WRHS obRine® Sfork hdastrB@erdtNbe GhivehedPifRe A8 alempliture
provi des substantially the sanme degree of heat dissipation as the larger
and codiffesentials|ajong gawliiple naths andaigisEringtianqfzarossispitional hege flpyi wderysteadyTstatey | |
be app@w&fm&h%&nﬁ@@od Swtﬁphsﬁcem&sgﬁshetm{ TlmiBA 20 LBFRE pRY SomoLARRERRN @
substantial advance In the art and provi de si gnificantly 1 nproved materials
f or useonductitinr nal nanagenent 5 applications. The thernally conductive
resin formulations used in formng the devices of this invention are

readi | Whemid coduaivityds sadpubatadwsing itherfuriprGmdediond.aweans, and are general |y
tough materials having excell ent nmechani cal properties and good di nensi onal
stability. These inproved thermally Congéjgti ve resin nol ding conpounds may
find wide application for use in faptHKaeat+ng thernmal nanagenent conponents.
10 It will thus be seen that the thernaIA)Franagenent devi ces of the
invention may be described as conprising a heat pipe together with a nol ded
heat siwliere atfepewer inhet; e &t cressriketooplptraa it 5 Seppalf candutiyityn el = tRINgEAITI t h
t he he ipe,to forma.thermal ,managenent. i havi an._i.n ral.

uni t ar @Efé%ﬁ'gtarl hi‘fvﬁlhfes‘fﬂ‘éq &'ﬁre"}ahgf‘f'g/esggrr{ﬁué:'{eggél ﬁgg}eﬁgél%%oaﬁgo%gt_ Jr'rsau;/nc e

f ur t herpeghian asiperanae theasurdmintdsides. OMhefdatal apcrepbrexdripW/ast.i ¢ or t her npset
nol di ng conmpounds havi ng) dependi ng upon the 15 anmount of conductive filler
in the fornulation, a thermal conductivity greater than about 5 WnK,
preferably greater than about 10 WnK, and nore preferably from about 80 to
as great as 600 WnK and still nore preferably from about 100 to about 450
WnK, together with an unusually




| ow coefficient of thermal expansion, again dependi ng upon the type and

| evel of conductive filler, of generally less than 10 ppmiC. The filled

.t her.nopl astic injection nolding conpounds enployed 20 in the nore preferred
enbodi nents of the invention may be further described as conprising from
about 80 to about 20 wt% preferably about 50 to about 20 wt 95 §fayz2002

t hermopl astic LCP resin and about 20 t@.about 80 wt% preferably about 50
to about 80 wt % carbon fiber, said carbon fiber having a thernal
conductivity greater than aboufjiRdReW FrmuMtRher.ably greater than about 750
WnK, nore preferably greater than about 900 WnK, and still nore

pr ef er plimpidl eat ehoppeaX-1{0&arken Yib&ttow ! Withd Jldmlhﬁ IH%?Bfo/Q'OQast ggmgugiew ! ed
resin formulations may further conprise such plasticizers, essi ng aids
st abi | Xydar - Chheesinrrellptsjaad g3trugion eanmpuanded gwd|chgpngd del prqtheheummfrﬁued resin

COFYDO | e I rticul ar ,
e o o e T e 0 AT Tl Hafred
el éct riniecdonumeldingrtbe drieheesiarpell¢tausingiz kP % tandhjeetjonrrealding ymdchine Cadpedies0

mat erigﬁ %1 ‘hﬁeg "glpaglper mal conductivity. Further nodifications and
vari ations W e readily apparent to those skilled in the re5| n arts. 'For

exanpl rea der od b thos SsKki.l inthe art that a
wi de \ra'r'r'é%-y—o‘lfgxam les TE &P rocfguﬁﬁsy%ygne ge"’(ﬁ% esbStr%?/ fléh%‘g? g'ﬁ'e@f O?é' Ay Fegs &

pl ur al fillad X§dahesins pi peelcoﬁmneaﬁcssmwbeddeda ﬁuser ThSpd¥Ris WO hjecliBn mdRRH as1 NK,
i ncl udj heat spreader or bl ane, onents | an insert nolding
oper at Mol BaraTIar A R OI b3t M AP GPETar: | Shemal eonguatyites are
cbid enfinghfthed inhit ﬂmoa,g]gomrenol di ng the thermal managenent devi ce,
optionally including attached el ectrical or electronic conmponents, for
exanple to provide an attached, her rreti cal | y seal ed housi ng. Such further
enbodi nents and _npdi fications within the skill of

i seen
those engaged i d2bkd- Zyfard(d lf‘ﬁl!i'é F!Meﬁ I\N'B‘eClIﬂHB%er]@B(ﬁ:aftt?“lF‘l@fw thin the
scope the invention as defined by the appended cl ai ns. " ~ 13 May 2002 -

19 d ai ns: wmm&mw%mmm_one heat pi pe
and a nol de@x¥at sink in thernkhl cominicatidn therewith, Said heat sink

conpri sing vity greater
t han 95 WrriK;besegn@bnc'orrbv%)tl on 4éorrpr| leng frdﬁn 20 t655 80 W% di sconti nuous
thermally c tIVQ,fI||eI’ andfro to W % f8si n, sed on total
wei ght of fﬁ{{l]chéﬁ aﬂd sai d resin. ‘I%g therzlggl management evice of Claim
1 wherein the thermally conducti ve filler is220arbon fiber. 10 3. The

t her mal man enent device of Claim1 or Claim2 wherein said resinis a
liquid cryst Fmﬁ‘ef"if%@?““?( The thernmal managenent device of Claim1 or
Caim 2 wher ei flosdirdw/@sK) i s a39hernoset 152t ESi n.267 The2t.her nal
managenent devi ce of vg 1 or gai m vvher salg resin Ig

t her mopl ast i ctrans¥srie (WE &) The 1Hvi ce F2in sald carbon fiber
i s pitch-basgpec.earrbon f(g,la@r havigg a thecr mal ce@ductlwty greater than 300

W nK
Tensile Str. (Kpsi) 15.4 - - - -
Tensile Mod.  (Mpsi) 4.7 - - - -
E (%) 1.5 - - - -
Flex Str. (kpst) 222 20.6 25.6 25.0 24.8
Flex Mod. (Mpsi) 3.8 1.8 4.9 4.6 - 5.0
Vol. Resist (ohm-cm) 1.5 - - - -
HDT, 264 psi &) - 251 275 274 276
1zod Impact ‘
unnotched (ft-1bs) 64 13.1 10.9 1.7 14
notched (ft-lbs/in.) 3.2 - - - -

Notes: 1. Fiber Content = nominal wt% fiber.



7. The device of Claim2 wherein said carbon fiber is pitch-based carbon

fi ber having a thermal conductivity greater than 600 WnK. 25 8. The device
of Claim2 wherein said conposition has a thermal conductivity in the range
of from15 WnK to 600 WnK. 9. The device of Claim7 wherein said carbon
fiber has a thermal conductivity greaier than ° 13 May 200213-May 28030
WnK. 10. The device of daim?7 Wnereir] said carbon fiber has a thernmal
conductivity in the range of from 600 t8 1800 Wnk. 5 11, A thermal

manage evi i NG Claiml rei,n said device_is insert nolded
to pr O\Iﬁ3 \gfél % WR?’? g?@&?’gﬂﬁi%ng? PO Ay 'ﬁ%sqg%ﬁ ‘ﬂ’oﬁéﬁ ngﬁér ) ‘Efr?éﬁfacl‘ﬁ’?ﬁé'ﬂded
i n sai dhemahdendieiaity.siAithoughnthena ésntome GaribBion,Ahd filledvaateFalk RSB noRIRY it Be

according to, ein said device is .insert nolded to provide a

d aj 2 wh
ni t ar PUBGIERRIG D FesRedh i RAmAl Eropertisn, or sbsantiplly BRERIC in, 19 #iASe of thesmpided
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] ca] ca]scHredlydeddireel coptinuaBs-fiber togedher with the polysulfone resin to a Killion 1.5" single screw
extruder, extruding the compounded resin into strand, and chopping the strand to form filled
polysulfone pellets. The feed rates were controlled to provide strand with 18 wt% and with 33 wt%
target levels of carbon fiber. The peliets were then dried and compression molded to provide 4" by

15 4" by 1/8" coupons for use as test specimens. Properties are summarized in Table II.

Example 8 Pultruded rod was prepared from nylon 6,6 resin by feeding the resin and continuous
K1100x carbon fiber to the extruder at a feed rate controlled to provide rod having 60 wt% target
level of carbon fiber. The pultruded rod was chopped to give 1/2" pellets. Test plaques were
injection molded from dried pellets using an HPM 75 ton injection molding machine. Properties are

20 summarized in Table I1.

Examples 9, 10 and 11  Chopped E-600X carbon fiber tow with a nominal length of 1/4" was dry

mixed with PPA-1 resin pellets and extrusion compounded and chopped to provide pellets of filled

resin containing 10, 50 and 70 wt% target levels of carbon fiber. Test specimens were prepared by

injection molding the dried resin pellets as previously described. Properties are summarized in
25  Tablell.
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chopped K-1100 carbon fiber tow with a nominal length of 1" was compression molded to provide

15 thermal property test specimens. The in-plane (or x direction) thermal conductivity was 67.8

W/mK. Some wetting-out difficulties were observed.

Example 14 A dry blend consisting of 50 wt% Radel polyether sulfone powder and 50 wt% P-

120 carbon fiber milled or granulated to give 200 micron particles was compression molded to
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5 Example 15 A filled epoxy composition consisting of 70 wt% epoxy resin and 30 wt% P-120
carbon fiber milled or granulated to give 200 micron particles was prepared by combining the liquid
resin and the particulate and hand mixing, then pouring into a mold and allowing the plaque to cure,

providing a thermal property test specimen. The in-plane (or x direction) thermal conductivity was
15 W/mK.

10 Insert Molded Thermal Devices

Example 16 A thermal device comprising a 3 mm x 160 mm heat pipe and an injection molded
heat sink was constructed, using the 60 wt% carbon fiber-filled LCP resin formulation of Example 5.
The mold cavity, measuring 12mm x 12 mm x 96 mm, was fixtured to center and support the heat
pipe inserted into the mold cavity. The closed mold was then injected with filled LCP resin
15  formulation, using an HPM 75 ton injection molding machine as previously described. After
ejecting the cooled molding, the centering fixture was removed to provide a heat pipe embedded at
the condenser portion to a length of 51 mm in the injection-molded resin. The block was then milled
to form a plurality of fins Imm in thickness and 4-5 mm in height, centered on and disposed
normally to the axis of the heat pipe and spaced 1 mm apart along the embedded length. The overall
20  weight of the heat sink was 12 grams. The source end of the heat pipe was imbedded to a length of
14 mm in a heat transfer block. The heat transfer block was electrically heated at a constant power
input of 5.5 watts. Temperature of the source and the ambient temperature were measured by
thermocouples, the rise in the temperature for constant power input being inverse to the ability of the

structure to dissipate heat.

25  The die/source temperature was 71° C, while the ambient temperature was 23° C, giving a thermal

resistance of 8.6° C/watt.

Comparative Example A 3 x 160 mm heat pipe was attached at the condenser end and with an
embedded length of 95 mm to a commercial cast magnesium finned heat sink measuring 13 mm x
20 mm x 140 mm in length, having a weight of 26 grams. Thermal adhesive was applied to the
30  contacting surfaces between the heat sink and the heat pipe. The source end was embedded to a
length of 14 mm in a heat transfer block, and heated as in Example 16. The die/source temperature

was 71° C, and the ambient temperature was 25° C, giving a thermal resistance value of 8.3 °C/watt.
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( s$10%#ermplly gprdudtine msm&m&dmglqompounds may find wide application for use in fabricating

thermal management components.

10 1t will thus be seen that the thermal management devices of the invention may be described as
comprising a heat pipe together with a molded heat sink, wherein the heat sink component is
preferably insert molded with the heat pipe to form a thermal management device having an integral
unitary construction. The thermally conductive heat sink component may be further characterized as
molded from filled thermoplastic or thermoset molding compounds having, depending upon the

15  amount of conductive filler in the formulation, a thermal conductivity greater than about 5 W/mK,
preferably greater than about 10 W/mK, and more preferably from about 80 to as great as 600
W/mK and still more preferably from about 100 to about 450 W/mK, together with an unusually
low coefficient of thermal expansion, again depending upon the type and level of conductive filler,
of generally less than 10 ppm/°C. The filled thermoplastic injection molding compounds employed

20 in the more preferred embodiments of the invention may be further described as comprising from
about 80 to about 20 wt%, preferably about 50 to about 20 wt% of a thermoplastic LCP resin and
about 20 to about 80 wt%, preferably about 50 to about 80 wt% carbon fiber, said carbon fiber
having a thermal! conductivity greater than about 600 W/mK, preferably greater than about 750
W/mK, more preferably greater than about 900 W/mK, and still more preferably greater than 1000

25 W/mK.

It will be understood that the filled resin formulations may further comprise such plasticizers,
processing aids, stabilizers and the like as are conventionally used in the resin compounding and
molding resin arts. The formulations are particularly suited for use producing thermal management
devices for electrical and electronic use, where the art has lacked suitable, readily-fabricated

30  materials with high thermal conductivity.

Further modifications and variations will be readily apparent to those skilled in the resin arts. For
example, it will be readily understood by those skilled in the art that a wide variety of thermal

management devices may be designed employing a plurality of heat pipe components embedded in
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thermal conductivity greater than 600 W/mK.
25
8. The device of Claim 2 wherein said composition has a thermal conductivity in the range

of from 15 W/mK to 600 W/mK.

9. The device of Claim 7 wherein said carbon fiber has a thermal conductivity greater than
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11. A thermal management device according to Claim 1 wherein said device is insert molded
to provide a unitary construction having said heat pipe component imbedded in said molded heat

sink component.

10 12. A thermal management device according to Claim 2 wherein said device is insert molded
to provide a unitary construction having said heat pipe component imbedded in said molded heat

sink component.

13. A thermal management device according to Claim 4 wherein said thermoset resin is
15  selected from the group consisting of: epoxy resins, cyanate resins, thermoset polyesters and

phenolic resins.

14. A thermal management device according to Claim 5 wherein said thermoplastic resin is
selected from the group consisting of: polyamides, polyphthalamides, acrylonitrile butadiene
20  styrene resins, polycarbonates, polyaryl ether resins, polyphenylenesulfide resins, polysulphones

and polyethersulfones.



