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PU pol yurethane

k Ther mal Conductivity
T Temper atur e

Q Heat f | ow

R Ther mal resistance

Angl e bet ween 1D fi

directi on

XXIV



This page is intentionally bl

XXV






Chapterl. |l nt roducti on

1.9yopsi s

Thi s chwiptherr otdluecebackgr ounma noafg etme et ma
matetoal | lustrate the significance of
composites. Devel opedal fodtrh eerciaeds sd e v dilec
to analyze the heatinclamagiprog t ki me tmatt iea
mol ecul ar dynamic met hods. The tlmwasi c

understand what structure may possess

Thewari ous strategies and the mbasghi mpo

t her mau c tcievwigpteyr i meinl la | bshusmomabr,d@ ziendc | udi ng

the promotion of the intrinsic ther mal
manufacture of thermally cond€oaotsiderdcn
t hat the thesis wild.l f ocrunsal o nc otnildas c ina

composite, t he pfriolpledrt protegeineg amet ho
introduced in detail. I n the end, the

wi | | be given briefly.
l2Background

Heat i s a kind of enerwglystwande aofl omga th
vi bration of atoms. How to control hea
generic problem facing humani tive and r
subject in the modern er a: t her mal ma

el ectronic dmgigreeariimmn, w~vehicle design



re

ma

ef
Re

to

| ated subjects require the understanding

nagement .

aerospace projects, t hermatithemanagement

struction of the housing fototransmitter

=]

otect them from the environment with wild
pes for power system radiators and radia

all enges and opportunities for ther mal ma

—+

ellites have beefTheevémpetl gt di scdissfeer en

~—+

ween the daysi déaeanel Iniitgahtcaneeceadsi |y di sj

ge oVv@rwi2tOmi n our sol ar system. Research

=]

—

ormati ons of sol ar arrays caused by t he

nsidered or it can | ead to functional f ai
steThhere are phlviol ecesslspfyint her mall management
st.emactive ther mal contr ol systems (ATCS)

ntrol systems (PTCS). ATCS may be applied
d heater to control the temperature of cor
mperature range. However ,antdhe plaicrai tissti on o
chall enge for ATCS. -wdaC&htgi apd anet ber I
ficient strategy by applying t her mal n
searchers also point out that with the inc
hiencreasing densityntof moretefonect ievqari tpmer

nagement materifals are required.

vehicle design, especially with the deve
hicles (HEVs), the influence of temperat ul
gni fi caand ad temdliiomg that system that take:

onomy, cost and the | imited packaging spac



“Particul arvogl, t adge bhadagthdrey posved sourc
HEVs i s-pawé@i gbdensi-tyf@andydloemgdevice. .,
research, the performance of the batt

operating temper at uerfef.orAs ias rbeesiunlgt ,f onto

fieéedd.

Energy storage devicewhi qophardr e uwiadélyy b
theri d, vehicl e, communication and <co
generate significant heat during opera
acceleration of charge storage capac
runaway. To avbr dhwrmmtah e odha mh@&ayréccheesr,s rdeesveo t

effort to findionvege rrceowmes alswstoicdtatd®d pr ob

Power density
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— |
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nliclear
Pentiunm rlauor
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1| 8008 8085 |
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Figunédhe power density of microchip process

Anot her area wher e t he i mpmebhtasace 0
recognized i s the packagwhmigc hofareel ewitd e
used i n phones, nt dlaseommanii oatsi, 0 super
servers. Especially, the past year s h
generati on el ectronic communi cati on

mi ni at urainaanttieognr,at i-poaweorf ehliegcht r oni c el
wi dely usedmul ateiadn alcecauds to the signi

device perf or manncael .y sTihse rreepiosrt i ng t hat



of electronic device failursesaadeoocaesed by
the working temperature 0°, tlhieksedleivhiocoed i ncr es
of failure will double. However, the power d
growing at,as Hhiigghurreatle 1 shows. According to
| nttehpepwer densities of chtipepckan, mhe zlzd vond t
whiceached dempoiwtey of 2Hedf0ddr eW 20M 0. Thi s huge
amount of heat causes catastrophic damage t
avoid the damage caused by high temperature,

heat generated during the operation of an el

t oe bquickly removed. As described above, t he
management in electronic systems is to diss
than iIits generation.

Oftf he three heat transport methods (heat conv
and thermal he atli asttohmpsttauseed strategies fo
t her mal management in electronic devices. He
for wusing for ciendc |huedaitn gt rfaonrscfeedr ai r cool ing a
cooling. These coollgingsimeathoficramf &1 okent

to an ambient environment. However, although

partially mitigate t het hghalplhdemattshemkheat pat

cannot be bypassed. The structure of a genert
figure 1. 2. It can be cmo tpéead & tsh amth etnh ewee ar e
construct the system, namely an integrated
t her mal interface materials (Tl Ms)

The | HS piackéstagtien g hi peerfwwriornoammeernétgdi r e
to possess high intrinsic t her mal conduc

applications demand that the mechanical pr o



mat ch that off hleehaet ,sgilimilgpheiamm dmo s ts iclaiscecsn

and metal, respectively, to IMmch worl:
has focused on explaining the i mport e
TI M&/’Bet ween the <chip, | HS and heat si

shrinks theaodntmugcthcarkeet ween two surf
by air whose thermal conductivity is |
resistance, TI M1 and TI M2 are wuseads to

Sshowmi gure 1. 3.

Fan
(optional)

Heat Sink

Chip / Package as provided by supplier

Figure& typical ball grid array (BGA) el ectroni
is conducted through the backside of a BGA ch
|l HS and between | HS and heatsinlk. cahéedi fTi dMler

TI M2, respectively.
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Fi guBeschematic of the function of TIMs. The uneven of

shrink of contact area and the infedtceasi olmeof air.

temperature droplfver the interface.

A ther mal manag@mermpter mayt erainalbe eval uated by
conductivity or thermal resistance measur eme
defined through a nonequilibrium process. W

unitary block, thefthkbemmbhteonducitsvdeyined

o 2 (1. 1)

whe®es the (Wedtanf@Yiusxk the tempernkatnure gradi ent
in the direction of heat transport. This p
the abarmater iodl to pr op&lgaw ee hprads s eFsoutrh e r

process as

~

0 Q— 1. 2)

whebes the Mbhatmhlukesi stance is defined as
Yy =2 (1. 3)

Their relationship is in analogy with electr

Howevienr ,t he di scucsvw i bt wde m ¢idnethetnl fmad e s ,



resi stance c¢can.Tbhee mohreer ned If Brod seinstdtuacnecde b

t hient erifnacdeudi ng contact ther mal resi st
resistance. The for mer i's ,aausaddehdy ¢
introduced in figure 1.3. The purpose
of contact t her mal resistance. Howeve
smooth at the atomic | evel, the mismat

t wo materials caguseas nghoaton hsec i nter f a
i ncrease in surface thermal resistance
considerations for el ectronic packagi
i nterface material s define t he requi
conduyxtitwitdepress t her mal resi stance

di ssipati on.

13Theet hocdasl cul ating ther mal cond:

To explain the ther malouthreaonrsipeosr th apvreo ck
used. They originate 6baom dgféeerant ha
ot her . They canatief freergeantd ep & tassp s @tmiev e
qguestion. Simultaneousl! vy, they ar e [

phenomenon of heat transport and rel at

13. Cl assi cal kinetic theory
y
C/-
f f .’
| -
A
XO-th X, X0+th X



Fi gudechematic of heat flow

Heat conduction is ener,gywcfiludwngaridieedribynsp.
and phonons. The transport can be under a
descri bceldaslsy c al kinetic theory.maWi th this
transport is motivated,asy sa otwenmp enr dti WQrue ed ilf. f4

The heat flow through a surface gq equals to
0 0 0O -8&0O -¢00 (1. 4)
whe g®hOandare the number of <carriers in a u

velocity ofxcadiaregdteiren, navdrage energy carri et

particl es, and the time to traverse a mean
collision occurs, respectieledyiomhis | eads t
0 -t ——s (1. 5)
p. . Q0
YA
p Q@Y
ot Tane
p . Q7Y
¢ & wo ’Q(ﬁ
The ther mal conductivity can be defined as
Q  -0¥6 1. 6)
6 6¢a 07 @ 7)
whethehd and are the phonon density, mean fre
speci fic heat capacity and vol umetric s p
respectPFwel Wi fferent thermal carriers, the f
example, for phonons
o) -0y O 1. 8)

whewnweandad are velocity of phonon and average

phonon.onElheacst r



~

Q -"0v 6 1. 9)

whetfefwr andare mass of electrons in a L
velocity, electromymeaspeceéi pahkeat ao
respectfThkehy.t he ther mal conductivity

calcul ®t ed as

D Q0 0 (1. 10)

Furthef@mam@®can be discussed in detail
13. 1Helat r ansfer carried by phonon

Il n physics, a phonon is defined as a
elastic arrangement o f atoms or mol ec
transport in insulators, where most el
nucl eus, IS pri mar inloynedioant encht ddatby t mp
Assuming a <crsysstatl,oeesemt aofn whs 8h cont

vi brational degreesNoifbfateedoal mhbeees:
o0 Bg Bg Bg p 1 11)

I n unite volume we have
— . 0uv Qo 1 12)

whebean®0 stand for Debye frequency an
states (PDOS) . PDOS describes the numl
and unite frequency. Acwe oirsdi nige t loi gDheek
frequédmntt tofce Ivi bsrhacculodh.be noted that

occupTliheed.di stri bution of phonon on the
the HEosnestein distribution, which is de

go NV p— 1. 13)

Man®i s Pl anarkt clom.sB?26 s¥x a@6d Boltzmann
(1.3812%3) KL Orespectively. According to



10

contribution to internal energy in the unite
O . ®»Q 0 0L Qv 1. 14)

herti s t hey em@&nmnried by single phonon on the
l evel. Considering th® anmndl at hemmal p bet we e

conductivity can be wrote as

~

Q _ UROLTO D

00 QU (1. 15)

Q Q. vp0to —

W 00 QU 1. 16)

whebgis the group velocity of phonons on the

t hermal conductivity is calculated.

13. 1HRat r ansfer carried by electron

The thermal @®edredcdctoinviitsy cofmi ng from Bol tzmar
equatiBdamhe general form of BTE is write as
- - — — a. 17)

where the three terms onitnhe uetnlgdet osi de rep
extra field, di ssi patutnder anhédedcyol $i ai en. He
approxi,matiadbn steady stand apprx@aitmani on me

approxi mati on

— T (2. 18)
— — 1. 19)

— — (1. 20)

wheiQei s t he di stribution functi on under t he

Fer-bhirac distributwenhdwe el ectron
M t — Q a. 21)

No w, ags urreieni s notBEKtaasn fnbpetliad i e d
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0t — 0 1. 22)

Q-RY 10 —— "Q -RY (1. 2 3)

whervet she velocity &ahomag »ppeéinregti em,

QY1 0 * Q0 (1. 2 4)
Heat flux is expressed as
o 0 ‘0 _ 0 - * Q -ARY t-AYO —— 0-1Q-1. 25)

Where the replacempatf ormed under the

the velociti ehsd ar peuxi paroetsrsoepsi ct.hiebhe@er gy
direction,,from ewxampl d& to point 2. At
al sosihl biwe opposftemdpoenti @nto point
the fi,bst  ‘ tQefiMO-,represent thedleaat tr
bal adncteat e, t he i ntegration of t he t

conductivity can be written as

Q — - ' t-RY-—0- Q- (1. 26)
13. Mol ecul ar Simul ati on
13. 2Narequilibrium molecular simulati ol

Mol ecul ar simulation can deduce the mo
i nteraction bet ween at beée mp eCroantsu rdee r D h
mat erakl ndsof vibration, tthp s e d it h a s
t her mal conductivity oestmadaeaeysi adfs o mj

simulations for??Phlysieabhresyswempri mar

no-aquilibrium molecular simulation (NE
simul ationho (MBYUI ct materi al t her mal
statistical mec hani craila tteh ecoornidei st iuonndse.r
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No#®quilibrium molecular simulation is direcil

of t her mal conductivity. The materi al syster

cell. Considering the rel attiroannsshliapt iboentawe en t

energyheemeagy at equilibrium for a particle
% -Q°Y _ -abL QU QU (1. 27)

the relationship between temperature and vel
By moinngle movement of at oms, we can recor
indirectly. Thegyi ocpecbeaatcbimegprdebyel ocity

with a reasonable coefficient.

Now thenhjection of ememgwi abdi pgmperatnl ,

it would not be hard to <sixmepecefibd physic
amounheaf energy ofntobhenei rmwmldaitxthen box and
temperature of Under ot her itethleuadgthee of
temperature of the system rises heterogene
gradient reaonr ded. According to t he definit

conducti vi tnyductthievrimbayl ccaon be cal cul ated as

(0 (1. 28)

b
B
13. 2eQui l i brium molecular simulati on

EMD i s buabkfelducothdias siopati on theorem (FDT) pr o]
Nyquiiss228 and devel oped byn@alnlyerm,t hWel t on, K

resear3®RTehres .t heory descri besedquiiel fbuictmati on

from the point of view of statistical me c h an
relationship for FDT, dissipated work can be
W — 2. 29)

whepfpies the standard devi aotwiean ofhimeddieroegment
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i s apipl ideéd f er,d mtc | tedleehcgtarl noi sS#7 analy
bi ol 9 pcladstfand efviemm##3I n the heat tra
field, according to FDT

N — 0 0 m Qo (1. 30)
whebe s the fbamlxheiarbans cdidsaboy e, we ¢C
monitor energy, so the thermé&l conduct
1.3. 3 her mal conductivity of composites

According t o cl assitheael clailrcaitliad i drhe orf
conducits vibayed iaans spuenrpitad b nd érhiev i pnhgon o n

density of states. Tlhae amidtymadceli sorsui

cryst ddlbwéwvwer amosphogtheescepthoabdbn i s
di fficafl.iffmase, many | i mi tiismngesdseasescrib
|l ocali zed wovodbsat)ii&/Mal eaenul ar simul atior

devel oped according to the definition
t oFDT. These ciamu | partiowvogpndserv esuilnt scl oser
agreementhex phper jemsepnedci al |l 'y iwighe phedimat
pr o piegatfa mor p hpooulsysneerrd polywhogsd aibeml

struchavwessmpact on t her?aAd dianidoychdrvd t
are si muheatehamal ysi apptlhe dt Heor mal cond.l
opol ymEPHoowever, uhghaaosiiknauwlsatairoen tumabl e
describe the electr.oath¢ibrehimal , gbbesaids ct i
beyond the si mpelceers smo dperlloss Wéatad can be

di r eccotmpyadlrsneasur ed dat a.

Another | imitation of unsoel feccfuiltag siimull aa
cesl | Since mol ecsulegnsiastiemgnioae il asma b mi ¢

scal ef or practicat heMDcsslidnualtl at iponosvi de



Sstruatsurlear ge

asesequbeetfhi Itlyeprd.c aDi amet er s

of

carbon fi hGsr sgr agrid,itadnjo ngle me kalrlgiea n
a 10®. This prompdretns aflalygydbeby i ntroducing per
boundary scomrdittoi aronsi der heat falhdw across a
usnmgul tiscale model s t describe | arger Si m
atomic scalkowowere,hi hge composites containin
fill el s o0oamegpdrealcetd sciarhu IddDtameena so V ¢r ¢ 0 me
the scal eHgpnmnaocdkeemdevebbpmede!| s tphreedi cti ng
t her mal conducti ve doyrn onfapcaroansetsekree f bh s er
concentration, scale and shape are valwuable.
parameter s, i mngiisssiao nc htaol luennigfpy etdh e iivie a si ng
t heoDry. Yu summarized the common model s in
thesThe past hlaOvvey e eeaislse advancement of som
neweheori es. Here some models developed aft
t abll &.
Tabllé&. The models predict ther mal conductivity of compo

Name Formul as ApplicatPubl i

model year

Li Zh asd _ . a Ssphericq¢2019

mo d48| o o= F; 2 ,wd_?""'QQ particl

©w (Yo}

Chuan |7 ¢ ¢B  %of ¢ B d P %o single 2021

Yong 0 ¢ B %o ¢ B T p % particl

Zh® hybrid

mo d% | particl

corsdel |
particl

14



15

Dae K NV M0 p Q0 Carbon |2018
S u g ) a q o contain
mo d%| O — P Q T P T fiber
o reinfan
Q oz P mul tisec
hybrid
composi |
Dayani q ibnn~ ] ] hybrid 2021
J e 1ia QQi ci i cRiQ 10 composi f
mo dst| |[( FVF<13.08) per it
0 ETQTQ~ vol ume {
ciQ 1°Q
(13. G&¥€20.)307
3 iQQ
¢pQ i cpQ
(FVA>2B07)
Yuan ko) cw CNT-s 2021
F a rig T @ o reinfor
mo d° | 0 % P COH ® % p compbt e
g cQ , (o) wi t h
o P © 0 without
percol atf
CNTs
Li Chui T Qv Q p QL Q Porous 2019
Z h asdu materi a
mo d%|




Dan @& b U U0 U through|2014
- @)
mo do%*| 3“4E and S
W ‘i 0 ) skeleto
_ AOA O wi —
o= G ¢ Ag_ Gl aerogel
=
LLop
= ®O T
. o Qi G QP
= Qhé+ Qe+ I | ——©F8
Qw G 'Qi(béiz
g W T
AOABEL—TL 0Qo
L o
o, ‘ W < -
Y- o c M o
Haki m| Q pol ymer [2022
Abbad i composi |
mo d% | nNe Qp p =~ filled
conduct
- articl
0 P
P T p P
e p Y oq
PO
“*QIT T oe Q o .
q T f T
Deept i o CQ % Q Q Material2013
Q Q'r 7 o 7
Chaub i Q cQ % Q Q di ffere
S mo of f
(modi f parti cl
Ma x wée |
mo d ef
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14 Promotimgr madonduct i vi poyl y noefr

composites

Thermal conductive composites consi st

fillers. To pr omod i dhfietagto nprcasnistpeo,r ttahteiroe
strategies which are promoting the int
using fill er sl wdadrdtuthdtgihv itthye ifaaddr i ocpattiinmig
met hso d

14 Promoti mg rtimeiic ther mal conducti vi
Relying on | ow cost, ease of processin

become the most commonly used maltkix m
pol ynmeer sgenerally regarded as ther mal
conductivities arKl, | awerartthan 1 iWtimng
conductivity of wvarious p&FPTlyhneartd amse

from Matweb dat abase.

Tabllea. Ther mal ¢ oncdouncnme rpcditaylme f s
Ther mal Co
Pol ymer s
(W -In -K)
Hi h Densit Pol
J Y 0. D8 48
(HDP)E
Acryl oButtadil ene
0. V2 20
Copol ymrdBrrss (
Ther-mal Pol ycarbonat e
0. V6 26

pl astic (PQ
Pol yamRiAde ( 0. 06 29
polyproPRl ene ( 0. D7 40
PolystR8ene ( 0. 02 18
PolyvinyI(PVWhI!| ori 0. @7 12
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Ther mal Pl asfTiP¢ 0. D7 35
Polyethyl ene AEFO. @4 29
Pol y(-et hkeert oREE)K 0. @4 95
Epoxy 0. 7 80
Polyi mh)de ( 0. V2 29
Ther-mat
Silicone Rubber 0.18
pol yur ePtUhane ( 0-0. 83

(@]
> =y Q

o
—

mpared with the materials wused
at transport character, ther mal
e contrary, considering that
ystallinity

e anticipated to achieve

rami cs. Thi s

mmer ci al polymers and the

oul d be
fluences

ctors as

on

as f il

er V

conducti vi

some pol

y mer

and doaftr e rtomeg polvyarmern tc hainn s

t her mal

comparabl e t

expectation

athravabbde numer ous

hern

ctomét owmstt héremaleemonducti vity

t hat

researchers t

conductivity of

c RaYi ncwad & n iBnisi-mtmprda i nt er

ain intler®¢t ivorngsist v, | imol et®ul Qrsi dei ght

al®8s branchingl iaakd ngr o¥°s 8l gmaer $ ot

hé&2Astlhese

d pol ymer

hi evement
er mal
l ymers or
l ' ymer

str.etchi

c

conductivity

ng

pol yme

haracters thmolbec wlraru pckeas iign o

mo r prheoccleongty decades,

n mol ecul ar

constructing

mor phol ogy field,

design

byl iiket resdruudcidnugr

t he mo st a

within this

i qui d

l i quitdherystal p ol
realized by

t

S
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14. 1Llgqguid crystal

Liquid
pol ymerization of
rigidhapdd
gr od#pBhe

structures

o f an orgaenbaraiyrsd at he
t her mal conductivity of LCP
thermal transport

The most used two

Due to the conjugat

cr ysarael ap otlyypnee ro f

functi onal
mesogens,

ri ggihdapedd mesogens

capability

pol ymer s

i zed

speci al

befweenjwhgiat h eshhenbanseon

end agnr g U pasn dia rei pbhxi ys.

i on between the

roslhaped mesogens, | iquid

structure in terms of alignment

which 1 s rtenleatmead tconducti vityyr oRByesmol e
opti mi,z atthieonal i gnment of t he

Rel ated works afi& shown in table

Tabll8&. The ther mal

and processing

cl o ngduui cdt icvriytogti gdol plad If f eere:n t

Acrylic acid/ Epoxy
End gr|Ther ma Ther mal
yeaRef yeaRef
Conduc Conduct
5. & rmhK 0. 96 W
199 84 200 85
1 1
Mol ecu|l0O. 6V@ nh
_ 200¢8% (0.2 W'm2o00 287
desi gn|[K?
2. 24 W
KA 20188 (0.2 Wim200238°

t her moset
l i qui
fl exi

usual |y

h eaatestul @ ns ptohre
isbetseal |y

al ong

cryst-lailk ¢ end:

crystal
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0. 38 W
201 °°
1
0. A8 mhK
201 °?
0.51 1w
201 °7?
1
1.2 Wiln202?93
5.8 YWinm202?°4
10 mvtK! 202895
0.34 W 0. 89 W
201 °°8 200 97
K-l 1
Pr ociems{(2. 5
o 201 78
opti mill?
1.2 W
201°8
1
The ear |l i esut hlomownnsi ng LCPs t o achieve

conducwaisvdaported by Kurus iGieg ddeyllanne 1 99 3

t he study, -ghdgmdsmngenn@dsuniintrtooduced

opti mhgpei maryedthreudntigrhest ther mal

LCPs i s 5bawahd

hi

conducti vi

Takaesthicaoln.st raunc€e dmonomer with di¥ferent func
Mon@and-f bnhcti onal monomeshawed hmes ong ¢ as rod
were synthesized and wused to construct pol
anal ysi s, t he pol ymer dniertencotrikemgdpeesu ltahrr ough t
to the rubbiohg tdief encotnioo o n a | compound. On t
contrary, t adbif uetcworomkal ncompound relies mor
rubbing dinga d€uinem i onal Tdhompodiinfdf.er ence I S

il 1 udtirmtidlAgst heef uno &l omonomer increases, the
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conductivity along thetdeukkitngndipree @t
does not significantly chan@e6B thncreas

K.

Mono-functional compound Bi-functional compound

Figunsd Il lustrations of molecular alid¢hment in |

Don@uedca radpomnhecr yl i c aci dl ifawmicd i omyg t
polymer used as ther MA3AIn cdnreductsitvued yma
crystal moammmmesowr®bapgedomol ecul ar str
designed and sy momesnezednasThal i gned by
a magnetas dhoadinrpdmé, -anpghonhopoedg.meri z
Théretr mal conductivity wWfrmkKhe final pro

(@) (c)

Magnetic Alignment \ FWHM =44.8° |
f /

f\ s=078
oA £y
l-".

vy

o
20=2.50°

o e

260=19.67°

Intensity (a. u.)

1 1 1 1 1 1 1

0 60 120 180 240 300 360
Azimuthal Angle, ¢ (Degree)

Uniaxially Oriented State

Fi gultbe( achematic illustratiohi @i dher ywatialxi md
under a magnetic field. (b) 2D WAXD pattern
magni fi ed iamagglee odfi flformacti on. ( c) °aAzd M@untdh al s c

bet weéandd B8
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Therimary et ruCPure the most studied charact
pol ymer s.acUwl i,k e eapcoixdy LE®Isy neerre zed from
monomer an,boitrhi toifa trmplaicah t he t her mal charact
2003 Aketswmkladi ed the relationship between
monomers and therhlahle cLoOhPdduewi tvdantdy .

di phenol straktcape dygmens wede first compared.
t hleengt hfelodxi bl e segment was investigated. Wi
t hfel exi bl e segménhte fnruomiCd82 gadowldps i n t he
flexible theehme mal conductivity of the LCP i
0. 85 9t6o0 WOKhwhi ch is approximately 5 times th

epoxy.

Akhegtulaallsdo udi ed the relationship between mo
and ther mal conductivity.-lineaheini tsitatdyr, s |
were used to constrtuoctt hLeC Pasi. s dAicst®ia adni ,n gn o n

i nitiators causedwhmohecsl arpdssobbdersource o
scattering. Consistent with this suppositic
LCP const rarmcd-teidnevart hi ni,taisfaitgolrr 2 ss hloowge r

It i s wionmtghtratnadathe di fsfodr e mti tgtanwat wraem be rega
as the diffdreactgmareapisn From this point of view

togetheTaka&hir gpdermonstrated t hat t he use 0

functional monomeildgshtresulitni t hathirgshem t herm
conductivity due to the %% r°hati on of a linea
The secondary stamumpgaate a@an stoh éhramsal conducti vi
the help ofelmagmeatci d oarce, LCP mol ecul ar chai

This phenomenon i s wiadpepllyi caslatpleihasdali.n di spl ay

useamagnetic fitehhmbnoomenl ogn LCP and doubl ed
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thermal conductivity alohigntthleretmmemert ti
highest thermal co®ductivity is 0.9 W

Non-linear ¢~
(Diamine)

wOFO | Ry,

>
O

Molecularorderingl Par
->Phonon scattenngf

0.
T 7}:0 ok[:ﬂ "‘%J\é\il o
H:O é}o O g Molecular ordering T
- Phonon scattering 4
Ordered LCE Linear g
o o

Fi gui7eMol ecul ar disorder causeldi hgart Alenii nit a toa ru.c

Théi ghveasltiuehe field over al tailisn r2e0p2o0r t e
reaching a vatK!e’®fomh® Wimuid crystal
structur eFisghlorwéh, iint i simcleamt rtastseteo p
LCP studies, that the structure of th

attentioncydlromettdweet ur e .entsheg aneets o qqher

flexibility. As -lame akiindg , r @adulst girouexy
orientation of t he LCPs in their rep
convincing explanation is required for

aligned LCPs.

Asmented@gmo mpar adr ybiemdaedi d GBs epoxy ende
LCP monbmettracted madre e&tptegn tmemr al S
Therecompraeheeyvi eeaw published ien 2021 |
whi shmmastiize majority of s%Arcefiomeshe
di scussions i n t mies o ntchleusdiesd, tihtat matyh e
conductivity of cloCRsliag edt rtaongrnol ecul ar
No matdacelreviefr mol ecul ar desiagenx toerr ntahle

electric or magnetic field, researcher



the LCP chain to promote thermal conducti vit

I n addiatciyolni ct oaci d and s,eptolxegraee salradglr ou p
numbeot oér enthagrobpse beéh°Rmaswideh ed
the assistance of ther mal condsutcrtuicvte f il l er,

functional thermal m&fha¥fPfment or composite.

o]
OH A0
O L‘\/O\ N /O\R;j[
1 )@ ISR

B ¥cadiie <
,\_/,/\O’JI\J OH
o]
ME-DHN -
/O‘
3 Sene
O A0y O
o} (v/j \O\ N /\])/\j s}
JLO,IJ Llo”j/‘\o’f\\/‘
w/\o‘ OH
ME-DHB -
FigulBeahe epoxy liquid crystal mdnomer and initiator s

14. 1S2retching polymer chain

Stretching podgytmeiempohraaoaandi promoting 1intrinsi
t her mal cond betoil wineiymi d faL.rC P, t he gui ding
phil osopehtyh & nalluicgnment oP%%°fol ymer chains.

Numer ous researches have predicted t he t
enhance(mMeGBegl ated t o ther eptodxeneor cihrag nt &t

simulation resul ts, atshenrgnbaly ed diryd tleatei wihtaiiens ¢
cabebeyoldd WKhon the chaiwhidhrestisomil ar to

the val ue2lofmet al
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Choy et al .a dpeemrofnosrtmeadt i on etcecute thhee p
relationship between the drawiddy**ratio
When t he dreaxwienddg 8r,attihoe t her mal conduct
mol ecul ar weight polyet hthKlhasd gdifre e xce
s howlsn 1 FUq i Shi mdudi ed the ther mal

di fference between the axi agolayydernt rlay s
t eisntghe t her mal conductivity of Poly b

about 10KLIW m

O
400—(3) o
2?300— O A
£ I O A
3 oA
§ 200 O
E 1 #
2100 F =
= | X
S 2
2 O0f | 1 1 1
3
= 4 -( b )
£
2
A A
— 3k A
1 1 | " 1 1 |

0 100 200 300 400

Draw Ratio
Fi gu©eaxi al and transverse tvleesmal deamwduat i wi ta)
0, melstal Hi, zedgell BREREF] ecr ystt3al mat PE.

By applying two stage heat, 1I84éTmg et
d eet this wvalue IS stiTlhle aexpeake i hhd
conductivity was attri butnedt hteo diinspcruosvs
whi ch cwadeidbypn ot her researchers achi e
thermal conductivityi byt msdaredcthtitthgw ppé

However, the | ow ther mal condmeny vity
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commerci al pol ymer s | 1 keex a P BE sdem <counte
concl.odiien contradicti 20l waksy eRpweamnnetd ah. by
amor phous r e'$1 nudthwer osntyged yh,y lq®inree theehaad

achi evwWdmkt,at hough the crydfaloim ®i2t%y tdecr eas e
83 %asfigufiéshows. Accor di ngt hteo tthlree malkport,

conductivity promotto@onystalnloitniothyeybutel alt £ d

overall chain alignmen
IR
HT 83% crystallini
a0 | ﬂ e crystalinty.
€ Heat
: |
s I Stretch
<20F | IIIIIIIII-
I 331 7 99 crystallinity
: B
0 ! [ 1 [
0 100 200 300
Temperature (K)
Fi gun@®Thscannel regtmi conos(Bliemages and thermal conductiwv

of PE before and aftertbampeéeridtuoueeching at different

14. Property of fillers
Ther mal cioexfucadmmdr ci alrgpobymedsyg | ow
di scussed, especially seventgHhe yiermtrrsi rossifcor e v
t her mal conductivity of pol ymer was stil |

reqguirement of thleegdanediaslsi ptarcadtaemgy uics t o
compositebBerwmalh condawundt ipvoeemafmerixlelr er s

shoul der the heatritxr emsdpow tc oampdo smmat e wi t h | ow
flexibility and other mechaxulltsatl amtriogpler t y.

i mpact on t he resul ted t hermaile conducti vi:
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relationship between thermal coendwecgti v

dsper gihiemt eracti on between fileandand me
constr utchmearnwoafk i s studied. Here, diff
fillers are discussed in these aspects
14. 2Mét aalnsd met al l i c oxi de

Among traditimetadl|l gnadrea ioradeganrdd eodf ansat er

wi t hrei g htehsetr mal va.dndhe ttiher mal conduct.

common metals arlegl. i sted in Tabl e
TablldTher mal conductivity of metals.

Met al s Ther mal condtdK}y

Ti 17

Sn 63. 2

Mg 159

Fe 76. 2

Al 210

Ag 419

Cu 385

Si 124

w 163

Considering ther mal conductivity and
metals in heat transport are Cu and /
aluminum fine are iIimportant thehenal m

el ectroniToo dydtreomduce t he raaVvelcoprdarctt i
met al C o0 niphdesmptaecth,e ot ructur e, iomfcl mdt ab
specsitaalusdmuad el i qui d met aeklsar adtoerg wofi t &y
composite |Ii ke filler concentration, P
on the pr opgerntsyshesil ¢ be . Di Etessed fr

ceramic, diamond and pol ynmeampdseirtmeas oc
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metals inherited not only ther mal conductiv

conduct i vmettgaWwhr el p et o OuUteslteaontdr oni ¢
properitnicelsuali gt r omagnet i di slheettdiang | oss an
dielectrile??donstant

Liqui d(Imdisaslpecciladss i n ther malAsaonductive f|

met al , LM exhibits high t hetMad conductiv
Meanwhi |l e, atnide dfelf wiodniatby Qut g metthad make sur e
touch with heat source and hedaditersnank, whi ch

resi st%dAklet.hough exhi bit i tlyepspulcihc aatdivoann toafg e s ,

l iquid metal wasg tsticlolrrprsewlidded obyther met

| eakage probl em.

| @
?"E,ﬁgff}(: %Hn:;'%" |

k, WK1
(o]
T et
ol
Fed
A}
A

0 0.2 0.4 0.6 0.8 1
pressure, MPa

FigundTher mahductivity (k) of LM capsule beds as a f.

compressive pressure

Besi desmged as filler, med @advewhbenl so wused
pol ymer tao h efaotr mexchanger. [ n t hese examp
mi cromor phol ogy amfonmed ldilngp ébelte o n t her mal

conducad vglilyZe howkst?The effect of structure on

conductivity ofswaeanhalt yzde datnuastichtegnraet i c a |

mo d &39 .



29

ol 2 d rectangular groove microstructure
] I_I‘H:‘_l_l o O e e B e O

Polymer substrate o,

Metal substrate o |

26-=93.39°

— -
iy e, MPTIL, ~ GEmeTRERReE

Fi gurnleSome speci al groomvf¥e meital ostovectewar ¢ her mal

128

The shortcut of med mad n 3 wf friidcsii eshi eéaanvci en et

corrosi on. These characters | imited th

14. 2C@8r ami c s

Cer asmarcemat esrwiatth high ther mal conductii
measurement and theoretical calcul ati c
have thermal conduct!KVi hgl beé \SECRMAIBRO W
bor on .mBietsriidkees cesamead®®r on arsenide hayv
paited out to hKilyvewRIOOB Wsmcompatddbl e w
Hertehe measur ed t hiegogharl@aecti ocnsd vacrtei viiitst e d
l1.,8nd brief introditdberomal otooduami ¥ty
One of O& ah micthbaea act esi dtnisaud ati ng pro
i ntroduced, heat can pien ctlruadn snpgo retleedc t brys
phonons. The high ofhemamsalpsEonldw tpeni arfi it ty
el ectronic conduct igwiatpyh ecaldrbl@rmé&rs, met al
cerami A$ Nb@laedor on aiéridsguwbtoh indic

that the heat i1Is totally carried by ph
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gualified for s amel esopterca milc tsayssktse m.n

Tabll.The thermal conductivity of general ceramics
_ Ther mal co
Ceg ami cs
(W e
A 103 20-40
Si C 10080
Al N 250
. . 1300 (in
boron nitride
2 (Through pl ane
Ti2B 60120
BeO 25825
wWC 100
Al umiarsane tthter adi ti onal t hemantad r hrma@nsage ment
beewmi dely wused in constructing3?hermal condi

The thermal ceOsdactbetidt WRIGHY aAlyi ng wi th

the process method and crystal stseructure. TFT
aphal umi na. i Adstrhfoaurgmlhaaacsgoodt ae cer ami cs

f ol l owi nhgu nbdurtetdssmeokfl of. p@d rysnied esrcionsgt ,t he | ow

hardness and maturity oOsipretcedsdsi wg dtee yhneled

Al N ceramiawiidse | glt uasremda | conduthave materi al
attr amutchtdt enttihed80s. The thermal conducti vit
250 WKand esdsiitmitl ar coefficie@CT&) t her mal e
with '$ReElgyghng on these adeamzEbgést yAEN posse

be a potential thermal %®3%ductive package ma
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C | l
g oﬂm

XX v“v

'p

Fi guné&Str uctbwrreonofinm tdii fdfek*Peafjte vmmeenwo | ayer hexag

boromdehe¢eeBNY] harfHe( bydrogenated BN sheet in thi

Schematic r e

nanori bbons.

Boron nsto
haasi milar
nitreda re
Ipl ane t he

Kiwhil e il

presentation of hydrogenated ar mc

ndeof the most popu,/lwhri cthher m
tsg mauxchausf e g.rdes h o Ws?4“Bor on
presentative 2D aniwbobosepic
rmail nceoinnaglc ¢ ii esi yhsizg@OVOt fbo r m
tamrequghthe 2v aNllkk!3f sl*Gal yake

the best aBowmomh agirteseler chers tend to &

i mspeci fiocr

high therm

pcloannset r uct t her malo ¢ drad u dthie

al conductivity of raw mat e

desi gneadcé4f%n.

Silicon carbide n%i @)er ashisuasne di mpno rtthae r m

conducti ve

of hybt5ge

142 . Bar bon

1o MwaoswBieCecan al so be used

filer.

materi al s

Carbon mateaebricaggdoup ofs jmaclewdiadg car bon

graphene,

di amondihan#éds pobyméres.vari et
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mat e oOs tarl usg, thuer &€ her mal i exd n duhcetsievssmatner i al
from Q@0 tWKmSpecifically, graphene, diamond
fiber exhibit thermal condk'ct whitltyey hihgher tt

values of bulk polymers geterally are | ower

Graphene i s aannd iwmpdoerihy@amutsad d management mater.i.
whose thermal conducti VK%t yAss2bi gnat epi 4500
graphene <can brea nciosnostirdoepri®dd enashtipgrra reidn.

t her mal c wradu cetf ifaidgctigel netrlayt e t hean htehaet transpor
di r e.Atsi @n rsiemiutllrr oan t ntiolee f ul | huisgegh of t he

ani sotropic themmadf fcommdaudeears vtitity f i el d

align graphene sthheebtes mal comsituteiw®®tve net wor k

On the ot huenrl bHoaenadn,t,r i geaphene sshoeet i's soft
besshkiengs ed sgorlaeplhyene i s often used as the br
bet weent hoegrhmeal condb&lictive fillers.

Thetrsuct arcear bbn naeemebéi ke a tube of gr aph
Theoretcaabby, naalolr uabnei siost F bpi kefnahetrube

can be aligned and unwohuenrdnailn ccoansdeusc,t itvh & yh io
the materi al cdalfThesrekbsabedcan be achievect
di fferenté2ften hotdlser cases, they are used as
enhance the interacti adn madtrwecermormajoorbrfiidlglee rt

signiffiilcl&&fres .

Car bfbiara®d i | | esareixqiotbridadpi ¢ t heamahlconducti v
and radi alCodmmeercctiiaoln sCFs can bbeasddassified i
CF andbpsedhCF according to the precursor. |1
PAMased CF have better -bsatsreedn gbFathnakr | e t he pi
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modul us. When it comes -hasdheCapemph @f
muc h b &ttthearx.idailr ect i on, up to now, t he
commercial CF!Kland0@heWvial gireo wisngs twilt h
devel opment odf tthee htoHeorgydi recti on, t h
generally | owekl,wthh &arh @G nWarh mdsi gimeé nigg n
CF is an efficient method to syAshesi z
| om@acroscopical fiber, the aligning of
t he strengtshhadilretfdg cut t he produced
especially along the direction perpen

reported CF thermal condudtliede Cdompos:i

Di amond is ameartbhhahrer mabdcondudhéevepmat e
atom structuresbébfrodi ambed daiwbenheat er
graphenevhd@m@dér me d?clay bdognc.or di ng t o cal c
t hteher mal condundi vsétlgi ghedil&hwami QD00 \
i's even much habbMaanvhhainl eme t he coef fi
expansion of di amon'd Thkegeaspr dpe&r tpipers
suitable for application in ther mal ma
cost of oiyinda meirssd sst mainryes garchers tend
it as ther mal noonmuauctteirv ei nf inmdteal |, cer é

c 0 mp oss P&’ @

Pol ymer s di fferent from other carbon
conducafi vhbulyk polymer i s | ow. Sby gener
usedamast ri x of ctoenpd so fHefwielvdaysr,st.r et c hi n
pol ymer chainaloqguiwdtcogsgtiahgstructure
t her mal conductivity is realizable. As

thpol ymer i s t beheonn| g oncshtor ucti ng or ga
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conductive ¢%mposites.

14. 2H¢ybri d fillers and special structures

Considering themdeeeil apme wist iomh hihgh mal
conducitsi vihal | engi ncgo nssnthdysritiadm g i | | er or speci
structure withae&ghetheg mwoerifdéli cient and p

met hods etatkeep | itnmhietr noafl conductivity.

Theybir i d etftHercmalofcondwhtchiecan!| leeadow t he
composites withfpropomgtdifttdefrasppl i ed to cons
t her mal conducsttibe chbmbosdt @ fmafniyl | er s br i ng¢
advantages. modi fghaemplnd,erf ace between filler
matri xnthduaéerecenechani ctdl1’dmwroonpperrotniiesse t he
thermal rFreBeéesitdhemxse hybrid fillers can al so be

speadi structures by which heat ¥33n be transp

180

Construofisotgructures by hybridizing the mete
ot herrimalt® i s an ehflgasitveaegmethhbfeignraclperty of

compodédi sebstantial i amobnsddbhewdrckor di ng

to this stratexgoyn ARy cdoiaetliencgt rSitheonstant at
dielectric | oss of AB@Sta@nep olsli.t7e7 waintdh 05 00% 5

when thermal conduct iKilt®J Accoadliddg 7088 W m
author, the high thermal conductivity was 1in

Ag faisglldee) shows.
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Fi gultledCor e shell
mi crographs, (b) TEM micrographs,
nanoparticlce odfc-bhbbebé i Ag@Si O2

conductivity of

14. Blet hods
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structure and ther mal propei
dcyi palrea i al
nanoparticles.

composi'f’e versus thickness of

c b ntghtehuecrtmal conducti ve

patt

si dehse athet r anspfoirltl earb i Imettfyladodfs des ed t
mposite lgiigmadt came ndbhet maltycoof r
mpospaesi cowmhleaani got r oparce sfeitiedreer st he

vel opment cofmmadinf fresmlgindchs owetreen used t

nstruct hi gh t her malassswmnaurcitz evde bcroine

nerahéye methods do not have their

enalbutohse choice of met hod Bs8&@Gobl dvbe ¢

e best possible performance of the f

14. 3MiLxi ng

Mi xi ndnei snost

fi

used met hod The pgleymsr ampr

Il ers are mixed with the precursor
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solidi Widrdhe¢e s penc¢thedmomwmst noactof t her mal conducti
composites, this is al s'd%0cdh%hiod metehedsi est |
i's suf ¢diesolter opwlterfe |llterss not necessary to c

influence of alignment.

14. 3H@t press

Theoth press is a traditional pol ymer process

the vul cani zaCamxnt rodt triecubgoeelr sconducti ve path

hot pressing the metal coated polymer partic
introduced, when therthermnmalh earcduottihwee ftiol If
a continuous ther mal conductiveheat h, t he t
composite would reach a threshold value. Si

were coatmedabyl ayer during the hot press pr.
structureragaokkals connection between metals and
of a cont i n,uaosu sf ihgéis\eo Wi€28Thi s met hod i s
considered cr eéthievenelwe pamuatsipee crtelvaet i onship
betwéehler and matri x.

Ag plating “ g Hot press

O » Cu plating “
N — o O
—& o~ .

(N

PS bead
eac> PSCu beads PSCuAg beads 3D network composite

Fi gultléAn example schematic illustration of the fabri

coated polymer beads and their 3D metal shell net wor k

Similar with met alpplhetabgreeasd &isban smateri al

compos3pPt é8”
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14 3FBeezing casting

Freezing castingotenat noveil ngneadabdodgel

stratttlgghers freezing the aqueousinsol ut.i

aspecific direction, i1ice would grow frc«
Relwg on the growth of i ce, fillers wo
direction. Meanwhil @aempierht uhe, debeeas
t henatri X i n water goes down. The pr
mechanical pr oper tof hteo bareeraokgdeolwni no fc at shee

Fi nad rhoyve ri ce unbdyers uvba éibdicdht i on .

The application i0o$ ¢ oememaononngs to auscttiimgy t
conductimpesi te with anisotroplit  t°Wer me
19pifferent freezing cast i.ng®bweosdiede shas
some special structures can becashieve
modéd°For examplpered by the nacre, a b
met hod was devel dmeodn samd cdp mlgicetadn & e ma |
material. Ther mal conductive6.alhd Wnsu
m:i1Ki1t her mal conductivity at 15 wvsl % BNI

figludehoifdo?
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BN nanosheets (BNNS) Bidirectional freezing Lamellar structure Nacre-mimetic
e BNNS aerogel BNNS/epoxy composite
~ rd [
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BNNS aerogel
b Thermal conductivity (A) C Thermal conductivity (A) d Anisotropy: Ay /A,
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’ M Our work 12 M Our work
References References
c6l Nz — 6t >
- \\/ A| ¥ _ Ss
£4 £4r = | 2 o
= ™ . 2 -
<2 % 2} * | <4
= a—4 < L
0 0099080V ri 0 £ - n . 0 N ri i N
0 5 10 15 20 0 10 20 30 40 0 10 20 30 40
BNNS Loading (vol %) BNNS Loading (vol %) Filler Loading (vol %)

Fi gull6 Fabricati on and characterization of t he bor o

(BNNS)/ epoxy <composite. (a) Schematic presenting the
met hod fabricating BNNS aerogel . (bYyubei vhey mal cond
on -pilnane andpltamreo udyihr ect i on. (c,d) Ther mal conducti v

comparation of the BNNS composite wi?fth other ther mal

14. 3F4l trati on

Filtr atimmoritsantfarhe tglha ch go 2Ta kma taegruieaolu.s
solution as.TanayetxHainspl met hod, nereeds etad cher s
choosalbl e pol ymerel $ wd m ;mas misx . Filtrating th
pol ymed ut somebkbdedusthefsmall vol ume of wat
mol ecWhtaer can go t hrougdl ltuhlemspeacvulz@i whi | e

bl ocked by theagamazei andoaSttnice ftihlel 1 0.w

of water i's diseendonal ,ald@nf ipletrepgrendi cul ar
direction forming a fil m.
With respect to thermal conductive composite



boron andrgdaphenté® £P% cFRoarl leyxwalmp | et, . al
built up a c¢cross I|linked 2D hexagonal
filtratildssamph sénegyg d.rleshowSThe reported

t her mal c an epuhcatniev iatnydp | talnreo udgidrr eec t ilodn 2 1

W mK'and 719 KWespectively.

Fi gunlné@Mor phol ogy and struct uber chamaatcpfE@e zat i o
Schematic diagram and correspBNNEngf SEM f mhge
and -aesémbling and a photbg g rFe&ERSBHE Mo fi malge-ss arfip ICaN
BNNs obtained. The illustratimomtéeéhdwspaer sbmp

CNC/ -BNANS and BNNESxr i hEMViAmages-BNNSCoOER{28%P Aed.

Anot legpir esent ati ve exampl eYapmheonud detbealn
devel opemo-thi heastructur e uftbnyg fgirlatprhaetnie
t he fAlDswer &i ng as skciakéopeaserimsl ded b
podrRurt hersmorte,graphene asctai vtehemrentawor
promotes ther madnl| coétehdeurcst,i vi hiys struct
standiemo,xyamat riisx,i nfaifltterrattende t her mal

constructed. The final ther mEY conduct



Infiltration

. = Pea-Pod-Like Alumina- Alumina-Graphene

» Graphene Architecture /Epoxy Composite (AGE)
Alumina  Graphene

Figurnéonstruct i ear agpfh emledeipaoxy composite

14. 3S6retching

It is worth pointing out t hat stretching cc
met hod to align filler more thas polymer c¢ch
been proved by apphbypirog .0HBeyr nsdterheotdc hi ng

PE/ BN&®, s hofwingl et hteher mal conductivity of th
composite can be piKdabt &8l WD%W1IBENW. mHowever,

this excellent daaohihlsveameanrte d.eeWpps t o now, the

article was just cited 8 times.

Figunln®Preparation of PE/BNNP composite film (a) raw m

were mixed using high speed mixture, (c) mixed power s
a single screwxtxrtudiedle rRE/(BINNR Sf i rm made from pellets,
nanocompdsiltm undergoi ng?°uni axial stretching.
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14. Dev el op mepnitt-lcang ecdar bon fi ber and re

t hermal conductive composites

Carbonwds bmade by Edi sont HleBrt ht hceesiftiurr syt
i ncandescent | amps. Ot anii spatorpoopsiecd ptiht
based carbcGar dddreftrisber can bédageoduped
carbon fibebrasseantdoPANI ber . pAgbcahsnegd odu
CF dbaetter ther mal c ermacswrecdAs@lritgh ttham mRA
conducti vpi theabseEchbaelgan t o at tsrianccte athteer
1960Q8Tania first reported t hebassyendt hes|
carbon fibers withapoégywi gid?°licnnl| thi®d 8 e
same yBeraorok s andbsTantloak mat i c l i qui d c
structure efcaeb owhhifacshsaneetletmper at ure 1| o
than the decompos?’Pd°Fam mt & rhpeer aotnu,r er.e s e
devoted mor e?!fl&itnkcies tfhieel,d.pi tcam based
separated intbassdtcapbonpfitbbkr (I PCF)
pi tbcased carbon .fi®empa(rMRCFYWI tthatdPCF,
hi gher mol ecul ar weight, softening poi

of crygtidtlinity.

Att hat té&hge most i mportanwasappktboatrant o
enhanced cocmpowcWwdarékw cewdsn synthesi zing C
hi gher modul us Wmidoms tCarnlgitche devel oped
modul us of MPCF to 1960~2254 MPa and 5
1972nd started scal eUnptli®l8G¢ctitbe pnodfB8!
CFwamaj orly concentrated in Japan and
hi ghest strength apniditbcalie @Bl wer ee2940d~889
MPa and 245%'g82 dGHa.erent CFs, because

graphite structures, MPCF have a high
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modul us than?2¥PCFS

Be c auseewatsh e pheodtivamot uattdmat aaddae

potenti al as ther mal ma n a g,e&Crihe rwta smantoetr i a l wa
appltoed her mal manageméhée smmddi atneltyher mal
conductivity of CF compoasnthramasmalkeported i
conductiviti E§sofvedef tempated 2@%?'composite f
Af ter 1980, the -bpestentdFal asoft hpeirtncahl conduc!i
materi al was nnoetaendw hg rl eed u arlelsyear cher s started
areffort ttohtehevenabpcondaféti vity of CF.

600

&

& 500F

o

&

S 400

c

C 300}

o

©

o 200F

o

> 100}

a

O 1 1 1 1
1980 1990 2000 2010 2020
Years

Fi gu2®The publication number in different years

Iwasbhhzlth century that the value of CF as t}
was recpgsnifzidg@osheo wsa.r y i n folntuletsnhceersma |
conductivity of CF were Bheandil edcduldari ng thi
orientation of pitch which is ttoe precursor
the crystal structure of the product and f
conducti V?% y2Zohfen®Rmechani s® &fi g@GFt her mal
conductivityThwetahse rsmaudiccadnducti vity of CF 1is
the crystal s?2%P Aédbtausreed hCeFa vhialvye. particles of g

cryswhill e-bpsedh &€&mdar ostructure of graphite



expand aadomnglrteltre i on of CF. Phonon tran
i's efficiemaseyd <H hhear mah conducti ve pée
the fiber inducing the hi gbhaesre dtOhteF ma |
the contrary, the phasend CHFaemsponrrta mign
graphite particles and blocked by the
The differenft tshea stowa Cl€i cdan be checked
121 For the sWinteh rtehaes o®mipde girmmprhgase cr -

t hermal conductivity increase.

(b) T800

p——

(d)M55)

500

300 -
/77 Thermal diffusivity Z -
=250+ ([ Thermal conductivity / 1400 &
" -
T -
E200l Z M
150 / 100 g
: 7 ;
' g E - 1100 ;3
- i 0 ﬁ
oL %
€ 3 x T700 800  M401  M55] XN-90-608

Fi gurdStructure of different CF and %?érrespond
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Nowa d anycsr, e r es eaarrecthterrasct bdnttroi nsi c t her mal
conducti vbDit yf erf e NGk meelt ulachidrega  domi ng

di fferent, wet e maretV®d?2dprea most influenti al C
compani es, Mi t subi shi, NGF scammanlf Ctyh eicr | ndustr
represent-absed RLFtophoduct nwa mek6tlaibdteed her e

Tabll6Three influenti al companies and their product

Thermal
Modulus  Strength o
Company Grade conductivity
(GPa) (MPa)

(W m-1 K-1)
p-100s 760 210 520
Cytec p-120 830 240 640
Industries  p-120s 830 2240 640
Inc k-800 896 2900 800
k1100 965 3100 1000
YSH-70A 720 36330 250
YS-80A 785 3630 320
YS-90A 880 3530 500
NGF YS-95A 920 3530 600
XN-80 780 3430 320
XN-90 860 3430 500
XN-100 900
K1392U 760 3700 210
K13916 760 3200 200
K63A12 790 2600 220
Mitsubishi  K13B2U 830 3800 260
K13C2U 900 3800 620
K13C6U 900 3600 580
K13D2U 935 3700 800

15Ai ms and objectives

Thus wedirave obtainedt hae piimparrteanacfe of t her m

conducti ve mdteerriedjlasrhreerrmeanlt packagi ng mat er i é
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and f hentoiftemé&si el dMeanwhi |l e, tthleeromatl st a

propsrand the anisotropofc ¢aoarebwerldicmerd
i nt eedpTroetmake full use of t he tthheer mal
arrangeme@Es peci fic directsioorn haas hswgp c

be transported fTrhoent ee dagree tsoo need gneet hod s
in this ouhbaept@appitiheed arrafCoemmaned with
ot harhsagechani cahamenwodalyasntc|l udi ng ene.
conservat ypnaddanh dfdtiildrero c olnrmc eand diattii conr
as a tradititcmelchmat bat, smentchoondp ama bl e

stability.

Thi s project ai ms t o devel op t he t h
especi ahkeypaskaging or thebeaasdni €CFer f a

wi talmechani calanmetthoodhunt stoh el ttpoo sitsh d | e

practical probl emsel eeotritiaq@ pt e.cTehtki onmo stt h e
i mporitnadntcat bher mal condutcheenvisbyafopPe eau
carbon fiber and the applicateison requ

alignomeatbon fiber to the throwghhpl an
a Vvi eéwatneé phgeratt f r om tomdehaSu adlke d osi mpl e &
uni ver s alwamskedaet @¢pted abr intaatteer i al with t|
conducdompdnaibtte the samples made fron
met hods including ice template, el ectr
achieved the alignment of CF in compc
posseéieey mal conductivity!lklighibrsthahuéd
comparable with metals and much highe
fiber composites. Or we can endow our
phase changing, to manage ®hei eEmpertht

of thesgisvieeal.ow
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16Thesi s Outline

Chapter 1 gives a brieftfhemmadbdmaniage meott he
materimahcl uding t he theories explaining he:
constructing ther mal coinMdturcitn syiec cpmMmemper ttiee an
gener al t her mal conductive fillers. Speci
devel opnpe rnhcaho€gd r bonwhiideri s a kind of pr omi
t hermal <conbhtubt Bv ethlag t ftersaetde giyn t he t hesi s to
enhance t cte ntdluecrtmavli ty of composites on speci

i dendtHufriteher more, the chapt edeveenmipohpaisnigzes t he

ther mal management materi al s

I n chapter 2, t hee ntersd dluheetdjhuoi dosme n t

manuf aggntodel of ,imeltheidsg i dentification me
t her mal conductivity measuriesmemeét lacmdls t he st

used in the thesis adneadidihenohwfroivye chapter.
to calculate the otfhecromeplosadredumitsevaltsyo gi ven
chaepFurt hetimer ehapt erstahles omoisntcliumdpeor t ant f i | |

used itheshes ,fichaenrd@ome ¢ o mmo nsucsheedml lce |

mor phol ogy and the <crystal structure of c a
Meanwhi he <chemical &ahd & Wweemantaatlr i xs ed t o
synthesize the matrix were i dentified.

I n $hleseqduecnhhtapt er s, di Wwé eaepepn ti ®&di gat egi es
the car bdnChfaiphb &an 4, we applied pressure on tl

conductive fillers to achi e€&hapt3dre ali gnment
carbon fuislkeaert dies mal congl Betciawe e f iolf | etrh e
mechani cal fietagr baopnp Itfieermee rosno al i gn i n a pl a

per pendt @ ultare pressur@n dtihectit dner hand,
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over |l apping opr craotttheen cfoinlsegmraicti on of
Althobhglwhat her malc amo rbdeu catcyhvhietsye theti ho d

i soaneffitce emrfiogra-di me n sfiiolnlad r .

Hi ghl i ght s

Al i gning car bon fiber tpd ampe e direir ma
conducti viee composi

Using mechanical method to construct
Resear c ht haeled watt iboentswehepnr ma | coaddcti vi
t hael i gnment of filler

Simpl e acnads t | omet hod fabricating t he

materi al

Chaptaers daxnt ensfi onhe fSirmativiatwthrek .previ ou:s

chapter, we studied the al i gnrmaepnhti toef, f
a t-dwviomensfiionlaér, was introducedato r ej
t her mal condeatei vieh ef icbhabkeebro@es tso afnid | g

flatten the surfTheesghetpegscambbé&éeect
car bonwhiidlercaneaeahfindieenthley mable ttweaenns p o
t wopr aphdtit €c uisrs edlet ai | i n the chapter.
Hi ghl i ght s

Ther mal interfacetmat mal alr eswi $ har oew
t her mal conductivity

The symecgibet wetanbon f i berasantdh egrrrmaaplh
conductsve filler
Enhambge &@tx c h abnegteween f il bgrsandnméathenk
t hient eracti on

Low ost and pra@etiochag® | Metwh ot hi gh th

conductivity
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After di scussing the influence of pressure

resulted ther mal conductivity difference, i
studi ed. Compar ed wiatnh apcrheisesvuer et,h es taleisgsn men't
ondi mensional , tthdrdefremadé¢arre a hi gher t her me
conductivity. However, how to apply stress o
i's a challenge al/l t he titnhggaswasthis chapte

i ntroduced to hol d t haes smisltl etdnh ecnma rtboo na I fiigbne rala

t het r d 8 58 eclthieaan t he past was graphitized at hi

to form a car bmoarmementawo rtkr amsport pat h. The
thermal conductivity of tH&,Lcwhpadhities i s ab
compar abltawi t Meawewhi |l e, the density is much

Hi ghlight s
Cal ciuniggett t her mal conductivity of different

Carboncdompesi te pos-segsi nghewemal conducti vi

suitable thermal expansiidarny coefficient and
, Al iigmMgD micro filler on single specific dir
met hod

Mat hemaalid de shcer iabliinggpnmment of 1D micro fild]l

medium during stretching

| nhap6,émat entbbetadowed to the thermal conduct i\
by introducingnagtea®@Wemdaqmgd he help of phase
change materi al, t he compolsa adcisngcamf handl e
el ectronicl reqtuhipamesmaglani & mefytacar kg d i c

(PAA,i s uskdmihte | eakage of phase change mat e
t e mp ersatourteh at the melted phase change mat el

el asticity wlihehosuaf tl etahkeargneal ccoamd bcet | ve ¢ omp
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applied in a varilent yt, hhafs h®woemkd reiro s | I S
t her mal i nterface matati ali ssopeiwiadman
compatghe temperature with and without
Hi ghl i ght:
Fabricatiomt @abHesimape conducti ve p ha
materi al
, Al i gonamlgon fibers with the assistanc:t
, Invest ntighag i nfl uenREGoDysPAA shructure

., Enhanci negc htahnei cral strength of phase ¢

Finachhpt eummimart ztehseand hi ghlight the ¢
i ntosntructing ther mal snmlamea gemaemtte rmad red

highlighting potential extensions and
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Chapter2. Chemi aalde st s

2.9ynopsi s

Considering ail he @i actthhec composites, k
conductviavii tow,s properties neendc| ot di nlge
mechani cal property, ther mal stability
t heel ati onship beamdeternusptruorpee ri &y enseocc e s s
okber vemotrhpghodmdyi denti fy the component
properties and an,adiyfzfeerteme sx&mpl emet

i ntroduced.

Consideri woroifh atth itiskset irecursd car bon fibe

as the most used materi al fdiubreirn gu stehde hpe

was har actceariezfeud 'y in this chapter t o
foll owinglmrhagediteis omo,s t used matrix in
polyacrylic acid and polydimethyl sil ox

22Test met hods

22. 1dentohi ohtchemical s

To characterize the molecular structur

resonance (NMR) spectra and infrared s
Bruker NMR (Bruker AVANCE (N 400 MH .
transform i nfraredmospdctobetopb700Th el

respectivel y.
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22. Z2hermal conductivity and ther mal resi st al

Ther mal conductivity i s t he kernel par amet
materi alASTMe Ee-1134:6 1st andard test met hod f or
di ffusivity of meolhwas byt theudddadstho test t hi

conductivity of sampl es. Specifically, t he
calcul ated according to the follow formul a,
+ | #BD wmh (2.1)

WherleCp amrdepresent ther mah ,disfpfews ifviict yh e(amim

(Jtwh , and derfsjtyegmectmi vely. Ther mal di f f
specific heat were measured by | aser fl ash ¢
LFA 467, Ger many) , and di fferenti al scanni

NETZSCH DS&e r2Zmadny) and the densrtdyngas obtai

t o herchi medean principle with a balance.

Some statements should be made here regardin
conductivity. I n 3D space, since the tempera
fl ux ar e vector. Theoreticadulyd b & e t her ma

expressed aso at heetnstorat the vectors can be

each ot her by the tensor. However, It S |
component s of t he t her mal conductivity t en
application of t he mategsi ah, twe Lkt agr malre €
conductivity on through plane direction. Con
this thesis, when we talk about thermal <cond

t he t krloangegh di recti on component of the ther ma

The teditticon of gm@me diihfteigenplee att ur® of sampl es
from 0O °©Cowil2h t he°Cd me m:2athmodOp her e, during
which period the haesadniftl axe o dragsdh mpdotras w
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t heft andard sample. Only the€ dataudbedwe:

Anot her method presenting the heat pas
i mages. Thermal conductive materials a

temperature of the opposite surface i

According t o thbderdmdli ncbindoc toifvi ty, 1
temperature is, the higher this value
To measure the ther mal resi stance und
di fferent stempbeatmale resistance anc

measur ement apparatus ( TRCMA;hnbbogwi n
Corpor at9308n9,,6 LVi wan) was applied.

22. Fhermal stability and | atent heat
Ther mal stability i s someti mes i mpor
applicability of materials, including

of thex mahsihomradisewal uated using Ther mo
Analysi i am6Ad TG/ DTA, us) anbMA her mal
Net zsch, DI L4012Ce tGegtmamogndi t i omtghe s of
temperature of samgl ewsthr o¢dmeZBEmep BOHO I
N2 at mosphedwring whi ch peri od the wei

moni t.or ed

Latent heat is wused to evaluate the al
stabt hteezeper ature. This value i s measur
calorimetry (DSC;, 2NBTZ SlMenatnegygt. condi t
rai sihegmperature of sampleist hrblme 26t ¢ p

°C/ mi nzaitnmoNd pher e, during which period
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were monitorae @&datwhklatobotmpol | ed sampl e.
22. 4 nveditaoglsat ruct ur e

To investigate the dispersion of fillers in
going through compoQGT twer eSEMtarnadd umdecd.o The t ¢
were performed using scanning electron micro
FEG 250, USA)c oanmqeddt ntiocrmoog r a pChly  (Zmil SrSo

Xradia 510 Versa, Germany) SEM can observe t

mi c€D can display the 3D structure of the co

Besi des tthlesufriflalceer sstructure of composites
because of its iIimportance to thermal managen
TI M. To compare the roughness of different s

( URambda, USA) was wused.

To characterize theaycrdy dtfalacdtironc t(XrReD,) X att e
Raman spectra wer e obtained using a Br uk
di ffractometer (Germany) and a Renishaw Ref|l
respecWheal yanahgzebondi ng strXetayre transfo
photoelectron spdPRAa KXBSPpSAXUER) Sis used.

23Characterization of CFs

Carbon fiber provided by Fujian United New M
(Fujian, ChinaY hwasmabusedndsctive filler. It
pi thcahsed carbon fiber whoakbouhe®®al Wcomnduct i
KlL,accordingTh&trepgoure and geometry of t he
studied carefully. The SEM i mfaiggu rod carbon
2. 1(and t he statisticnoffifgiBbeé&rwa$ engt h show



i ntroduced to cehoameatcrtyerar et héheorgder o]
According sttohasyeatagetilength of the car

234 um.

(b)

/7777
77777/

_

MMM
200 400 600
Size (um)

FigwkrnleMor phol ogy SEM Cha.gd)egtati stic of CFs | en

The TiBSM a method to anal yze sWer uccatnur e
observe the crystialtauidfi vaadkryblEmMefr ielagres a
el ectron diffracith iog2 2ati tserorbss eshvew usi

(Talos F200x, ThemoFisher, USA).

FigwrRdhe TEM (iamdadeel ectron di(fbd)r a€CFs$ on patterr
Besi des hBEMat otmi ¢ structure of car bo
stati oA TclaRRIDyn Ba makhs car bon material ,

of bcoanr f i ber structure utilized the an
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I ncluding gr aphenkTlalh ds p& ®&iprhe pmect Mhre and
Ra masnpectorfuncF was fsihgi2w2ed i n

FTI R demonsnorlatceusl atrhesas peicit fuire fhfhequency of
asymmetric boHer ev,i bIF Bdi Rtoamiamssed usi ng Fouri er
transform infrared spectroscé&pypym(Ther mo Nico
FTI R spect,awsmthowh iCdmer ¢ 2 .HE(-BH C=0 and

C-OC can be ?*W@bersiefiasgmmetri si hbdindatvd br ati on
t hexi stence oofr glfagincupeaatefaected hby

Il norgani zatiadommsef caar ben obsewhedhfrem Raman
wi dely used in analyzFog eyamelte) ci vi bhatf be
of carbonRamamrriiaslysed to(12@&mtidnyd di amond
grapbhiseand 1156800 c)h3t3HerRaman spwasrum

t est edRairsiisnlpaw8 Ref | e xAsRacnearnb oSry, sm@ne. r i a |
graphamae,gr,wphchmresi sstaobosmpshare similar Ram:
spectrum and anal ysi s-l1ftOhacdn | 23880 ednds1580
D band and G baasd smedw ga2id(idvyeTllhye i ntensity
rati o between D,bdnd andh&r datmheri zati on par a
f orhe quality of,wbacbonsmatédnitanld to the de

graphene .$heubtgher the value i282 the worse

233

Xray di fXRRhicgiant ésftoomatr aocdtghd zcr yst al
structur e. Her e, XRD patterns were obtained
di ffractonmedakruéromadd dosPOfACRR( &)

From XRD spectr ubmanatth.e2e6hdp GadrieB st igo e d

t ¢ 00&nNd (Prodphkaeor ding to Bragg formul a, t he
spacings d002 and dOoO0O4 are 3.38 and 1.68 |,
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FigwkB8d&dhe characteristic of CFs. (a)FTIR spectr

CFs. (c) XRD spectrum of CFs

24Matri x

Besides CFs used as tpefrymé&trrcionadulcay v e
i mportant rol e i n clchresster upcotliynnge rcso nwpi ot shi
propeste applied according to stlhre r eqt
thisi, 9 hepoxy, PDM$a | yRAAY yreBE Gwer e

i ntrodwscemdat rainxong whi ch enpdo X A A PWevirSe
purchased aanmdonemwern adaspaP¥ESt i s purchas

apol ymer. Thas ibknthsetr mat i on

The epoxy resin and curing agent met h
( MHHPA) pwercéas ebd wf rCchnre mi ¢ a | Company an
Al pharm Chemical Technol ogyheCocurltng.
accelerator Neodymium(IlIll) acetylaceto

obtained fAlodm iScchgm@or por ati on

Pol ymet hyl hydrosil oxameaw@s$ i pumgh&scedn
Technol ogy Co. , Lt d. (Tila-®j van LICH,) B a)
tetramethyl disiloxane complex solution
was purchased from Zhongzhan Silicone
China). mVinmayledt ol ydi met hyl si |l oxane wa

Scientific (Beijing, ChiMm)a)i.s Cowrpdh angge
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Nanjing Chuans

grade ethanol

hi Chemical

absol ute and

Sinopharm Chemical Reagent

Co. , Lt

d.

(Jiangsu

gedcifalbomacetic ¢

Co. , Ltd. (China)

The PEG, whose average mol ecul ar

reagent ammoni
Phar maceuti cal

met hyl enebi s

Al addin Biochemical

um persul fate were

Ltd. (Mhanghai, Ch

Group Co. ,

(acryl ami de)

( BAC)

Technol ogy Co.

wei ght eque

purchased

wer e pur ch

., Ltd (Sha
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Chapter3. St relsduciCagbon

Fi berOri ent atbnohmanced
Ther m& nducti vEpgoxyof
Composites

3.8ynopsi s

Pol ymer composites that have high thet

one of t he most promising solutions

management requi rponegent s elf@at rhicah and
equi pment . Il n this waoarkal i@gnbehgattcagypor
through the application of a stress fi
pl ane ther mal conductive epoxy composi

have been prsiptau edo lbiydiifni cati on wit hin
conducttivedseg e@goxy composites retaches
Klat 46 weight percent (wt%) of carbon
that of the pure epoxy. The alignment
a carbon fiber composite in which stre
carbon fiber composigteniare comparnedtws
(mi €m0 and scanning el ectron mi cr os c
composites display attractive ther mal
route to satisfy the ther mal di ssi pat

devel opment eocft rmocdeelr ndeeMi ces and systerl
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32
fi

Finite el ement anal ysis of composit

| | er alignment
order to explain the influence of al i gnme
rbon fiber plate, finiteCBlBiaeamepobxgnal ysi s

snh were represented by 206wicdotnht irnautoiuos orfod s
Thin heaters with a voweme poweéenl dedsity
the bottom of the different composites tc
e direction al ocanrgb oonr iAa nbtedr smioglillod t he cC
e range of temperature gradient with CF rc
arsandom di #Heeriehutbiecrmuse we focus on the i
i gnment on directional t her mal conducti vi
t wemen ri x and CF wadlohetthatradudedl e of
ans that CF is aligned along the temperat:v
°MmM@@ans that CF is perpendicullae to the ter
p surface temperature ofixdd &t mubamed c ol
mperatureaf@98he&5K)wo boundaries at |l ef t é
iabati c. Al l bpoeur ni doadriice sahnedr &ef croerd t e dI
mperatur e di fference bet ween t he top an
uil i brium was MmRanglBéa&Ehaes thleowrali Tconducti vit
def KnediDD&s HOr ¢ s t he heater power, S is t
ctionalnTaisat handemperature gradient. When
d ¢y ecstsi on al area are constant, t he t her
versel napr ¢ port thieo t hTer m\hle ng rtahcei eAmtgl e v al ue s
e evenly distributed within the interval [
e carbon fiber is completely random, resul

at cannot quickly passtrrnanmofugrh dhe tco mploe i

=]

g path | ength relative to the | ength of 1

e sampl e, causing the temperature to rise.
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of the cooling area is fixed, t he en
di fference. , aCsontvbhesAlnygl e of t he CF s
temperature gradient becomes zero, or

the preferred direction of heat transH

resulting in more efficient heat trar
decreases from 37 to 21 K. Simul ati on
carbon fiber is an effective method to
fiber composites. I n order to realize

stu@Fs were forced dientao | @dmaled.crTipe i or

in next subchapter.

Angle ranges (Degree)

FigwrneTrhe temperature dimensbaonabnfoflense dist
resin under different arrangement conditions v
The top surface is fixedhaat@O3i d5akKtaonled t1®
of ethl ock. The temperature difference between

indicate the dependence of thermal conductivit

33Preparation of epoxy composites

The ratio of epoxy resin, curing agent

and the deaerator was stifimg®&ae)Th(e tmsol
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photo can bgr®&3undeisnghed for storage of rav
Before the epoxy i s ienijsecptreeds, s e3d 5ign tod tchaer bnoonl
with a plug. The whole mold was placed i n a
temperat 6Cteo dafmphrve the flow performance of
Air is pumped tdutouagfh tittdhea Immodlwe t he epoxy to f
i ntovachweum the CF Detwogkthis process, t he |
can moei t.oraedddi ti wasal depppgdi rnevacuated unti |l
t hlei glua wWe | no | onger decreases. The epoxy 1is
t wo temperature cycl es. penattihree fwasst cyc
mai nt ai neCd oat 21 hours to precure the epoxy re
cycle, the temper aafuorre 1wla sh okuerpst. althel 6cconcent r
of CFs varied between 30 amded4ddrwtno. These s
stressed carboaoampodbiereepordreeafeddert o as

CF/ epoxy. On the other hand, epoxy, hardene
mi xed in equal proportions in-sgpepadt and are

mi xer . Curing method fol ICAWspokg s@meé npr oce
Carboberf epoxy composites were prepared by
CF/ epoxy obtained. Il n addition, in the ©pre
sampl es, coonnccee nttdrfea tCiFone xceeds 35 wt %, it is
ensure the formation of alsenifoaoarmhmsxtase, of
the epoxy resin is diluted with acetone to
Because of these high concentrations of CF.

the acetone, which is achO0O°€ved bD¥ kouwui®ng the
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Fi gBrRechemati cgaf mgd €Fssttrhees sT hfei enlid.l ed car bon

f

compressed from a custom mold. The epoxy resin
at a specific tempealaitgureed QFssaimpl @b twaitrhed, a
microstructure is shown.

FigwBBe&a he mold used to orient CFs.

34The micro structure of composit

To explain the Cohuiwamtsatuiramsd ao fbarhewhos e
end was fi x t ooft hcea rotreisgiiabnu pcooroersde rnvaet de
rotationTalkei di Cesahnhobeotransformed by
the distt hemnud i ofn tofe fi ber which is no

hemi sphseurifcaade asfisgBofema) nnt he angnlag e,

1
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bet ween the carbon fiber and thepnor mal vect

surface ofwacso npaobseilteed as A

I fotationcompCEsel g diasdoimift htein@p oi nt
onaf i mirteed heeame assufbhdrlalse ar eau®ft annul
angA can be expressed as
Y o¢can OBIQO (3.1)
where L is the |l ength oendCFosf. QJFo niss dleaad antge d

on a hemispherical surface as discussed,
p . YQ ( 3). 2
p . ¢r OBINQQO (3.3)
Q — (3. 4)
This formula indicates that nt heerursluilstri buti on

corresponfdiimigt e oanagl e dA i s

&! OBIQo (3.5)
Il i gBr4hb), dA i°s a@red the 1lrel ationship betw
probability aamdagAmrmyl euviryegi ideare ori entation d

0fICFs$ B-CF/ e pcooxnypoamd eCF /ceopnopxoysa d eal yzed

accor dti meni t-@ s canni nagn tddhaggtaot t ed i n t he same

figurGompared with r ahFdo ne pdoixsyt rsiabmuptlieosn ,h asve a
hi gher probability of occurrence when a val
probability when a vdliga dibés) .| alrhgee ,s taast i sshhawns
show that edF ailongl tdye nor mal direction throu
the contrary, CF/ epoxy resin samples have A
and A higher probability at | arge A, which n
support information, a vimedearsldiespltayede w
top portion. I n the video, comparing two
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di fferent arrangements FoetBw@ealn disf aése

the spatial structure of carbon f

i ber s

SEMi magesr @aeokdeadanal yze orientati-on of

di mensi onal (2D) space. The orien

obtained by st-sdgingntmer gpholssgy

tatio

of Cc a

showthiigh réd ,s-CiFh epoxy, the fiidrtredtalnanc

the direction of he&ktpokxyandfther ,f ivleirlse

di sperse on the horizont al pl ane due
analysis confirmed t he obser-@eBd p h
measurement. I n addititoinont oo ft hteh ep rceafrebro
the microstructure of the composites w

i i g8rdg) , few resins were $OR/nap ocbxeyt we
resin sampl es. Il n contrast, in the CF
frdmgla(d) that there is always a resi.
force is applied to the carbon fibers
understood that a network is formed be
the applied force towdrek.tr alnts mis tvedr ttho
the CF network also helps to Iimprove h
the control group 1is coated with epox
resistance between the CF's, thus furt
reiaée to the aligned CF networ k.
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FigBsadhe characteristic of CFs alignmen
bet ween CFs, denoted A, and -phaneor (mh)
The statistic of A in CHF/epoxiwudyaeadl o
and theoretical val uebuftorona p(ucr;@d)y Trhaen
resul t-GF/oefpoxy ( c) and CF/epoxy(d). (e
composites and sCFdteipsotxiyd egf aAdi CF¢g epo
statistic iIis based on the CF alignment
di fferent-CTbraosne dniocnr ot hat i n 3D bl ock (¢
showing the direct conKéceponypg)l waed
epoxy separating the358E$ at inonGH/iepp olx e

thermal camdustirwvict ywr e

3. ieT nmandechani cal pomopesittye of ¢

To evaluate the thermalr eomnldiued i agmpao
ASTM E -13was applied as Chapftieg853e i ntr
showhe relationship between t heagfmal C C
t h®CF/ epoxy and CF/Aspeofxgr esmae, etshe r esu
epoxy is a thermal cbokiduWiihitheofnoOr é
CFs content, tamel CEFEppDRYRY mal conduct
i mproveando®™M m&LThe related original d
t hfei gluirdeer e gi veXrlin tabl e

Tabl3.é&. Concentration, t her mal di ffusivity, den s

thermal conductivity -OF/ epoxy., CF/ epoxy and s

Concen't her ma ~specif Therm
Densi

on diffus( ) heat condu
Rl

(wt %) ( mis? J (JtkghH) vity




(W K
)

zF/epso.oo 5.90 1.36 1.05 8.45
33.00 7.17 1.38 1.03 10. 17
39.00 9.10 1.42 1.13 14.61
49.00 20.53 1.48 1.06 32.12
CF/ ep 30.00 1.80 1.40 1.12 2.81
33.00 3.10 1.42 0.91 4.00
39.00 2.57 1.43 0.98 3.60
49.00 3.03 1.44 1.07 4. 67
epoxy 0.13 1.23 1.20 0.19
According to our measurement, thermal conduc

| oadi ng otfhe& Faki fafnedr etnFt /beeptowkeye nansd t he CF/ ep ox

al expamwdt hritéde | oadi nThi ef bE€ERavi or has been

intensively investigated.23tAlgatri speciadl.l ypr op

describes the thermal conductivity of compos

the model, the apparent thermal conductivity
1T 1T p 0l T&Q (3.6)

Where V represents the bulk concentration o
related to the crystallinity and grain size
substratesCBfepotyh resin and CF/ epoxy resin

epoxy resin, so Cl1l of the two samples shoul c

(@)
—

i ginal l iteratur e, C2 was a gener al fact c

—
o

rmation of conducting chain8, mhuwt the phys
include other influences. Agar i et al . "'s
carbon fiber aspect ratio on C2, but did not
shape. The pardaaked etrise kt her mal conductivity
and the matryi.x riexspgdawsatsimealeli ctRy | imited to
miKi( 1 cltalimKg) .
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However, with the continuous devel opme

new fillers with thermal conductivity
di scovered, swcHidert useadarimothi s pape
modelk i si fless thakK!, 4theWpmssibility o
conductive chain is greater and C2 i s
conductivity ofmu€Ch hngHhiBs WKapem t h

negative signl ii@diroaprear sh.y As a resul
should be reversed, meaning that the
to form, C2 should become | arger. I n 1
was used to match tae anxget ihmesctlalv ade
CF/ epoxy and CF/ epoxy composites were
our <calculations, Cl is equal to 7. 8.
calcul ated according to Adfagux &t @2. '
extractedef memsurs@€Fdapaxyfresin and

resin wer-@. 5, 8rangecti vel y.

From the perspective of microstructure
di fference i n the f or mat iseCrF/oefp ocxoyn d vecsti
and CF/regpioxy Firstly, under tshenactio
to align along the nor papdlandi. r eBecetciaouns eo
axi al t her mal conductivi ttywo d®sroG@Fs (S
magni tude higher than the ma&aditalmatkleesr n

the conduction c¢ htahhee amo rt @ aenfeftied e her n

possi ble reason is that CF can constru
i 3-CH epoxy sampl es, whereas in CF/ epox
out safdeCF br e ackts ctohren edcitrieon bet ween in

addition to SEM analysis Dasg@&di#gegn t he

as di scussseedl so studi ed i ts mechani c:
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support for the conclusion. The epoxy resin
car bfonmers together. Lack of epoxy resin bet
cause changes in mechanical properties. Preyv

the relationship bet wkAlin taned dahnepiinmt etrefrant e(

strendgi*According to Ziegel and Romanov's
relationship can be expressed by the foll owi
OAT p 6% OAIl (3.7)

Among tOWMd A] @BAT are the damping terms of the c
material and the ma&#irs xt he esplecme vied ¢t maon o

filB eirs a correction factor to compensate f

fraction due to the strong interfacial i nter
of parameter B is positively clohhre el ated wit
formula anal ysOAsl detowsaasehatwi th the increas

interfaci &#ig8t@abogwgshthe DMACFepoliktys of

CF/ epoxy and pure epoxy resins.sCompared wit
CHepoxy resin samples BDdé@Vv,e wvshiicghhtilnyd il caartgeesr b
that the epoxy resisurdoafitceERtrati ow on &ahsent
The most | ikely reason is that the iIinterface
|l ow, resulting in a network of direct conne

consi sttrenttheviconcl usi on of the microstructur

<40

& s-CF/epoxy

o CF/epoxy &

O Pure epoxy /
— = Agari modal of s-CF/epoxy /
— = Agari modal of CF/epoxy /

%
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Fi gBherher mal ¢ on dQuc/ teipvwixtyy aonfd sCF/ epoxy.

0.6

s-CF/epoxy
—— CF/epoxy
Pure epoxy

0.5

04}

Tan Delta
-

0.2}

0.1 /

0.0}

80 120 160 200 240 280
Temperature ("C)

Fi gwBBEhe DMA rs€s$uletpoaxfy, CF/ epoxy and pure epox

Ther mal conductivity enhancement repr
Thermal conductivity of the composites

filTlhers. parameter can be calculated acc
YOO——prnimtb (3.8)
Wher ei,s Tt he thermal conducti vimity toliet h.

t her mal conduct ikiiggr e fc otmpearmat rrihxe. TC

CF/ epoxy and CF/ epoxy resin€F/ &hmexy th

resin i S 4 6 wt %, tihe bDbes37 W CEAtv atl e
concentration, t he reinforcement ef f e
which is obviously better than that of

than that of oriented -sarbessai hgber obt
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I s-CF/epoxy

15000 - CF/epoxy
)
< 10000}
=
@)
)

5000 |

30 33 39 46
Content (wt%)

Fi gwB7.dher mal conductivity enhancement of sampl es
Fi guwr@®@) shows the decrease in ther mal cond.

t emper althuer etsh.er ma l csrird e toixwi trye so in, CF/ epox
resin and pure epdxymr 8i.,decrfeasnald 0. 19 to
3.9 and bBK!17dewcmeasing by 24%, 17% and 11 %,
when the test temperatur® ibryéQldalsheed fr om 30
results show that the higher the CF content
conducteicrietaysed wi t h tFh e Brr & (sphiorwast utr lree

t her mal conductivity of 10 heating cycl es.

these threansadpellcstsedhper ature, but the degrac

of ther mal conductivity is reversible, and
preheating stress temperature after cooling
t her mal stability of composites is a key <co
apptation in electronic applications.
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<13 =
L@ % 35 ()
i Y ¥ s-CF/epoxy o
v
2 24k v 2 sk |
B A v BT s-CF/epoxy T
£ v =
2 40F Y v 4 Z 4k
£ CFiepoxy - \AANNNAAAAA
S 30F = 3 CF/epoxy o 25°C )
S 7 , g ] 100 °C |
— ure epoxy =02F
S0 v v v vy vy E O\AA;&AAAAAA
| ure epox
E 0.1 E poxy
0.0 L 0-0 L L L L L L
= 20 40 60 080 100 = 0 2 4 6 8 10
Temperature ("C) Heating and cooling cycles

Fi gu38 Ther mal conductivity stafial)i tTyheatt hteir gna
conduct iCFi/teyp ooxfy,s CF/ epoxy and pure epoxy at di

30 toC{)O0OThe thermal conductivity during 10 he

The highest thermal conducti vitKy, obt ai
46 %, which is equivalent to the ther ma
t her mal c ondhlal 8. exsihtoywsf itlhleert.her mal con
composite materials made of various m¢
fiber, ceramicsdi MEnandnail h&FIlfbiegumat e

3.9, the TCE of thhieg hseasmip Iteh ewintahl tchoend uc

vari ous fillers i s calcul ated and C
substrates are adiabati c, the TCE of d
t her mal conductivity
Tabi32. Compari son of the ther mal conduct
CF/ epoxy wi t h t he t her mal conducti vi
reported composites filled by 2D fille
carbon nanotubes, CF s, met al s.
Thermal
Concentrations Concentrati Conductivit Referen
Fillers resin
(Wt%) ons (vol%) ies (W m?t ces
K2




Boron

48.4 Epox 6.72 239
Nitride poXy
Boron
o 2.0 Epoxy 0.21 240
) Nitride
Ceramic N
Silicon
S o 81.1 60.0 Epoxy 9.20 241
Nitride
Basalt 40.0 Epoxy 0.95 242
Porous
] 50.0 Epoxy 0.47 243
Ceramic
Glass 27.0 15.0 Epoxy 0.34 244
Fibers 50.0 Epoxy 0.71 245
3.0 Epoxy 0.28 246
1.0 Epoxy 0.38 247
Carbon 0.6 Epoxy 1.2 248
Nanotub 0.7 Epoxy 0.6 249
es 1.0 PMMA 2.43 250
15 PAG 0.27 251
0.4 S160 1.21 252
13.2 Rubber 23.3 253
7.0 Epoxy 0.5 254
Carbon
) 7.5 Epoxy 1.75 285
Fibers
50.0 pCBT 6 256
20 PDMS 2.73 257
Ag 46.5 9.0 PC 30.3 258
Ag 66.4 25.0 PVDF 1.61 259
Metals Au 37.4 3.0 PDMS 5 260
Ag 30.5 4.0 PDMS 6 261
Cu 7.2 0.9 PA/SR601 2.46 262
This work
Carbon fiber K ;Jlgt.;n‘i:‘;:;l.
L. Zheng et al.
Glass fiber 150 wi%]
\ W. Hong et al.
Carbon nanotube 4 W%
J. Xu et al.
Metal 146.5 wt% |
C . T. Kusunose et al.
eramic I81.1 wi%] .
0 5000 10000 15000 20000
TCE (%)
Fi gwBOeThe representative results of ther mal

74

conductiv
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di fferent fillers

To demonstrate the thermal conducti vit
filling weight spenptest avepease, htelaed ed t o ¢
ceramic heaterl2yowenredt Wieudmmepwes e

tail or eds qtuoawrila kaoumnm hi ¢ kameds sput on t he h

The environment i s room tFemgpde at)uries wi
the infrared i mage extracted during he
the infrared i mages are token every 30
t he tsitrmag@ emvmatsended t o 60 S . Dar k col
temperatures and I|higghh tceorhmparsatrierpes.sen

t hat the tes@Efapaxe pDEsin ri ses fas:
CF/ epoxy resin and epoxy resin sampl es
of f after 120s, t heCH/eampexyat uGFe/ eppecaxkys :
epoxy saml @BC,AwHPC. &8nd °B,2.P9espectively.
temperature di fstCHrema>xy , bed@heemoxy and

can be determined from the infrared i

FigBr¥Mm). During the cooling prdcess,

s-CF/ epoxy resin is always the highest
temperature difference, the temperatu
decreases rapidly as time goes $Hvy. Af

CF/ epoxy resin, CF/ epioxywer®| 4868 epo
and #d&, 8respectively, which were signi
120F$ gB3r1%0) records the temperature du

According to the definition of ther mal

when spanwveer i's applied on a material,
conductivity is, the | ower the temper
sur fsatematerial would be. Since the he



can be cooled efficiently, its temperature
So, by applying material with high thermal <c
temperature ri se |lmfagtihhaagy Hehaet cseoruarntiec. heat er
an electronic equipment | ike chip which gene
if the power of egucpmdnhgi & obtyh buessiannga| ysi s,
the new material, h e a ta ncdahnc pbne bter acnosofleerdr e d f a
faster.
Ther mochromic ink is sprayed on the surface
ceramic heater, which appears red at room te
the temperatuxCe-C&FElxepoky G6Dok 10s to reach t|
transition temperatur eh,erwhdisl & oCK/teupdoyx t hteo ko |
transition. The pur e epoxy sampl e did not
temperature duraishgg®ieddrdyatsihdonws trend i s
consistent with the ther mal conductivity te
concl ussOmR/ epraetsyi n has excellent heat transfe
a d
120"Cb
RIIEY sisc srac ssacc 1001 . . . 0s
60 M s7c seocc 58.0°C g 8o
HEA:
90 s 69%.10C s18°C i .
- g
& 40 :l"unicpml‘_\ . . .4s
120 s ! F—— f.z/;z(;:x»
10°c %0 2 4 e s 10 1 . . .6s
mE N
¢
Pure epoxy CFlepoxy s-CF/epoxy 100 . . . 8 S
120°C —e— Pure epoxy
—=— CF/epoxy
180 s [T 0 .l A< o . . . 10 s
240 S 55.9°C 60.2 °C 61.5°C E
BEE-
300 S 52.5°C 53.6°C g “r
[
360 s a0 . . ‘ ...14s
30 °C 100 200 300 400 s-CF/epoxy CF/epoxy [Pure epoxy

Fi gwBrlidTemper atur e

76

Time (s)

field anal ysi ss:CF(apokkiyfr &Féd t her mo
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epoxy

and pure epoxy at di fferent t Thnrees dur i

temperature of the sample during heating (b) a

thermochromic display devices with thermochron

hot pl ates.

36Concl usi on

Il nmhis ¢hagt dhrave f abr i catyedc oan dhuicgthilvye te
composite by stress induced orientati
existing composditmesnsu®inmag Eké Epoxy t
realized a high ther matlKlwintdhuca i €Ft § i |
| oading of 46 \atl%.coAMduewitvhérymenhance
14,650% is reported. The main reason
orientation of CFgpl ahengitbéetitchmr oagd
connected network between the CFs whic
Further mwve substantiate the orientatio
t her mal conductivity is demonstrated «L
CT statistics. As stress orientation i
processes, the proposednmagde®damasadh
potenti al i n constructing filler fram
conductive composites, which have br oc
beyond.
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Chapter4. Syner gi stic Ef
Constr uchthergma l | nt e
Materi al wi t h Low
Resi stance

4.3ynopsi s

I n | ast chapter, we discussed the infl
conduct ievnihtayntckemdd al i gompde mte nosfiiolnladr i n t
directions byheompip®@nsef hgcti veness of

is proved and the efficiency can be ta
with CF, gmaphiltty awvwaial abl e nigmh é er ia avl |
graphiard otrleer e b.y Meoasntivhleelseset hod i s sup
to expleoiptot mogtriagplh itoviedi ane n smatnamihal

hi gh thermal conductive direction of ¢

as r ed iahrirgduwke

4 N
V4 N\

Carbon fiber Graphite

Figulée&he high thermal conductive direction of
The difference between the morphology
di fferent ther mal property. Under comg

st a.bolnedi mensmanaeastliiak e CF s, as we di scu
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chaptemdaltign in the plane per pfengduirceul ar to ¢
42 ( as)hows. Hdwe viearg us t heomddirmecrntsiioonn ad f
mat elrii faiegaar2g b) ,shows s supposed to achieve a

trammstp efficiency onuUng pecedf mep asdiorneaclt i on .

mat er i adisme ntswoo n a | materials conduct heat tr
indicating dhamenwhenat wpl anes are parall el |
the highest ther mal conawerty vditrye cctaino rb ewidteh iel

that pfagar2gsxs) shows.

(a) . (b) 1 (e

/ 0 L0 Compress
“\ “‘ Compress N Il - ‘

Fi gureMor phoolfogdyi f fée&unrnedear compression.

Besides the morphology of fillers, Il nteracti
werproved tomomaegl agi bl e i mpact on ther mal
We a k i nt er acanext r@a utsteesr mal r eraks ingt atntce

t her mal pass betwe¥War i maus i gowamilr g |dgent s

someti mes tntenbHaned t he weank fiinltleerracatnidon be
mat #%2%%. tasw di scovetbdt hbaheWwp of silane coupl
i nteraction lcathwelren dnhdracesd, and SO t hat

conductivities of composites rise.

I n this chapter, method introduced in | ast <c
t@eontaatheirnmaedr f acevhmbtaer balcome the | eading
solution for electronic devices to achieve |

I n order to i mprove the ther mal conductivit



81

resistance, the ther mal-gpragppd rt feia eien t oef
materials were studied. When the rat.i
1:1, the thermal resi ssWdatce3 @epgsicaswhi |
thermal conductivity delKt.eaTsheed sfyrnoemr g3i4
effect of <car bhoint ef ivaesr satnudd igerdap The su
of TI M was measured, and two differen

measurements were used to demonstrate

t her mal conductivity of the body, wh i
smootnly the surface, thereby reducing
practical applications, the mixed paclk

the heat conduction of electronic pack

42Characteristic of Graphite

As car bongrmaaptheirtiealwwas characterized hert
CFsT.he SEM i mages, Raman spectrum and
are shbwgaideAccording to SEM i mages, t
of graphem®i ssrb6060ti on gr apgh veefnh@rnaphi
inset. I n t&doWRDI ghadf(iagpuenaek sCaatd 8. 5

wercebserved and assigned to graphitic
appearance of (004) signal i mplies the
3D crystalline or dpeyr.i sRaarmamt hsepre crha tolsacd
used to analyze carbonaceous structure
CF and graphite are similar to that of
shown i@ 44(bgwamds around 1353, 1#582, 2
are | abel e@, 6ax+rdD 2D bands, respredcti v el
derived from the defects and disorder

thebdand arises from ordered O0paaphiitsi c



related to the combination odcoaushipghonon ar
phonon branch. The 2D band is P%&lated to st:
26¥he Raman spectra indicate the similarity o

bet ween CF and graphite used here.

Fi guWuB&SEM i mage of graphite.

G
26.4 2D
54.5
f D L D+D”
) Graphite l Graphite AJ
Carbon fiber Carbon fiber A IL j \
15 30 45 60 1000 2000 3000
26 Raman shift

Fi gudeXRand Rasmpaenct rum of Graphite and CFs.

43Preparatobmposftes

Vi ntyelr mi nated polydimethylsilox®he 42.0 g anc
1,-Bi vilnykt3e,tdr amet hyl di sil oxane complex sol uti
about 0.1 g were-smeee@dmixera hiThlhen 42.0 g
pol ymet hyl hydrosiloxane and 36.0 g of ethyl



matrix and remixed. Tah eged o mpo U rhee nl alse

matri x materi al

The heat conductive filler is made of

proporBafomirse use in the composites, C ¢
were heated at a °CempreArnAttihree safmedei 0 me ,
fillers werebS570ODeavbednweshi gldte the eff
The mixture of 5.0 g fi-347C®rand00.02 gg eg|
acetic acid was treated with wultrasou

mi xture was°Cdor e latt8®8 conjugate with

To accommodate raw material s, our | ab
mol ds. The process filler is pressed i
of the mold desfpgdsdeme amdwr Bi)ryr espec
photo of the molfdgame )be Ttheeunrdd lilrer i s
gap in the mold and a thin metal pl ug
filler. The silicone is then poured in
i's placed -80 -9Pa)uurmritd exhaamsdurthdee air
fill ée&lrhe mold was then placed eCfder a s
48 hours, and the silica gel solidifie:
for subsequent characterizati opnu.r eThe

graphite and CFSiweandli | GGRrelsgpkcd i vel y. (

Si, CF:SG= I1ICFl:SG= iIlnid3 cate that the rat.i
3:1,1: 1, and 1:3 respectively. These
coupling agent angdi wal eslafmptehees df ialsl eorr ii

withb KH, the correspondi n@GSis,a mpH eG= a3 :e]
C-Si , CF:-GSi ,1:QF.-GSi ,1.8CeSi CH epresent s

i ncreasing order of CF concentration,
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are tweahedoupling agent. Samples treated wi
are | abeled as "coupled sampl es"” to distin

sampl es”

Graphite Carbon fibers

Fillers Silicone Pressure (c)

Fi gubheSchematic of samplTeheprpe pareatpircarap hg(tae)
and carbon fiberAssembdketdemamdl ssampl b)preparation proce

(c) Photographs of the mol ds.

44 Finite el ement anal ysis of composit

filler alignment

To il lustrate the roloemdaoattigomphitaeaite ¢hema
anal ysis was us eadn.d Cgarrabpohna b feit bwearstee d

cylindricahboirno didoirdmi.@ér ent from | ast chapter,
can hardly simulate the physical process be

used, so a 3D model was built to do the si mu
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44. 1Ther mal conductivity tuenn syerr s alf f

coordinate system

Both the QFhidred agrea ani sotropic mater

conductivity should be expressed as a

systamm®e, the thermal conductivity of

set as foll ows:
_ pmT T M PTT T T
Q m pm 1, Q T PTTT (4.1)
mT TT WTT T T pPTT

in unitsKlof Asgarégsah)ows, t he ther mal <co
filler in composites need to be conver
of principal axes system andaatfie .univ

Herduhi 6§6i x as foll ow.

P T Tt
®w mhw ph (4. 2)
Tt Tt p

The orientatiiomsumifv etrhseaalr ecdasarndiomd tye s e

e Nde The conversion matrix describin
then given by
AT O AT AT adhd
Y AToOh# Al O Al O (4.3)
Al cohes® Al AT oD
The thermal conductivity matrixes of f
were calcul ated by
o) YO Y (4. 4)
wherQe is the thermalatcioxduwgdtviewi tiyn m he

coordinat™® siyssttehner mal conductivity ma

coordinate "Siysttetmamsaplose of the conver
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215K 398 K

Fi gued he schematic of coordinates and the heat transy

44. Est abl i sohf memotd e |
Toest aktlhieshsi mul ati on model , fa gduireal ati on bo>
represent t heomadgeeclitama maittrh xt her mal conduct

of0. M8 mKlacordiomwr tmeasuAempacisft i c number of

graphite sheets are introduced into the anal
the anal og box without over | aphpiiguug ewi t h gr ap
4. ®-e) , 0, 1, 2 and 3 gplagpched ei meghensbhower e
respec@amnwwdrysely, as the number of graphite s
number of bars representing carbon fiber dec

55.

Toest aklhieshsi mul aMAD® h dpBaackealg,e was i ntroduced.
MATLABETrfi ot egiam@5 Cwas p oasptpeedn daisx aAn

exampbe researchers to check and reuse.

44, Finite el ement analysis of composite.

The upper surface of the Knadmdg doxX00W fi xe:
heater is attached to t hbeoXdlloewelrouwmddadrayce of t
on the front, back, ITenfet sa md i roingahrty aroen da dii aolr
calcul ated from

n N1 (4.5)
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N ™y (4.6)
wheNies heat transfer velocity, Q i s th
t he tempferedtdur eFor anal ysicsr,osfsicye oequla
areas wiatxh st m@erznal to the surface of t
temperature contours on the planes ar
scale dfigeé&iAs the resulitscsdadawe wntt
proportion of graphite in the simulat:
decreases dppatéaertrimal conductivity of

was analyzed and compared.
45Ther mal p reo/md rutaitea so n's

I n order to evadl upaetref otrhmea ntcleeromi t he s
TRCMA are used for testing due to the
t wo methods, and confirmatdheg evidenpe

of LFA i sfisgdorda) i nThe sample is heated

tmper at urog pofsuirttsace i s monitored by an
Strictly speaking, the measur ement re:
consi debruektdh earsmal conductivity.

Y - (4.7)
whetWweis the ther mal resistance of the
thermal conductivity.

TabK4é.The raw thermal property data of sampl es.
Thermal Thermal

diffusivity density  Cp conductivity TCE

(mm? s1) (gecm?) @ grKYH (WmlK1 %

original

12.73 1.55 0.86 17.03 9311.83

7.07 1.35 0.95 9.03 4938.96
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9.53 1.29 1.16 14.34 7840.82
9.39 1.20 1.19 13.36 7305.69
6.00 1.13 1.18 7.95 4347.99
coupling
26.80 1.48 0.86 34.04 18607.25
14.10 1.53 0.95 20.43 11168.57
11.40 1.44 1.16 19.13 10455.71
9.65 1.52 1.19 17.41 9519.73
7.53 1.15 1.18 10.23 5594.89
Silica
0.12 1.53 0.97 0.18 0.00
The t her mal conductivity of t he

measured

by

originalThseammpadw.

graphite

resul supported

experi ment a nds inmunheartiicoan , may
alignment of 2D fi er under

filler both of them t o align
directi whi ch a more st abfliel
with different morphology, it <can
of compaasliwaeys f al i nto high
fi,ll ehihlee e | ®babwaeagl axi al

t hrough pl aneo nipiorseicttei can tonffough t he
smal | under compress according

chapAecording

wa s

comparabl e

condtui vity

t her mal

of

used,

t o
t hher mal
he

conductivity

dat a

LFA meRihgoddr(eb a s

we

t he S i

ahdwmar ked
wa s 4.1pWlod it eucho ri en
achiTehvies a

by Addomridiengelteanehnth e an a

compression.

direction

mul ati on,

conductivity

resul ted

wi t h

composite.

mor e

sampl e

hi gher

resour ce

|setrast e .

t hher mal

aver age

applic:

promot e

car bon fiber
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measured ther mal dopduwmeit visttye pc ursv et.o
effects of coupling agdemH8570Samphéesdc b
were tested and | abeled as coupled san
figarfd) are for compari son Wctbhrdhegol
tchet readitc€EFkegtaphite ratio, the addi
can hemproves the thermal conductivity
i ncrease of Ceé x tcontttheeafma | t ceemdwamtciewsi t y
caused by the presence of 1c7fowpl,ilrng 4ag &

4.0 to Z2K3AAWcaoarding to our measur eme.

conductivity of graphite composites in
t her mal conductivity of CF composites
i's assumed that this phenomenon is du

rou g h nbeestsween dampmlidd.erent researches,
matr i x wi t h di fferent t her mal conduc

somehow not enougehn htaon cdee soctyoi nbped htehde. wi t h

pure silicon, t he t hesr mad mpcoosnidtuec t mavti d ry
enhanced asfisgr@en) i nThe highest i ncre
conductivity indicates an overal/l i ncr
As introduced, t wo methods were intro

property. Besi des htehaetr ndai |s sci gpradt ui cotni vci at pye
sample under typical wor king TcRIOhWJA t i on
as wel | . T hreergel iigsi bd enanher mal contact
TRCMA technology is used to measure th
| t s periinscisphlown in Figure 4.7(d). The ¢
copper stpges ®Ohe36tage is heated to a
8 0°C. Then, t he temperatur e of t he ot

According to the definition of ther mal
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(a) Schematic c

conductivity, and (¢c) enhanced

o silica geTRCMA dgetSicihregnat i(ce)di Blggramalofr e s

di fferent pressures. (f) Thermal resistan
0 — O (4.8)

odi ¢ htehe wo coppe
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energy pasphhimg sampl ¢e¢,he areaGofcrtolses s

section. | n Tiaifdldente ons tandt her factor
transport, the ther mafTheomeasuredsi §ea
resi stYacos st t he bul k t her mal resi st e

t heroamar traecsti stTamec ersel at i onY h,iYparbck tkweiemn

showed her e,
Y cY Y - (4. 9)

Figuwr?2(e) depicts the ther mal resistan

temper at u’€C.esThoed mdebDasured thermal resi st
i ncreasi ngAnpdr etshseurteher mal resistance,
data was summadkiandd in tabl e

Tabl4g. The t hreesriadt ance of samples at different

Ther mal Pressur e
resistah10 20 30 40 50 60 70 80 90 100

K ) psi psi psi psi psi psi psi psi psi psi
G-Si 4 . 8 4.7 4.1 3.3 2.8 2.5 2.3 2.1 2.0 1.9
G-c-Si 3.5 25 2.0 15 14 1.3 1.2 1.1 1.0 1.0
CF: G=3i: 33.1 26 2.3 2.1 2.0 1.9 1.8 1.7 1.6 15
CF: G=a&Si3 2. 7 22 1.9 1.7 1.6 1.5 14 1.3 1.2 1.2
CF: G=3i: 12.8 24 2.1 1.9 1.7 1.6 15 14 14 1.3
CF: G=d&Sil 2. 5 22 1.9 1.7 1.6 1.5 14 14 1.3 1.3
CF: G=3i: 1 2. 6 23 2.1 1.9 1.8 1.7 1.6 1.5 15 1.4
CF: G=@Sil 2. 8 25 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.6
CFESi 2.9 27 2.4 2.3 2.2 2.1 2.0 1.9 1.9 1.8
CFc-Si 3.8 34 3.2 3.0 2.8 2.7 2.6 2.5 2.4 2.3
I n most cases, aaBldemmalubsreeds itsot apnrceed i c

performance of .Ashes hld iWsgbari@ )worwhi ch sh
a comparison of al/l samples. When the

TI'M had the | owest t her mal resi stance
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ageidhi s

phemomeghl

and gr aprheidtueci ng |

Since the maxi mum

this result seems

conductivity and t

di fferent test pri

the difference 1in

coppsetradgder malnt act

sur face

Tabl4ds. The

roughness

t heeambhdct i vit

Il ghts the synergistic effe
ow ther mal resistance i n
t her mal condwit,i vity of th
to indicatent tdatertmad i nver :
hermal resistance has been
nciples, the irregularitie
thermal contact resistance
resistance is positively

as pré%ious work has sugge

yeandattheempsi

Thermal
conductivity (W m

Thermal resistance at 30 psi
(x10* K m? W)

KY)

G-Si 17.0 4.1
CF:G=1:3-Si 9.0 2.0
CF:G=1:1-Si 14.3 2.3
CF:G=3:1-Si 134 1.9
CF-Si 8.0 2.1
G-c-Si 34.0 1.9
CF:G=1:3-c-

) 20.4 21
Si
CF:.G=1:1-c-

) 19.1 2.2
Si
CF:G=3:1-c-

) 17.4 2.4
Si
CF-c-Si 10.2 3.2




(b)

FiguBe&he 3D morph®8iogCEsSGefClr@i , respectivel y.

To confirm thihseoeyghbhasSat, oCFSG=and CF

Si was measured witanmda shbhwpgdrB8e Tbeet e
sharp jump-Si osuthaceg indicate that t he
graphite 1 6ildli fWwithltitbcon. The calc
roughne-$§s ofEm60Cdmpar ed ,wiCtFRS@G antl CF

Si have smoothet hpardmeteesr,s aamrde 8. 21
respecSmoet . surfaces are expected to

cont acesi stance.

Then, the stability of the 3 typical

wer e eval uatfeidg4ar9e hseh otwhne r ma | resistanc
the samples did not changes apparently
cycles. Thest bheama®i oifs CFbotk &wSs 1T 10
and does not change significanCiSy with
and CF:GsSi lsampl es, this value change
temperatur e. Wh e n fCheen dt eMappOetr haetguex \ee ri as
t her mal r e sGSit ainsc el .06f0 € nddvVil . 7&spaodti ve
and that o0€SCFi&=1140“&ndwW!l. d48spe6btive
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e, s
— — — — — — — e CF:G=1:1-c-Si
CF-c-Si

R A AV AVAVAVAVAVAY I O

Heating and cooling cycles

Thermal resistance (x10* K m? W)

Fi guRerher mal resi st ancdeurcihnagn g9 sh ecaft iTnigMsand cool i ng cvy

I n order to intuitively display the ther mal
collected an infrafieggdudriéffape, Naat sdiowincangel
pl aced on a heatregprelsemamwi ea. 31l nfrared
camesraecord temperature chamrges ngn atnlkhde t op
coolciylcd eBhe corresponding relsarebhebkbipdof te
by col or scfiagwer &@®9wnlinnt he heati-ng process,
C-Si has the brighteé&ighebor t eamwmeirgadaureg t he
the 4 sDultes the | ow ther malC-Si eshevance of (
can pass throG8h ¢G&i 6kl §;, 1making the tempera
top surface rise quickly. During cooling, wa
bottomceéorft he top surface and o6 dissipatec
at mospheSraempl es with | ow ther mal resi stance
figarllge) and (c) show the temperature of eac
tim®idusing the heatingnaonddeooktiongispthgsth
performance under taher s bwaé t dagphpelmygli t i on,

the sample directly betweeooltee fCiPJ. chhe an

schematic diagr am nosft r evapsahtad wrefing wi e

4. (d). The €Y atheinull head nveoxtigneunner at e
power, me a nemhp € reawn bulreec @ dadss heewdi i gur e
4. (0 ) . The ther mal conductivity of silicone

corresptoenmdpgenrgat ure of CPU reaches more than
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t hreeempl es performed much better due t
Among t héml-CBF showed the best perforn
i's consistent with TRCMA measurements

synergistic effect between carbon fibe

46Eval uation of mechanical proper
Considering the specific application e
be squeezed into the gap between heat
the hardn@®stesthawas i ntroduced. The r e

i n the r-8fgwi oho4% obvious fluctuation

all samples is soft enough for applica

47Concl usi on

I n summary, a method to prepare silico
t hermal conductivity afpitlelrer iIBy @lomgons e
in the entire plane direction, TIM ach

34 WKh an 18,607% i mprovement compar e

this value is attractive, the ther mal
use a TI M because its rough surface ma
chall enging. The 3D profilometer was i

that rough surfaces caused by gaps bet
resistance can be reddcdadhewhen dCRti & hwe
of body thermal conduct iWhietny gtra pshmd et hr
CF = 1, the thermal resistanc® ¢éman be
Wilwith the as<®C samdhcE0 ofsi80coupling age
thercnmanlductivity is founintKd obre trheed umoesd
parffthe resulting TIM samples have obvio

requiring sufficient softness, appropr
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conducti on.

Fi gurlddTemper atur e

cooling process.

at selected ti mes.

heating and cool i
to enhance cool in

a TI M sample. (e)

change of top surface of samples d
(a) I nfrared images of samples durin
(b, ¢c) Teimpfeermentr et i dmes dori ndhet e

ng phases, respectively. (d) Sketch

g. The bl

The

ue block represents the CPU

t empeadtauper otfi drh.e CPU wunder fou


















































































































































































































