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=5 BH¥ @24/ MCFHE ek @454 I AEHAIE Axd & SRS SN i EE S Yo
ExHo] = MCFE #E3819t) lE- X 2 2= endo-dicyclopentadiene(endo-DCPD)E AMHE-31510H, 44
73sES 27100 AZIEEIE 0.47 Tesladl G7AM 0= A4S 7kstel MCFE A1 o= widsiltt.
FA Wl 23] AN H7kste] A7k Al olstel BAEE A 9] S50l Fale] MCFS W
ek A7 A7FeHA] 5 B9 HlaLskalE o 8 vol% MCF gHgellr] S =7t oF 210% 7HE 27
FFEATE. olH T I A7 WFORE MCFE] vl 71Q1g Aol MCF MiE3dS Fskdnd #2
< Fal skt 2 AFdde vhE Aol s AR S ARESte] w2 A7l g ZhdshEAE &
HH o2 E3A 2 GHEEE 7T & US AAEId Fo

Abstract: Thermally conductive polymer composites containing milled carbon fibers (MCF) were prepared and the ther-
mal conductivities and the MCF distribution in the matrix were observed. Endo-dicyclopentadiene (endo-DCPD) was
used as matrix resin. The MCF was aligned along the direction of the magnetic field applied using a permanent magnet
having a magnetic flux density of 0.47 Tesla at the beginning of the curing reaction. The MCF alignment was induced
by the resin flow generated by a small amount of iron oxide (III) in the resin. The thermal conductivity was markedly
enhanced by 210% at 8 vol% MCEF, compared to the unaligned composite without a magnetic field. Such the remarkable
enhancement was due to the MCF alignment in the magnetic field direction, as elucidated by optical microscopy. It sug-
gests that high thermal conductivity can be imparted to a composite simply and effectively at low magnetic force using
a permanent magnet, as compared to other studies.

Keywords: milled carbon fiber, endo-dicyclopentadiene, magnetic field, alignment, optical microscopy.
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Figure 1. Industrial applications according to the range of thermal
conductivity.
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olgfgh Ul 7K migFiR 5 271l ot IAEE
of gk Wyo] B IS R ok, AEA /AR B
GA ] A sG] BHE HUKeE EAF S A ol A}
717 QI7et] o] midks feshke A7 AHTT Bel
RIE 3 o} Z2]7FR ] o] E(polycarbonate: PC)ol| Z7;
multi-walled carbon nanotube(MWNT)Z 0.1 wt% H7|3F &
A<} single-walled carbon nanotube(SWNT)E 0.1 wi% 3
7¥eE Bl 0.12 Tesla =8] A7 174E 7kete] Z21E o)
PAFE W, A7 flo] FARIE A B3A|oF v)ast
H O EHA| o] TEATA A & 2lolE HolH Z]AF 243
I TG AFAME Zpol7t Ago] HarEATh 27|ar
AN ZA/MWNT £ ol] 9~25 Teslaol] 733+ 24713-S <17}
stRs i, oo WIHS ZvHEEEAH (Raman
spectroscopy )2t 27t X4 4leh(small angle X-ray scattering)
S Fote] AESIAL, Helo] Wl tigk aE =
AFet7] flete] 9 Asd dHAEES SASITE 1
A SAEES] A 7t FARIE FXE e AlH
o] ¢ EAEEI} 029 Wim-Kolglem, dAw Wk 4
Aoz de7h wie Al A EdEEE 024 Wm K
2 gk W] wet GHERe] zolE YERIT

T2)3L of]ZA|GA]el] 212} carbon nanotube(CNT)9} carbon
nanofiber(CNF)E 3 7Fst B3| 28 Tesla =] 7Jst 2}
71E 7o BA] EAe] ' E, frEldole: H I
el ewrt 7Rt A7F RaEdoh Eelo gl
(polyethyleneimine)s} A S E35tsl= 89 Wlo CNT

Table 1. A Summary of Patents Related to Filler Alignment in Various Resins

Content Alienment Magnetic flux Thermal
Matrix Filler Resin:Filler nit m%:ltl}?cl) d density conductivity Reference
Y (Tesla) (W/m-K)
PP, Boron nitride
Liquid silicone . . 75:25
ickel adsorption
™ rpion) vol% Electro 0.4 - 15
Epox Carbon fiber 85:15 magnetic
POXy (nickel adsorption) )
Epoxy Polybenzazolsa fiber 42:58 vol% Lamination - 21 16
(Impregnation)
Epoxy Boron nitride 65:35 vol% Magnet 6 3.8 17
Liquid silicone Carbon fiber - - Electrg 10 - 18
magnetic
Liquid silicone Graphltlze'd carboq fiber+ 100:120:100 phr Magnetic 10 112 19
Epoxy Aluminum oxide field
Iron . o Magnetic
Epoxy (Cluster form) 30:70 vol% feld 0.1 - 20
Polyethylene Carbon fiber 75:25 vol% Electr(? 8 12.2 21
magnetic
Polyphenylene Boron nitride+Iron . o )
sulfide (cluster form) 70:20:10 vol% Magnet 1 22
Liquid silicone Carbon fiber+Alumina 100:120:475 phr Magnet 10 50 23
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de7t M 5 she A7k XEAL ok vie =719
ARAE F2AIZ] MWNTS 3718 eaad-f7d3t 8t
EA0l 0.6 Tesla®] 271732 <17kl MWNTS #i &A%
5 FARAAFRWZE (SEM) o|FAE Fsle] vk A=E 21l
shar, wiEF Aol mat B3AS] 7A1A E40] FdHT=
ATAFAE By EJTH! 28] 3 Z2] 2] (polystyrene)ol
yAz Astd R A9E CNFE #71ste] 1-3 Tesla H =]
271785 17FeE ZdeEjollA BEAIE Al xstal SEME 3
A 7IAIA 24 RIS AR A7 E BRaE”
LS oA A2l polydimethylsiloxane?]] 2 YRS &% &
ZFA1 71 vapor-grown carbon fiber(VGCF)S &33le] 0.23
Tesla®] 2P7174-S 715190S Wl 24} wjER] 2 Yo VGCF
o] FAk wiEke] BE At AHE A E L Uk
A7 SHEA A ERAA Aol ARSE
7S BHE FE AFAIFAE etk & Aol
M dE9] o]F& &olaH st SRR 54
4 g Jor, =2 A ES WA
v 7H T 4% RS A
s SEA G el S8
dicyclopentadiene(endo-DCPD)S- ARt Endo-DCPD
G FA ] 75 7] o] Ak el gk A@de]
slal 7ol tisk uPdo] st ZeE A% ruthenium(Ru)
719k] Grubbs FviE ]85+ ZAsREEF 75t ¢ EAdws)
of thet B2 AFAATE BuE ok st
polydicyclopentadiene(poly-DCPD) £ 7[ U =5 7}HA]
= 33 Re] EAREA 73RS (ring opening
meththesis polymerization, ROMP) WFAUZ<] T3 FJ€
t}. Figure 2°= Grubbs 7ol ©]gt endo-DCPDe] 59k
< A2E Yep A Y. Endo-DCPD2] nobornene 2] £F
cyclopentene 22| o|FAgo] /MEHA w2 WY YA
7} ZHeste] golshA EWREel XfE . SR/ AL
ol AT T WAl & nobornene 2E]9] oFZAgte] W
A REgsto] A AEAprkEo] FAdEAL, T F cyclopentene
agje] o]FAge] M HA BFTErE FAE T Egt
endo-DCPDE= S HEel 2 A wjiof vhEAEA
3 (reaction injection molding: RIM)3} 3] o] 4=/ 3 (resin
transfer molding: RTM)&- A2 Bo| AR5 5L QT2
whEbA] 2 Aol 52 w2 H2e endo-DCPDe] E2

8 Hy ok
X

o >
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DCPD

(b) 1% generation Grubbs catalyst

Figure 2. Ring-opening metathesis polymerization of endo-DCPD
with a Grubbs catalyst.
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diffusivity)g S35t 7383, W ARFAIE = 241
(modulated DSC)S ©]-&-3f>] E-3}A2] H]Y (specific heat)S
=431tk 43 poly-DCPD "EZ] 2 Yo MCFe] £
el Bk S o)gste] AT

lo

Al
=

o

AMET EME AlH M=, A7) Qrsle] BaE=
FA9 552 B B wige fEske Wl A
A o] Ars WS Zosit) wEh B Aqexs 9743}




4 FA ANE F AT W2 AoR dHA U= endo-
DCPD(EAF#=132.2 g/mol, ¥]5=0.978, Acros Organics Co.,
Belgium)E " EE X A8 deste] A5 T3kt
Endo-DCPD®] 733}4k3-2 F=35}7] 913+ Grubbs Z1f (First
generation, Sigma-Aldrich Co., USAy= 4] 9] £3l=&
=] W3-8 £31517] 913l dichloromethane(Sigma-Aldrich
Co., USAYS ARgatod AAGA X & AREsISith. 44 4
Ao Z Grubbs Z1l 0.03 g dichloromethane 1.5 mLe} &+
A 7oA ZIAH o2 Egtste] S| &8lAX] £ A
29171 stelA of 10027 8iE SUAA AA8E SHiE

FHEAS Fofs] At D= it A2l 200 um
olx Hgt 7ol 11 pmelH, GHAE=7} 2F 550 W/m-K
el 31 X](pitch) Al ©] MCF(K223HM, Mitsubishi Plastics Co.,
Japan)5 ARESIITE A7 1S 718l e W 2|9 358
F=3k7] fek APUAZ FHFA=7F ~50 pmel el <]
AbsH(I)2 (Sigma-Aldrich Co., USAYS ARE-EIATE AH714-S
Fodat7] gk A2 047 Tesla o] 2P 18S 732
£ W2t E (neodymium) 2] FFAH (HA 4, Korea)
< ARESISiT

o] E4S olgsle v 242 Ao dHxER &

AAL A 3T WA 20 mL vlo]d el MCFE
IFZF P2 &, AdYAE H7KSIAL DCPDE 15 g2 549
gk & MCFE 227 LA ZTH MCFe] #4324k 9
8l 223} F47](Homogenizer, VCX750, Sonics & Materials,
Inc., USA)E ©|-&3Iltt. ol 253} F4b719] X352 4|
ZZ2] 40%=2 IASIA LM, F 105 (pulse-on=3, pulse-
off=2%) &<+ A2lsl3ltt. o]e} o] FH|H EAkS A4
JA1Z1 Grubbs Evi7F B4 = 100 mL HFA] ¥ &, A
5 4cme| JP e (impeller)’} &M 71414 R & o8
3l 300 rppmellA] 6% 3037F FLSHA EFBIGAT. ek S5
E = (Figure 3(a))°ll 9°de] HAEZFAE Fo] ik &
Aol A& A2 ZE = (Figure 3(b)S A2kt 28lx
HAYZEE FY de= T2 EFY E9 endo-DCPD/
Grubbs Fuff ZAMAS H-2 § Seto|= ZFEk(slide glass)
2 E5E Y3 I 9 IS T4 A1 7R
o}, o]g} o] 271 QI7FgE AdElellA 70 °CE FAIE &
2ol 2417 Bt FAIAIZIHA 4kl e] Zsukgo] zl8)
HEE Sth 2 & BERRE A4S AASIAL 170 °Co
QEANA A7 30F S FASA v BEE AL
2 Y7L S A EEERREH €Y (demolding)a}
AT}, Figure 3(c)ollA] B niel o], A|5.9} A 7o)
AZE 77} 1, 25, 50 mmZ €2l 1 a5 AT

glo|x ZzjA| EAMH (Laser Flash Analysis: LFA). LFA
= A5e] dEIEE AP o7 FH57ol vl¢- &3
ol Bek|e] AT (k)= 2] (1) ol&3le] 3t

E+4~2d-5-/Endo-Dicyclopentadiene =-39] dAxw 3 1061

(a) Metal mold (b) Silicone mold

Magnet | 50 mm
Magnet {_25mm
slide@; l Magnet 1 mm

_ e

(c) Application of magnetic field

Figure 3. Metal and silicone molds for composite specimen prepa-
ration and applications of magnetic field.

ko= (o X pex Cyo) )]

714, B o= EEMEE(mm?s), pe D= (g/ec), L
3L C, = BEH(/g K2 7HRIZIY dgiies 4]
$&le] dlolA ZA] A (LFA, 447 Nano Flash, Netzsch
Instruments, Germany)2 AFE-31$10H, A|HO] F7]+= F7
7F ¢F 3mmo]ar, XEe] 12.7 mme] Y2 FEZ, AlH %
Hel| dxgo] golate s Al i ol S £
(graphite) 0.2 FE3T 5 25°ColA QEAeS 2A&T)
&9k ] E-8-F(heat capacity)> WIZE ARG HEAHOZ
SABIA L, BEs UEAES o] &3l of27|vH =9 g
o ZA3] ALkt

BT A[XISEAIERF EAM4 (Modulated Differential Scanning
Calorimetry: MDSC). E-3t¢] X EEE dolrr] flalA]
Zagk v g2 Sk 28kl 1 °CE 60% 57t HHA
° 2 $38= WX (modulated) Z=(mode)2] AlXSEAME 3
A(DSC Q2000, TA Instruments, Inc., USA)S AM&-3}31 T}
gAY BEE 8] fleiA HIE S HRE 5 e
7172222 Aljo]o (sapphire)S ARE-3IA.0H, 15 °CollA 35
7] S5 2 CiminZ AAE-9)7] shlr] d3g 24
st v ZhS sl

#0ld BE MCFe] BZEXE 2ARE] 918 FAPAA
|7 (JSM-6380, Jeol, Japan)S- ©]-&3ISith. B3 A]H W
o] MCF X 9w Fe & dotir] gt A2t
7](Secotom-50, Struers, Denmark)E AF&-3}%] 1000 rpmel|A]
0.1 mm/s®] HEZ A THE 04mme] FA =2 s}
STt Aosl thie] e 3381 m] 7 (Icamscope, Sometech,

Koreays ARg-3te] Zhzb <403} x300 wj-&-olA F&sIit}
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Figure 4. Variation of the specific heat (C,) of composite specimens
as a function of MCF content.
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S v MDSCZHH 4% (2o HelE HoJFth MCF
£ 78R 29kE W endo-DCPD2] Cyi= 1.25 J/g-KolH,
MCF o] Z7FsiA C, a2 A H oz F71etith &
AFollA = o]e}t o] MYPA o= Welsh= C, w2 o83t
o] Haby AlHol et ST gHS AAsAT. Figure 5
of FARIAANH o2 #Ae MCFe] ZE22AE YERNS]
ot AW o g o7t 2 XA vadfo] AYARA ¥
S BoFaL /lom Alfe] Zojet A7 o] wlg- dA ST

X7 HIQUZE AJHE. 2717 QU7FSHAl 92 H3HA Al
of thst M=} MCFe] &4t JEl & 24187 98t
MCFE 4 vol%, AHdEZ21 2l INE S A& 7oz
FAH] 0.0639 3F3= 0.0225 go] H7HE BEFAE A=
skal, oL WS AN ES Sl AEeh, oA 7edt
o GHEEE S4BT AlHe] ThEe 323t Figure
6°] Aol 2J3hH, MCF7} F-2912 ZA| Al LA
ExEo] 22 & 4 Uut o] HaA| AlH tisle] =4
S AATE ZHe 0.54 W/m-Ko|Sith.
XMzt AZo| 2| W&k A1) A1717F MCFe]

o
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Figure 5. Scanning electron microscopic image of milled carbon
fibers used in this work: (a) x50; (b) x5000.

Figure 6. An optical microscopic image of endo-DCPD/MCF com-
posite with 4 vol% MCF (k=0.54 W/m-K) (Magnification: 40x).

ol mXle FFS etatr] fleted Alget A o] ARE
WHSIAA AJHE Az A4 A8 Alelo] 27
= 7zt7} 1, 25, 282 50mmE HIAA endo-DCPDO]
MCF 2 vol%E H7Ist E4AE Alxsle diEEs 574
3 Az}, FAAR Wt A==t 7242 0.98, 0.77, L]
30.61 Wm-Ke =2 7HAsteint. Figure 7014 BoiF= 3
shdn]A Aaet o], FAA 7} 19014 50 mmE Hold
= vWEZ 2 Yo MCF7L wids]= A=rt fHashe 2S¢
T Atk ol A7) Al717F MCFe] v adol ks =
8% 24 Fo| it AE AN Gk Eoh webd B
AtelM s 7P E A1 A7FE AL, H3A W
MFC®] gkl 71 & o] Fojxthal dAdkd F2 A<l
1 mm %, AFAo] = HIZ 9ol X5 &efo|= Fepid
FHOE HET HJHE BE AUS Ax33IT

XM AlZo| EH7qE| YWk A HojFE Ayl A9
vl ol AlRE 9IAAA MCFE] wide fiesto] Alzs
A AEEe] AR} we AR otk ofghe
g, o7Me A ke 2 X BetAe] B,
MCF®] W st o)) we EehAle] dA=wo] Wl r
A= A7142] 43S AT Figure 8914 Hi= wle}
o], AF A0 em)oll A 25 e 2 7H7} 10, 20, 30
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Figure 7. The MCF alignment effect on the vertical distance
between the magnet and the endo-DCPD/MCF composite specimen
with 2 vol% MCF: (a) 50 mm, £=0.61 W/m-K; (b) 25 mm, £=0.77
W/m-K; and (¢) 1 mm, £=0.98 W/m-K) (Magnification: 300x).

Goixl fIR|A] AlAe] tigh ThHS ALl EHEE
ST A, Aol 7 | 3ol sidshks A (30
mm)2] ¢ FAEE7F 038 Wm-KA3L, 20 mmell 9235}
£ AJ#e GAEEE 0.92 Wm Ktk 283 &}2je] Ui
7 B A 2 HES AEQ] 0 mmolA = 0.98
Wim-K2 7P & dHxes Jephdet. ol sidshe
BHalz) o] vhHS Fadn| Aoz B@st Ad) AAI AR
o] =R A wt A o] MCF7} vidkel o] &
A= As & F Adnk ol A Aol wet Al
Rl A7]¥o] 7}01111% kel @R AL, AAE o g A
Y] olFHEke] gk MCFe| wjahdadol 93 F3U
7] w otk A oA 30 mm Gojzl 495 B, MCFe
o] = Wikt = Wigko g wojolom o Axt B
s 7P dAEEs YERATE. 2] 3 A4 54

:

mlm

2’d-/Endo-Dicyclopentadiene B-3HA49] GAE=E 3 1063

-30mm -20mm  -10mm Omm  +10mm +20mm +30 mm

Figure 8. Effect of the parallel position of endo-DCPD/MCF com-
posite specimen distant from the magnetic on the MCF alignment.
Arrows indicate the direction of MCF. The vertical distance between
the magnet and the composite specimen was 1 mm and the MCF
content was 2 vol%.

7

@® Magnet

6| v No magnet b
2 57
=
S o
ex 4 v
o E @
52
© L
g— 3 °
@
= *

2 v

]
1 [ v
v v
v
N . . . .
0 5 10 15 20 25
MCF (vol%)

Figure 9. Variations of the thermal conductivity of endo-DCPD/
MCF composites as a function of MCF content.

S ZHE 20 mmell YX$ AJHS MCF7} oF 45° A= 7]&
ozl Fefoln, 0 mmel] YIXgF AlHdA = MCF7} s ¥
oz =] ol ERIEeH, 7 A3} EHA= 7t
= dAEEE Yehhdch

MCF ghake| &k, oA 27 1dol osk MCFe] vl &=} ull
601:011 T,q.g_ oﬂx-]EEQ,] tq;@]_g z/\].L].oﬂotq oﬂx-]\:\: 6‘}:)\]—
< A% A 208 ARSI o APexe 9 A
oj2 A= 71%E MCF ge] s} Bade] ddrw
o n A& FIFS FAFESIT). Figure 99 #7135 ¢17)ah
Al QI7FsHA] 282 Al MCF &l me 539 €
Hxwe] HMsl Fds JERNITE MCF $ke] S71stel m
2 A714S Q7 }f& 735-oF QI7FelA] k2 734 EFolA
MCF 3 F 20 vol%7HA] Ede=s 7] AgdHoz 5
7Vsdet. 2813 20 vol%ZHA] EE BHA] AlHo|A 217
AL 7R 97t 71eHA] ek ASE HEEst
A VERTE 718 U7 &= Z-9-elle 2 vol%ell
21 029 W/m-K, 8|3 20 vol%ol 1 3.80 Wm' K& &7}
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Table 2. Thermal Conductivities of endo-DCPD/MCF

Composites with Different MCF Contents

Thermal conductivity % Enhancement of
0

MCF (W/m-K)
(vol%) - - thermal
Without With conductivity
magnetic field magnetic field

0 0.17 0.17 -
2 0.29 0.98 240
4 0.54 1.65 210
6 0.85 2.80 230
8 0.67 2.39 260
10 1.89 3.60 90
12 2.11 4.09 90
20 3.80 6.17 60

sl om, 271748 17Fe Al 739l 2 vol%eollA] g
AEE7F 098 W/m- K1 Z°] 20 vol%elA 6.17 W/m K=
A Z7F5FATE Table 200= ol AREE Al GHE
T ks g AolH, ol9f $7 MCF 3ol we 2717
Q17tell ]38k A =9 245 a FHEnhancement(%))S A4
sttt dHEwe] Aeade 4 (20l oste] Faiint.

( kaligned - Iqmaligned

Enhancement (%) = )X 100 2)

kunaligned

AVIM, ks 2718 7H510] MCEZ} i A1) &
AL, ks’ A719E 7H5HA] 2 o] h B

HAE=g vebdtt o] el A ukel o], MCF 3
2~8 vol%eol = A7 17 <171l ofste] ER=mrE oF 230%
A& Z3A P WA, 10 vol% o1l E oF 90% HEe]
FeaIrt R ont, WS MCF ghgol vls) =] A
TR TV B 2B ol MCF &gl ¥
w MCFe] wigko] 3o doju} HgiA|e] A &
TEAE FESHAA YR AR, MCFe] o] o= A&

O:

ol S F3A g STl 2gk 1] HE Ao
Z ulEE 2 U] MCF 9AFe] 2ol Wal & ol 59|

oA} MCFe] uljo] Alghe: wior] Wizl A= s ek
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Figure 10. Selected optical microscopic images for the composite
specimens shown in Figure 9. (a) 2 vol% MCF, £=0.98 W/m-K; (b)
4 vol% MCEF, k£=1.65 W/m-K; (c) 6 vol% MCF, k=2.80 W/m-K).
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