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2 o OFHEAUYERFHEHE EHAE S polymethylmethacrylate (PMMA) 7121l Z71ske] A =%
A Ao BAUYEFHS FHAYV AW 2 dHERY v s nEEAh
Coagulation '3} atomic transfer radical polymerization (ATRP) WS Alg3slY] BAU-FHEE 3H
A dtd AREsIAoH, ATRP WHES A3t A2 EFAE= coagulation WHE AHE-St A
23 BPAREYG 2 dAEES FAEE /ML &5 PMMAS dHEE7E 021 WmKATH
Hjgte] ATRP WRICE AHEd 1 wi%] S@AU=RES A7 49 038 WmKE R EE7}
AT HAUERES PMMAYIAIS] AlWS FAPEAAR G S o] 835t IEe Ay g@aAve
FrS A o 71A el ZE4te]l FFEHIL AEATA-BALAUEFE A HA Ao FHFo]
fols| A EEAtgho] HAEl ¥ FRAS VA HA XAEET FE AoE Bt

Abstract: The effect of carbon nanotube surface treatment on the interface and thermal conductivity of carbon
nanotube-based poly(methylmethacrylate) (PMMA) composites was investigated. Coagulation and atomic-transfer
radical polymerization (ATRP) was applied to modify the surface of multi-wall carbon nano-tube. The
composite of ATRP method used carbon nanotube showed the higher transparency and thermal conductivities
than that of the coagulation method used. In comparison to the thermal conductivity of pure PMMA, 0.21
W/mK, the ATRP carbon nanotube used PMMA/MWNT composite showed a thermal conductivity of 0.38
W/mK. The interface between carbon nanotube and PMMA was observed by scanning electron microscope
and uniform dispersion of carbon nanotube was observed without any void in the PMMA matrix. It may be
beneficial to transport the phonon without any scattering and it may result in a higher thermal conductivity.
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U AL R E 5o ge] A Yl

A7t L HFEE Y=o YH4-7]. F= silicon car-
bide (SiC), aluminum nitride (AIN), boron nitride (BN) &
I 2 Ay 28 E AR

TEA} AgoHe] EHEE E=(phonon)?] FEol
o3 o]Fox, AA &9 ofFl AAHE FHOE
st AlskE ARt Ee dA e FEEgel
oJste] dojuim, g UAAfol| MF-EX] Fal afEA] A
E WHE o]Fshke AoE 4HA JuH5,7]. ol A
SYFA dHES Walete Fa% AAEE E=-
F= Ak AW A, aREAe) F Alole] AwA
gholl o3t Akt Fol7] Wi dHEEE Fo|7] ¥
AMAe E= A FHasleof doh5.8]. LEA W
Fo A Z=o] A olFHY] M dHF A2V}
a3 o Y FaH], ZEYE, dA=27], T4
ol T8 AAE &HA ATHS,8-10].

Bk} = F H (carbon nanotube, CNT)E= 1991 Iijima
of o3 W=l Thgt EofkolA AFE a1, &
3 1EA B dHEA AREEoO] St
[11]. FauEfEe 93 Fadat % EaE,
2 F39(300~1,00008 7 Y3 E AVHEE
o QAEEE I Utk BAULEREE 1293
A F2E A Ao I TEARAEEE AL
7] W2l gy FE A F 6,000 WmK ©]
o] B2 GAEEE VA= AoZ dHA JuH12].
ol o] fE BAULFHE 7|&Y dXEE Y

St

< AT F Jde FREHRE AAX gon, & /g
o gavFEE ZA4AT o wff & dHx: 4
< st dHEAC] e LEAEIANRE
skr] 99k B2 A7 M8 Eo] oh13-15]. 3
T g g 7hEe] o e AU FE (Multi-wall
carbon nanotube, MWNT)7} -9~ =& <F 3,000 W/mK
o F2 AAEEE JHA=H HE IdAA A= GH
o] BAUERFEE HEFAR FdAdde tiFiEe

B
SoH11].

TEA Aol BAUrFHIE HrHo e Al
2HOA X=2 F2 VAE B4 ADEeE o=
dHA dom, gAY RHeL 1EA Ato]o] AR
T Aol 10,0008 AE Wr] wjEed YxFE}
JFEA AAALele] dHE &9t FR3E

2 AW EAEgS EF7] A PHOE vy
EREe} A Atold FHAFS =Yt AU A
P=o] oH16]. sHAT ol A¢S Y FEY 1

3t EREEE AHAEE 2H835l7] el EX=
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Table 1. Properties of poly(methylmethacrylate) (PMMA)

Properties Poly(methyl methacrylate)
(IZH;.
Structure _{-CH:_?-}"—
(IZ=O
OCH,
Sample type Pellet
Density (g/cm’) 1.189
Heat capacity (J/g - K) 1.420
Thermal conductivity (W/mK) 0.193
Glass transition temp. (°C) 103
TE AaAle Ao®E dEAT Liu 52 2 wi%d]
FHEAAE A 2]l8 MWNTE  polydimethylsiloxane <=4
Qtell =18te B+ w4 EAEETE STV
AL FASFATH17].
A7t ZIAERE obyet EABA olFA FAE
h=i

AHE B2 d77F I Ho] SkeH18,19]. Choi 52 3
wt%2] SWNTE epoxy Ao FU3te] BE3AIge €
AEEE 39 ol S7HAIAH19].

AG7H HAUERFHEHE H83 giFiEe AT
gaurRFEE Aol drtaide] Byt A
Aol H4& A7 BYa, iER
ol gt A7e BA FRoew, Hdrrt gay
EREE A Z1Aldl Frksted dHEX mA

B Ao A= coagulation® I Atomic Transfer
Radical Polymerization (ATRP)'™H O & A g thsH
A FEHMWNDE 593 d7kaA 490 PMMA
of H7lsted EFARE A=xste, gAY FHY
HAg7F ERARe dAEE, FHE, AWZA,
g ol ez v = FdFS TFSIATH

3T

2.4 ¥

21, ME Mz

B AglHE FYAs WFHel S5 BAE
Parapet® poly(methylmethacrylate) (PMMA) (Grade: GH,
Kuraray Co., Japan)E L&A 7|A 2 AH83t o =

Al X = Table 19 YElY AT PMMAE 33t
S

=7} 021 WmKZ o} & @i&S e 3
S&Eokl= F835t7] A& A

o2 AR gAY FEE S8 {H (Grade :
CM 95, Hanwha Nanotech Co.)E AF&-3l%oM, 10~15

nm®] 2A73& 7HH o, F3 v (aspect ratio)= 1,000 8
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Table 2. Properties of multi-wall carbon nanotube

Properties Values
Diameter 10~15 nm
Filler shape Nanotube
Aspect ratio 300~ 1,000
Density (g/cm’) 13~1.8
Thermal conductivity (W/mK) 3,000

v X50000  100nm WD 80mm

24 b, sonication 2 b, sonication

o] Dropwise addition to

Mix with PMMA soln.

Scheme 1. Fabrication of PMMA/MWNT nanocomposites by
coagulation method.

Z=%tK(Table 2). Figure 1> & AFoA AF83 MWNT
o FAEU A ARzlolth, g H ¢ siEe gy
yEHO ALdE dAEET} 3,000 WmK X9 =
2 Fe VHAE e E ¢EA Utk

AR

U

3

B EHFE| Y AREH|
FHY E4AEE davurFE EdA 59
FEANZ17] A8l A=AREEH A
MWNTE E9A 2] 3ttt AZALZRE 443 S4
U {FHE Figure 13 Zo] AE AA e 725
7= H olE @A Z1Ael AE&E W EAHAF]7]
o2 TAHo] ATt

B AGo A= coagulationH I ATRPHHS ALE
st gAY FHE A2 3T Coagulation™H ol
A& scheme 13} 20] dimethylformamide (DMF)oll MWNT

N

2.
s
%l

o4
bop-rm
mlo H‘

C
| 120 €, 72h
§ 2 Bromoisobutyrate
CuBr
PMDETA
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PMMA-Br

MWNT COOH

Scheme 2. Preparation of PMMA-grafted MWNTs by ATRP

£ 9a 2592 24421 F DMFe] =9k3l= PMMA
g} EFAIL olF AT AFPHOE Y EFA)
2= = WRoltH11].

ATRP W (scheme 2)° 4= brominated PMMAE 7}
EAsto g mHgl® MWNTS 120°ColA 72 h 9]
eSS AlFoH, olF HHHES T F 80°C
AFLENA 24 h 5 AZAF)|2L DMFoIl A E4F Al

71, o]& DMF| =o} Sli= PMMAS} &3l wigt
Lo A7 BEHFH st PMMA/MWNT 305
AATH16].

Coagualation§' 13} ATRPYH O Z -2 PMMA/MWNT
3-9-Cl= PMMAST E3 & Stzf =g ARgste] &
A= ZHE Haa AES Az on, gt
AlHAZL ol g AAGE AR B ATARe] old =
FoA 2SS4 ITH20].

2.3. Morphology ZI&!

Ui EgA gol A 71A1] PMMASE H<l
EREY AHA A E=o] 4t o] mE d
of mAl= S Lotir] fstd HAF FAREAR
u]7(FESEM, JEOL Co., Model : JSM 6007-F)& A&
sHTE ALEAE FAolr] wjZel e At
o2 I3 AE &85 WA fst] AEe]
-2 23 ¥ 5E|(Cressington sputter coater)S ©]-&
sto] 4 nmé] Pt MA Y AW 3 F FFsAT
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Figure 2. Cross-sectional FE-SEM images of PMMA/MWNT
composites at 1 wt% of MWNT loading. (a) PMMA/MWNT
(coagulation, x5,000), (b) PMMA/MWNT (coagulation, x20,000),
(c) PMMA/MWNT (ATRP, x5,000), and (d) PMMA/MWNT
(ATRP x20,000).

d&H(laser flash method)S ©]-83+ Thermal Constant
Analyzer (Model : TC-7000, ULVAC Co.)%82.™, 30°C
ol #olx AFES 7ol 10 mmel T FEfO
A= Ao zAFetY F4E do] FANFSRE o)F
HolA SHel 25 AeAl7IeH HHY 2527 A
7t HlE AIZE half-times S35t 3l s
st o 7)o AEe] Wxet HES File dAEEE
T35t Bl €2 Differential Scanning Calorimeter (Model
: 2010, TA Co)E ol83te A3t o, Anle] 4}
5 BAD7] 8] ZFAIER] Agtolol & ARSSHATH

3. 9 uE

3.1, IDjchd st

A S UFolAMe xi=o AL 7|xy mHZ
g ol A FEFS 7] "ol 71AJ] aEAet d
HAHY E4 HEF2 vl Fast21]. 3719 4
AEZ7F 0.0024 WmKE $7] wjioll AHel| Z=x)3}
= 71&oY B HEL e dd=mey oyl
At AR A8l EASY AEEE
%ZE 4 At} Figure 2+ coagulationtd 3} ATRPHH
o2 A3 MWNTS 1 wi% H7FgF A= vdd
ARzlo|t). ATRP W OZ X 2g MWNT Z3 234
& el A9 dAUEFEIE I 2A A4 9l
3 e WHoZ o]z AN nEA dHHS
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Table 3.

Sxe] ERAY Pl MAE 3%

Density of PMMA/MWNT composites

177

Density (g/cm3)

Sample

Coagulation Method ATRP Method

Neat PMMA
PMMA/MWNT (0.1 wt%)
PMMA/MWNT (0.5 wt%)
PMMA/MWNT (1.0 wt%)

1.19
1.18
1.19

1.19

1.17
1.17
1.18

2 4 Qo] IEA ZIA9 gdAURFHE Alolo] FF
3 AW AT 717 AL F=3 4 A} Coagulation
Hlol] o)k BAuFHO| 9= MWNTZ} 12

oy PMMA 714
MWNT$} PMMA 71217}
It} Coagulation WHE 7%
B3 FxEoe dEz T

gt A MWNTZF
—3}1 ol AL B

}4% M AR=E = T
SIEE] ol A4S o] gdte] FEEUE AAN Fi

HA37 26 h o] 253 Aol &Jste] MWNTZF
E4Eo] =7t AotEal, g@AUEFHe &4 X
=9 HEE AA7Ie AoE B v Jui22]
Coagulation }H &2 A2 MWNTS 79 MWNTY
ko] &z kil MWNTF9lol PMMA ~7]A17F 2 &
ZtE AWTERE Hole A& ¢ F Utk giroe=
253 A 184 71ARkel EASHE nanotubeE©)
nano-scale ¥4t 5 XH U= micro-scale E4F FF o2
Abgsle Ao E dEA o B AFAE 25T
A E 39 A 9, nano-scale E-4Fol 93] BrAv R H
of AU RHYL ALK R AHE HEFH e A
< AEE 5 gl

32. 2%

gy fFHol e WslA7|HA ATRPHH
coagulation®H 0.2 A| 23 1 EA E3ge IE =4
Z3E Table 39 FEAISIATE MWNTE] U=+ 1.5 glem
AEE PMMA 714 RO Tha o4 1 wi% BT
PMMA®] F7lste] BEdAEE AxsA7] wao +
I PMMAS} AR DEE YERJSITE ATRP WH O

=

A

w O

2=
2 A B RHE Ags] EPAEE A
3 Aeoe "R &% PMMAY "X 119
glem’ BT} oFzh Yrolx|= e HYEd olE YR
AT AL AE Az v 7127 23E S
7] WEo g Helth

3.3. UV-vis Spectra
MWNT &3 HAg] o wgl PMMA/MWNT
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PMMA/MWNT ATRP 0.1 wt%
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Transmittance (%)

T 1 T
400 500 600 700 800

Wavelength (nm)
Figure 3. UV-vis spectra of neat PMMA and PMMA/MWNT

(0.1 wt%), ATRP method was used to prepare the MWNT
in PMMA matrix.

0.40 -—=—MWNT/PMMA Composite [Coagulation method]
—o—MWNT/PMMA Composite [ATRP method]

0.35 1

0.30 1

0.25

Thermal conductivity (W/mK)

0.20 1

0.0

T

T
0.5 1.0
Weight fraction of filler (%)

Figure 4. Thermal conductivity of PMMA/MWNT composites
as a function of MWNT content.

EdA R FEAE HAE FFES UV-vis spectra
S o] g3t #ASATE Figure 314 B nle} 2
©] Neat PMMA®} ATRP #WAE] WHo= A
0.1 wto] MWNTE E3sh= A9 75l 550
nm®| Il A 21%¢] FFAEE YERY. shARE
coagulation®'H#} ATRP *THOZ 0.5 wi%2t 1 wi%<]
MWNTE 338h= A-9olle 1% P 354 Es B
o). Coagulationd & 2 A 2|3k Al SHdolA Agst
R0l HAAHETE dUH e R FA Yot LT 0.1
wt% MWNT oA FEAE7L A8 0o 7M7he
He VHAE Ao E KB

34, YMEC
Figure 4 coagulationd® 3} ATRPHH-E A}8-5ho]
A3 MWNTES X385+ PMMAL EsiAlge 44

2R
=% WH3E BHoF3 9tk ATRPY coagulation WH
of TAGle]l BAU N FH o] FIlge| A%
= ol 7R 1 wit%e] MWNTE ATRPHH O
3:_)‘:_

A st AL EFAEY A dAEEE
0.37 WmKZ 4= PMMA”} 021 WmKE 7HA& A3
Hws wf 71 %9 dAEE &S R YTl Coagulation
ol vste] ATRPHHO] 22 hefe] YR H A
Ho 58 dAEE 2712 HoFQ) o83 Axs=
ANAET] Afoles 1 wi% vie] 54 gay:
28 g A7 AEET} FAS Z7VsHE per-
colation threshold”} ¥HAY3}A|TF AHlH o2 X =T
A= percolation@ o] UYERYA] = A x|t
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Coagulation ' F&FE A A fIste] 24t
A E] & 24 h B¢ 25T E4bE AlTE EEAQ
BAmb o] 7] wjEo] MWNTS EAHE7L 43531
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Ale dadsRFH F2E /M GiEx9] &
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Holl PMMAE Z3AI714L, o]& B EZ F#H]3 PMMA
71749t E%siAl Foi, PMMA Z1A9ke] Ag4do] =
ofA 2 EHZQl E4to] o] Fojx AR
7F Hojdk Ao 2 B 4 9ty F, ATRP W2
oA DEA} AU FEIL FHATS ol F
o] PMMA 714 WollA B E7F 943t gha
U FHO &44& AA Fo] dAEET} &5
Bo 71% $4E AHE HAFE oz Helth

MWNTE AREEH B A9 Aie dd¥eiy:
FHE AME3l] epoxyol A& o]l AFAIe}
ztol & Kol Hl, epoxyTA ol 0.09 wi%s] T ug
2UERFHE I 9o dAEET) 350% F71s)
ATH19]. & AFolM de Axgpnc Iy 2 A=
S7HE Hole olfe EUFAA A g 2He
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Figure 5. Tg changes with different surface treatment methods.
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