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Investigation of Thermal Stability of Epoxy Composite Reinforced with
Multi-Walled Carbon Nanotubes and Micrometer-Sized Silica Particles

Yun Oh*, Byeong Il You*, Ji Ho Ahn*, Gyo Woo Lee*"

ABSTRACT: In this study, to improve the thermal stabilities of the epoxy composite specimens in addition to the
enhanced mechanical properties, those were reinforced with carbon nanotubes and micrometer-sized silica particles.
To disperse the filler in matrix relatively simple physical process, specimens were fabricated using shear mixing and
sonication. Tensile strength, coefficients of thermal expansion and thermal conductivity of the specimens were
measured with varied contents of the two fillers. The mechanical and thermal properties were also discussed, and the
experimental results of thermal expansion related to the thermal stability of the specimens were compared with those
from several micromechanics models. The hybrid composites specimens incorporating 0.6 wt% of carbon nanotubes
and 50 wt% of silica particles showed better mechanical properties than the others with increase in tensile strength up
to 11%, with respect to those of the baseline specimens. As the silica contents were increased the thermal expansion
was reduced down to 36%, and the thermal stability was improved with the decreased thermal deformation. Thermal
conductivity of the epoxy composite specimens incorporating 50 wt% of silica particles was enhanced, which
demonstrate improvement of 72%. The mechanical and thermal properties of the hybrid composites specimens
incorporating the two fillers were improved simultaneously.
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= O FA] A (resin)= HE A Q1 B3 4=A] o] o}
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Resin : Epoxy
Vacuum : 2 hr.

Table 1. Properties of Epoxy resin, epoxy composite, multi-walled
carbon nanotubes and silica particles used in this study

Epoxy Resin, Epoxy
Adding Filler : MWNTs composite MWNTs SiOz
Shear Mixing (500 rpm for 20 min. + 1000 rpm for 20 min.) (Resi Hard )
Sonication (30 min.) esin + Hardener
Shear Mixing (500 rpm for 20 min. + 1000 rpm for 20 min.) 5.2~97" . .
Sonication (30 min.) Tensile Strength (MPa) (69 2“) 30,000 110
o 0.0037~215 . .
AddingFiller : SiO, Young's Modulus (GPa) - 600 73
Shear Mixing ( 500 rpm for 30 min. + 1000 rpm for 30 min.) (1.047)
Sonication (30 min.) - -
Shear Mixing (500 rpm for 30 min. + 1000 rpm for 30 min.) Coefficient of Thermal 20~86 16 04"
Expansion (10°%/K) (33.38")
I p
Adding Hardener Thermal Conductivity 0.14~1.28" 3,000 L4
Weight Ratio, Epoxy: Hardener=3:1 (W/m-K)
1.17° . .
- Density (g/cm?) 112" 1.0 2.2
Shear Mixing (500 rpm for 15 min. + 1000 rpm for 15 min.) a. )
Vacuum : 10 min. Specific Heat (kJ/kgK) 1.3 0.7 0.7"
v Poisson's Ratio 0.34" 0.06" | 0.17°
Curing : Pressure Device (3 atm, 48 hr.) *www.matweb.com, WWW.aZ0m.com
Oven (80 °C, 6 hr.) “Obtained from measurements
Fig. 1. A schematic diagram of the fabrication process for rein-
forced composite specimens A TS A Wl AA AAjske] LBAS 2ol )
7 E 5 Qs ARSES AASA o] IS AR F
%dxﬂ TEFE A AoHAE &R Ao tigt wiE A AlEe 28] ¥al, 2B QYA olE 9] shz B
FABHAE o5 5 MWNTs 9F=F 0.6 wt%o]] SiO, 2] #|(half bridge)ol] AZA3ste] & HEFES SA A ©]

t:; 30 wt% 2 731 Slo] B el s Bala e A|H o] 2
e A19) ASA(EH NS 31) A o) 0.6%9}
30%2] MWNTs} Si0, 2447} E3He| ¢SS oju]3tiu}.

Table 10412 AF 27} 9 oj2) £H2 B T2 9
= A FA| A, ol FA B =, MWNTS, Si0, 2H7+9] &
A5 v X olst mElSoq AME R BAAS E715I

2.2 NEH 53
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£ 05 mm/ming] 242 7+ ALGEIR O, 7k Ao] 2 o}
A o] Aol ZAE 9L,

Ae] RS 2 AEQ] QI Ao]E| (B3, Vishay
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2 A 7 &f Aol 21451 At &2 Ao A5 65°C
7HA] A E R o, 52 &= 3°C/min2 A Aste] AR
Ho U3l xBTS w3yt g HE S =4
at7] §18fl Aldel AE# <l A o] A (N2A-13T004N-350,
Micro-Measurements, Inc.)S 225191 0w, @ Hof A|HS
W3 SO SEE SeliL oAl Aoz Yotk of

o 248 9 WHBS AEd9 Aolx A9 o WYE

w3k glo] ofol] tigt FFS AAs] s 4o A

oI 2l B0] (dummy) Aol A2 83T
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g & A 7|(LFA 467 HyperFlash, NETZSCH Analyzing &
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< AH Awe] 2ABLe] S do| AW A o
ol 5 gl wet Ald HHe] 2EF AFsAl7]=d
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A 7 RO B AeART WE, 103 GS §
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o 2700 o3 ANE oS5 ]
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H7bE) el AW fE GBYASE o] EH O
AN Z317] SAE 4 (DL ol-gste] sfoluel= S
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vV, = (mfl/pfl)+(mf2/pf2) 1)
Jix (mm/pm)+(mfl/pfl)+(mf2/pf2)

Vn=1-V;

2%+ HZ(rule of mixture, ROM) Hdle] 4] (2)= E3lA

= FAei mAel 30 ALEE U 240 A

o2 gloje] B4 A2 Wrlehi 714 Bheeln ] 249
ot ojuf sto| B & SHA = F3tE S REY
A=A 9= (coefficient of thermal expansion, CTE, ¢ )&= T}
g} gro] A ojglet.

Vaan+ Vo
a =Vt Vy 0y s o =L @)
* Six

12t} ROM el 414 Adito] 4t 23 1 59
i3t WA S Z3shA| 7)ol =Tt @A 5] WA et
o|& Hst7] 9lall Kerner = ([7]9] 4] (3)of| A= =A<t
FAA Abolofl EA = W Al-5- 2 (micro-stress) ¥} 7 tH-3-
2 (shear stress) =2 113 ROM 2d2- 2519t} 4] (3)
oAl AFEE]= 1= Z2ol2H](Possion's ratio)o]|®, G} F=
Y7} ATk A4 (shear modulus)2b
< eujatey.

%% (Young's modulus)

a.=V,a,+Vy o =V, Vs (a, af) v
i Jomix mi VV,

Em VaEq+V,E,
G s 1, - L o

31H Wakashima-Tsukamoto &2 & [8]2 4=7%] %l Eshelby's
equivalent inclusion W' [9]2} Mori-Tanaka 22 [10}S A%t
sfo] e Ao 2HE nEA] JAH S4B
QA mapo] odare Lashelc wAlo) stol el = F4
Ao) A4 A (bulk modulus, K) B Agheb A4 of
et o] FHEH, sho|Hel = EA =9 %‘%%741—;——
A (= e

"3(1-2y,) 312y e v,
G E _EL — V{lel + Vﬁszz
m= 2(1+v,)’ Gr= 2(1+w)° Fimix v,
aVy KK —K) K; (8K, T4G,)
_VnontVpop
KT

= _(afmix_ m)+ Ay, (4)

o
o, 22 ol SH-A7F SH UA oL EAbE o] 9
o et Batgzel AR K B4 S *
o9 Fa ek
F1g 29} 32 A|H Yo Al MWNTsQ} SiO, A A o] HA
& AA o2 Hoksly] 8l A shehee) oA 728
—7E/\}7§_ 243 u] 7 (field emission-scanning electron microscopy,
FE-SEM) S = 5t Abxlolct. Fig. 29] (a)= MWNTs 9
0.4 wt%= ZF3He of| A BAE A HO| b S, (b)2k
(c)= MWNTSs & 0.8 wt%= 733}E o FA] B = Al
HO| ot & Auiex} a2 742 ZYP3t Ao, (d)
= Si0, o 30 wt%= 743 of HA| B = AlsH 9| 1}
@S HojFal Qlrk 2] Yol UeF B O 3-3o] A9
oz ¢b+= Fig. 29] ()2} 22 (b)9] 749 MWNTs gHgo]
F71gkol whet o oA Ui FE Y S3o] Ay
AUtk o= AHfER P (ollA U=FEY IHS &
t H2s] gl & 4= l=tl, MWNTs g 0.8 wt%of| A=
WiefB7E 4] Yol Al &= A A Zshal A= FY
AlS= & 4 Aok A (D)9 A viel22n]E =27]
Q) it QAhe theRuRc 41 el £4to] T4 &
olahict.

Fig. 3] (a)= MWNTs 3}<F 0.4 wt%o] SiO, 3=F 30 wit%
2 73t stolBe|E B3 m AlH e utdiolw, (b)=
MWNTSs 3HF 0.8 wt%o]| SiO, ¥ 30 wtos 7431 sfo]
BeE B3R AlHe] ghghdolth Fig. 29] (b)ef vt
7HA & Fig. 39| (b)oll A= A Hiof U= FH 7} 3t AsHA|
ke ) 8 ol Ee] 9SS & 4 qlgow, of
= AR} 285770 o] §ob BelH AL
WozE tEnel Bl B} A8 S BiHes
ofugier.

3.2 7|71|I-| EM =5 al _E_AI_}Q_I N2k .u.17|.

Mo X oo |1 o

Fig. 4= MWNTs 442 7-3hel o] 4] Btz A7
¥} o37] ] Si0, 3 30 wts F7H= 7kl stojHe|=
Balgg A|Ho A7} E AVE HojFal Itk MWNTs
FSAAZ ZFehe o FA] B AR AlHE T 0.6 wt%ol]
A A ARAEES eI, e 0.8 wik o AR EE o

s8] 7|A1A =7t A4ssiei). o= MWNTs 3= 0.8 wt%
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Fig. 2. Fracture surface images for specimens incorporating
0.4 wt% (a) and 0.8 wt% (b and c) MWNTs filler showing
some agglomerations (arrow marked), and with SiO,
30 wt% filler (d)

oA o] H o] Al BT LR H A} o EA] 524 Yo
DA AP A $, AR SHEOR Qs ATl
e gelo] HEH O L ro] Agelx] 297 o

Fig. 3. Fracture surface images for specimens containing 0.4 (a)
and 0.8 wt% (b) carbon nanotubes filler. Both specimens
also are containing the other filler, 30 wt% silica
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T 0.6 wths F7EE H7IRE sfol B e a AlH
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1 FR7E ule- & Ui R Eo vls|| upo| A2 u]E 7]
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2, Si0, T 50 wtwol| A= 283t FAF U AH Adto] £
A= o] 7|AA = A 3R Si0o, TF 70 wt%
ool M= w53 A3t= Qs ZukE AlH Az o]
=0l o] AlFH = A Attt o ZA] $=2] ¢ H]
off A7t 2 eFEe; Aefrt AAE SAlO HUHES
2 7AA 42 FFEA=, AFE 1 WellA=
MWNTs 3 0.6 wt%o] SiO, g 50 wt% = 733hE 3}o]
Hele B4R AH JAFHET} o A AR
(Baseline) A|%H thH] oF 11%2] F7H& Ko 7P £2 23}
S UEHAL Qloh 3 F 9O oA wtE FAIE &
FHA = %%_‘ 27 AHe] AL /\134011 wE 574 HAPL
A G Y = Ao A AREE Al
Xﬂ’—‘? H*‘%ﬂ 1 Zw20] 4 XH&] 7Hse AUS Hof
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u Epoxy /MWNTSs Composite

®
S

2 Epoxy /MWNTs & Silica 30 wt% Hybrid Composites
729 ¢

gth (MPa)

Tensile Stren
=)
>

40

¥ 0.4 0.6
MWNTs Contents (wt%)

Fig. 4. Tensile strengths of the composite specimens with
MWNTs contents

m Epoxy /Silica Composite

®
S

7z Epoxy /MWNTs 0.6 wt% & Silica Hybrid Composites
74.6

gth (MPa)

TensilemStren
=

40

SiO, Contents (wt%)

Fig. 5. Tensile strengths of the composite specimens with SiO,
contents

3.3 ¥ 84

331 WA &4 9 H7t

Fig. 62> MWNTs SHA| 2 7315 o ZA] 5342 Al
3} of7]0f| SiO, T&F 30 wt%s F7tE M7 stojBE|=
ES R AJHe] A AaHE HojS=al Q). Baseline
AlHI MWNTs $HF 0.2 wt%z 7J31E o ZA] B3R A
Ho| YA 23S v wstH MWNTs S8 A= 27|
Hop deifo] z2ton g A|H o] H o] ZolFo| B
slchm AzbETh 28U o] o] MWNTs 3Hek 0.4, 0.6,
0.8 wt%= 73tEl A|Ho| A= o]t AaFo] A9 gl A
A Helrh o] Aol Yolog i Hol 20 o
T2 Q) oFe] do] AlH Yo 2 AdE o] AlH e
Aol =g &= A o= FECH11,12]. &, MWNTs 5
AAZE AlH e Gl v I B ALt
o] & 7}A] Qglo] m& 2835t Hojgtil & 4= it

AHS] G vzl YieFH o] kS 1%l Fig.
6= 2 Fig. 791A& A7t dAke] g3k 2] $Ist
o] Si0, FHA &2 7F3tH A FA] BEFA R Al A o 7]
MWNTs 8FF 0.6 wt%s 2712 27138t slo] 2 a|= 23
2 AA] A ATHE YERY L Th S0, S M A=
of| ZA] g=x]of H]3 oF 1/80 42322] |9 W& AAA 4=

= Epoxy /MWNTs Composite
33.38 7 Epoxy /MWNTs & Silica 30 wt% Hybrid Composites

32.01
31.01 3155

30.59

27.00 27.27 27.34 27.48
’

Coefficient of Thermal Expansion (10-/K)

0.2 04 0.6 0.8
MWNTs Contents (wt%)

Fig. 6. Thermal expansions of the composite specimens with
MWNTs contents

= Epoxy /Silica Composite

33.38 7z Epoxy /MWNTs 0.6 wt% & Silica Hybrid Composites

32
30.83'31‘08

2734
2689

27

277 513

10 30 50
SiO, Contents (wt%)

Coefficient of Thermal Expansion (10-%/K)

Baseline MWNTs
0.6 W%

Fig. 7. Thermal expansions of the composite specimens with
SiO, contents

£ 7FAAL Q7] diiel Aol Bzo] SiOo, FHA 9] g
Fo| S71ErE GWAAATTE Ao R EojE9eH,
o] 2 Qlal AlsHe] & WMol HastHA d P HA
=9t 53] SiO, T 50 wt%ol| A= Baseline A|H tfjH] ¢F
36%2] WAL A4S Bt

Fig. 67} 70| A = SHAZ 3t slo|Be|= A=
AlHO EHYAFE AT EH G o] A2 Azt ¢
Alof| o] Baseline Al thH] & ¢HgAdS AR O, L
LR Ho| o3 oo A AlH YRR dHdo] Foy
o] GuFo] tha Frke AL &I 4= Qo

332 9AEE =4 9}
AR Zotd 5dRe ddeEs A4
9 FR], BAfol SA Atolo] BAF 9 AW At ol

BE 733ty o A B3R AJHY dAEE= 5
oL, ol Lhefie] 2 ERuloh e AU
A 71016k= Ao & MWNTs &= 0.6 wt% A|Hoj|A] Baseline
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0.4

u Epoxy /MWNTs Composite

2 Epoxy /MWNTs & Silica 30 wt% Hybrid Composites

Thermal Conductivity (Wm/K)

Baseline SiO
30 Wi

0.4
MWNTs Contents (wt%)

Fig. 8. Thermal conductivities of the composite specimens with
MWNTs contents

0.4
= Epoxy /Silica Composite

% Epoxy /MWNTS 0.6 wt% & Silica Hybrid Composites
0.3

0.230 0.236
W

Thermal Conductivity (Wm/K)

10 30 50
SiO, Contents (wt%)

Fig. 9. Thermal conductivities of the composite specimens with
SiO, contents

oie] oF 14%2] =% F7HE UERSith

Al O] Ao mX|= e RHE O Fiks &It Fig.
83t= = Fig. 9olA= A7k YA = 271 flst
o] Si0, S AA 2 ZF3tE of FA] B A= Al HT} o 7] o
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