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ZA 24 A3 T 71AA =49 TS HsiA AEA *Zl"ﬂ et 2A4E =deked, W
AR Fo) A= CNT7E 7H Hol *P%Hi UTE SHARE CNT= A2 34 9 Al H&4Q S
AN FHA ] 7] wimell AAH o2 AFEE= HNTO| tigh ¥4do] Hopx|al Qi

= oA & FRe drte s 247y AHejd HNT7ZF g ol 54 24E9] 24 - 7144 =4
o She|H AL AR E  HNTS clob ghbo Azoto] ol%A| xARel HAw ¥
SBEEA A7 WESARARZIE ol&st ZIAA &4 SAston, differential
scanning calorimeter (DSC) - thermogravimetric analysis (TGA) - thermomechanical Analysis (TMA) 5 <]
S ol gotol chopdt @a EAS Zgshalrh 919 AW A ¥ $R AW YR F ofulo
2 HNTS B9 A2s198 4%, o8 Eosl o 2A 2420 ARAEs oA Ao A2
B HNTS EPSHE o|EA 242 Boh B AL BATh B A4 A4 wug 9w
thermomechanical analysis AF A A2 Ay YA 4+= ofnlA Aoz Ha|sk HNT A E0]
65 ppmO 2 Ae5HA 4 HNT Mk We ghs 2 A& mth

Abstract: Epoxy resins are widely used in various fields due to their excellent thermal, mechanical and
chemical properties. In order to improve the mechanical properties of the epoxy composition after curing,
various materials are mixed in the epoxy resin. Among the nano materials, CNT is the most widely used.
However, CNT has limitations in terms of manufacturing process and manufacturing cost. Therefore, there is
a growing interest in naturally occurring HNTs having similar structure to that of CNT. In this study, the
thermal and mechanical properties of epoxy compositions containing HNTs treated with two types of silane
compounds were investigated. The mechanical properties of silane-treated HNT were measured by using a
universal testing machine. The differential scanning calorimeter (DSC), thermogravimetric analysis (TGA), and
thermomechanical analysis (TMA) were used to measure thermal properties. As a result of the above tests,
when the HNT was surface-treated with aminosilane, the tensile strength of the epoxy composition containing
the HNT was higher than that of the epoxy composition containing epoxy silane treated HNT. The linear
thermal expansion coefficients (CTE) obtained from the thermomechanical analysis of the two epoxy
compositions for the comparison of dimensional stability showed that the HNT composition treated with
aminosilane showed a lower value of CTE than that of epoxy composition including the pristine HNT.
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LA A7 EA O EFAl A= HEASQ] A3}
AR R tibs A ol EFA] shetEa A kA o] vk
2 YA E = 32 BT EE 7RI o FA] A
A4, 7144, stetA ddo] fotm, WaA, WokE
g, Agetg o] Soko] F2HA, YA, A=,
A7] - AR 5O oheFet Fokol A de] ARSI Utk
[1-2]. o ZFZA] A= 4t o g 7AH 249 B}
= S8l SAAE EFdsto] ARgsh=HI[3-5], 7HE o
¥A 9 Yk &A= carbon nanotube(CNT) So] it

ONTE 7144, 24 40| Fojup A2 wiat 1}
L 53 Qg A2 & TS 7HRAAL AHH6-7]. o]
L CNT7} 7}A| &= nanostructure W =542 Jejo] L
ZoA 7])lE= AeR Heth ofd A+ AasS
B CNT7F S8 oZA] 53 244 ELS Young’s
modulus, tensile strength, flexural strength 5 o2 7] 7
A BE T A= AR Hi Ear QIoH7-8]. 5t
AR CNTE= A2 34 D Az H§o] 2QEBg 4
dH o= &golrlo] mgAolztar W 4 gk
Halloysite nanotubes(HNT)&= A& o7 A&E =
E FEEN 84 WA olm 1 ¢fo] FHt 7H4
o] A #sltt. o]t o] -2 HNT&= CNTE thA| & 4=
gl U ¥ AR AYE F2e wa g

HNTS o] % 4] Batad o] 2422 837 91
W ATt AYEQE[9-12], o BA] fx|ote] B
A S Sl wHe AE 7o AFAIE THA=
At o FAJQF Tk 57| 7F obl}l ofu| e ARtS
AAstgl o, HNT 2He| OH7| 9t 7h=HE3d At
7] Abolo] ZNbg-& FollA A I ZHE HNTE
A ZsHATH13]. b A4E ARV FR=E= v-

rr o ox

Glycidoxypropyltrimethoxysilane (GPTS)[14],
3-Aminopropyltrimethoxysilane ~ (APS) [15-16],
(3-Aminopropyl)triethoxysilane (APTES) [17-18],
[3-(2-Aminoethylamino)propyl] trimethoxysilane

(AEAPS) [19-20] 5-°] 1om, GPTSE AH&3 H¢ =
57 &7} reference thH| of 2uf o4t F7bet= ATE
sl 4 9ol

fE A2l of|ZA] 4~%]¢] diglycidylether of bisphenol -
ADGEBA)A = @3t 25 Ayl Q7] o] 7]
A B3 1 Sqo] 4o, YorEA 3k ¢
T3 Aoz dHA Qleh21]. o EFA] Ao A eukg
< B9l 7GR E o|F= AEA= oA A EATY
7P gl M ET Qlom, obulAsAlL Bety 7
2o upelA] Aol A 18717 cheet Asterel 2
£0] 7}53)th Dicyandiamide (DICY)&= H|AHE A
o Z |0} Hhgsto] AL ZACIA QHAsto] AA<A
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ol Saato] AN AR ER = oixirh22.23].
2 dtolde 71Ee] Ao A2d HNT7ZF o
oA ZAl Ao H|AH 5 A HAoto]E H3AE
=4S vt A+ (M. Liu, et al. [14])9}
2 HNT 245 H| &8s A oA

o me 190y AsAR AEHE diy7t £3HE
2=l F7tstel st A4 - 71 A A =400 il
A zAbER T ARtA ] | HNTE thofsh o=
Azsto] o FAl 2= H7Iet & SFE=0A 4
3}A]7] 2L universal testing machine (UTM)S ©]-8-5} 9]
71 A A
calorimeter (DSC) - thermogravimetric analysis (TGA) -
thermomechanical Analysis (TMA) 52| AH|E ©o]&35}
of thoFat Ad B4 ZAsHAT

24 =H3 o, differential scanning

2 4 H
2. A2 B
Halloysite nanotube(HNT)+= Applied Minerals A}9]
Dragonite HP A& A3l th HNTQ length+= 0.2 -
2um o, AL 50 - 70 nm, WAL 15 - 45 nm 9|
th o ZFA] X = ZEHE HEALY diglycidylether of
bisphenol A (DGEBA, EPIKOTE 828)& A}-&-3} %01,
ol FAl FFol 187 gleqoltt. oAl = Aol A aLA|
FEfolal o FAl A9} AbZoA REGSHA] e
DICY (DICYANEX 1400F)Z ofjo]Z 2t A2 HEl L
QIsto] ATk Eatk o2 A A9k ABA O] HHE
SBAFE o3 W ZARR ojojmRE2Ae] 27
o} S =2 1,1-dimethyl-3-phenyl urea (AMICURE
UR 7/10)5 AH&-3F3ATE HNT 3£ 7 2ol ARg-3F Agh
AZHAZ = (3-Glycidyloxypropyl)  trimethoxysilane
(GPTMS)2} (3-Aminopropyl) trimethoxysilane (APTMS)
£ Sigma Aldrich AF2 58 1¢]3}o] AF&35}$ T} (Table
). 7L e A3 XM= AR Sigma Aldrich AR FE|
Felstol AA gl0] AT,

2.2. HNTS| EH 74&

HNT®] WA 2HS M. Liy, et al. [14]9] <
modify s}of o} Z2 W or AT (1) 2
L & HY E2&=0] HNT (100 995 ¥
ethanol/water mixture (50/50 vol/vol, 1,000 ml)E& F¢
3t} (2) acetic acid & ©]-835F9] pHE 52 R A3}
(3) & H] A silaneS ethanol/water solution (50/50
volivol, 100 ml) &9} A &3tch. (4) (3)9] G-oL (2)0]
FAR o2 204 2 Y53t 150 rpm o2 wHE 3t
t}. (5) Buchner funnelE ©o|-&3sto] 7ot o ofh&
40 C vacuum ovenoll A 2 & ¢t 7 %3k} (Figure 1).



7]

F’H"

lot

70

Table 1. ENT X9 Ago] AH8a Mgk #AZ e

(3-Glycidyloxypropyl)trimethoxysilane

(3-Aminopropyl)trimethoxysilane

ofz} GPTMS APTMS
gt QHs__
Tz H300_$IVO% H3CO—§i—/\/ 2
OCHj q OCHs

B2} (g/mol) 236.34 g/mol 179.29 g/mol

S (@ 46 35
Table 2. AF0] A8 o] ZA 24Eo| High
Epoxy resin (phr) DICY (phr) Accelerator (phr) HNT (g) G-HNT (g) A-HNT (g)

Binder 100 11.24 0.21 - - -
H1 100 11.24 0.21 1.13 - -
H2 100 11.24 0.21 2.28 - -
H3 100 11.24 0.21 3.45 - -
H4 100 11.24 0.21 4.65 - -
H5 100 11.24 0.21 5.86 - -
Gl 100 11.24 0.21 - 1.13 -
G2 100 11.24 0.21 - 2.28 -
G3 100 11.24 0.21 - 3.45 -
G4 100 11.24 0.21 - 4.65 -
G5 100 11.24 0.21 - 5.86 -
Al 100 11.24 0.21 - - 1.13
A2 100 11.24 0.21 - - 2.28
A3 100 11.24 0.21 - - 3.45
A4 100 11.24 0.21 - - 4.65
A5 100 11.24 0.21 - - 5.86

OCHs

‘
HyCO-Si—_~,
b, Oy

ypropyl) tr

.
3
OCH3; 5 Z
3
Hoco-gi— " Z
OCH,

—_—
(3-Aminopropyl) trimethoxysilane

;él

Figure 1. HNTS] T9 72 ma|x,

23. M E9
of| FA]-74 2HA|

AaA o GEFulE 1112 313 o, HNT+ total %
O] 1~5 wt% 7} H =& 599, G-HNT 2 A-HNTZ
HNTS} 2 §aro2 27t wjatelgieh. Agol AHe
H o FAl 2= wiFE|E Table 2] 425l

of ZA] 4=A]o] HNT, G-HNT X A-HNTE Z+z+
3-roll-mills ©]-&35tof & ZAMAIAE th, 714
7] (mechanical overhead stirrer)E ©|-&3}o] &35
80C=E 719 &, & 3ol A 400 rpm O & 2087+
ustol 7|2 AANZEL 1 F AskAle 227
of ZA] Ao H7FEE F| 400 rpm S 2 20F7F wRE
Atk o ZFAl 2AEE #HHEH 2 (closed type)o] =
FEES AHEsEA 170C oA 30& 23}, 190 CeofA] 2
A7 3733 A A F=

RTA=]
Dv__

JF
)

=
L
=
=
3
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Ak AZHAE olgste] /fATE drolate]

24. 58 % 24

HNT 9 /28 shelst] jals 253847
(thermogravimetric analysis, TGA, Q-500, TA)S A}-&3}
of A4 #917] stellAl 10 CT/min®] &&= 9} 25 -
800C 2] == 800C oA Q] %7 ke XAFSH
At} ES YAFE A7) (elemental analyzer, EA, Flash
2000, Thermo)& A-&3}o] C, H, N, S, O 9 %E &9l

akgiet.
o ZA 47 2 BO] LT AHOHE AR
At eFA  (differential scanning calorimetry, DSC,

Q-2000, TA)E ol-&sto] Hastdict ¥H-gd2 d4E
7104 300C7FA] 10 C/min ¢ 2Lz AR
o] ez B} F9 dEn (AH)L} Y=
(Toea) S S8R L, Tonserdt Tpea®] 172 XS 73} A
A% (Tore) = A H AT

of FA] AEY 2F e WeAERAIEY] (UTM
5982, INSTRON)E A}&3}o] #E3sl¥ 3, ASTM D
790 M FtZof wet AT AFHE 5% =25
Woll Al Aat=qlar, tolol s AE 2 Adsialon,
AH dup7]| & 0]835ke] 60 mm x 25 mm x 3 mm (Z9]
x Z x £)9 272 Azokct o] ZA HoEo
7=+ ASTM D 638 20l we} Addstglon,
150 mm x 13 mm x 3 mm (Z4°] x & x T/ 7| =2
Alzsto] Attt 7| A4 Fee 3t 24 3 1071
o AldHOZ AlS sto] Aozl gk At
HE9 Btgks ARSI

offZAl AIEO FU|AA EALE E7IAEA7I
(thermal mechanical analysis, TMA, TMA 2940, TA)S
AHgsto] ZAFSEITE Al HE 479t e e
2 7}E5te] 5 mm x 5 mm x 3 mm (40| x & x 7))
ol A7|2 A|ZTIYUTE =4 ZAL expansion type2]
probe]] Al HS Hijx|staL, Ao 2917] stA 52
2% 2 C/minE 25 -200C 2] &% HojojA a3
4= (coefficient of thermal expansion, CTE)2} 8-2] 7 0]
2% (glass transition temperature, To)E IZ3} ST,

FANWE BolA WA o2 FBEo| shriw
= TESH] fleiA AP A ] 7 (FE-SEM, MIRA
3, TESCAN)S A}8519 11, #aslnat ot HE pra
i

93§ 29 2AS AAsT

e

3. g4t I n&E

3.1. HNT EH 7H& &ol
A A ZYAE o]-&3ke] HNT Zwo] 2 /A =
QL2 Bl 98 TGAS ZA a4, o] uf
2 5% W3l 2#) = E Figure 2] YeR Slct. Figure
20| 4] Bz wpel o] oF 400C A YA FH3]
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Figure 2. TGA curve of HNT.

AsH7E dojuhr] Alstal o o4 syt veh
A e A F%E 2AEIEY HNTo| =3
G-HNTE: 9F 0.7% % 7+A7F © dojytril, A-HNTO
B °F 1.9% 9o ST o dojwth =43 HNT
o] of 700 CojA 9] zHFeFrct A E= G-HNTE| %57
ol A Aog Hop i AeH Al 3gE o]
HNT s¥of o] lthrt 204 Abs}sto] glojzl
Aow AhETh B3 iAoz A-HNTO| ZhFsFol
o A2 Ao FE Kol G-HNT Rt} A-HNTS ®H 7§32
aRvt iAoz ¢ ada & 4 Qlth

E3t Y4 EA7] (elemental analysis)ES Al-8-3}o]
G-HNT®} A-HNTO] WA & 7o ¥h&3t F7]
=0 =< vlashy] §f8l € H, N, S, O &4 313
o, 7 k& Table 30 e STl Carbon® wt.%7}
7t HNTY 9ol o w2 A satEo]
ghgote] ZhFStAL Qe Ao R wehEw, ofof uket
HNT < G-HNT < A-HNTQ] 40 & et4 9] Fhefo] 27}
g 2o g Hol A-HNTO| o] o W Hek ALY
A7 MAE Ae=m Holw o]= TGAY ZilofA
A-HNTO] ZFsfo] ast A 2 AFS HojA,
= A9 A3 A-HNTof| 39 71d 9 f7]1&E°] H%
.

Table 3. 912 £4]7]5 o]-83F HNTO| &
= HNT G-HNT A-HNT
N 0.0000 0.0000 0.6215
C 0.0374 0.7866 1.8510
H 1.7268 1.7573 1.9672
S 0.0000 0.0000 0.0000
o 14.4251 13.4498 12.9393
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IS UERW U ol FA] A SpHEg- o A ¥EE- A2 ofnl
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strength)@} =27 = (flexure strength)E =451 1
ZAi+E Figure 4°) YEbY St

o1& A3 o] Amo]A APTMSE E?ﬂ:% N
HNT7} 1 ~3 wt. % 359 'ﬂH
=2 dhe Holil o] F435] Ha

. ©]= HNT #F9Ho| 7H& % ofvl 154 Oﬂi*l A
NS0l 2jsto] HNT7} o FA]-obdl 7319 3%
A aEY Fxof FFolste] Teks] A st ‘%E}Uf
A2 Holw, HNT7ZF 4 wt.% o4 Fe53S wof
L HNT #AH| 9] $A 3l JAR Qg 23] OJZJ”
T2 ASA7| = Ao Bt

ZFI7 e o] Ao A GPTMSE EHS 7 A3 HNT
7F 1~4 wt% SHE S 19 é*é%"i AN 2e =
k& Ho|al IR HNT AR 9]9F 22 0]
dol AstE dove= AeRE FL"’JFJr.

g
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34. d3t=9 ¥YEd

AW A 2] A LR o AXE dHF Afe &
T W3l wE 24~ 3} (dimension change)S UEFY
= AHzr 2= AA &, FEAolEE 7]
o2 & Hsh yehdn dubE oz o] Tz o
71&7] gk& Aitstol 9% A9 -’Fﬂﬁﬂ o] Fof

210
Temperature (C) X] 7_“ F"]%ﬁ] %76]— 74]'!"7]' it/]‘p }\1‘ LH_‘?L gi‘ﬂ Oﬂ
, o) Agtzel WY AEs AXE AL Jujsinz
Figure 3. DSC curve exotherms at different HNT. A YA 22 0] Zhe 1%;. ; 22 Erin % 2= 9},
. Figure 5= 3259 Fedo| % o]stofA <] 7]
Table 4. AH and Tp.x DSC of epoxy composition S717S UERY 2o 32 APTMSE A 3F Al~A5 A]
Binder H5 G5 AS g2 2dEE0] 7MY W2 ERHALLS A= AL
_ 5 ~
AH (JJg) 4252 409.2 408.2 4277 ol & 4= ATk GPTMS= 3% o4 Sof7tor 7i4
. 3] 0}y O 1o L o 3lolsk
Ty (C) 1795 178.5 176.1 172.6 ﬂxl‘zu HNToF v 2gh ghs vetdl= 2ls add
Tonset (C) 166.5 162.2 160.7 156.3 T AsH
135
(a1)00_ =w=H1=Ho (k) —=—H1~H5
—e—G1~G5 —e—G1~G5
——A1~A5 1304 —A—A1~A5
—_ 90 - —_
z; 80 J %125— +
% 70:7 % 120
.g 60 4 g
= L 1154
50 o
T T T T T T 10 T T T T T T
[ 1 2 3 4 5 0 1 2 3 4 =
HNT (wt.%) HNT (Wt.%)

Figure 4. o ZA] A E9] tensile strength (a), flexure strength (b).
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