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Abstract: A cycloaliphatic epoxy/acidic anhydride system incorporating short carbon fibers (SCF) and
short glass fibers (SGF) was fabricated and thermal/mechanical properties were characterized. At low
filler content both SCF— and SGF-reinforced composites showed a similar decrease in coefficient of
thermal expansion (CTE), measured by a thermomechanical analyzer, with increasing loadings, above
which SCF became more effective than SGF at reducing the CTE. Experimental CTE data for the SCF—
reinforced composites is best described by the rule of mixtures at lower SCF contents and by the Craft—
Christensen model at higher SCF contents. Storage modulus (£ at 30 C and 180 C was greatly enhanced
for short fiber—filled composites compared to unfilled specimens. Scanning electron microscopy of the
fracture surfaces indicated that the decreased CTE and the increased £’ of the short fiber—reinforced
composites resulted from good interfacial adhesion between the fibers and epoxy matrix.

Keywords: cycloaliphatic epoxy, acidic anhydride, short fiber, thermal expansion, dynamic mechanical
properties.
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Alof. 2 Aol nRHS: ol %FA] 4] (cycloaliphatic epoxy,
Sigma—aldrich Co., USA) ¢ hexahydro—4—methylphthalic
anhydride (HMPA, Sigma—aldrich Co., USA) 73}A), ethylene
glycol (EG, Sigma—aldrich Co., USA) 7WAA 78137 benzyl dime—
thyl amine (BDMA, Sigma—aldrich Co., USA) ZXAE- ALg3}31ck
Table 1oz 159] 833 sp8l725 HERASITE

oMo X)) AARe) o SERE polyacrylonitrile ] &
2TA5(SCF, Fortafil 341, toho carbon fiber Inc., USA) 2}
2|8 (SGF, asahi glass Co., Ltd., Japan)2 AR&I3ick SCF
= AA0] 9F7 um, Zo)7F75~150 pmel SAe] 3k Exlo|H,
2 (negative) 2] AHAAT(CTE=-0.7 ppry/C) &} 32 T(~230
GPa)& 7H 9lowm wwi= 1.74 g/cm®olth, 1211, SGFE= 2)70]
6~7 pme] 2 o7} 100~300 um<l W18 5k £ =4 CTE
=05 ppry/Coltk 18)m, 7R 2 ARG fumed “HE)7E
(AEROSIL—R972, Degussa, Germany) = H372178¢] 16 nme™
HE 3 (specific surface area) @l 110+ 20 m?/g, tapped density
7} ¢k 50 g/lo)s] W5 EH-E dimethyldichlorosilane #2}3}
o ApAdsiet AL ARESIGITh

HI2E 9l eio| &) o FAlel AskAlE 100:904] FARIZ EG
Z 1.5 phr 7180 vlad]E] ukE o) 838lo] A2elx] 20427t E8S
%k 72 3 BDMAE 1.5 phr & ¥ 1587 o Esi3ick SCFet
SGF 718)7 fumed A2l7R= AlE £3 AR 27lslel 714 L.
2 3087 ekt & Svte 3087 229 Al (sonication) S A
ajo] AL 229 Y A AR AR AL 73} dol HeEs
o] oli= 7IAIE wRko# Y FV|E ANO|EE AMESe] AlAgt
%, 50 TR fAg W2l Wol AlsS HEE AshiA Alg 5ol
RSl 7|25 8] At Al AR gl wkgel A
sl Z1& WRXEp] Ss) njejaiie]] Yo et & —80 T2 Ws
o) BRItk A gle) Ag] AEE ARl xEJA - 571

Table 1. Chemical Structures of Reactants in This Study
: i
Epoxy resin . Q)\O/\CD
el
4
\O:{(()
4

)

O~

/
OH
HO/\/

3,4—Epoxycyclohexylmethyl 3,4—
o epoxycyclohexane—Carboxylate

Hexahydro—4—methylphthalic

Hardener Anhydride (HMPA)

Accelerator Benzyl dimethyl amine (BDMA)

Initiator Ethylene glycol(EG)
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7] 981 LB71AREA)7) (thermomechanical analyzer, TMA2940,
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thermal expansion, CTE) & ZgsI3ith HIE20% | xZo|x 7
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50 T2 A 21322 vl 1082} 7128 AlAH & 150 T2
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sawE ARgse] 5 mmA Awslo] AlRE ARSI G AT
expansion probeE ARESIG oM 4 ST = 30~250 C, 8
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ek mgh B APeMe] BE CTERRS 2 Aol tisled 5~63] =
3lo] Hatalith

SHsHEM, A3} A2 598 ATS dolir] flsle] FojekRa
71(dynamic mechanical analyzer, QRO0, TA Instruments,
USA) 2 o831tk AlEE 18] x Ho]x 2l0)=12X60% 4 mm®
o] EEE AREle] oA At G71ARAE AlE Ao} FUsHA)
AlRE AR 598 A8 dual cantilever clampE AME310
7ol 250 T7HK] 2 T/ming] 719&5 52 55 1 Hz, 25
20 pm=. 33Tk
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ks AR ZHEAE QHERE ARSEHGANE Aelrzte] $xlo® )
3 A 9B A 59 &89S "ol Aot ok g
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BZ Fxo] dAElo] 27|/ ARN-Fe) HEAA e TH 5o FAS
oP|& = e uZ silaneTE HEF 454 fumed A7l A%
FHL0F do] AMg3lar 9tk
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AR Al5e] df3le] Ad2olM 24417 3 7 AFS Ao 1
AIE Figures 13} 29 Z42} VERIZIE) Figure 19) SCF 3495 1
H fumed ABIFFE I881R| 9k SCF= 24417F A3 & o= 7}
gelol Hajg 28 33telo] 9 o g RE] ok 1/39] XA olA] B:E3k
T At A, fumed ABIFIE 5 wt% AT Algi= S
o} % Fgol 271 F Rl ot S & 5 ATH IR
e 25 MR JERSITL). Figure 29 SGFE ¥4 fumed
He71g 71k & 7% 24417k H3} Fof] Farlelo] 719] ghe- A
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After dispersing
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After dispersing Stay for 24 hr
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Figure 1. Settling of SCF(15 wt%) in an epoxy/acidic anhy—

dride mixture after 24 hrs: (a) without fumed silica; (b) with
fumed silica(5 wt%).
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Figure 2. Settling of SGF (15 wt%) in an epoxy/acidic anhy—
dride mixture after 24 hrs: (a) without fumed silica; (b) with
fumed silica (5 wt%).
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=2 GWASCTE & 7K1 s 187 2428 2332 A
F, AAEAA, 79D, HEA Selre} go| B SPASE 71A)
= O B2 AgEo] AMgEE A8 v GWASE TR E
Heis AR83e] CTE #he TarA ARSI 2 follx] ARg-st
= e AEER A AR Aatel dlEE RakEe s
21 HSlell YA Tieket dolz AR 4= glr} SCRe) e gho)
A ofe] 3o g o4 7Fesi, CTE 74 g3t & 3oz o4
A Qlck SCFE 29 CTEE 7KW Adh2] Zo) Wakow =& g
S AL Qlrk o)) o2 Griad] EekaEle) sikdel mo) 2]
™ ol EA] 5] AN Rjelle QA ARgsla Ykl ofEA) 4=
Aol 45 vol%2] SCFE #Aksle] 3371 BaAe) 739 CTEZ}
60 ppm/ T 10 ppm/C mke 2 74k Ao @ 1 wsjgeyt
Figure 3°l= SCF, SGF, fumed A&7}, 71813 SCF$} SGFo|
fumed 271 £338F 43122 CTEZS 28 E neat resin®
CTES$} 8 Yehiglrt Neat resin®] 445 4% CTE 2k 73.20
ppm/C2 HoEon SGFe} fumed Aei7he Dele] 5o #4181
o] o] Szl mek CTE glo] A& o2 71431l SGFE 25 wt%
27131992 W) 51.22 ppm/ C7HA), fumed 22171 30 wi% H7)sH
745 55.34 ppry/ CE 748153} 12v}; SCFe) A48 ¥ 10
wt% 7= SGF$} fumed Ael7te) 48t oPdo 2 CTEZ} 1148}
T} 1 oV o) HolK | SGF$} fumed Alwj7kek= el CTE
7H R F28) 143, g8 15 wiol 31.37 ppm/ CE, 18]
20 wiR= S71815E Wi 21.88 ppm/T7HA] 744310 neat
resin®l HI3] &k 70% ZASSICE ol9} 2o) SCFE 271t 537}
£ Aol ARgRE ThE Hejse njs) W CTE @ 7 2
SCRg} oA Fx)9}e] 43t AR o) e Aoz 42t

100
® Short carbon fiber
: ¥ Short glass fiber
Neat resin O Fumed silica
80+ v SCF 15wt%+Fumed silica 5wt%
& SGF 15wt%+Fumed silica Swt%
~ L
L P8 3
g_ £
s ¥
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O
-
@
20 .
0 T T T T T
0 5 10 15 20 25 30

Filler content(wt%)

Figure 3. Effect of filler contents on CTE for cured resin with
various fillers.
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Hrh(E =) SEM A3 23,

T3k SGRol| fumed 22718 3t HEAE 29 SGF 156 wt%
o) fumed AEFFE 5 wt%E H7R 22] CTEZ} 57.27 ppm/ TR
ZAJ=om, SGFRE 20 wit% d718F 24+ CTE=58.21 ppm/C 1
21 fumed A7t 20 wt% 7Kt 21& CTE=60.67 ppm/CE
Holgirt. olzidt A= AfAke) SGREE 7442 fumed 277} 1]
5251 CTES Mol 7107 of & AFolM SEMOZE FRlal uig}
2o] SGF9] F4] & Apdzglel 7108k Aoz gzhd) 18],
SCF 15 wt%®ll fumed A2|7FZ 5 wit% 2718t 739l SCFe 15
wt%2 718k 2] CTE%k 31.37 ppn/Coll fumed A&} 5 wit%
o] 77} BsiA CTE”} 28.10 ppm/ TR A% 4%t Ao & L}
Wik

CTE Ziofl thEl 0|2& mdio] ME, 2 JlAE SCF7) 371
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Figure 4+ Figure 32] SCF 73} B&Aldll ozt dlo]elE 4]
(D @)l AeA1A Lol AE HeRISITHe] AloA 222

on olu F=0.9060 (hexagonal) 3} F=0.7854 (square) ] CiIa}
o Axkslgitt o] 218 Agsk= o] ot wiHe) of|FA) R
gk Ea)4) Ao 32 Table 201 S2I815th Figure 4004 & 4
Q= 1k} 7o) SCE7} 5.0 wt% ©13k2] v dgollid= 4 (1) Y
EeE) 2 gton 50 wt% oVdeE o] Folx|wiA CTE 4

— @& —  Exp.data —‘
100 ~—-——— Eq. 1(Rule of Mixtures}
— — ——  Eq. 3(I=100 um, Hexagonal)
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804 s e Eq 3(1=10000 pm, Square)
L
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204 . T b
0 ™
0] 5 10 15 20

Filler content(wt%)

Figure 4. Experimental CTE values vs. the data for SCF rein—
forced composites along with theoretical model predictions.

Table 2. Physical Properties of SCF and Epoxy Resin Used in This Study

Young’s Poisson’s CTE Density Average length  Diameter
modulus (GPa) ratio (ppm/TC) (g/cm®) (um) (um)
Carbon fiber 230° 0.2¢ ~0.7 Uongitudinal 1.74° 1007 70
10 (transverse)®
Glass fiber 69° 0.2° 0.5 2.5° 200° 6~7"
Epoxy resin 1.35¢ 0.35° 73.20

*From reference 4. *From manufacturer. ‘From reference 19. “From reference 20.
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7} AA g B ik
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Figure 591 neat resin® 74 SCFe} SGFE 42} 15 wi% 24t
A Rl 2574 fumed AEFIE 5 wi% FARIT AlB] AR
()7 tan S(FTE;, E& EARNE) & AR s el

20
—_—— Neat resin
— — — - S$GF 15 wt%+Fumed silica § wt%
SCF 15 wt%+Fumed silica 5 wi% N
15} /I \
i
i // \
- j \
c 10} ! \
& i / \ \
/AR
il N
051 / / v\
Y \
/ \
0.gl—— _—
0 20 40 60 80 100 120 140 160 180 200

Temperature(°C)

(b)

Figure 5. Storage modulus vs. temperature curves (a); tan § vs. temperature curves (b) for neat resin and composites.

Figure 6. SEM images of SCF (a) at X200; (b) at X 3000; fracture surfaces of SCF reinforced composites (c) at x500; (d) at

X 1000.
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ok 73 GYolM 73S B3 neat resin<SGF+fumed 227}
g3k H3ASCR+umed iz 78 584 =02 $718hH, 30 C
ol X2] £ 3ke) neat resine 2850 MPa®]™ SGF 73} 2=
3480 MPa, SCF 733} B3t} 739-+= 4850 MPaZ. F7183ith

Figure 5@ 2] I8 Wieole uFao] Uehls 2xoodele]
£ %kl WgkE JERYSITE Neat resin® SGF+fumed A8l 7+
3} B3, SCF+umed 287} 73} BdA2] £ 3k 2l 4
Holr2] A} TUson, 1F plateau FI91 180 Colld
E7#E2 0w XA peat resineld] 2.96 MPa2 29300 SGF 743}
B3lajellx oF 61l 20.40 MPa, SCF 78} £&Alel 50.89 MPa
= oF 168 7h7te] 1Al S7sisich

Figure 5(b) o= §U & Al oigh tan § 34 UeRSI 1
8] Argke B B9E F7)8k AJ#H0] neat resin®l) B3l W& Fk
& 7M™ 53] SCF(156 wt%) +fumed HE7HE wt%) 73 53
Ao} o] A W ghs IR Bgl Tiell sk 9= g3
S5E B neat resindl] HlE] 2E ] EF AHo] =2 S )
7t} Neat resinollA] 7; 362 138.0 Col™, SGF 73t B39}
SCF 733} 58MAl= 22} 1476 T2 1439 C2 Z7Islget 1 9
L v Alo]Z=9] fumed izt H7HE Q18 Hejgist elxle] Al
oM TEAF AKE9) £5400] AeE]7] whEo|ck!

SEM BHE. ok HoIF: SCF9} SGFell &Jsl 4] 717414 Ao]
W RS Al fslo] AREARYIE (SEM) & ©]461]
R B WA A8 ol Al BRG] s Esisic

Figures 63 7 2t2} SCF #HA|9} SCF7F 4k o &FA] 18]
1 SGF AHAIS} SGE7} ke of|%A]e] shhas #st SEM A}

il

WAz QAR/7)AH B
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Zlo|t}, Figure 6(a) 2] 2008ellA sk SCF A2 AE WA
PAe B B 4 9lon 3000019 aeE 9328t Figure
65 By Adfe me] Wi AN & & 5 vk I
Figure 6(c) 9} (d) &} SCR7}-24bd A3t Ao siahas 29 e
ol G A7 sEle} 0T AR e vk RS A B
gk < glom], sphe) wFE AR Bug B TR R A
o] mE2ER] ¢kE AT B Qlrk ofi= SCRE) A mE=A
7b 7 A AgEos HAHe ES ouleith Wi, Figure
72 SGFE ¥ gwo) v
79 (D 29 SGF7) #3l £4.8 gol B 4 glon ¥ Uk
A sEe] Ex)7) Bol9)A) ok ZiEtet 2hg kel = Qlolek o
1= SGF7} A Agtgeld SCRel vls) G%3ith= 248 o]w]ghct
webs, SCE7F ol ZA|ele] Ardddto] v 93 218 oAl A
3w} o] SCR7F SGFell Blal] e CTE k& 7= (Figure
3), AREEo) faldat g BFelM (Figure 5() oM £78k
o] & F olf7 AyE & Qlrk

32

(o

4 £

ATH-(SC) 9 FeHd-R/-(SGP) 2 ZJ8kel B5A1e] CTE#
S slepw 24 2 Ay gsgo] S ik CTES] 244
o] F PAlfol thsle] vl A vreRIEE Neat resin® 49 73.20
ppm/ T CTE #el SGFE 73 o] Z71kl wet Moz 7}
4310] 25 wit%elr] 51.22 ppm/CE 24813k 1eH, SCRE &
1S A= 10 wie7H)E SGESF -FARE 9o 2 CTEZ A4

(d)
Figure 7. SEM images of SGF (a) at x200; (b) at X 3000; fracture surfaces of SGF reinforced composites (¢c) at x500; (d) at
x1000.
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sl 71 ol ke CTEZ) 3453] 72810 20 wigol =
21.88 ppm/CL & FA| 7H43lict. 728]3, SCF 73} B3l s}
o] dojd HHgLS ol22le H4sle] £ A SCF7H5.0 wt% o3t
o)M= Mixture Ruledl| 2 W2, 5,0 wt% oV 2 o) ol
A CTE 37k Mixture Ruleol] Holud 323) 7hasle] 15
wt% = F7F5PA Craft—Christensen )24 Aoslgic) Foish
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