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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 E” 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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sfEZAZE] A M= Fof dFEsle Hlow duA okt |
A efZAlel] Wol ARGE| T Gl THfel oigt 75 B = B
TI8-(SCF, short carbon fiber),”® §2]¥HI8-(SGF, short glass
fiber) 5~ ofeh =kAf-(short aramid fiber)” 5o] $lomM, Tt
A o7t 3~12 mme|aL 27go] 7~10 um e Z& AL Sk
Jeong 5-&' SCF w2 7she o &) Bakaje) thsle] &4
HA(CTE, coefficient of thermal expansion) ol 7] T34
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A2t & Aol e AE=: o A1 4] (cycloaliphatic epoxy,
Sigma—aldrich Co., USA) £} hexahydro—4—methylphthalic
anhydride (HMPA, Sigma—aldrich Co., USA) 73}, ethylene
alycol (EG, Sigma—aldrich Co., USA) 7WA1A] Z12]al benzyl dime—
thyl amine (BDMA, Sigma—aldrich Co., USA) Zx1A15 A3}tk
Table 10li= 1=2] B3 sle=E epligith

CIMQ. x| AlAEle] 371 ©Hd-3-2 polyacrylonitrile ] &F
-(SCF, Fortafil 341, toho carbon fiber Inc., USA) &} &
Y+ (SGF, asahi glass Co., Ltd., J apan)% ARE-319TE SCF
= 2730 ek 7 um, HoPF75~150 pm<l S44¢] J]“r‘ﬂ =4o]H,
L (negative) &) HIAL(CTE=—0.7 ppm/C) 9} 2 EPJ(~230
GPa)& 7HAL 9lom W= 1.74 g/em’o|t} 12111, SGF= 2730
6~7 pmol T Zo)7F 100~300 umel WAle] shor] BAZA CTE
= 0.5 ppm/TColct. T8, HA7PAg0 7 AR fumed A7}
(AEROSIL—R972, Degussa, Germany) += ¥2174°] 16 nmo|™
B ¥ A (specific surface area)©] 110220 m¥g, tapped density
7} 2k 50 g/Lol X449 ¥ dimethyldichlorosilane 23}
o] &5/dsket A& ARSIt

BISE Y Zefe| 2§ olFAl9} AsAlE 100:908] FAMIZ EG
£ 1.5 phr F7I3te] wlzvlE] vkE o] gsto] *o‘%oﬂ/ﬂ 207t =3tst
Sk 71 % BDMAE 1.5 phr ¥ % 1581 1 &3tttk SCFet
SGF 78] fumed AE7Fe Al £3F Alsell 3718t 714170
2 307 ket § SR 303 253t *12] (sonication) & A4

PRErEE

alo] ARG 259k A2 Al AR 9l A2 73 o] WeEs
gl o= 7AK wnke = i%l 7|2 30| =E ARESle] Alg
¥, 50 T2 A1 Jgeol Yol AlRe) =g AshiA A& & 1

ek 7 9R18] AISIgIch A A Aol Hige] A

SR 24 WIS i) violdgel Wol Wi ¥ —80 Tl %
1] W A3 918 A0) ARE el w2 A9 5]

Table 1. Chemical Structures of Reactants in This Study
: i
Epoxy resin . @Ob
[¢)
)
Ty
\
o
O~

/
HO/\/OH

3,4—Epoxycyclohexylmethyl 3,4—
° epoxycyclohexane—Carboxylate

Hexahydro—4-—methylphthalic

Hard
ardener Anhydride (HMPA)

Accelerator Benzy! dimethyl amine (BDMA)

Initiator Ethylene glycol (EG)
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7 Algel| §FEE Z1e WABE] fste] Ad=elA 3021t At
A5 57} g2 okl wizkx] 7ok 5 d st o dolul)
o] ARgBI3IT)

BIIH 2M. AR I Aol vHE= ] Jaks Yok
7] 918l] 97141417 ] (thermomechanical analyzer, TMA2940,
TA Instruments, USA) & ©]&3stod A= (coefficient of
thermal expansion, CTE) & 74351tk HIEECRE Y| x Zo]x 2]
°]=5x50x5 mm’e] BEF AFsle] Utel olgAE mxst ¥
ZF2olM] 30 BREF ol@AIE AsAIFLE of7]el, AEE AlEE ol
50 C= 71 g2 el 1021t 7|13EE Ast % 150 T=
A1 QoA 2087 Azt 1+ o] Zsl=-g diamond
sawg AMEB1e] 5 mmA Aeslo] AlEE AR DY A5
expansion probes ARSI OH 574 259 9)= 30~250 T, s
2005 N 183l 52455 2 C/ming 241$)7] el 743t
ek ek 2 Ao e] BE CTERERS 2 Al tislo 5~63] =
“g3te] Bsigict

BAE A A} APEE] T8 Ass Gohi] flslo] sl
7](dynamic mechanical analyzer, Q800, TA Instruments,
USA)E o835tk A8 U] x o] x 200]=12x 60X 4 mm’
9 2EE AlEslo] oA st GV IARRAE Al Az} sUsHA
ABE AFBIACE 598 A3 dual cantilever clampE AMEE1]
2ol 250 T7HA] 2 C/ming] 718452 59+ 1 Hy, 5
20 pm= G333k

IICHE prEh mjEag) Feigle] AHEAT kS ZAH
2J5le] HRIFARANE (SEM, JEOL, JSM—6380, Japan) 2 SCF
9} SGFE 37F3t Aol thato] shebdg sHaagict

At A EE

CHMRo| 212t EM AEE AWk ° 7 A= nlgo] FHE it
FA el Feel] 2sfl 373o] dAgsle] 42 WskE 2t = Q)
t} Fumed Agl7Rs oVt 4x19] Axs st 717417 248 &
AA717] 9180 o] AR e & sholck ™ 2144 fumed 2
ZY7h= HE AR QHFE ARSE AN ARt So= <l
3 FAPd 9 B Ak 59 84S "olrtel: A9k qlek T3k
25 fumed ARI7RE silanol7 15 7HAaL Qlol 7] o] J2F]
g Yajo] ublsle] A7)/ ArREe] HaA T I8 Sl A4S
op7|gk &= Q1o TR gilaneTE AE]d A4 fumed AEFE A%
7402 go] AMg3laL itk

B Aoz o ZA] SeA]of] BlAH(SCE) $F fewHdH(SGE)
£ ZF 15 wt% 21720 Al 254 fumed ARIZHE 5 wt% w4t
AR AlEe] bf3le] ZdollA] 2413t $ 37 As-S wEsislon 1
A7E Figures 17} 2¢] 242} eIt Figure 1] SCF 3¢5
H fumed A=FFE FEESA] 2k SCR= 24ARE 4 $ o= 7}
et} Bl 8 E3tone] Sl o g 1E] ok 1/39] xdox] et
= Itk wbdell, fumed AE7HE 5 wt% EARAZ] Algas e
o= THIgE el eizte] T et dofuke s o 5 AUITh(IRel
¥ 55 s YeERI3IT). Figure 22| SGFE X9 fumed
AFNE 7SR @2 739 244K 72} Fof] FAakdllo] 2] gk ol

20|, A33¢ 6%, 20094

After dispersing Stay for 24 hr
(@)

After dispersing Stay for 24 hr

(b)

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%).

After dispersing  Stay for 24 hr

(@)

After dispersing Stay for 24 hr

(b)
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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aAA, FH, A2 sk} o] she: EATE 7
U2 Edof AgEo] AMgEE FS W2 dAFE 7=
IHE ARESo] CTE ke TaAA ARSI 2 Atellx] AMEsH
AR AE5ARQ AR BAAS] AtellA] B FAREEH
Hel ghA] vlefst o2 AMgE = itk SCFe] A3 Fhel
ofe] 3ol ¥ o] 7Fs3l9, CTE 24 A & o= 4
Uk SCF= +¢] CTES 7™ A2 Zo) ieko = &2 &
ES AU Utk of# ofE @Y Euikge) Jide]| Hol 2ho]
1 o EA] 50] AP FAlelE FRIA ARgslar QIR0 o)A 5
Aol 45 vol%e] SCFE #atete] A3zl Haklel 49 CTEZ}
60 ppm/CelA 10 ppm/C PEke & 7H48 A o7 B gie!
Figure 39l SCF, SGF, fumed A&7}, 1831 SCFe} SGFel
fumed A2FE EF3+ A3lE2] CTERRS &R neat resin®]
CTE2} ¥ YeRHSILE Neat resin®] 745 £74% CTE 3 73.20
ppm/CE FojF om SGFE} fumed A7k Hefo] SR AR
o] siego] Z7I3te] we} CTE go] A2 o= 7hasle] SGFE 25 wi%
7¥8159S v 51.22 ppm/ T7HA], fumed 22)71E- 30 wt% 78t
73+ 55.34 ppry/ CE 7Haaisivk 12fv};, SCFe] 2495 ¥ 10
wWt%7HE SGFS} fumed A2}zl U3t Fde 2 CTEZ| 7has)
th} 1 o deko] EopAw SGF$} fumed Ae7iel= 9] CTE
7} B FA3] 7Hsled, d8o) 15 wit%eld 31.37 ppm/CE, 18]
20 wt%= 571815 wi= 21.88 ppm/C7HA] 74238197 neat
resin®l] HJ3}| &k 70% FHA38ISith o]9} o] SCFE 71 B3t
B AFellA ARESE tRE Felsel viEl] W& CTE k& 7 A&
SCF$} o FA] §1]910] 93t AMZAG T} #-lo] Q= A o= A7)
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Figure 3. Effect of filler contents on CTE for cured resin with
various fillers.
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Hrh(E =5-2] SEM A3} 33).

53k, SGFef| fumed AE7HE £33 E3AE B9 SGF 15 wt%
o fumed A7 5 wt%E 37kt 2] CTE7} 57.27 ppm/CE
7=, SGFRE 20 wt% 7kt 218 CTE=58.21 ppny/C 71
21 fumed A7 20 wit% 718 22 CTE=60.67 ppm/TCZ
ot ojefst Axp= g2 SGFF 142 fumed A7} 1]
%3t CTES Holz Z0=, o]z & dlx] SEMeZE ERIsh nfe}
o] SGF2] £A4] ¢k Aradste] 7|0shs A2 A7) 12y,
SCF 15 wt%°ll fumed A2712 5 wt% 713t 7ol SCFit 15
Wt%E 71t 219] CTEZ: 31.37 ppm/Cel| fumed A2)7}F 5 wt%
o] 237} Hallx CTE7} 28.10 ppm/TE A% 748 2107 LjE}
Wk

CTE ZMoll Cht o2& ZHo| M2 &2 Ao SCE7} 37k
AlA2] ol ulE CTES] HHslel| tist A& kel tisle] ol24
dof] 2)-g-sle] Bkt

Figure 49l= Figure 39 SCF 73} Z3tAjol] i3t glo|elE 2
M B)ell FgAIA Do Aos JeRQicHe] Aofa A2
H& FAEEE SRIEINS). o] THdE vk Aol Wo) AL
3k 9] Zo)g} BlS=Ek /=10000 pmé} ¥ Aol ARgslar
e ER ZRE 4o12] /=100 um2] WIfell gt AnkE vEhg)
o ojuf #=0.9060 (hexagonal) ¥ F=0.7854 (square) ol ths}
o] ARlalgitt o] A& #gah= b D3 Wd-Fe) ol EA] =)o
tiet B4 AJ42] gk Table 291 A2laltt. Figure 4ol & 5=
e Hlel o] SCF7F 5.0 wt% ©lake] ke sl 4] (1) 2
3P| Zukor 50 wit% oV E $lo] oW CTE 4

td

— & — Exp. data
100 —————  Eq. 1(Rule of Mixtures)
— — ——  Eq.3(I=100 um, Hexagonal)
Eq. 3(1=100 um, Square)
———-  Eq. 3(I=10000 pm, Hexagonal)
801 —-—— — EQq.3(=10000 um, Square)
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0 T
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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/C) (g/cm®) (um) (um)
Carbon fiber 230° 0.2¢ ~0.7 (longitudinal) 1.74° 100° 7°
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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TRk Sl Yook 348] 7HAssto] 150 wt% oPdelrls
Akl 2 (3)ofl sk P Bl

o]} o] SCF7} U2 SrgofMli= Aggka) 2] (3) 25 ARt
ke zjo)7k AA vR=t), o] Jeong 59] ATt nlSe
S BT} o]9}h T2 o= W2 SRt WAIE = o] R F 3k
o] @xjef| 71913k}, B8k o] TRefis W] HolE st =100
um} /=10000 umell thgt 3= W, % 7 Fhhexagonal, square)
137l tiste] /=10000 pme] Z1o] /=100 pmell vlal ofzie]l ¢l
2lo] A7t A4= CTE Aol 3429 AL & 5= 9tk 1
23 /=100 umell thet o]2Z2Jo] /=10000 umell H]&l] A& =]o|

Neat resin
5000 — — — - SGF 15 wt%#Fumed silica 5 wt%
SCF 15 wt%+Fumed silica 5 wt%

4000 |
3000}

2000 |

Storage modulus(MPa)

1000 |

40 60 80 100 120 140 160 180 200
Temperature(°C)

(a)

ot

o

olET

O ket o= ol@AelX AMEE Foglo] ARe] ot
55 92} F0)57) w07 Az Jeong 59" Al o
3P /=3200 ume] wHAFroll A 45 vol%olA A8 gkt Alkas)
7} dA|gtka B askgick
SAsF ME0|| 0[Xl= Eeiel ¥k 2 ATelA A

CTE®l & vz ¥ ope} 7|44 Addel e 3k
AeldE Belrt Ak Alel diste] 598 A4S

Figure 5°l1&= neat resin®} 37 SCF&} SGFE 27} 15 wt% -4t
AZ1 Ao 25 fumed ARIFFE 5 wt% AT AR AR
E(E)T tan 3(ETE;, B2 £AvWIE) & 24K Ay vl

=

20
—r—— Neat resin
— — — - SGF 15 wt%+Fumed silica 5 wt%
SCF 15 wt%+Fumed silica 5 wt% h
15} I\
“w
S 10}
S
0.5F
0.0

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 X3000; fracture surfaces of SCF reinforced composites (c) at X500; (d) at

x1000.
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Ak 72 oA £73ES B neat resin<SGF+fumed A&7}
738l BAKSCEF+umed Aei7} 43t 5314 =02 S71sb, 30 €
o] £” ko] neat resine 2850 MPa®l™ SGF %3} Bl
3480 MPa, SCF 73} 5312l -9 4850 MPaz F71sISlth.

Figure 5@ 2 I iolls o] vehhs 2599049
E77ke) A3E Yeligic) Neat resin® SGF+fumed 287} %
s} H3All, SCF+fumed A7} 3t 53419 £7 3R s 9
Aol 2] A9} sdaislom, 154 plateau PR 180 TollA
E73k& W ws) B3 neat resinelld] 2.96 MPa= B.$1°H SGF 73}
B3bafjollr ok 6rIQl 20.40 MPa, SCF 743} B3kajold 50.89 MPa
E ok 169 7prte] aA S7Feith

Figure 5(b)°lli= 54t AlHel tigt tan § TS JERASICE 1]
A°] HzkE B AelE 37k Al neat resinel] HIE W 7k
S 7K 3] SCF(15 wt%) +fumed A27H5 wt%) 743} 53
] ApHol AU B ke 7RIk Bgl 7pell sidsks w1 YR e
255 B9 neat resin] H]8] & A g5 AJHO] =& S 7t
At} Neat resinolld 7 3 138.0 ‘ColW, SGF 73} HatAel
SCF 733} H58Al= 212 147.6 T2} 143.9 CZ S7FIslth 1 €9
Q2 i Ao]=8] fumed AEi7t 7R <18l Akt @lizle] AW
oA A} AR29] £5Ad0] AeljE]7] otk

SEM ZIEL ok Hols= SCFe} SGFol Q& d7 71417 A4o)
R 2t Asp] flste] AREARARE (SEM) & o8-8t
W] T W At ol FA] BRtAe debEE sl

Figures 63 7 217} SCF A9} SCE7F AR oA 12
3 SGF A9} SGE7F kel oA o] s #H25E SEM A

&gt o FA AR dH/71A4 54 535

Zlo|t}. Figure 6(a) 2] 2008ellA] st SCF ARA|e] ARS B
A FEE B 5 glon, 3000019 amle® S Figure
6b)E HH A o] mig- AR AL & 5 ik T8y,
Figure 6(c) &} (d) 2] SCF7} 24k 73} AlHe] shehd s B mjE
g2olA] Al AR shdo] Qlar A E e ke 2 A1) A
= lom, sfdel| S A S B A7 gk o] A
fr Ero] 25X & AT B - Qi) o] SCFe} 74| WiEg A
7h st A AgEoR JaEe] dss ovlsht Wi, Figure
7(b)°] SGFE R o] wilg- wiEst 21 <k 5= 9lom, Figure
7@ (DF 2 SGF7F #el S48 gol & - 9lom ¥3] ke
2 3R] FA7F 2oIQA] ar ek A RS 4= QlSik o]
i SGE7}F A Aol SCFefl vl dissithe 21 ojnjsich
ufbx], SCE7} ellFA e} Alidgto] wle- 93k 21 oA A
sk ule} o] SCF7} SGFel 83l & CTE k& 7F™ (Figure
3), AdErdEe] freldad Y BirellM (Figure 5(@) X £73%
o] =0 * o]‘lgri 2 E) 2= 011;]_'

ST T 202 T M

2 E

FAH-(SCE) oF Fleidf-(SGR) 2 Zskel J3A1e] CTE%
= SRR S & Ao fRo] SRl whE CTES] 24 8
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Figure 7. SEM images of SGF (a) at X200; (b) at X3000; fracture surfaces of SGF reinforced composites (c) at X500; (d) at

X 1000.
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