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Abstract

During the curing process of thick glass/epoxy laminates, a substantial amount of temperature lag and
overshoot at the center of the laminates is usually experienced due to the large thickness and low thermal
conductivity of the glass/epoxy composites. Also, it takes a longer time for full and uniform consolidation. In
this work, temperature, degree of cure and consolidation of a 20mm thick unidirectional glass/epoxy laminate

were investigated using an experiment and a 3-dimentional numerical analysis. From the experimental and

numerical results, it was found that the experimentally obtained temperature profile agreed well with the
numerical one, and the cure cycle recommended by the prepreg manufacturer should be modified to prevent a

temperature overshoot and to obtain full consolidation.

1. A

rhy

AF7s BgAsE 7189 FEARA v
o WA BAAEEE s (BEEE) B4
of $3t7] Wl A I ¥uk ofulz
Aub @ Q5 Ao ol2vi7tA dE ALEH
of gtV Htolle TAME TE F3F7]¢ 94
TEEEZAN B¥ARE M) Hsto E7taA
FAE 713 Marin)Z e A3 I B
Az dig Bael Relxlam e AAelrh
Ao g AR HPHs= Tz
(Prepreg) 2 A FH 0, nFH EFARE
BB MO RS Rl X PR P B
= A3 AlolEE e cEFHln 23 4
FAo] wol AMg T Iy, AzAbA
£ 7)E A Alo|2e FAN gke vw B
Aug Azde A9dE PR, B %

2,

*

gyl ed 7)AE

34, $aHsrlEd 71AS 83
E-mail : dglee@kaist.ac kr
TEL : (042)869-3221 FAX :(042)869-5221

FARE 71 48 AlolE22 Az B4R
AA o] W dAxxe HFM EAsE wd
Hhgo g Qe FFAE Wi SEHRs ALl
2AsHA gk 53 frelds dE SgAal
35 xR 28 B HEtq AER
7b ) i xS 2 EIAY Bk g
A 7Hedel © ARAA Ak 0¥ 2xids
< J1Ae BAAS, 2ddE A3, Y &
2 3 Aog AR d8¥e 4l 8 F 9

dgol, 1EA $B AHLE Az #3
o WA Az 4sE 9AY R AL #F @
e Y% AL Foho] Relshor ok

AghA 497 e Bitd F8 FFAR
Aol #BF AFEo] Bo] FHHO Fr W
Bogetti 9 Gillespie © % S¥ASE A% 2 At
4 Az AEgdodE Mddtd dojo dHEHIEY
& e F¢ EEAHE Uy 2= 2 FI:
BEXE A5 ,? Ciriscioli 52 16-200 Z¢€}o]
9] ¥AE 7}AX & Graphite/epoxy B @A o] =3
23S 3389 Loos-Springer 33 Zd& %3}
o Ak g vk 27 Asx, o9
92 3 AT L T s 25 EX9



2854 2 A EFE -

v X 93-S Twardowski Fol ARG L@ 2
A FrE EY 29 WA (Model law)o] #3
A7} Hojjati 9 Hoa o &3t 8 5dct® 1
olx o] AFAEe] HEHAA (Inhibitor), &
FgAEe 44 A4 £ oaA A3 (Stage curing)
7ol F3 EFARY B &= EX &=
G ool A3 ATLE FPFHAUGCY

ZAsiatolEol ¢ BEAE WFY 2EEX
o} g PAE JEgE J GFREd 9 5
ATFHo] gtoo O E3] Kim I} Lee & AE
ol Bt W43 A7td e =Y 3

@ B4R B3} Ao]ES N
Ag7hx1e] B8t #4MY LS F2AHA HE =
2I3E Nese gAY, 48 F7¥8L
4 TR olgstd F}TAL M=
ol Joshi Fell ostad AMAIEJ, FH 5T
Ag, JUz A=A Hd 218 2o F3y

A Mo HEHJG? ®=H, oh T FH
Carbon/epoxy o w3t F7F AIFAHEE F3sto]
A% EAE 47 st 2=dsE WAEE
F4 733 Alo] & Hgsor &g vy
AWl LEZdolr HFW A FH
H zyIgart B2 FEE (Teflon film)o] Z&
YA TR, D-Zeto] (Peel ply), HE
& (Teflon film), 58] (Bleeder), & =2
E (Caul plate), H.2lt] (Breather), ¥ (Dam) ¥
T Fol AMEET AF7AY R A+
= 75-]?5‘:_].13_]— Ecala] s t‘r 33 zFuw o] dE
2 Atolo] A &S —1—3475}7] Hategd fra €4
A4 (Effective heat transfer coefficient)s A}-&3}<]
e FHIAYC Yoz A HE
T EH SEE FARHOZE ALEEA N
PG gk fa dALAFE 23
FA, & EHolEY T4, HIE HEF
2 B o T T2 AT 945
27 2717 dsE 1 ogre]l EabA|Y|
A
A

-4>r

o 2 (o

e N
2 o &
ol

i ox (& ol W1 b rlo o oft Hr ot ¥

oo

o

I oo Ho k4 oz o é

Lol r2 e e

43T AFE AR NS F
ENHolA] ¢om A T o
g 2948 ¥ 5 ‘ﬁq w3, HEH
EAsto AAzA %]
o] Ee e A a7]7} Wl A
=7F getA 7] o] A3 oM Ee
A Wi o Qeol gEse ¥

Aol gt @o) Yt

=3 diFE d7elME 1 AY FDM (Finite
difference method) =+ 2 2} FEM (Finite element
method) A& E3le 2x8XE % A3z £X
E JZ35i9n. durF ez vy B3 s P

AC)

HT o B 4 rlo

Jl)lf O o & rulm
rE.
(o

ol W A

2% SA4 vsted E3 Yust e 27
of ¥ Wwaone] GAYE FAY
T8 B¥AEe] A WA WEgoge 4
FAZ £ 7] diel 3 29 FEM 3|4 &
gt o] vhgA st
AFAHE 20mm FALY A EA 72 F]
748 A I BYAEE LEZdHoR
W AYE Fatd AlFshE Aol diste &
g R 2% #H3E E¥X 2 34U adE
H7 32 A E F3td ottt ol ¥
WA DSC (Differential Scanning Calorimetry)
& ool HAUAAFA zezd1e 7
4 d Ha, 598 ¢ 13 A4
a3t 3 2 v A EA
Fdsey, 3%, ¥, &

rﬁﬁ_&uSLQéOH:lor}E

X off
Ol

& oo
il

b
o
ix

1

A
o o H
e
o bt J

29
N

jo FAG M 2T WY
| Asteel st
t:)‘_]_-

Re 7

Bmlumﬂmimmmz_?hmzﬂr_&uz
&
3
|m

rko
i
i )
s i
ae

g A9 B3t
SETEE °F
AR RE, o

Q

-E%

tl:-,s]. %x} o7
ate] Al Zhel A
ol g% 3 A dN frEd 3ted 20mm 9
FAE M FYHS 2 g FE3
wdste W Fad AIE ﬁlr‘%‘?‘»‘}%*ﬁ}.

l‘lm Lx

OFH
2 o

2.1 e iy

B2t Wie Eﬂxl fEol o diH
g ady FAY £ gom ASIA F

o dxe &y 4
g Au] AL ohEa Zo] Jeid &
E]-_““

jq
YediE, p , ¢ R
m

k(i=xyz) s 27 BgARe] 2Ux, ¥d
7t ko] dAEEE yehich
A (Y Wy SRR gl TEwnss
LA, H3Ase A3t FAHoERE OF
B} Ze] FAE &
. da
quHUZ 2)



SAUROIEN T2 2R 25T

A7V — = FsEs Helz H, = T

FALA @AE e F BdE3E eld

2 dFoiME A Ao Azste
Al f/ol ZA) LY T (UGNISO)S Ad TA42
< A7 93lo DSC %H] (General V4.1C DuPont
2200)% Ol%o}oq & AP E B A AdS
Pttt & ZA}t 383K, 393K, 398K, 403K,
408K A FdFAH oy FH FAAE SK/min
o] A4 EE AR

4 @9 B3e e oges gol BN 5

%lq_.(lfxlﬂ

-5 3

(k vl B N1- B “

”“im

ANNM, AE &, ko m, e ‘fi—ﬂs}

s

Azye AAHY 2 L2 24E A4E o
A exel P42 Y & Ao dndew k
g

4 kv oS3 2L ol Y$-2 (Arthenius)
2 Yehio
lc1=A,.exp(——}?Ef) (i=12) (5)

A7IM, 4, 4,5 FFeli E, E, v 8444
AE JeblY R 3 T = Z7Z gubAde
(Universal gas constant)$} Adl 2%=& e
m% AL 42 e 4 glon DSC
AL ZRE m¥ nd O3 e #AY IS
S ¢ F AA

m = C, exp(-C,T) (6)
m+n=1.86 )

o

2 gLy

2855

Table1 Cure kinetic parameters of the glass/epoxy
composite (UGN 150)

Pre-exponential factor A, (min™)  2.154 x 10°
Pre-exponential factor A4, (min") 2.366 x 10°
Activation energy E;(J/mole)  8.180 x 10*
Activation energy E>(J/mole)  6.682 x 10
Constant for m C 1.876 x 10'
Constant for m C, 8.900 x 107
Constant for Hr Dy (J/g) -3.767 x 10°
Constant for Hr D, J/gK) 1228 x 10°
Heat of Reaction Hy (J/g) 120.0
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Fig. 1 Rate of heat generation of the glass/epoxy prepreg
(UGN150) during the isothermal scanning
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Fig. 2 Schematic diagram of the experimental setup: (a)
mold assembly and (b) sectional view of the mold
assembly

3. 04

ok

2 Fo 3R sy Aol
A7 AudaAA Azde A
Al T (UGN 15008 H&
sted & 100mm, YY) 100mm, 7 20mm ¢ A|#H
& Az ANHEL Az o, ¢FE
% (F15mm)d ZE FHOE (=5mm) ¥ ¥
(=25mm)& HEIE VFoI 7Y F, HFE =
A 1E F8Y 1 ¥FH KA o] 59
o Zzt Z& FHoES HE AAsct 2 o
S ANFHoE 38 oAEYE AR F 2EFH
olHol| Faam ARALNM FHEE 3 Abo]
& AHE3E Y Fig. 2(a)° 58 oA Ee]of et
A 8-S YA AFAA FHE
T A AlolEo] wEH, HA Fo|A 8o°C 7}
A 4°C/min 9] FLE£ER 7tgsn oo #HA9
AAt L sted 80°C oA 30 B FAIA
71tk a2 g A3zl 125°C 7HA] 3°C/min 9
TeEEE /g &, &dd FEgAA 7] Ao
125°C oA 120 &3t #AAAY. A3 5 &
HLE 0.6MPa 2 A A FX A FLh

AAFRAF EAE NP &5 HIE Yo}
By 2t EgAa "o 10 Sete] ¢
AR FEA FAE 2 QddA 10 Ealo] o}
Aol ARG BEY 2 E 2t B
HZwe] F4 dddA FAES sHgaie] el
72k 3 4 F 6 N Ktype EHUE AHEsIY

tEY 2857

o Fig 20b)0] AH4E 2Ae) ANE BB
o,

A

o

4, 3AY wEts U

41 Y 2H

2 Ao FARY FolA EHE Yo zRY
A3A] EgAE JHe SEEXE ANY 5 9
o, ol& #sle WF e wyurgog 9l
& GuNsrs 1o vFY dHd e #y
slof gtk dwtHog @We dAfzEC] F3AE
Holvl Fa i e o] &3t Sag Tz
S e} AE FHEY o ALyl At

dg NS S 5 dy 48 fEsa =
EoRg ASHMR AdE = g7 dEe) 2

St duk ez da AlgHD Qe
2R dAxgel $He fHo] 3
of A8 TEZaRL ALt FTA
Ma ¢ ogled g Zzamel oy A &
& o] &% & it
A ZEIHE ol HIFHE A3
7] Yale] WA Z7lNE A7 o] Fo| A st
o 7HAEl (AEE o=0) dFE A4S 8
ala] zZ} Ao LEEXE Jd& ¥ 7 dA@9
Lo e H3gw AMNEE A FAdesm
e Adse 7 dHe My gg%e Fagnh
o] MAFL v} AThawoA ZF HHA M &
Aoz HEH o)UY EE EF3ld Foln A3
AtolEF et Aol FAHEE sl Ad 7A
Ao By FIxe FAZRY AnE A
23171 913l 4 2F Runge-Kutta B8 AF&312A T}
=8 4 139 oA EYE HE3 RdHYsy] 9
ste] FEjd Aol EA] EAE B ofde, 53,
A& ZolE, ¥ HEIE "UE ¢ A3ur 74
el xgAIZCE M HEF3E FEAe 94
e BAIE 4 gti: Ao H L EZ Yo
H Ulge] 379 A3 ol EAG AfE
70WmK 2R ZPRETh. #Wd dAERE
Ao g FEid /ol EA] BAEe B4 27
A AwE A o] Table 2 o] YEbG 2 A& 9
BT 7tadt EE HAE AMEsle AEe]
i, Bgtage W dAEE 4 (9)F AE
sto] AAraisich

A A" e 37 93t Table 2 &
A OEFE Add B4 A 2o YEbG iR



2858 LAE oW

Table 2 Physical and thermal properties of the used Table 3 Consolidation parameters of the glass/epoxy

materials composite (UGN 150)
Properties Units  Values p 225
Density of resin kg/m' 1210 Fiber deformation Vo 0.5
Density of fiber kg/m® 2540
Density of aluminum kgm® 2720 Y 0.829
Density of teflon film kg/m* 2200 r, [m] 5x10°
Density of nylon bag kg/m® 1140 k. 0.7
Density of bleeder kg/m® 260 Fiber permeability o 02
Thermal conductivity of resin W/mK 0.24 = '
Thermal conductivity of fiber W/mK 1.04 Va 038
Thermal conductivity of aluminum  W/m-K 220 4, [Pas]  1.448 x 10°°
Thermal conductivity of teflon film W/m-K  0.40 Viscosity model U [Jmole] 1.103 x 10°
Thermal conductivity of nylon bag  W/m-K  0.24 k 13.2
Thermal conductivity of bleeder  W/mK  0.07
Specific heat of resin Jkg-K 1740
Specific heat of fiber Jikg K 920
Specific heat of aluminum JkgK 903
Specific heat of teflon film JkgK 1050
Specific heat of nylon bag JkgK 1670
Specific heat of bleeder J/kgK 1350
g unit: mm Vacuun bag o
| ugg‘ﬁf‘ Bo0xs Fig. 4 Finite element model for the resin flow analysis
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Fig. 6 Temperature profile at the center of laminate
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Fig. 7 Temperature contours in the laminate at the time
when the maximum temperature occurred: (a)
quarter model of the laminate and (b) half of the
quarter model
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(c) (d)
Fig. 17 Contours of resin pressures in the laminate at
different times: (a) 20min, (b) 40min, (c¢) 60min

and (d) 72min
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