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Abstract—Residual stress, generated during the curing process of epoxy and CFRP composite structure, exerts
significant influences upon their mechanical properties. In this paper, after understanding the generation of
residual stress and measuring the reaction kinetics and physical properties, optimun curing process that can
minimize the residual stress is investigated. No residual stress was generated during the curing step since the
curing temperature was always higher than the T.. Almost all the residual stress were generated during
the cooling step. To quantify the residual stress, the area under the specific volume distribution function was
considered as the relative residual stress when the surface temperature reached the T, of the structure. The
residual stress decreased with lower curing temperature and slower cooling rate.

Keywords: Residual stress, epoxy curing, epoxy reaction kinetics, €poxy curing process, thermal conductivity,

heat capacity
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2.1. H3ISKEE

ol 2|52 2] 73k mechanism o} FA)
29} A3pAe] FRHel wel ohEARE A3 =
amine$ AHESHs 79 ol FA|pR] 9 7 3hA 2] b
< mechanism& o}-&3} 7},

0] O|H
Ri—NH: + CH:—CH—-R, = Ri—NH—CH.—CH—R:
OH 0
l +
Ri—NH—-CH,—CH—R, CH.—CH—R:
0|H
CH.—CH—R:
= Ri—N
CH:—CH—-R:
|
OH
HHE- Foll A e 3] =FA]7]E amine-of| 4]
WS XTI, ol I=FAZ|9} o FA

Aelell G jte] EAdte] o FHA|Y ukgE 4
Al &t7) @ Eo]rH 9-10]. ©]2%t mechanism& 7}

A& A A48 Agahs BesEAeR
Al (DT 2L AAE kS EAE o] 43t
[11-13].

g =(ki+kXD(1—X)?"
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( F Tl )
kl klO exp
kZ kZO exp( F T )

2.2. HFE DA}

T2 AT Aol Fe AHFE ZAFE YsiAE
TR 9 Zdshkgel 3t BAFA|AG oo E
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AR FA AL F2Eo] He)e o] g3le] A
DHEE AHEEY 2z Weko® T2 whA Al(shell
balance)-& A4 Al (2)2} 7}

AT @@ "
P “az P
. density

. heat capacity

K@‘O

. thermal conductivity
H.» : heat of reaction
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Table 1. Materials ~

trade name

epoxy resin  EPON 9405
curing agent EPON 9470
carbon fiber Thornel T-300

company
Shell Chemical Co.

Shell Chemical Co.
Union Carbide

Table 2. Curing conditions

cure 2C/min 2¢/min
schedule 80T, 1 hr—> 120, 1 hr —> 155C, 4 hr
1
cure 2¢C/min 2€/min
schedule 80T, 1 hr—> 120C, 1 hr —> 155C, 1 hr

2¢C/min
— 180T, 3hr

10mg A= Hs
min® 2 W3} 7|
Du Pont Instrument 9108 A}-4-5}¢] 57 DSC ther-
mogram 3} 43-2- Thermal Analyst 20002 o]-&3}¢]
DSC thermogramell vehd 2% ¢} nh-g-odo] w3
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Fig. 1. Sample dimension and coordinate, size: 70X
70X 10 mm.
a: teflon spacer, b: aluminum plate
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Table 3. Values of reaction kinetic constants

epoxy resin composite
kw (min™) 1.899X 10 1.634 X107
E: (cal/mol) 1.744 X 10" 1.744X 10
kx (min™) 8577 X10* 9.944 X 10
E. (cal/mol) 1.140X 10 1.140X 10*
n 0.64 0.64
1.0 Frr—r
0.8 o _
=} 4 L]
9 0.6 | s
1% pYp
I
)
N
g o4t ]
(&) —— Kinetic equation
o 2 oC/min
e 5 DC/min
0.2 o 10 °c/min |
« 15 oC/min
& 20 oC/min
0.0 citaennl \ 1 1
50 100 150 200 250 300 350
o
Temperature ( C)
(a) for neat epoxy curing reaction
1.0 - - — W‘—”‘;
o) /S
=i
o 06 .
iZ
[
L
Z
o 04r e
(&) —— Kinetic equation
o 2 oC/min
. SOC/min
0.2 o 10 cC/min 7
= 15 oC/min
s 20 °C/min
0.0 ¢ P
50 100 150 200 250 300 350

Temperature (OC)
(b) for CFRP composite curing reaction

Fig. 2. Comparison of conversion changes measured
from DSC thermogram (points) and calculated
from the kinetic model (lines).
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Table 4. Basic conditions for the computer simulation

2 -

443

¢ Mass balance

dX
— =+t kX)(1-X)

dt
LC. X=0 at t=0
* Energy balance
o 4T 4T X
P ez TP
ILC. T=80T at t=0
B. C. oT =0 at center
0z

T=cure schedule 1 at surface
* Properties of epoxy structure

Thermal conductivity —0.0048+2.29X107° T—2.9X 10~* T2 [cal/sec/cm/K]

Heat capacity

Specific volume

Heat of reaction 90.3 [cal/g]
* Properties of composite structure

0.507+5.5X107* T+(0.0854 —4.0X 107 T)X [cal/g/K]
0.728+5.78 X107 T+(—0.0368 —8.55X 10~°* T)X [em¥/g]

Thermal conductivity 8.94X107°T—1.12X10"* T2 [cal/sec/cm/K]

Heat capacity
Specific volume

Heat of reaction 40.6 [cal/g]
* Mold dimension

Length, Width: 7 cm, Height: 1cm
* Molding condition

Feed temperature 80T

Wall temperature cure schedule 1

0.23+4.4X107 T+(0.0817—2.576 X 10~ T)X [cal/g/K]
0.647+2.89X107* TX (—0.0156 —4.274X 10" ° T)X Lem®/g]

o},

)Y

4.2. AFE B AHcomputer simulation)
AFE L2 o]4% Bk 72 B
Table 4 JYeliglon, 252 dimension, =
26l AR A 271271 58 7o) Halst
sty Fig 32 28 =Zzawge)
chart)e]w], FDM$ o] 4-8lo] E452] 215} o1 %)

1
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00122 3hgic)
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A F2ES AP, 2%, Uro WstE Jehygl
oh A3tz 29 A4 AskxA 19 sy
mFA 2} A9 180T, 3 hre] 2L o)n] Asjure
°] 7e AR ool B postcureo] FIE 1
F8koL 9l& Wolr}. Fig 5ol 4] o Zx)5x) 0] 7o
Widedol o3t 2xAkre] 10C Az 2 EPON
ol9}e] thE ol FA|RR] 9] L AbEM ) v A 2
Al viebih=dl, o]i= EPON 9405/EPON 94702 wt
o] 90.3 cal/g o2 w4 22 ofe] ured-s- 3}7)
mEolok e BgAY) AL B Lxabiol
2C H=2 AL e shxld), o] whe walm
olfell = B AHEEI} o EA]57]ol 13|
4v] 7heF 2 & JPA T 917] wFoluk

Fig. 7(2)s} Fig. 7(b)= #3827 19 Asizizq)
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INPUT CURING PROCESS
AND COOLING PROCESS

CURING PROCESS

COMPUTE CONVERSION PROFILES
X €= X+ AX
T
COMPUTE TEMPERATURE PROFILES
T o Ta + AT
I
COMPUTE SPECIFIC VOLUME PROFILES
Vi V(T X)

END OF CURING PROCESS
TIME > TOTAL CURING TIME

TIME INCREMENT

COOLING PROCESS YES

COMPUTE TEMPERATURE PROFILES
T Tu + AT
T
COMPUTE SPECIFIC VOLUME PROFILES
Vi ¢ V(T,X)

END OF COOLING PROCESS
TIME > TOTAL COOLING TIME

TIME INCREMENT

Fig. 3. Flow chart for the computer program.

2a3e EAMARE wlwste] Yehd 23olr}
HAbell o5t U2 At4ro] Aol A3 &
EAds R} wke] oot g} o]#d olfEE
AR Ao Hago] mE dAT el W
55 S48 E3la, AEEo] 19 A$d 73
AHEEGHS A3Hg-o] 0] Aol % A4-3kaL )7
g Eolch & Z2 ol o3 Aal= Aggo] 1
B} w2 ok HgHgo] 19] A¢9 dAr e
S AR AA A3nc) 2E 94t 2
ZAbgel W g we] W] wiolc) o)ejg
S B8A Y] Aol = vpgrixoln 2 a}el=
tha 2ZHA vepa Qo)

Fig. 8(a)¢} Fig. 8(b):= 7 3huk-g-o] 2H43) B %
T-Z2E9 55 180T E 2 the Y24 o)A 9
SEREHE e Z2 o] waldsel Ay

(24‘{\
SRS 2
QT T
2
““
)
(a) neat epoxy

Fig. 4. Conversion change with reaction time during
cure schedule 1.

2 vt el 23olt). o TA|R] 9} B
FA BF Aggo] 1d W dAEE, g4 1
29| gh& AME-E] wFoll BAbE el A A}
79 dx)sar 9ok Fig. 8|4 A|zto] =] del] u}a}
Aol 9% 22747 AA Aol AL =
23] A} 2C/ming JAEEE A sk
HhH, AA Aol e F2E] Wby ol oven
Yol 4o MPe]mg z7)dle 2C/ming £ &
FrA A RE A7ke] Aol whe} FxE] WS
7} A zpebA]7] wFolch

A o2 of| FA|pR| 9} BitA F2Ee A3}
A, Aol digk AFE 2l Aibs AR A
dAFe} Ao A5 53] {3 AHY
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(b) CFRP composite

Fig. 5. Temperature change with reaction time dur-
ing cure schedule 1.

A7} sl BAFHAA N FFE Bl o
SEMIE YA PEEY LEHE ¥ dEan
slct.

43. RS oZ

NEAGA A EAE BFEHE Sk
Hell+= photoelastic method, strain gauge method,
layer removal method 5-0) glon o]23} W=
£ AR A @ T 5 Uk 2o}
& ATl e 73 AvlHel huet R
& HAE sk AT AE e o] Zolng
7639 A mechanisme d7sle] 7+ A3}
Aol o Ao Q) HF-He) ghe AAtgtes

r.

off i i

sk Al 69 A 13, 1994

Fig. 6. Density change with reaction time during cure
schedule 1.
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Table 5. Simulated specific volume distribution func-
tion for some cooling rate when cooled from
180T

180 . : - . . v :
160 | =
—
O
°C 140 4
o
5
) 120 E
©
e
(N
o,
E 100 + —
£ Cure schedule
80 » Experimental
o Simulational
60 L 1 L 1 1 1 L I
0 50 100 150 200
Time (min)
(s) neat epoxy
180 T T T v T
180 - B
~~
&
°_ 140+ 4
)
5
. 120 _
©
[
A
E 100 | B
o
=
80 = Experimental i
o Simulational
BO " 1 " 1 L 1 L L
0 50 100 150 200

Time (min)
(b) CFRP composite

Fig. 7. Temperature change at the center of the st-
ructure during cure schedule 1.

AR 2 oz HFedE o
T 5 Stk F feldol LR ol4e) LxA 7
zgo] Y27) Agele Fa2E L) W
wo} wel Yrhew s fel ol exd we) e
o EREES} FeAleleEs} 2o Hu, Elo
Sk EAEE) $5Ae] A sl BF-EHol
Ashtieks o) % AR S8 WA Hek 22
EHeEs} feldolens} e A, T2E o)

specific volume distribution function
(cm®/g° mm)

cooling rate

o s 1 50
(C/min) 2 > 0|2

epoxy resin 473 | 112.8|193.3 | 273.6 | 350.6
composite 83| 202| 409 8091726

Table 6. Simulated specific volume distribution func-
tion for different curing temperature with
2 /min cooling rate

specific volume distribution fupction
(cm®/g-mm)

final curing
temperature (C)

epoxy resin 47.3 434 35.7

180 155 140

composite 83 7.6 7.6

F22 ofA freldol2xx ¥ Aleld) &)
ek olm) WF-LEs} fiolews} 2ol o
742 dAEle FREY Fuase, I §
Aejoln FYPA R F58x] Faln AF-H
<= WA= 5 (driving force) 2 2 28314
ek ey ZH 57} fejdlo] x| xuiS
o, W& BAAEEE F2EY T wFe g A
w3t AA2 v AHEE 3 (specific volume dis-
tribution function)2} & 4 slew I & AF
Sl vl g

Fig. 9(a), Fig. 9(b)= | ZA|5x] 9} B34 2 180
Coll A YzhA] 7, Edo] FejHo]exr}
SE 9] G AL o2l S
deted vehd 2302 Wa&wr) o2 n)
AAEZ 2o} 222 o 4 glu) E-":E‘} Table
5t Fig. 99 ¥ vlAAEEE FANZoE A
3 B]iﬂ’“-‘%i 9] Fro R 7h7he) Yk
& A H <l AHF-8H& Yl i 9lcKTable 59
A Al e -‘—Er gk oJu)7} et wh2] A A
A88E vwsty] 9% gos of| 79 3
fregel ¥ F AURAE 45387 47 grelh.
A AF-$Y A YRS s G542 3}
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200 T T T T T T "
s Experimental
180 . . 7
—_ o Simulational
|®]
o_ :
v 180 T
‘5 eCenter
- 4
«©
e \!
O 140 + Surface B
Q.
£
[
=
120 | .
100 " 1 L 1 i Il
0 10 20 30 40
Time (min)
(2) neat epoxy
200 v T t I . :
180 = Experimental B
8 o Simulational
ov
[ 160 N
[
2 c
= enter
£
[ 140 N
o,
£
[3)
F
120 a
N
Surface
100 L L . i . L .
0 10 20 30 40

Time (min)

(b) CFRP composite
Fig. 8. Temperature change at the center of the
structure during cooling condition.

WA st glct Table 62 W25 2 2C/mine 2
A {FAFE Aol HEASpeE, & Wit
A= E WEAI S oo v AR E P9 gt
22 HFANREI} G52 AFSHo| 2
AL ek wpepr] B dFolA AFe-g Astz
F 74327 10] A3t27 200 vle) 27822 2HA
&= A3tz 7o)}

ol2igh A= wieF HEA LR} o]
=Rt 2 =g Yspge) s 1HF-3e) 23

sk A6 Al 1%, 1994

E
ot
BN
ot

0.915 — L T

0.910

0.905

0.900

0.895

3
Specific volume (cm /g)

0.830 7 | | . | !
9 2 4 6 8 10
Thickness (mm)
(a) peat epoxy
0.7425 . r . .
0.7400 | .
0.7375 50 °C/min .

0.7350

0.7325

3
Specific volume (cm /g)

0.7300 N 1 A 1 R 1 . L .
0 2 4 8 8 10

Thickness (mm)
(b) CFRP composite
Fig. 9. Specific volume distribution under different
cooling rates along the thickness direction

predicted by computer simulation when
Towe=T, and cooled from 180T.
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