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Effect on the residual stress of cure conditions

in an epoxy resin system

Kyung-Hee Yu

Department of Materials Science and Engineering, Graduate School

Pukyong National University

Abstract

A dilatometer was used to investigate the effects of cure conditions, mold types
and the presence of filler in an epoxy resin system. The shrinkage was occurred
during both curing and cooling after curing in the epoxy resin system. The
magnitude of the shrinkage, related to the stress buildup in the epoxy during
curing and cooling, was influenced by the processing conditions, filler presence
and the nature of the mold used to contain the resin. Cure and cyclic cure at a
lower temperature, prior to a post cure, decreased the magnitude of shrinkage.
Cure shrinkage decreased with increasing the number of cyclic cure. Post cured
sample without the mold led to lower shrinkage compared with post cured sample
in the mold. And the sample containing kaolin filler showed less shrinkage than

unfilled sample.



A&

A1l A

T =
T ELE M AR
— ) %

MWMC o ﬂM M E]E W Ne _1/4 o1 T o V,.
ﬁimm%w%wﬂﬁ W PR U E
of B g = = b & = TR

o w o & M N o i e
r K = ! ﬂr Hlo 0 ° bt
i 0w % ol o o Mo Rl o) m 63
‘ul J: ﬂ_l ﬂ;l O# ‘wAI N O_O — s ‘a ‘Ol
}xﬁaﬂ#aﬁﬂﬂ . g ok K
o o= M oo I oo — T K oy o b0 = R
oy iR S LT R T
of W <N " = M R W .
o mK X OB T #ﬂﬂ Col H%%%
- I T ¢ o n R T
K T IO o) = R Y, o] my el "o
o o W Mo I o o w#, — w
S ojn 0 T
™ wr H T . 5= Hr Wy ww ol Njo E_m mj) W
O x N o o oy o 7 1 s R M | T O
w = oy B oo & e =1 = £
= U Q T
T "o < v T K N - A ] & o
ﬁﬂﬂ,@%ikaa L;;ﬁfoxwxb
fo " W Lo Do iy ® o 3 n
® oA ™KW S e W %
R0 T o X Ww ﬂm W SR A % o B N
7a:_o&MEL 4 Hoylﬂﬁﬂ_o]w
o k0 ™~ o W ome X o ® oy
__Lﬂw@u%go_m.wma ﬂaﬂﬂwiﬂﬁrJ
ﬂﬂyz%%ﬂgﬂ ﬂmﬂ%%_,%a7w
~ < )
Ak 7o ‘.._mm_ % oo oy o % N " or il BN = .lm,. o my
g < it X T W J H o= = P M pln W OT R 2 b
B SR ESER R R RSN
e %WV@ ﬂ{iﬂ%% A
A A A T X &<
© o & W -~ & M ol 7 po X
7_zﬂar.mqgmhz@.mwl}
N o TOE W S o
o o ©° 8 o~
GO



8 Frha Sk

a3 A7HAE AFA A AZE RlA BEHE - AAH A B
of B8 MAUZL wED AuLEe] o2 o|Fo] o FAS EHe| I
Fe ALY olE AAL ERHOR M A7 AEA £ Aol
Qo] Aolo] oa WA RNt dFAL WAAIT E
AE Q%8s WA ARos AR el A IR

£ Ao ol @Y

& cracke] A AT
ol & dAFolME A3 &%
ANZFA FA 9 AEgAA v JFFS BAFs| By JFFSH AT +5
o] LA os) Fig. 29} 20| cracke] A7+ A= WA Y] At dnby
A A 2% Ho @E 2ToA AAE] A8tE sl T cyclic curedt=
TR o3 cyclic cures THOE Bt oy V1A Z7NA A=
Al AT dukF el AF ZdoA] A FE AlY
o Hlu HESHH

o
o
ok
L >
=
il
[
o
12
>
14
AU
E

N
2
N

JN »
o

)

& DSCS TMAEH S 53

-



Specific Volume
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g
Temperature

Fig. 1 Typical behavior of the specific volume of

a glassy polymer and temperature



Fig. 2 Premature shape of epoxy resin compound after curing

( 80C 1hr, 120C 2hrs - in aluminum mold)
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Table 1. Typical epoxy resins

(a) Bisphenols




o)
R R
/ \ | |
H,C— CH— CH,— O* c O— CH,—CH —CH,—O —C O— CH,— CH— CH,
| | |
R OH

n R \O/
R=H(bisphenol F)
CHs(bisphenol A)
(b) Novolacs

CH,—CH—CH, CH, CH c:H2 CH,— CH c:H2
LNy . !

R=H (phenol novolac)
—CH,

CHj(cresol novolac))
(c) aromatic amines

HC—CH—CH,

2 —H,C
HARS e S
.02 cH ch,” N CH,—cH —~H .
\ /

o

\O/
(N,N,N'N'~tetraslycidyl-4,4-diaminodiphenylmetane :TGDDM)

H,C—CH—CH,

AN
N NOOACHZ* CH—H,C
sz CH— CH2

\O/
\ /
(0]

(N,N,O-triglycidyl-p-aminophenol)

(d) cyclo—aliphatic resins

C—O0—CH,
O 1
IOLN O
(3,4 —epoxy cyclohexyl methyl - 3,4 — epoxy cyclohexane carboxylate)

CH—-CH,
\ 7
o@/ o)

(4 -vinyl-1-cyclohexenediepoxide)

73 8t A| s} Evj
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Table 2. Amine curing agents

. viscosity|melting
abbreviated|molecular .
compound structural formula . (mPa-s) | point
name weight . .
(257C) (©)
A . .
| g [Diethylenetriamine H,N(CH,CH,NH),H DETA 103 6~8
i m
lpl I'll Triethylenetetramine H2N(CH20H2NH)3H TETA 146 20
ae B A
t S |N-aminoethylpiperazine HN NCH,CH,NH, N-AEP 129
1 RS
A m-phenylenediamine H,N @ m-PDA 108 63
r 1% \NHZ
ok S DDM 198 90
an 4,4'-diaminodiphenylmethane HZNOCHZO—HzN
t e
1s
¢ 4,4'-diaminodiphenylsulfone HZN@SOZQHZN DDS 248 175
Table 3. Acid anhydride curing agents
compound ‘ molecular viscosity melting point




chemical formula weight (mPa-s)(25C) ()
Methyl nadic anhydride(MNA") 178 150~300
c=0
AN
HC —CH,) ©
Cc=0
H hydrophthali hydride(HHPA
exahydrophthalic anhydride( ) 154 35-37
c=0
) (0]
~
CcC=0
Tetrahydrophthalic anhydride(THPA) 152 99~101
c=0
) (0]
~ 7
CcC=0
Phthalic anhydride(PA)
148
c=0
) (0]
d
CcC=0
Dodecdnylsuccinic anhydride(DDSA) 266 200~600
c=0
) (0]
Ve e
HyCiy C=0
Chlrorendic anhydride(HET) P 239~240
Cl
Cl c=0
Cl ) (0]
d
Cl C=0
Cl
Pyromellitic dianhydride(PMDA) 218 286

\ /

O0=¢C c=0
- 0]

O\ y

0 =C 0]

C

222 Zuj
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Zu| 24 & Table 49 YEbH vle} 28 Lewis AF8 3 Lewis 97189 315

o] 4ot o5 FTAAE Lewis 4H4 9] 3E3} B4 monoethylamine-

A E

CEIELERIS
2ol Zg 278 ZuzA AEHGH

Table 4. Catalysts

e G FEEEA Z AMSEHE 9] stuoltt Lewis A7I

3% olRloli} imidazole B @ o] BE FFE Fv) w2

compound molecular viscosity |melting point
chemical formula weight | (mPa-s)(257C) ()
Boron trifluoride monoethyl amine(BFs; « MEA) 86~89 1~5
BF3 ¢ NH2C2Hs
Benzyl dimethyl amine(BDMA) 180 I~1.5%
/ CH,
CH?N
™ CH,
9-ethyl 4-methyl imidazole(2,4-EMI) - 1~4
H
|
N
i YC2H5
H,C N
2,3,6-tris(dimethylaminomethyl)phenol(TAP) 160 OG5
CHzN(CH3)2 (1.5mmHg)
HC <
NCH, OH
H,C”
CH,N(CH,),
223, B33 937

_11_
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M E AT B2 ol AR A B Br9xrt AL
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BeE Aste Brole BEA Fe oAFA FA9 oAFA 70l dsty &4

2 @tk 29y SAHE wgol ZhaNkgo|ER W Frldt B &
FA4o] GAlHo} wgo] Yojuhr] ogsl ek wlA durxozE A
g ozt ol ALgIE 57} Uk
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A Aol A AZolRlS MAEE WheEEo oF ou) Fx =rhY) g
= obglol = 7~108) ETh® whbd whES A A O Z step 1014 FAAL
T ol FAAE 7195 step 29 WS WA= Ao] st

AFFE] WS Hujel fR2 dEpith EHufel AzepRle] EAE A
o=, AHFFEo] FYo =z 7] wWFol Table 69 2(1)elA H ol

o
oAl carboxyl anions AJ/d$tch. 1]al ©] carboxyl anion ol %A 7]

i

HH-3-3t] alkoxy anions AJ4d3lL(4](2)), 1 alkoxy anion®| ThE AHF-F&E3}
Hh-&-3to] ThA] carboxyl anions A§A338FaL(2](3)) L carboxyl anion®] #2 &
FoZ dFA|7|e} vt PTG AZET(A ). 1L 2 @)e} 2ol
Zule "ol oA B ol2d w2 anionZ ¢l WEWHS-(SHNE) O]
7] W&o, dutH o7 ether 2ES HA8HA et

Zuj 7t EAEHA B AFols, AFA FA FoA EAs= A B A
F5E F9Y carboxylZ| 2F-El JiAIgt Tl AZE Y. dSE&A FAS A
FEZBE half-ester’} A48k, o714 A" carboxyl 717} o ZA]7]9} ut

S8 esters}3tel FmEH FAIF AHE e mgoz o =LA

B A BN A9 nas] 4 Yol $AAE wol Gt 9
7] WEe A3 WA glol A3k AYHek T 43 FAAE FH

[e]
o
£ g BN FAG vs) B P LEE VAT HAW % P &=
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Table 5. Reaction skims between amine and epoxy

step 1

R—NH, + H—OR =——= R—NH--O0—H

H
R' H
|
R'— CH—CH, + R—NH = 0—H ————= p__ o op - R
\ / I \ 7/ ’ AN
O H I_ o) H
H o R

=TT CIH\RAFCH-CH#A M — R + R—OH

OH

step 2

R R

I L %
R"— CH\— CH, + NlH TONI B  ch~—ch,-N—'R + R—OH

/ | I
R"— CH— CH J |
0 ‘ C|H 2 ' 9 CH,— CiH—R"
OH OH

_14_



Table 6. Reaction skims between acid anhydride and epoxy (1)

(1) When the catalyst of tertiary amine exists

o] ﬁ .
[l
C~— NH,
C\
0 + RN —=
7/
C -
I c—0o
o )
0 o
Il * I +
C=— NH, C=<— NH,
O e —X
_ \N 7/
c—0 © C—0—CH2- CH—R’
Il |
(e} o) fo)
o o [ 1
I * Il U;«— NH
Cc=— NH, Cl 2
N\
CC " O
C/
C—0—CH2- CH—R' 7 ‘C‘fOfCHZ* ?H— R
I o} /
e} 6 0 ? ¢}
\
B C c=0
o)
i 1l
NH,— C
o 0 o) R
I + Il < Il |
C=<— NH, Cas—=.NH, C—0—CH—CH,-0—C
@ ' ‘()‘
C—0—CH,- CH—R' C—0 — CH,- CH—R' ‘(‘DfO*CHf CH—R'
[l \ Il \ \ N
0 o o % 0 0 ? o
\ \ \
o=C C=0 o=C C€=0

O O

eq.(1)

eq.(2)

eq.(3)

eq.(4)
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Table 6. Reaction skims between acid anhydride and epoxy (2)

(2) When the catalyst does not exist

o ﬁ R
Il J
c. R C—O0—CH—R
0 + HO—CH
©ic/ ‘ ©< eq.(5)
Y R C—OH
o )
ﬁ R o R
‘ I |
C—O—CH—R C—O0—CH—R
O, oo
N\ 7/
eq.
¢—oH 0 C—0 — CH,~ CH—R"
I |
© 0 OH
o
o o
I ; I g—o—c‘H—R
C—0—CH—R N
O O
c ', /P eq.(7)
ﬁ*O*CHzf CH—R" ¥ ﬁ O —CH, (‘jH R q
\ 0 o} o
o OH |
&0
©io OH
I
o}
¢} R (‘3‘
Il | ‘
C—O0—CH—R A EPH R
©< + HE IR == @(
\O/
C—0—CH,- CH—R" C—0—CH,- CH—R
I 2 | [ : | eq.(8)
(0] e} (¢} (0]

224. AZFA AskA| o] H7ME(PHR) ALt
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2ol A FA 100ge] Wi 73}

PHR(Parts per Hundred Resin)2 €734 &
A 2 ESAAE R ggolof Ayt AGA o] FAA=TE 2R st HUME
I H7VEE oAFA T B AIA Y Tl

735,
uet gEn e EFR] Ao H7EEel dste Mestlth

otk S EA] S0l

(1) A8 AI7F amine®] 73-%-

AEA ] FFe BHE A Z3|ALo|A AT, BHE epikotte 8289 TS
185g/eq A=o]™, epikotte 828 3IFetE  H=SEH(F)Y YD-128<

184~190g/eq®] T}.

o

() A3AY AFead 4

AR =L
A7NN o= TTTEOE o3
epoxy?|
AR v B3EAA7E S

0.55, amines XA = A}

oo
QL
fr
o,
o
fr



A71A AEAE FasHA Hrletd F AT AFA FAE DS F oA
ta lew, Z3AE A=A A

o]2x)9 90% BEE FH7}3
Fi7h gloiA A A2 Az 05>

rr

2

rok
HE

HE d3A=

s AFS

x

2.3 EE4H
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FEA 92 ICTAC(International Confederation for Thermal Analysis and
Calorimetry)oll &st™ AAHUY slolM 25 dAHHEE 5 - 517 AlZ
AR EE3 35ty HslE A e 229 F4EHN SYse YHES
et 250 WE A8 ®sle 49 59 HES o dAst=d o
deo] H3lE =Asl= FES  calorimetergl $th o] T E A A (adiabatic
system)ol A= SR BE HH ol o5 A2 AAHAY QA A ¥

H ¥ calorimeter’} 922 €3 Zi WEdH d&
calorimeter’} ¥ E3 2o T €9 3FL enthalpy(AH, cal/mol,
kcal/mol)¢t 2t =, &4 a3 2o] vkg Al BAs= A W}
o #do] AUtk

1) A4

Hao(g) + 1/202x(g) — H.O(#) AHf’= -68.32 kcal/mol
2) BA ezt

NaOH(solid) — NaOH(solution)

3) d&d

CHs + 202 — COz + 2H20 -~ AH = -211 kecal/mol
4) 34 A d719 vk

H+ + OH- — H:0 AH = -13.8 kcal/mol
5) Specific Heat (cal/g/TC)

T
oEﬂ T

e WEd = EZ9 A7 x gpecific heat x AT (Dulong

rr

P
T

E]ol'

and Perit law)

. specific heatZ =& AxzF =4 715
dEAQ dEAYol= TG, DTA, DSC, TMA, DMA 5°] A2 ool A
£ o] AT A&"E DSC TMAG thshA vt 7]&3taA} 3,

_19_



2.3.1. DSC (Differential Scanning Calorimeter)
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£ 7HAL siAE  slemg B9 ST AL WA AEHE Aol

23.2. TMA (Thermal Mechanical Analyzer)
TMAE zero®| 7V7he 3tz 4 newtond 35S 718t Alge 33
F5o ogt =73} (dimension changes)E SAsth A Al1d2 WY

=4 A7]AA(LVDT: Linear Variable Differential Transformer)7} Ag-%| o

o
Ach
)

o

| 2% (glass transition) %9 3G sl w5 53 EleS
A= 3ol Ao

ofZd IHAR TMA AP AR &% Z2IH9-& 7lste A st

tlo
A
ol
ol
L
)
rﬂ
e
o
el
ol

o2 Alge] ¥ (deformation) } % (constant load)
Ao dynamic load TMA(DLTMA)Z4} 3t5 & F7]4 22 WHIAIZ|HA] AR
o] Higy BAES TN AT 5 Ut DLIMAE 1 EA9 Hea A
ol #g AHE ATt

TMA®] 93 dilatometric =48 ZAA=ZXR BAAF(HHGAS, CTE:
Coefficient of Linear Thermal Expansion), fr&]%¢](glass transition), 7|3 <]
%, €37 HWHsl(volumetric changes)s® T&A ¥ 3 (polymorphic

deformation)ol| th3gt AFE & F St
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A3 AE T

31 A8

B AFolA ARERE ol FA] A= FA7F Fig. 33 22 Diglycidyl ether of
Bisphenol-A (DGEBA)[YD-127, Zx=88H(F)|2 Al4atu1, ZAsiA s A =
A= Fig. 49} -2 Nadic Methyl Anhydride (NMA) [KBH-1085, =% 3}t
(57)]¢} Benzyl Dimethyl Amine (BDMA)[KBH-1086, =1 %=3}8H(5)& Al-&-3lA
=

FA7HAE AHEE ASode A% B AHA AS 54T 4 = Kaolin Clay
[F-ALA(F)]E 36wt.%E AH83EATE Kaolin Clay®] “4%-& Table 7¢ e}
b=y
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Resin

BPA(bisphenol-A) + ECH(Epichlorohydrine)

CH3
|

0 —Qc OOH + 2 CH, —CH —CH,Cl
| N/
CH3 0

NaOH

> DGEBA (Diglycidyl ether of Bisphenol - A)

CH,~ CHCHO@ M%HCH o@ C \ /

n

——— O—CH,CH——CH,

O/

Fig. 3 Chemical formula of epoxy resin
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Curing agent

H

|

C O
H—C ™ | TCH—C~_

CH 0

CH —g |2|CH_C/

N |

| O

H

NMA(Nadic Methyl Anhydride)

Catalyst

AN 4
= N

BDMA (Benzyl Dimethyl Amine)

CH,

CH,

Fig. 4 Chemical formula of curing agent and catalyst
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Table 7. Components and contents of kaolin clay

component

Si02

Al,O3

K20

FeO3

NaOs

MgO

CaO

content(%)

59.58

3o 4

B )

U5

081

0.31

0.06

3.2 A18H A=

_25_



ANZEA F=A AlFAI o ZEA] 2]/ kaolin clay(36wt.%) A HHE THE7]
3l WA, A DGEBAS} 734l NMA, Z28]x 43 =342 BDMAS z+z}
100 : 86 : 2.5g°] Hl&=® 4o FA, B3Al, 43t FA7F 21T EFHE
2 5837 & AojFEh?

ol H7IAE H7IE A= 60T AXRV|AA FE3] AEAZ kaolin
clayZ 36wt.%(66.92)S H7}ste]l T EFHEE #F AojFt. I F void
o AAS YA 80T EHY7] IF BN 1587 AF 2@X3 F 747to)
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Fig. 5 Shape and size of specimen (mm)
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(b)

Fig. 6 Mold of Aluminum (a) and silicon resin (b)

Fig. 7 Specimens of cured epoxy resin
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Table 8. Curing conditions

Cure temperature and cure time

80T 2hrs - 120C 2hrs (post cure)

] 268 WA POk cune)

120C 2hrs (no post cure)

80C 1lhr = lcycle

80C 1lhr.= 2cycles

80°C 1lhr = 3cycles

80C 1lhr - 4cycles

80C 1hr - b5cycles

80C 1hr - 5Heycles — 120TC 1hr (post cure)
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(b)

Fig. 10 Shape(a) and size(b) of specimen for TMA
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Fig. 11 DSC (Differential Scanning Calorimeter)

Fig. 12 TMA (Thermal Mechanical Analyzer)
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DSC Heat Flow

Temperature

Fig. 13 Schematic of DSC results with exothermic peak
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Table 9. Residual heats of reaction and degrees of cure

Sample AH (J/g) % cure
No cure 188.917 0
80T 1hr, lcycle 164.898 TH7,
80T 1hr, 2cycles 70.048 B9
80T 1hr, 3cycles 67.486 64.3
80C 1hr, 4cycles 60.517 68.0
80C 1hr, beycles 50.942 i 3.0
120C 1hr 0 100
120C 2hrs 0 100
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Fig. 14 Dilatometer results according to curing condition
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Fig. 15 Dilatometer results for sample after curing at 80 C for 1hr

according to cyclic number
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Fig. 17 Dilatometer results for sample cured at 80'C for 1hr, 5cycles and
post cured at 120C for 1hr (without kaolin)
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Fig. 18 Dilatometer results for sample cured at 80'C for 1hr, 5cycles and
post cured at 120C for Thr (kaolin of 36wt.%)
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Fig. 19 Dilatometer results for sample cured at 80C for 1hr,

5cycles and then post cured at 120C for 1hr
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Fig. 20 Dilatometer results for sample cured at 80C for 1hr,

5cycles and then post cured at 120C for 1hr
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21 Dilatometer results according to different curing conditions
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Fig. 22 Epoxy added kaolin at 80°C for 1hr, 5cycles in the mold
and the post cured at 120C for 1hr without the mold
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