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Abstract— Resol type of phenolic resin was cured investigating the effect of curing kinetics on the cross-link density
and mechanical property. Its conversion and cross-link density increased with isocuring temperature and time. It had al-
most the same value of activation energy for curing as general epoxy resins. The resol resin showed the increase in tensile
strength, tensile modulus and toughness with isocuring time. It showed the decrease in elongation at break with isocuring
time when cured at a fixed temperature. The resol resin cured at 210 °C had lower or equal mechanical properties with
those resins cured at 150 °C and 180 °C because water vapor was generated as a by-product.
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Table 1914 M= ule} Zre] dubdql #lE¢R)9} B
A3 A] pH| Aol o3 saba Q) FxEat ol2} A3} wALZ
M= Apel7t Qlek. kB o} HE5x]2] A3} uhgox] TE
# ]l #5571+ hydroxymethyl group(-CH,OH)Q1d], AbA] F23}el| 4]

Table 1. Two types of phenolic resins

Novolak resin Resol resin

* Synthesis under acidic condition
* Phenol excess

» Synthesis under alkaline condition
« Formaldehyde excess

» -CH,- bridge * -CH,0CH,- and -CH,- bridge
 Curing by curing agent and » Curing by only heating
heating
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Fig. 1. Specimen dimensions.

Table 2. Specimen dimensions(mm)

Dimensions(see Fig. IV-1)

W —Width of narrow section 6.3
L —Length of narrow section 27.6
W, — Width over-all 9.2
L, — Length over-all 80

G — Gage length 24.2
D - Distance between grips 55.8
R —Radius of fillet 36.8
T — Thickness 1.5
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Fig. 2. DSC thermograms for the initial uncured samples at 10 °C/
min.
(a) first run and (b) second run.
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Fig. 3. DSC thermograms as functions of isocuring temperature and
time for partly cured samples with heating rate of 10 °C/min.
(2) 120 °C and (b) 150 °C, a; 5min, b; 10 min, c; 20 min, d; 30
min and e ; 60 min.
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Fig. 4. Conversion of partly cured resol resin as functions of isocur-
ing temperature and time.
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Fig. 5. Plots of 0//(1 - &) vs. isocuring time for various isocuring tem-
peratures.

Table 3. The reaction rate constants of resol resin fitted with linear

regression
Isocuring temperature k(min ) v
120°C 0.013 0.9992
150°C 0.025 0.9024
180°C 0.111 0.9630
190°C 0.281 0.9795
210°C 1.173 0.9875

“Relative deviation from the perfect linearity.
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Fig. 6. Plot of In k vs. (1/T) for calculation of activation energy.
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Table 4. The activation energy and frequency factor of resol resin

fitted with linear regression
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Fig. 7. Viscosity change of resol resin as functions of isocuring temper-
ature and time(shear rate=20 sec *).
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Fig. 8. Gelation time of resol resin as a function of isocuring tempera-
ture.

oA Azt At

3-3. Jlu HE &3

AlR-E Lrflol] HEAA FYo =3 F = UYL sl
Al ()& AHsle] A3k 2% 9 A3} AR =Adsle] Zhe] AlH
o Al 7k BEE Ao, A 9F AHE Zlad b
BARRE SAsIC Fig 102 945 £330 W3k —(A-17)9) plot
2.2, 4} (least square method)E 0]-8-3fe] o=l =49
7147125 7k UEE EA4sgith. 2 A9E5L Fig 11, 12 2
Table 5ol velisict. 33} 257) ol =%, A3} A7l Z2ejn
TE, & AFgo] IRl we} sl s} Zotehe, =3 sl
A 7k} AR asigdo)

7}al(cross-link)x= F-Ab&(main chain)yE-o] wkx] Alcie] e} 72 &e)
2 FALER Aol7} e ARl o8 dAH AR PeE et
Wit o 23 e Ag8e] Aol EolxH Solo B A&

12.5

0.06 -

0.05

0.04

0.03 -

gel conversion
o

0.02

0‘01 1 2 1 1 i il 1 A I " 1
90 95 100 105 110 115 120

isocuring temperature (°C)

Fig. 9. Gel conversion of resol resin as a function of isocuring tem-
perature.

o] gyich. 7h Wt D8] el Eafahe sh Akl )
&k 7k AR 84F ot oA sk st Folds
= Fhmd Aol WolRA Hel, 7k M2kl EAlake oA
Hrt. Fig. 11 2 129 ehd 352 o] APda} & d=]3)t). Fig,
4ol 2 s} 7o) A3k L7} obx 3 Ast Alzde] AolAlel
wet ALE-L S71510, Fig 1ol E 33t £ 9 733} A7kl o}
o 74 s} Zoteke WAkl weich AvH R A% Lk 4 7
3} Azke] F/1E Mg o Jlal Yes) B¢ Fotsbe, A%
23 b YR Aol o= FE w]e) WA} 282 & 4 ek,
Fig. 11e]|4] 9} 2ko] A A3} 2% W9 oA 7tZLEE oF 5.5-16.5
mol - dm ™2} #$¢]el| 9Jc}. ulul DGEBA(diglycidyl ether of bisphe-
nol A, Epikote 828; Shell) 3ej9] UuEAQl o|FA] XA = 7}
I LE7} 1.22-4.07mol - dm 9] Ax}E B Ich8]. whabx AUukA]
ol ol FA] =218] Zhad e} v)ws] & o, of Sul AxE o 7}
I WEE vepdct o] AL #HZR|Y] Bold) Wk WAUE, &

12

isocuring time (min)

5.0

2.5

compression stress (MN/m2)

(a)

compression stress (MN/m2)

isocuring time (min)

[m] 5 154 o 5
o] 10 (o] 10
10.0 |
A 20 a 20
v 30 v 30
7.5 10

o
f

2 (b)
// » I 1

compression stress (MN/m2)

0.0 W . ! 1 L i .
00 01 02 03 04 05 06 0.7

-(A-12)

0 1 A 1 1
00 01 02 03 04 05 O

-(A-1-2)

Fig. 10. Plots of compression stress vs. — (A — A"%) as a function of isocuring temperature.

(a) 150 °C, (b) 180 °C and (c) 210 °C.

isocuring time (min)

-(h-12)

HWAHAK KONGHAK Vol. 36, No. 3, June, 1998



404 s - A
17
— 16 + isocuring temp.
‘E 15 —0O— 150°C
T 14} —o0—180°C
p—
g 13F  —a—210°C
N’
5 21
-‘: 11 -
w
5 10 |
o
A9
S sl
o 6}
5 -
1 i i 1 1 1

isocuring time (min)

Fig. 11. Cross-link density of resol resin as functions of isocuring
temperature and time.

180
isocuring temp.
1601 g temp
—0O— 150°C
140+ —0— 180°C
—A— 210°C
<" 120}
—t
g
vo 100F
N
Q
2 80t
60 -
40 b
1 1 L 1 i

5 10 15 20 25 30
isocuring time (min)

Fig. 12. Molecular weight between cross-links of resol resin as func-
tions of isocuring temperature and time.

Table 5. Mechanical properties of resol resin obtained from swell-
ing and compression stress-strain measurements

Isocuring  Isocuring

temperature time ¢, v/ mol dm™?) M. -1 T

(0) (min) (g mol™)

150 5 0.951 5.392 169 0.9985
10 0.934 7.220 109 0.9979
20 0.949 7.582 99 0.9908
30 0.960 11.012 67 0.9977

180 5 0.889 7.558 67 0.9955
10 0.915 8.984 61 0.9977
20 0.924 11.58 55 0.9987
30 0.929 14.84 43 0.9991

210 5 0.741 7.997 67 0.9971
10 0.851 10.069 55 0.9992
20 0.874 13.24 42 0.9968
30 0.883 16.459 38 0.9986
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Fig. 13. Tensile strength-elongation curves at 150 °C as a function of
isocuring time.
a:30min, b:20min, c: 10 min and d : 5 min.



Az5A ) AsEwst shw

g
<@

el
el

-~
—~ 150
g g "
€ o] 5
B 3 W
=) o
& 250 S
B g
:; K 130+
::'5' 20 isocuring temp. 'g isocuring temp.
o o,
2 —0— 150°C 2 0l —8— 150C
15} o
—o~— 180°C —0— 180C
10} —a— 210°C 110 —a— 210°C
A L " i " " 4 n 1 A P
5 10 15 20 25 30 5 10 15 20 26 30
isocuring time (min) isocuring time (min)

Fig. 14. Tensile strength and tensile modulus of resol resin as func-
tions of isocuring temperature and time.

5.0F isocuring ternp. 101 isocuring temp.
—0—150°C gl —D— 180°C
-
R 45r —o—180°C w’g —o— 180°C
g —&—210°C S 8 —a—a1w0%c
@ 40F =
c 9
pe 2
=
: a5 E" sl
£ E
§° 30 8
-1 4
@ o5}
3k
20 Al

570 15 #0280 5 10 15 20 25 30
isocuring time (min) isocuring time (min)
Fig. 15. Elongation at break and toughness of resol resin as func-
tions of isocuring temperature and time.

HEFH Y AL AP A P42 gL 2|2 218 o
2 Wk 150°CollA] AstE A1l AJHe E2 Z24e el
180 °CellA AstE A7) Ao Mzke- Ag Z28L ety 1w
210 'Coll A A315 A2 AJE-E, 150 °'C2} 180 °C2] &= W] oA
ZABAZ A1 hel vle] A3} oS 21 8= Lol Ersta, AlHe)
A2 218 A p s 2l 3] o) Aol Ao W)

HEFA = 43 vbg Foll B4HEQ] Bo] AAE). =3 Fig.5
2 Table 32] Aol HEEoe] 210 ‘CoilAe] vRE £w= 150 °C
9} 180°Ce] 73} %0 ula) Whg &% A4} wl$- =0, wlala
210 °C8] L ollAE HAHEQl Bo] FA3] A =] dEd| 7 AR
o] el m Al o] 34 W& el AT A ik
£ F9 ofskoz kst 4 gl

3-5. A|EQ| £t BHEH

A9} 2L Aol FAMEQ B9 o dfolals AL golrr] o)
Zk 73t LxolA 5% Fok A3AZ A9 e] e FaAEAL e
7 (SEM)S.2 aslg] ov, 7 A2 Fig. 160 Yehlgle}. Fig 16
(@ 2 bplr = g b Bo|3k Fe WA 4= glon), 210°C
2] Al#<l A% Fig. 16(c)el| 4] 9} Zho] X)H 2] FolA] s ubg =
o F43] A= B9 229l /)TL AT 4 glon, o d5
L2 s AjH whie] £4kw¢le-S wHAE 4 gl

& dEFAY A3 uke F A3yt UF 43 =9 A5
HRS Foll WAEE B9 9o lste Q1A 74% 2 toughness
&9 71AA EAde] WoiAle}.

s 73t ubg F 2 2l nlE] A3} ukgo] Ao
g Eo] M3 PAEE 150°C 2 180°Ce) &5 W oA 7}
EE 2 A B gt 8] of o] nlulsi} Bo) 343

A% g 7AA B vixe 9% 405

ezgazaifw 1V1ER ©412-88 SE

Fig. 16. SEM micrographs of resol resin: after isocuring for 5min
at (a) 150 °C, (b) 180 °C and (c) 210 °C.

AREE 210°ColAE whge] FA3] A b BarEel
£9) Aoz Q) 7)1 AH BAo] Wolg o 4 ek
.7 =

(D) AEFA 2] AE-L 73} 2571 FolA 2 A3} Azke] Ao

HWAHAK KONGHAK Vol. 36, No. 3, June, 1998



406 =l

Aol wiet S7hsta o, A3 oAl dubAel dFA R 9}
Hlsstalet.

(2) 732t S} wobel et 23t A|ZEe gobg o, Ash el
A9 AL Folxrh

@) 7k e A3 227} wolAl 3 A3t Alzke] Aej Aol we}
S7Hetgom, 7ha Azhe] Al zhasgich

) 7 73} 2=l A3l A3} Azke] Aol met AAE,
E, toughness+= 3718t 3 9] Q4L Zhadldet. A 8l7t F43]
A 210°CY) 7|AH B A} Aoz T4 A9s
© 150°C = 180°Ce] 2= W el ulsl vl 71414 B4
doizlct.

() ol2% WFL AEFA L] A3HA) WAEE B9 dPoz
BEh debA AEFA Y 2L FHEA) PR B9 G
Afof & slolet.

R

a4 A

£ d7e eFasheE ARG AR J7akA
A E.: 96-2-10-01-01-1)el] 23te] 3=l om ol7u] x]<dof 7}

shatZat H36H A3z 19984 63

R8s

A

A=)y, #Z52(KRD-HM2)Z Al2d 74 293 §3F)el
A=Y

1%

e

&

. Kim, S.C. and Choi, C.R.: Chemical Industry and T echnology,

67(1992).

. Knop, A. and Scheib, W.: “Chemistry and Application of Phenol-

ic Resins”, Springer-Verlag, Berlin(1979).

. Tobolsky, A.V., Carlson, D. W. and Indictor, N.: J. Polym. Sci.,

54, 175(1961).

. Treolar, L.R.G.: “The Physics of Rubber Elasticity”, 2nd Ed.,

Clarendon Press, Oxford(1959).

. James, H.M. and Guth, E.: J. Chem. Phys., 11, 455(1943).

. Tobolsky, A. W.: Ph. D. Thesis, Princeton University(1943).

. Craver, C.D. and Provder, T.: Adv. Chem. Ser., 227, 215(1990).

. Gupta, V.B. and Brahatheeswaran, C.: Polymer, 32(10), 1875(1991).
. Scott. 1. M. and Phillips. D. C.: .I. Mater. Sci.. 10, 551(1975).



