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Abstract: Cure kinetics of DGEBA(diglycidyl ether of bisphenol A)/MDA(4,4'-methylene dianiline)/GN(glu-
taronitrile) system with and without HQ(hydroquinone) as a catalyst was studied by Kissinger equation and Fractional
life method. The activation energy of the system with HQ was somewhat lower and the pre-exponential factor of that
was higher by about 30% than those of the system without HQ. As 1.25phr of HQ was added, reaction rates increased
about 1.8 times.
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1. Introduction life equation was used for estimation of reaction
order and Kissinger equation was for activation en-
In the reaction of epoxy resin with diamine, it has ergy and pre-exponential factor.
been well established that a hydroxyl group is gen- Fractional life equation is

erated by the opening reaction of an epoxide ring

with a hydrogen atom of amine, and the hydroxyl log(te) = - a;)’]:(— Al)  (n-1)log Eiio
- T T

group acts as an autocatalyst so that it accelerates

the tl i 1 - . . . . .
reaction of epoxide group and amine group|1 where ta is fractional life, which means the time re-

61 . ) quired for (A)o, intial concentration to fall to @(A)o,
In this study, HQ which has two hydroxyl group (A)
. . . o .
was introduced to DGEBA/MDA/GN system and n 1s reaction order, k is rate constant and (A, s
cure kinetics were investigated by Fractional life unreacted fraction.
method[7] and Kissinger equation[8]. Fractional Kissinger equation is
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—In(g/T¢*) =E./RTe—In(AR/E,)

Where q is heating rate, Tp is exothermic peak tem-
perature, E, and A are activation energy and pre-
exponential factor, and R is gas constant.

2. Experiment

The epoxy resin(Epon 828) used in this study
was DGEBA type supplied by Shell Co.. The
epoxide equivalent weight was 184g/eq and

viscosity was 11,000-14,000cP at 25°C. Curing
agent was MDA and reaction additive was GN.
Melting point of MDA was 90°C and that of GN
was 29°C. These two agents were obtained from
Fluka Chemie AG. HQ as a catalyst was Hayashi
Pure Chemical Ind. Ltd.. Fig. 1 shows chemical
structures of DGEBA, MDA, GN and HQ.

Cure kinetics by Kissinger equation was carried
out as follows. DGEBA/MDA (30phr)/GN(5phr)
system with and without HQ(1.25phr) were pre-
pared and the well-mixed sample, exactly 3mg was
analyzed by DSC. Heating rates were 2, 5, 10 and
20°C/min under nitrogen atmosphere of 40ml/min.

For Fractional life method, the same sample of
Kissinger equation was placed about 2~3mg In
DSC pan, cured at 85, 105, 120 and 150°C in oven
for required time and quenched at —3C to stop the
conversion of epoxy resin. Residual exothermic heat
obtained by dynamic method and from the propor-
tional expression of residual exothermic heat and
unreacted fraction, isothermal curing curve was
plotted.
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Fig. 1. Chemical structures of DGEBA, MDA, GN
and HQ.
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3. Results and Discussion

The relationship between residual exothermal
heat and reacted fraction according to cure time at
150°C was shown in Fig. 2. With the assumption
that exothermic heat during the cure was propor-
tional to the conversion of epoxy monomer[7],
residual exothermic heat could be converted to re-
acted fraction. Total exothermic heat was obtained
from the totally uncured sample and a residual exo-
thermic heat was from the sample cured for a time.
Residual exothermic heat decreased with the in-
crease of cure time, and consequently reacted frac-
tion increased.

To investigate the cure kinetics of DGEBA/MDA
/GN system by Fractional life method, Fig. 3 was
obtained from the relationship of reacted fraction
and time like in Fig. 2. Cure rate increased with in-
crease of temperature. A time to be a reacted frac-
tion was inversely proportional to cure rate. When
reacted fraction was 0.6, relative cure rates at 105,
120 and 150C were 2.6, 4.0 and 11.2 times,

respectively, in the comparison of cure rate at 85°C.
(Ado
(A)r

From the curing curves in Fig. 3, —log s.
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Fig. 2. Residual exothermic heat and reacted frac-
tion for DGEBA/MDA/GN System accord-
ing to cure time at 150°C by DSC.
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Fig. 3. Isothermal curing curves for DGEBA/MDA/
GN system,
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Fig. 4. Computation of reaction orders for DGEBA/
MDA/GN system by Fractional life equation.
(O) 8%, () 105C, (A)120C and ()
150C.

log(tys) by Fractional life equation was shown in
Fig. 4. Reaction orders were obtained from slopes,
—(n—1) and shown in Table 1. The values varied
between 0.70~0.83.

Fig. 5 compared isothermal curing curves for
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Fig. 5. Isothermal curing curves for DGEBA/MDA/
GN system with and without HQ. GN(Q)
and GN/HQ(@) at 85C ; GN() and GN/
HQ(M) at 150C.

Table 1. Reaction Orders for DGEBA/MDA/GN
System with and without HQ

System | DGEBA/MDA/ | DGEBA/MDA/
Temperature(C) GN GN/HQ
85 0.70 0.92
105 0.83 0.89
120 0.79 0.77
150 0.77 0.90

DGEBA/DMA/GN system with those for DGEBA/
MDA/GN/HQ system. As Shown in Fig. 3, cure
rate for DGEBA/MDA/GN/HQ system increased
with increase in cure temperature. In comparison of
cure rates of two systems, that of the system with
HQ was 1.8 times as fast as that of the system with-
out HQ. Shechter et al.[6] suggested the role of
hydroxy! group as a catalyst. He also found out
that water, isopropanol and phenol which have
hydroxyl group acted as a catalyst. Hydrogen atom
of hydroxyl group and oxygen of the epoxide
formed a hydrogen bond, followed by the epoxide
ring opening via a termolecualr transition state[6,
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Fig. 6. FT-IR spectra of DGEBA/MDA/GN system
with and without HQ. (A) DGEBA/MDA/
GN system uncured, (B) DGEBA/MDA/GN
system cured at 120C for 15min, (C)
DGEBA/MDA/GN/HQ system cured at 120
¢ for 15min.
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Fig. 7. Computation of reaction orders for DGEBA/
MDA/GN system with and without HQ by
Fractional life equation. GN(QO) and GN/
HQ(®) at 85T ; GN(O) and GN/HQ(E)
at 150°C.

9]. Therfore epoxide ring opened rapidly and easily
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Fig. 8. DSC scans for DGEBA/MDA/GN system
with(B) and without(A) HQ at different
heating rates. (a) 2°C/min, (b) 5°C/min, (c)
10°C /min and (d) 20°C/min.

and cure rate increased. The role of hydroxyl group
in HQ was also confirmed by FT-IR spectra. As
shown in Fig. 6, epoxide band at 915cm™ was more
consumed by addition of HQ.

Fig. 7 is obtained from isothermal curing curves
in Fig. 5. Reaction orders could be calculated by
Fractional life equation and shown in Table 1. They
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Table 2. Activation Energy and Pre-exponential Factor for DGEBA/MDA/GN System with and without HQ

Contents(phr) o i
Activation energy(kcal/mol) Pre-exponential factor(sec™)
GN HQ
5 0 11.25 2.00x 10
5 1.25 11.08 2.78x10°
5 5 10.16 2.60x10°

varied between 0.77 and 0.92, which were about the
same value for DGEBA/MDA/GN system. The ob-
served variation of reaction orders with tempera-
ture could be due to complex reaction of epoxy
resin. Some common reaction pathways proposed by
previous workers were amine group-epoxide group
reaction, catalystic reaction of hydroxyl group,
ether linkage of epoxide group-hydroxyl group,
amine group-nitrile group reaction, hydroxyl group
-nitrile group reaction, etc.[ 10, 11]. These reactions
might make certain different contributions to the
total reaction. If cure temperature changed, reac-
tion pathways would change, and so reaction orders
might vary.

DSC scans for DGEBA/MDA/GN system with
(B) and without(A) HQ at differnet heating rates
are shown in Fig. 8, respectively. With the addition
of HQ, exothermic peak temperature lowered about
16°C. From the relationship of heating rates g and
exothemic peak temperatures, T by Kissinger equa-
tion, activation energy and pre-exponential factor
could be calculated, and these values were listed in
Table 2. Activation energy of DGEBA/MDA/GN/
HQ system was a little smaller than that of DGEBA
/MDA /GN system. To prove the effect of HQ, 5phr
of HQ was added and its activation energy and pre—
exponential factor were also listed in Table 2. In
this case, activation energy decreased about 9.7%.
Lower exothermal peak temperature and activation
energy were explained by the formation of termo-
lecular transition state.

4. Conclusion

From these results, the following conclusions

43, A59 A 53, 1994

could be drawn.

1. As HQ introduced to DGEBA/MDA/GN sys-
tem, reaction rate increased about 1.8 times.

2. With addition of HQ(5phr), activation energy
decreased about 9.7% and pre-exponential factor
showed a 30% increase.

3. And exothermic peak temperature lowered
about 16°C. From these results, it is thought that
HQ acted as a catalyst and opened the epoxide ring
rapidly and easily.

4. The reaction orders for DGEBA/MDA/GN
system was 0.70-0.83, and those for DGEBA/MDA/
GN/HQ system varied 0.77~0.92.
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