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Hong-Ki Lee*, Yang-Lim Kim, Jae-Y oung Lee and Sang-W ook Kim

Dept. of Chem. Eng., The Univ. of Seoul, Seoul 130-743
*Dept. of Chem. Eng., Woosuk Univ., Wanju 565- 701

NPG ¥ uh& DGEBA/MDA A A3ilg 458

ol 7)* - Z1Fq - o)Al - AL
AgAYT shebgetst
ek seppe)

(1998 129 294 ¥¢, 19993 34 94 HF4HE )

% B  Neopentyl glycol(NPG) ¢] ¥k is}d]] o} 2 diglycidyl ether of bisphenol A(DGEBA) /4,4 -methylene dianiline
(MDA) A9] &4 H3AEE DSCE ol&35to} FA4stqdct. DGEBA/MDA A9 A& E F71417)7] st NPGE #H7}
sttt NPG #egoll #AIglo] Ast& F4do] s-x; Rofolglen, o|721& DGEBA/MDA/NPG #)9] Zght-go] A&v] uk-g o
AUz ach= AL ek NPG Y §efol Sl we} Af4501 F71stged, o] NPG7L 7HAL Qe F 7R
hydroxyl 717} &) 2 z-8-87] wjEo]ct.

Abstract The isothermal cure behavior of diglycidyl ether of bisphenol A(DGEBA)/ 4,4" -methylene dianiline(MDA)
system with various contents of neopentyl glycol NPG) has been analyzed by differential scanning calorimetry(DSC).
To increase the cure rate of DGEBA/MDA system, NPG was introduced as an accelerator. Regardless of the NPG con-
tent, the shape of the conversion curves showed sigmoid indicating that DGEBA/MDA/NPG system followed
autocatalytic cure reaction. The cure reaction of DGEBA/MDA system increased with the increment of NPG content
and it was due to the catalytic role of hydroxyl groups of NPG.

1. Introduction

It has been well known that there are many catalysts
such as -OH, -COOH, -SOsH and CONH . which can do-
nate hydrogen bonds to the amine-epoxide reaction. In
this study, the catalytic effect of hydroxyl groups was
investigated. To increase the cure rate of epoxy system,
neopentyl glycol (NPG) was added.

It has been well known that the cure rate of epoxy/
diamine system is expressed by the multiplication of
noncatalytic reaction and autocatalytic reaction as fol-

lows'~'V

6=32 = (& + k) (1 - @)° (1)
where, @ : cure rate, @ : degree of cure, k;, k. : rate

constants and m, n : reaction orders. k, represents the
rate constant associated with noncatalytic reaction be-
tween epoxide group and amine group and also associ-
ated with the catalytic reaction due to the existence of
catalyst in the initial formulation. k. represents the rate
constant associated with the autocatalysis by the
hydroxy! groups generated from the reaction between
‘epoxide group and amine group. From the first assump-

tion that the initial cure rate was not zero, k, was the
same value of @ at t=0, which can be readily obtained
from the DSC curve and it is

Ky = G = (%%) )

To get other kinetic parameters, the following equa-
tions were used.

m+n=2 3)
- 2-m
In arp/(l—a,i)m -k )
m= (2—m) kll:p'a '/ (m—2a,) @)
— I-m . .

where, @, : degree of cure at maximum peak anda :
cure rate at maximum peak. @, and @, were easily ob-
tained from the isothermal DSC curve.

2. Experiment

Diglycidylether of bisphenol A (DGEBA,Epon828) was
a commercial epoxy resin supplied by Shell Co. and cur-
ing agent was 4,4’ -methylene dianiline(MDA) of
Fluka Chemie AG. As a catalyst, neopentyl glycol
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Table 1. Temperature Dependence of Cure Kinetics Variables for DGEBA/MDA/NPG(10 phr) System.

Temp. . 5 ki x 10% k, x 10? Ea (kcal/mol) A (min™")
(¢ | &X0 e im0 i (min") [ Ea | Ea | A A,
80 1.76 0.26 | 080 | 1.20 1.20 3.92
90 2.62 026 | 072 | 1.28 1.49 6.27
100 3.80 023 | 0.61 | 1.39 1.78 8.90 461 | 10.89 | 8.76 22.2x10
110 5.51 021 | 052 | 1.48 2.01 12.4
120 8.16 0.20 | 048 | 152 2.37 185

(NPG) was used. Firstly, various contents of NPG
melted in DGEBA at 100°C and 30 phr of MDA was .1'
added at 80°C and stored at ~13C to prevent the cure
reaction during the storage. Isothermal experiment was
conducted at 807, 90°C, 100°C, 110C and 120 in 24
order to obtain both the cure rate and extent of cure as
a function of time. The isothermal baseline was estab- 3l kz
lished at the pre-selected cure temperature and range =
setting by using a fully-cured sample. To get total £
heat, Q+ evolved during the complete cure, dynamic -4 \-\'\-\‘\k‘\
DSC analysis was carried out from 30°C to 350°C at the !
heating rate of 10 °C/min. The degree of conversion is 1
5 T T T T T

g=de_ 1 dQ
d Qr dt°

3. Results and Discussion

Fig. 1 shows that isothermal cure rate curves for
DGEBA/MDA/NPG(10 phr) at three different temper-
atures. With the increment of cure temperature, the
cure reaction is accelerated at the early stage of cure,
maximum exothermic peak temperature appeared at
shorter time and the value was increased and falled
down rapidly to the baseline after maximum cure rate.
When a=0 at t=0, the Eq.(1) became Eq. (2), and this
equation indicated that kinetic rate constant k, was the
initial cure rate. Values of k; at different cure tempera-
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Fig. 1. Cure rate vs. time and conversion vs. time for DGEBA/
MDA/NPG(10 phr).
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Fig. 2. Kinetic constants k; and k. as a function of reciprocal
curing temperature for DGEBA/MDA/NPG(10 phr).

tures were obtained from the isothermal cure rate
curves and were listed on Table 1. As the increment of
cure temperature, k; was increased. The relationship be-
tween cumulative heat at a time, Q and the total exo-
thermic heat, Qr gave the conversion, e as a function of
time, which was also plotted in Fig. 1. The sigmoid
shape of the curves meant that the cure reaction of the
system followed autocatalytic mechanism.

To get m, n and k., @ and @ were also listed on Table
1 and they were introduced to Egs.(3~5). The values
of kinetic parameters were also listed on Table 1.

To get activation energy and pre-exponential factor
for ki and k, Arrhenius equation was used and
Arrhenius plots in Fig. 2 were expressed as follows.

Ink, =217 — 2.32 X 10%T
Ink,=12.3 — 548 x 10%/T

The activation energy was calculated from the slope
and pre-exponential factor was obtained from inter-
cept. The activation energy and pre-exponential factor
for k, were 4.61 kcal/mol and 8.76 min~* and those val-
ues for k. were 10.89 kcal/mol and 2.22X 10° min~". As



» Yang-Lim Kim, Jae-Young Lee and Sang-Wook Kim : Cure Kinetics of DGEBA /MDA /NPG System 469

10 1.0
8
— :’ '-'.
:E 6+ ! , . -0.6
E 1 ,r ,
~ A . « R
(-] 9 S T [}
- 44 i\ r 0.4
* A ‘.' - w.c
- ¥ .
a/f: 3 —e—100C
2{/ ; —120c] o2
.. .,..-
o L} ¥ ¥ T T o-o
0 20 40 60 80 100 120
Time {min)
(A)
1.0
0.8
e Lo.6
£
ol =3
e L 0.4
x.
1]
0.2
-0.0
120

10

ax10*(min)

0.0
120

04— e T
O 20 40 60 80 100

Time (min)

(B)

10*(min™")

aX

Time (min)

(D)

Fig. 3. Cure rate vs. time and conversion vs. time for DGEBA/MDA system with different contents of NPG.
(A) O phr, (B) 5 phr, (C) 15 phr and (D) 20 phr

explained above, k. for the autocatalytic mechanism
was higher than k; for the noncatalytic mechanism.

Fig. 3 shows isothermal cure rate curves for DGEBA
/MDA system with various contents of NPG at three
different cure temperatures. Values of k, for various
contents of NPG at different cure temperatures were
also obtained from the isothermal cure rate curves and
were listed on Table 2. k; was increased with the incre-
ment of cure temperature and NPG content. It can be
clearly explained by the role of two hydroxyl groups in

NPG acting as a catalyst for DGEBA/MDA system.
Conversion vs. time for the systems with various con-
tents of NPG were obtained from the relationship be-
tween Q and Qr for each system and were also shown
in Fig, 3. All systems showed sigmoid shape and this
meant that the cure reactions of the systems followed
autocatalytic mechanism regardless of NPG content.

m, n, k;, @ and ¢ listed on Table 2 were obtained
from Fig. 3, and were introduced to Egs.(3~5). The
values of kinetic parameters were also listed on Table 2.
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Table 2. Temperature Dependence of Cure Kinetics Variables for DGEBA/MDA/NPG System with Various NPG Con-

tent.
NPG Temp. | . ki x 10 k. x 102 | Ea (kcal/mol) A (min™)
Content a, x 10* a, m n . .
(phr) () (min™") (min™") Ea, Ea, A A,
80 1.09 0.39 1.16 0.84 1.09 2.79
90 1.65 0.38 1.09 091 1.24 3.76
0 100 253 0.37 0.95 1.05 142 6.93 3.80 127 | 239 18.3x 10¢
110 381 036 | 0.86 114 1.66 11.3
120 5.25 034 | 080 1.20 1.86 16.0
80 1.54 0.36 104 | 096 114 353
90 2.30 0.27 0.75 1.25 131 5.58
5 100 3.39 0.25 0.64 1.36 153 8.44 414 10.9 346 | 3.76x10
110 4.96 0.20 0.49 151 1.80 114
120 7.44 0.19 0.45 1.55 2.02 175
80 2.55 1.33 | 0.75 125 1.33 4.87
90 283 1.62 0.70 1.30 . 1.62 6.62
15 100 4.10 203 | 063 1.37 2.03 9.70 5.52 100 | 352 | 7.69x10
110 491 2.14 0.60 1.40 242 15.1
120 9.40 2.96 0.48 152 2.96 19.9
80 2.30 138 | 0.72 1.28 138 531
90 3.54 1.86 | 0.65 1.35 1.86 8.29
20 100 4.44 2.21 0.62 1.38 2.21 104 5.88 9.52 63.4 4.30x 10¢
110 7.03 2.74 0.55 145 2.4 16.8
120 8.90 3.32 | 052 148 332 21.0

The rate constants k;, and k. for every system follow
Arrhenius behavior as shown in Fig. 4."*'® Activation
energy and pre-exponential factor were obtained from
the slope and intercept and those values are shown in
Table 2. As explained above, all systems showed that k.
was higher than ki. k, and k. were increased with the
increment of NPG content. These results gave a good
account for the catalytic role of hydroxyl groups which
were added or generated. The role of hydroxyl group as
a catalyst has been well known. Water, isopropanol and
phenol which have hydroxyl group can act as a cata-
lyst. Hydrogen atom of hydroxyl group and oxygen of
the epoxide formed a hydrogen bond, followed by the
epoxide ring opening via a termolecular transition
state, and it was found that the hydroxyl group in NPG
could act as a catalyst in the reaction between amine
group of MDA and epoxide group in DGEBA.

The degree of cure at the peak, @, was plotted
against curing temperature in Fig. 5. For a given for-
mulation, &, decreased with the increment of the curing
temperature. At any given temperature, the value, @,
decreased with the increment of the content of NPG.
Fig. 5 also showed that the shift of @, was decreased
with the increment of NPG content. It meant that with
the increment of NPG content, the effect of two
hydroxyl groups of NPG was higher than that of the

hydroxyl group from DGEBA /MDA. Maximum rate of
cure occurs at 20~45% epoxy conversion in the tem-
perature range though the
autocatalyzed reactions were generally characterized
by the maximum rate at approximately 30 ~40% epoxy

examined, even

conversion.

The reaction time required to attain this maximum
rate, t, was plotted against curing temperature in Fig. 6
and it was shown that the increment of temperature
made the time required to reach the peak, t, decreased
in all systems and t, was decreased with the increment
of NPG content in the same temperature. It was good
evidence that two hydroxyl of groups NPG acted as cat-
alyst in the DGEBA/MDA system.

4. Conclusions

Regardless of the NPG content, the shape of the con-
version curves showed sigmoid indicating that DGEBA
/MDA /NPG system followed autocatalytic cure reac-
tion. The kinetic constant with noncatalytic reaction, k;
was increased with the increment of NPG ocntent, and
this was the effect of catalytic role of NPG. The kinetic
constant for autocatalytic reaction, k: was also in-
creased with the increment of NPG content. k; was
larger than k,, and ¢, and t, were decreased with the in-
crement of NPG content.
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Fig. 4. Kinetic constants k, and k: as a function of reciprocal curing temperature for DGEBA/MDA system with different contents
of NPG. (A) 0 phr, (B) 5 phr, (C) 15 phr and (D) 20 phr
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Fig. 5. Variation of cure degree at the peak point, @, with tem-
perature. Fig. 6. Variation of time at the peak point, t, with temperature.
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