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The cure kinetics of CTBN-modified epoxy system

Summary — In an epoxy system modified with a carboxyl-terminated bu
tadiene acrylonitrile copolymer (CTBN) rubber, the cure kinetics was stu
died in terms of the Kissinger equation (eqn. 1) and of the autocatalytic 
cure rate expression (eqn. 2). By the former equation, a simple n-th order rate 
equation, DSC measurements allowed to determine the activation energy 
and the pre-exponential factor; by the latter equation, isothermal DSC ana
lysis allowed to determine the rate constants and reaction orders. The two 
methods were found suitable to follow the cure kinetics of the epoxy sys
tem. In the system modified with CTBN, the cure rate was initially higher 
than that in the system with CTBN added, on account of the catalytic role 
of the -COOH groups in CTBN. At a degree of conversion equal to about
0.6, the cure rate was inverted on account of the formation of the CTBN 
domain.
Key words: cure kinetics, COOH-terminated butadiene-acrylonitrile copoly
mer (CTBN), CTBN-modified epoxy system, Kissinger equation, 
autocatalytic cure rate expression.

Many methods have been proposed to enhance the 
fracture toughness of cured epoxy systems; one of the 
best known methods is to incorporate various amounts 
of a reactive liquid rubber [1—6]. When an epoxy resin 
mixed with a liquid rubber is cured, rubber-rich domains 
are separated from the epoxy-rich matrix on account of 
the incompatibility of the epoxy resin with the liquid 
rubber, and the improvement in toughness is attributed 
to the rubbery domains dispersed in the continuous 
epoxy matrix.

When impact is applied to the epoxy system, the im
pact energy is dissipated by the rubber domains, whe
reby toughness is improved [1—4]. The improving 
effects are various according to the distribution, size 
and shape of the domains.

In this study, carboxyl-terminated butadiene acrylo
nitrile copolymer (CTBN) rubber was introduced to di- 
glycidyl ether of bisphenol A (DGEBA)/4,4'-methylene 
dianiline (MDA)/phenyl glycidyl ether (PGE)-aceta- 
mide (AcAm) system to modify toughness and the 
effect of CTBN on the cure kinetics of the system was 
investigated in terms of the Kissinger method and the 
autocatalytic expression [5—10]. The Kissinger equation 
[5—7] which is derived from the simple п-th order 
expression is:
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where: q — heating rate, T(, — exothermic peak temperature, 
E„ — activation energy, A — pre-exponential factor, and R 
— gas constant.

From this equation, the activation energy and the 
pre-exponential factor can be obtained, provided the re
action order is assumed to be known. However, the 
simple n-th order kinetic expression is unable to allow 
to provide the accurate kinetic parameters. So, we also 
studied the cure rate of the system by using the autoca
talytic expression and compared the kinetic parameters. 
The autocatalytic expression [8—10] is:

a = — = (k ,+ k 2a " ')( l-a )"  (2)
df

where: d — cure rate, a  — degree of cure, k„ k2 — rate con
stants and m, n — reaction orders.

EXPERIMENTAL

Tire materials included a DGEBA (Epon 828, Shell 
Co.) type epoxy resins as a base resin, MDA (Fluka 
Chemie, AG) as a curing agent, PGE-AcAm as a reac
tive additive and CTBN rubber (B. F. Goodrich Co., 
1300x8) as a toughening modifier [11, 12]. DGE- 
MA/MDA (30 phr)/PGE-AcAm (10 phr) and CTBN (0 
and 20 phr) were well mixed at 80°C and placed at 
-13"C to prevent the cure reaction during the storage.

Dynamic DSC analysis was carried out as follows. 
An aluminum pan containing a sample, 2.5—3.0 mg, 
was placed in the DSC cell and temperature was incre-
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ased from 30°C to 300°C at rates of 5,10 and 15°C/min. 
Isothermal DSC analysis was performed at 80°C, 90°C, 
100°C, 110°C, and 120°C. Nitrogen gas was allowed to 
flow at a rate of 40 ml/min to prevent oxidation of the 
sample.

RESULTS AND DISCUSSION

The effect of CTBN on the epoxy system examined is 
shown in terms of dynamic DSC thermograms (Fig. 1). 
With 20 phr of CTBN added to the epoxy system, the

Fig. 2. Dynamic DSC thermograms for the DGEBA 
/MDA/PGE-AcAm (10 phr) system with (—) and without 
(— ) CTBN (20 phr): (A) 5°C/min, (B) KTC/min and (C) 
15°C/min

Fig. 2. Plots of -ln(q/TtД) vs. 1/Tr for DGEBA 
/MDA/PGE-AcAm (10 phr) system with and without 
CTBN (20 phr)

к (min1) = 1.38 • 104 exp (-9.61 • 103 cal mol-1 /RT) (un
modified)

к (min1) = 1.56 • 105 exp (-10.97 • 103 cal mol'VRT) 
(modified with CTBN)

At 80°C, the rate constants are calculated for the 
systems with no CTBN and with CTBN added as 1.56 • 
10'2 min'1 and 2.53 • 10'2 min'1, respectively. These data 
confirm the effect of CTBN on the cure rate.

To evaluate the reaction order, the kinetic constant 
and an assumed reaction order were introduced into 
the following general rate expression:

d a

dt
= k ( l -  a)" (3)

reaction starting temperature and the exothermic peak 
temperature were found to be lower. The addition of 
CTBN in thus seen to have reduced the temperature of 
the cure reaction of the DGEBA/MDA/PGE-AcAm sys
tem. The -COOH group is well known to act as a cata
lyst in the cure reaction of the epoxide group and ami
ne group in the same way as the -OH group acts as a 
catalyst [13, 14]. Upon addition of CTBN the exother
mic heat decreased from 385 kj/mg to 371 kj/mg 
which means that diffusion of functional groups was 
disturbed in the CTBN domain.

From the exothermic peak temperatures (T,,) at diffe
rent heating rates (q) (Fig. 1), the relationship -In(q/Tp2) 
vs. 1/Tr was plotted (Fig. 2), based on equation (1). The 
activation energy was obtained from the slope and the 
pre-exponential factor was calculated from the inter
cept. The activation energy of the DGEBA 
/MDA/PGE-AcAm system was 40.21 kj/mol (9.61 • 103 
cal/mol) and the pre-exponential factor was 1.38 • 
104 min'1; for the system modified with CTBN the 
respective values were 45.90 kj/mol (10.97 • 103 cal/mol) 
and 1.56 • 105 min'1. So the overall rate constants, k, for 
the two systems can be expressed as:

where: a  — conversion, t — time, and n — reaction order.

Fig. 3. Comparison of theoretical curves (lines) with experi
mental points (symbols) at 100°C for DGEBA 
/MDA/PGE-AcAm (10 phr) with and without CTBN (20 
phr)
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This equation was used to plot the theoretical isother
mal cure curves which were compared with the experi
mental isothermal curves (Fig. 3); if the two curves coin
cided, the reaction order was assumed to be correct.

Figure 3 shows the theoretical curves (continuous 
line) to coincide with the experimental points (symbols) 
at 100°C with the reaction orders assumed to be 0.43 for 
the epoxy system with no CTBN and 1.78 for the epoxy 
system with CTBN added. As explained above, the role 
of -COOH in CTBN is to fasten the reaction rate of the 
system with CTBN over that of the system without 
CTBN up to a = 5.9. However, at а -values higher than 
that, the cure rate was inversed owing to the formation 
of CTBN domains during the cure reaction that distur
bed diffusion of the functional groups. By the same 
method, the reaction orders were obtained at other 
temperatures (Table 1). Generally, the reaction order is

T a b l e  1. Reaction orders, it, for DGEBA/MDA/PGE-AcAm 
(10 phr) with and without CTBN (20 phr) at five temperatures

^'''•-^Tem perature, °C
80 90 100 110 120

CTBN content, phr

0 0.83 0.62 0.43 0.47 0.48
20 2.12 1.64 1.78 2.21 1.92

only a function of concentration and is not affected by 
temperature. But in these cases, the values varied with 
temperature, a fact explicable in terms of a change in 
the reaction pathway [11, 12].

Figure 4 shows the isothermal cure rate for DGE- 
BA/MDA/PGE-AcAm (10 phr) with CTBN added (so
lid symbols) and with no CTBN added (open symbols) 
at three different temperatures. In each thermogram the 
cure rate first abruptly rises to attain a peak, then sud
denly decreases. The existence of a peak is suggestive 
of a catalytic effect due to the hydroxyl group and car
boxyl group in the reactants and products, and the hi
gher concentration of the groups affected the cure rate 
to a greater extent. With CTBN added to the system, the 
maximum point on the thermogram appeared in a

Fig. 4. Cure rate vs. time for DGEBA/MDA/PGE-AcAm 
(10 phr) with (solid symbols) and without (open symbols) 
CTBN (20 phr)

shorter time, which indicates that the cure rate was fa
ster than when no CTBN was added the system. To esti
mate the kinetic parameters, the autocatalytic cure rate 
expression (eqn. 2) was used. As a = 0 at f = 0, the ini
tial rate constant, k\ became df = 0- The values were easi
ly obtained from the isothermal thermograms and they 
are listed in Table 2. The кг was associated with the 
noncatalytic reaction and the catalytic reaction due to 
the existence of hydroxyl and carboxyl groups in the 
initial formulation. The effect of the catalytic reaction of 
the carboxyl group in CTBN on the initial cure rate was 
confirmed by comparing the initial cure rate constants, 
k\. When 20 phr of CTBN was added to the system, the 
value of k\ rose and this meant that the carboxyl group 
of CTBN acted as a catalyst in the initial cure state.

From the proportional relationship between the 
exothermic heat and the conversion, a  was plotted aga
inst time (Fig. 5). Tire s-shaped curves indicate that the 
systems with and without CTBN have followed an au
tocatalytic cure mechanism, the cure rate of the system 
with CTBN added being faster than that of the system

T a b l e  2. Kinetic parameters for DGEBA/MDA/PGE-AcAm (10 phr) with and without CTBN (20 phr) by autocatalytic cure reaction

CTBN con- Temp., К
к • 102 . -1 min E, keal/mol

'o< . -1 , min
in 11

tent, phr
*, k2 £„i E„2 a 2

0 353 0.40 5.40 11.74 10.87 7.63 26.97 1.08 0.92
363 0.66 7.48 1.01 0.99
373 1.12 10.82 0.96 1.04
383 1.48 16.55 0.95 1.05
393 2.24 26.19 0.92 1.08

20 353 1.34 1.79 9.74 12.20 1.40 66.66 0.61 1.39
363 1.97 3.14 0.69 1.31
373 2.75 5.14 0.60 1.40
383 3.85 7.94 0.43 1.57
393 5.63 10.17 0.42 1.58
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T im e , min

Fig. 5. Conversion vs. time for DGEBA/MDA/PGE-AcAm 
(10 phr) with (solid symbols) and without (open symbols) 
CTBN (20 phr)

with no CTBN added. However, at a  *  6.0, the 
conversion was crossed and, above the value, the cure 
rate was inversed due to the diffusion control exercised 
by CTBN domains. To get the other parameters, k2/ m 
and n, in eqn. 2, the following three equations were 
used (Table 2):

m + n = 2 

In
m = —

' a, /(1-a ,)2-"'-^
f2 -m )k ,a l-" ‘ / ( т - 2 а р)у 

In a

(4)

(5)

(2 -т )к га р~"‘
m - 2 a p

(6)

where: a(, — degree of cure at exothermic peak and ap — 
cure rate at exothermic peak; k2 — the kinetic rate constant 
associated with the autocatalytic cure reaction of the -OH 
groups generated in the reaction between the epoxide groups 
and the amine groups.

If ki and k2 for the two systems are compared, k2 is 
seen to be higher than кг, which implies that the autoca
talytic cure reaction affected more the cure reaction 
after the initial state. The inversion of cure rate at a ~ 
0.6 was explained by comparison of the k2 for the two 
systems. At the initial cure rate, k2 of the system with 
CTBN was higher than that of the system with no 
CTBN added; however, k2 of the system with CTBN 
was lowered due to the formation of CTBN domains.

Tire rate constants k\ and k2 for the two systems follo
wed the Arrhenius-type behavior (Figs. 6 and 7). From 
the slopes and intercepts, the activation energy E„ and 
the pre-exponential factor A were evaluated (Table 2) 
and these values confirmed the catalytic effect of the

2.5 2.6 2.7 2.8 2.9

( 1 / T l-10 3, K ‘ 1

Fig. 6. A plot of -In к vs. 1/T for DGEBA/MDA/PGE- 
-AcAm (10 phr) system without CTBN

o1---------- ---------- ---------- ----------
2.5 2.6 2.7 2.8 2.9

(1 /T 1 -10 3, K_1

Fig. 7. A plot of -In к vs. 1/T for DGEBA/MDA/PGE- 
-AcAm (10 phr) system with CTBN (20 phr)

carboxyl group in CTBN and the diffusion control 
effect of CTBN domains as explained above.

CONCLUSIONS

The cure rate of the system modified with CTBN was 
faster than that of the system with no CTBN added, on 
account of the catalytic role of -COOH. However, at a = 
0.6, the cure rate was inversed owing to the formation 
of CTBN domains. In the Kissinger equation, the activa
tion energy and the pre-exponential factor for the sys
tem with CTBN were 10.97 • 103 cal/mol and 1.56 • 105 
min'1, and those of the system with no CTBN added 
were 9.61 • 103 cal/mol and 1.38 • 104 min'1, respectively. 
In the autocatalytic cure rate expression, кг for the sys
tem with CTBN was higher than that of the system 
with no CTBN added, owing to the role of -COOH; k2
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for the system with CTBN was lower than that of the 
system with no CTBN added, owing to the formation of 
a CTBN domain.
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