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ABSTRACT: The isothermal cure behavior of diglycidyl ether of bisphenol A (DGEBA)/diaminodi-
phenyl methane (DDM) in the presence of o, ®-methyl carboxylate-butadiene-acrylonitrile copoly-
mer (est-CTBN) has been analyzed by differential scanning calorimetry and rheometry. The result
shows that the cure mechanism changes from the autocatalytic cure mechanism to the nth order
reaction as the concentration of est-CTBN increases. This change of mechanism seems to be caused
by the decrease in the degree of participation of the hydroxyl group in situ formed as a result
of the reaction between an epoxide group and a primary amine of DDM during the subsequent
ring opening. The lower participation of the hydroxyl group in the ring opening may arise from
the fact that the probability to form hydrogen bonds between the hydroxyl groups and carbonyl
groups of est-CTBN becomes greater as the concentration of est-CTBN increases.

Introduction

The incorporation of low levels of carboxyl or
epoxy-terminated butadiene-acrylonitrile random
copolymer (CTBN or ETBN) in epoxy resin is often
used to improve the crack resistance and impact
strength of the material. The enhancement in
toughness results from the phase separation into
randomly dispersed rubbery phases during cure.!?
The phase separation process has been often desc-
ribed in terms of the nucleation-growth mechanism.
Several years ago, Williams et al® have developed
a model to predict the fraction, composition, and
particle size and its distribution of the dispersed
phase segregated during a thermoset polymeriza-
tion. Recently, we modified the model suggested
by Williams ef al. for the growth of domain, consi-
dering the capillary effects associated with the inte-
rfacial tension between a dispersed domain and the
matrix.* A particular system consisting of a diglyci-
dyl ether of bisphenol A (DGEBA) and diaminodi-
phenylmethane (DDM) in the presence of esteri-
fied-CTBN (est-CTBN) was selected in this study.
The addition of CTBN without esterification causes
the reaction between the carboxyl end group of
CTBN and unreacted epoxide group in the epoxy
network to yield better interfacial adhesion between

epoxy and CTBN. However, the reaction may give
a trouble for analyzing phase separation by a ther-
modynamic model. Thus the terminal carboxyl
group has been sometimes blocked by esterification.

A variety of experimental techniques have been
developed for the cure reaction of thermosets.
These techniques include chromatography,®® infra-
red spectroscopy,”® nuclear magnetic resonance®®
Raman spectroscopy,10 chemical analysis,11 and
changes in physical properties such as refractive
index, density,12 electrical resistivity,”® and visco-
sity."® In addition, the exothermic curing reaction
of thermosetting systems has been studied by
means of dynamic mechanical measurements'® and
calorimetry."” 2 An excellent review on numerous
studies of thermoset cure kinetics has been written
by Prime.®

In most cases, the reaction rate described by a
simple nth order kinetic expression is governed by
a single Arrhenius rate constant.'” ** However, the
common feature of many epoxy resin systems is
that the curing process is autocatalytic in nature
and is diffusion-controlled at later stage. This fact
is supported by both the observation of the maxi-
mum in the reaction rate curve and a non-zero ini-
tial reaction rate. Therefore a simple nth order ki-
netic expression is unable to provide an accurate
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Figure 1. Chemical structure of DGEBA, DDM, and est-CTBN.

quantitative description of the entire process. Kine-
tic expressions describing the autocatalytic cure be-
havior of epoxy systems have been discussed in
the literatures.®®% [In this study, we attempt to
elucidate the cure mechanism of DGEBA/DDM/est-
CTBN as a function of the concentration of the
est-CTBN by examining the cure kinetics over the
entire cure process.

Experimental

Materials and Formulations. The epoxy resin
used is a diglycidyl ether of bisphenol A (DGEBA)
under the trade name of YD-128 manufactured by
Kuk Do Chem., having the mean epoxy equivalent
weight of 187 and epoxide content of 5.26-5.43
eq/kg. It is a liquid of medium viscosity with a
specific gravity of 1.17 at 20 C. The curing agent
is 4,4'-diaminodiphenylmethane (DDM). It is a crys-
talline solid with a molecular weight of 198, a func-
tionality of 4, and a melting point of 92 C. The
chemical structure of each component is represen-
ted in Figure 1. The carboxyi-terminated butadiene-
acrylonitrile copolymers (CTBN) used in this study
is the low molecular weight copolymer of butadiene
and acrylonitrile (26%) manufactured by the B.F.
Goodrich Co. under the trade name of Hycar 1300X
13. The methyl esters of the carboxyl-terminated
copolymers were prepared by refluxing the CTBN
in methanol for nine hours, and the reaction prog-
ress was monitored by infrared spectroscopy. Fig-
ure 2 is IR spectra of CTBN esterified for various
reaction times. Figure 2(a) shows that the intensity
of broad peak near 3300 cm™! decreases as the
esterification time increases, indicating the decrease
in the amount of hydroxyl groups. In Figure 2(b),
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Figure 2. IR spectra for samples esterified for various
reaction times.

the band at 1704 cm™! is assigned to C=0 stretch-
ing in the carboxylic acid dimer (self-association),
while the band at 1730 cm™! is attributed to the
free carbonyl group. However, the C=0 stretching
band of free carboxylic acid could not be distingui-
shed from C=O0 stretching of methyl esters. Thus,
the decrease of the intensity at 1704 cm™! was used
to estimate the degree of esterification. As shown
in Figure 2(b), the intensity at 1704 cm™! almost
disappeared after 6.5 hours, indicating that most
of carboxylic acid groups was substituted by methyl
ester.

The formulation contained 26.5 parts of curing
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Figure 3. Curing of DGEBA with DDM in the dy-
namic mode of DSC at a heating rate of 10 € /min
(sample weight, 9.1 mg).

agent per hundred parts of epoxy resin, which is
the stoichiometric mixture for this system. The pre-
melted curing agent was mixed with a portion of
epoxy resin pre-heated at 80 T before the remain-
ing resin is added at room ternperature. Then the
pre-determined amount of est-CTBN and the epoxy
resin, which was pre-mixed with curing agent, was
thoroughly mixed with a mechanical stirrer at 50
€ for 5 minutes. The concentration of est-CTBN
in the formulation will be expressed as a percent-
age of weight fraction, wt%. Four different levels
of est-CTBN concentration were prepared, 0, 5, 10,
and 15 wt%.

Differential Scanning Calorimeter and Rhe-
ometrics Mechanical Spectrometer. The calori-
metric measurements were made with a Perkin-El-
mer DSC-7. Pre-mixed samples of ca. 10 mg were
packed into hermetic capsules. The heat of reaction
was measured by carrying out the reaction isother-
mally to completion at the pre-determined curing
temperatures: 80, 90, 100, 110, 120, and 130 T.
An isothermal thermogram was obtained for a given
weight of sample as a function of curing time. The
reaction was considered to be completed when the
thermogram leveled off to a baseline. By assuming
that the heat evolved during cure is proportional
to the extent of reaction, Kkinetic parameters have
been determined from both isothermal and dynamic
experimental data.

The viscosity change with cure was monitored
by Rheometrics Mechanical Spectrometer (RMS
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Figure 4. The rate of cure as a function of curing
time at six different temperatures in the presence of
5 wt% est-CTBN. The values in the figure indicate
the curing temperatures.

800). The RMS was equipped with a modified par-
allel plate. The frequency of 6.28 rad/s was selected
through all measurements. Detailed experimental
techniques can be obtained from Hwang et al?®

Results and Discussion

The complete or ultimate heat of cure, H,, for
the DGEBA/DDM system was determined from dy-
namic scanning run as shown in Figure 3. The scan
speed was 10 T /min. The ultimate heat of cure
was found to be 24.4 kcal/eq. This value shows a
fairly good agreement with other results reported
for the epoxy-amine systems by Sourour and Ka-
mal,? Horie et al.” Klute and Viehmann,® and Ric-
cardi et al® The values for the formulations 5, 10,
and 15 wt% of est-CTBN were determined in the
same way and then normalized with respect to pure
DGEBA/DDM.

Figure 4 shows the rate of cure as a function
of curing time at six different temperatures, and
Figure 5 shows the rate of cure at 100 C for four
different weight fractions of est-CTBN. In all DSC
thermograms, the rate of cure was found to exhibit
a maximum when plotted against curing time. Such
behavior is characteristic of a chemical reaction in
which the product acts as a catalyst for the reaction
itself, so-called the autocatalytic reaction (see Fig-
ure 6). A general description of autocatalysis and
the application of autocatalytic cure kinetics to ther-
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Figure 5. The rate of cure as a function of curing
time at 100 T for different formulation. The values
in the figure indicate the weight% of est-CTBN.

moset have been discussed elsewhere. %% [t is
worth noting here that the initial rate of autocataly-
tic reaction is not necessarily zero. The cure rate

equation®®% used in this study is:
a=—2 — (K, + K1 -ay M

where a is the rate of cure, a is the degree of
cure, K, and K, are kinetic rate constants, and m
and n are kinetic exponents. It is noteworthy that
K, represents the specific kinetic rate constant as-
sociated with non-catalytic reactions between an
epoxide group and a primary amine of DDM and/or
the catalytic reaction due to a catalyst present in
the initial formulation, i.e. OH group, and K, is the
kinetic rate constant associated with the autocataly-
sis by the OH groups generated along the reaction.
This equation has been used for the kinetic studies
of cure of several polyester and epoxy formulations.

The heat released during cure, measured as a func-
tion of curing time, was assumed to be directly
proportional to the rate of cure:

do __1 _dH
dt Hm[ dt

Q-

@

where H,, for each formulation is equal to the value
of H,; multiplied by the epoxy equivalent in the
sample. At the low concentration of est-CTBN the
shape of peak was broad, but at the high concentra-
tion of est-CTBN the shape of peak changed to
sharper. Furthermore the peak moved to shorter
time and falled down rapidly to the baseline after
the maximum cure rate. These results imply that
a certain transition happens in the cure mechanism
with an increase in the concentration of est-CTBN.

The degree of cure (a) is plotted as a function
of curing time at several isothermal temperatures
in Figure 7. The sigmoidal shape of these curves
suggests the autocatalytic cure kinetic mechanism
in these systems. Figure 8 shows plots of a versus
curing time for four different formulations, 0, 5,
10, and 15 wt%. Similar behaviors were observed
regardless of formulations. However, a minor differ-
ence is seen: as the concentration of est-CTBN inc-
reases, the cure reaction is accelerated at the early
stage of cure, but a dilution effect becomes domi-
nant after a certain degree of cure, even though
it cannot be clearly explained whether the dilution
effect have a physical sense after phase separation
takes place. The initial acceleration with the conce-
ntration of est-CTBN may be caused by the cataly-
tic effect of a certain species included in the sam-
ple. This will be also discussed later with the exp-
lanation for the effect of the concentration of est-
CTBN on the variation of K.

Figure 9(a) is the viscosity change with curing
time for various concentrations of est-CTBN when
the systems are cured at 80 C. The figure shows
that the higher the concentration of est-CTBN, the
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Figure 6. Autocatalytic cure mechanism of epoxy resin and aromatic diamine.
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Figure 7. Degree of cure as a function of curing time
at six different temperatures for 5 wt% est-CTBN. The
values in the figure indicate the curing temperatures.
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Figure 8. Degree of cure as a function of curing time
at 100 T for each formulation. The values in the figure
indicate the weight% of est-CTBN.

higher the initial viscosity (see also Table I), be-
cause the viscosity of est-CTBN is higher than that
of epoxy resin. Thus the viscosity is nomalized with
respect to the initial viscosity for various composi-
tions as shown in Figure 9(b). Although it is diffi-
cult to determine accurately the gelation time, the
gelation time is often defined as the time at which
the relative viscosity with respect to initial value
increases to 10°°* From Figure 9(b) and Table
I, it is found that the viscosity rises much faster
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Figure 9. (a) Viscosity change as a function of curing

time for various concentrations of est-CTBN when cu-

red at 80 C; (b) The variation of the relative viscosity

with time for various concentrations of est-CTBN at
80 T.

Table L. Initial Viscosity and Gelation Time for
Various Samples When Cured at 80 °C

Owt% 5Swt% 10wt% 15wt%

Initial viscosity (poise) 0.9 21 3.0 6.5
Gelation time (min) 820 583 53.3 45.0

as the concentration of est-CTBN increases. This
is consistent with the result observed in cure be-
havior by DSC.

The degree of cure at the peak (a,) is plotted
against curing temperature for all four formulations
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Figure 10. Variation of degree of cure at the peak
point (a,) with temperature.

in Figure 10. For a given formulation, a, decreases
with increasing the curing temperature. At any gi-
ven temperature, the value of a, decreases with
increasing the concentration of est-CTBN. The in-
crease in the amount of est-CTBN reduces the au-
tocatalytic reaction as will be discussed later and
therefore shifts o, to a lower value. Figure 10 also
shows that the maximum rate of cure occurs be-
tween 5 and 50% epoxy conversion in the tempera-
ture range examined, even though the autocataly-
zed reactions for an epoxy system are generally
characterized by the maximum rate at approxima-
tely 30-40% epoxy conversion.! It is noteworthy
that a strong dependence of a, on temperature is
partly due to the fact that the @, value measured
from DSC becomes more underestimated than the
real value as the curing temperature increases.
The method proposed by Ryan and Dutta,* which
has been known to be a rapid technique for estima-
tion of kinetic parameters, was used to determine
the kinetic parameters describing the autocatalytic
reaction of epoxy cure:
< da
dt

) =K 3)

Equation (3) indicates that the kinetic rate constant
K, is readily determined from isothermal reaction
rate data from DSC. The kinetic rate constant Kj,
which is the initial reaction rate at a given tem-
perature, was read directly from the initial slope
of the reaction rate curve and was normalized with
respect to the sample weight. The temperature de-
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Figure 11. Kinetic rate constant K, as a function of
reciprocal curing temperature.

pendence of K; for each formulation is depicted
in Figure 11. Slight fluctuation in the accuracy of
determination of the onset of reactions seems to
be responsible for the observed deviations from the
Arrhenius plot. As the concentration of est-CTBN
increases, K; becomes larger at a given tempera-
ture. Table II lists the pre-exponential factor A and
the corresponding activation energy E for K, and
K,. For the kinetic rate constant K, both the activa-
tion energy and the pre-exponential factor increase
with the concentration of est-CTBN. Generally, the
pre-exponential factor might decrease if the added
est-CTBN acts as a diluent, Furthermore, the initial
viscosity also increases with the concentration of
est-CTBN, as shown in Figure 9(a). Thus the
pre-exponential factor A should decrease with in-
creasing the concentration of est-CTBN. However,
it was observed that the reaction was slightly accel-
erated at an early stage as the concentration of
est-CTBN increases (see Figure 8). Therefore, a
diluent effect of est-CTBN on the cure kinetics of
the epoxy resin can not explain the above phenom-
enon.

This reaction may be described as a catalytic ring
opening by the primary amine groups, involving a
ternary transition state (amine-epoxide-hydrogen
donor) present in the reaction medium. Recently,
Verchere et al® reported an experimental result
that the reaction rate was slightly accelerated from
the beginning of reaction to the degree of cure of
0.30 - 0.35 when the ETBN rubber was added. Ac-
cording to their interpretation, the initial accelera-
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Table II. Temperature Dependence of Cure Kinetic Variables

Kinetic variable

Temperature dependence

Correlation coefficient

0 wt% 1.34X 10° exp(—5.13X 10™*/RT) 0.993
K, (min-Y 5 wt% 129X 10° exp(—4.99X 10"*/RT) 0.997
! 10 wt% 390X 10° exp(—5.24X10™/RT) 0.995
15 wt% 207X 10" exp(—5.61X10"*/RT) 0.992
0 wt% 4.45X10° exp(—3.23X 10"*/RT) 0.984
K, (min-) 5 wt% 422X 10" exp(—4.01X 10*/RT) 0.992
2 10 wt% 7.84X10* exp(24.24 X 10"*/RT) 0.998
15 wt% 462X10" exp(—4.13X 10°*/RT) 0.998
0 wt% 310X 10° exp(—3.62%10™*/RT) 0.983
.+ min) 5 wt% 232X 10° exp(—4.05X 10™*/RT) 0.999
i 10 wt% 135X 10" exp(—3.88X 10"*/RT) 0.999
15 wt% 697X 10° exp(—3.63X 107*/RT) 0.985
0 wt% 455%10 ¢ exp(—4.71X 10™*/RT) 0.981
(. (enin) 5 wt% 562X10°* exp(—5.91X 10™/RT) 0979
» 10 wt% 1.09%10°% exp(—4.76X 10°*/RT) 0.992
15 wt% 1.31X10°* exp(— 594X 10"*/RT) 0.999
0 Wt% 198—434X10°°T 0.934
5 Wt% 114—237X10°*T 0.990
b 10 wt% 072—152X107°T 0.951
15 wt% 054—121X10"*T 0.932
0 wt% 290—-567X10 7T 0.981
" 5 wt% 1.96—387X10°°T 0.980
10 wt% 112—212X10° T 0.947
15 wt% 0.79—1.62X10°3T 0.954

*J/Kg mol

tion of cure rate might be attributed to the fact
that the initial hydroxyl concentration [OH], depe-
nds on the amount of ETBN. They also showed
that for the rubber modified system compared to
the neat system, the catalytic mechanism by [OH],
was predominant at the beginning of the reaction
by means of computer simulation* However, the
experimental cure rate at an early stage is much
faster than that predicted by computer simulation
so that the large discrepancy between the experi-
mental and the simulation results could not be exp-
lained only by the presence of the initial hydroxyl
group. Thus they interpreted that the additional
catalyst could be provided, for example, from impu-
rities (sodium chloride etc.) present in the CTBN
(precursor for ETBN), or introduced during the ad-
duct synthesis (triphenyl phosphine). Also, Horie
et al? investigated the effect of the concentration
of added n-buty! alcohol on the cure behavior. They
found that the peak in DSC curve appeared in the
shorter time with increasing the concentration of
n-butyl alcohol in the system, which supported the
suggestion that the nth order kinetics might be ob-
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served in systems with a large excess of hydrogen-
bond donor. Although est-CTBN used in this study
does not comprise the hydroxyl group, the acceler-
ated reaction rate at an initial stage may be attrib-
uted to the impurities (e.g. sodium chloride) initial-
ly present in the CTBN, the hydroxyl group in resi-
dual methyl alcohol introduced during the esterifi-
cation, and/or the unesterified carboxyl group in
the CTBN. Therefore, since this catalytic effect co-
mpetes with the diluent effect which may retard
the cure reaction, a cross-over occurs at later stage
of cure reaction when the degree of cure is plotted
against curing time (see Figure 8).

The overall reaction order (m+n) was assumed
to be two, and the validity of this assumption was
previously confirmed elsewhere.”” The values of ki-
netic exponent m and kinetic rate constant K, could
be calculated from equations (4) and (5), respec-
tively. The quantities K;, &, and a, were readily
determined at any given temperature using differe-
ntial scanning calorimetry. These experimentally
determined values may be substituted into equation
(4) which is solved numerically in order to deter-
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Figure 12. Kinetic rate constant K, as a function of
reciprocal curing temperature.

mine the parameter m. The kinetic rate constant
K is then determined from equation (5).

&,/0—a,) "—K,
1“( @—m)Kia,' "/ (m— 20,) )

m= Ina, @
— 1-m
K= 2-—mKiq,' " ©)
m—2a,

Figure 12 shows the variation of K, with the re-
ciprocal temperature for various formulations. In
cases of aromatic amines, the ring opening reaction
also appears to be catalyzed by hydrogen donor
groups present in the epoxy resin/curing agent sys-
tem. As shown in Table II, the activation energy
of K, is smaller than that of K, for each formulation.
This subsequent reaction most likely comprises two
mechanisms: one is the reaction between an epox-
ide and a secondary amine, and another one is an
autocatalytic ring opening involving a secondary
amine, an epoxide and a hydroxyl group in situ
formed by the opening of the first epoxy ring. The
transition state of the latter one may be formed
in a seven membered ring (as seen in Figure 6),
thus giving the lower activation energy than that
of }(L

Figure 13 shows that the value of m decreases
linearly as the curing temperature increases and
that the value of m also decreases with increasing
the concentration of est-CTBN at a given tempera-
ture. In an early study,” the value of m was related
to the reaction mechanism and reported to be inde-
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Figure 13. Variation of kinetic exponent m with
curing temperature,

pendent of temperature for a given formulation. But
in other studies, it was also reported that the value
of m increases with temperature,” and decreases
linearly or exponentially with increasing tempera-
ture?” Therefore, it may be assumed that the tem-
perature dependence of m is related to the change
of reaction mechanism with temperature. In this
regard, since the kinetic exponent m represents a
quantitative measure of how much of the curing
reaction follows the autocatalytic path, the result
of Figure 13 suggests that an autocatalytic reaction
mechanism changes to an nth-order reaction mech-
anism (non-catalytic path) as the curing tempera-
ture and/or the concentration of est-CTBN increa-
ses. At high concentration of est-CTBN, the forma-
tion of a seven membered ring in Figure 6 becomes
more difficult ,since it is more probable that the
hydroxyl group formed from the reaction between
the primary amine and the epoxide group is hydro-
gen-bonded to the carbonyl group in est-CTBN. Si-
nce the hydroxyl group hydrogen-bonded to the ca-
rbonyl group does not take part in the autocatalytic
cure mechanism, the reaction tends to follow the
non-catalytic path rather than the autocatalytic one
as the concentration of est-CTBN increases.

Conclusion
Cure behavior of DGEBA/DDM system in the
presence of est-CTBN as an impact modifier could

be interpreted by an autocatalytic cure model. As
the concentration of est-CTBN increases, the cure

Korea Polym. J., Vol. 2, No. 2, 1994
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becomes faster at the initial stage, and then the
rate abruptly falls down at the final stage. This
could be confirmed by the fact that the viscosity
change with cure has the same tendency. Also, the
experimental result shows that the reaction mech-
anism alters from the autocatalytic cure mechanism
to the nth order cure behavior as the concentration
of est-CTBN increases. This mechanism change
seems to be caused by the decrease in the degree
of participation of the hydroxyl group formed in
situ from the reaction between an epoxide group
and a primary amine in DDM during the subse-
quent ring opening reaction.
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