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Abstract

Differential scanning calorimetry (DSC) was applied to study the cure kinetics of an epoxy
system containing both tetraglycidyl 4,4’-diaminodiphenylmethane (TGDDM) and a multi-
functional Novolac glycidy! ether resin, cured with 4,4"-diaminodiphenylsulfone (DDS). The
experimental data were analyzed in terms of a mechanistic model proposed by Cole, which in-
cludes the etherification reaction. The kinetics can be completely described in terms of three
rate constants, which obey the Arrhenius relationship. This model gives a good description of
the cure kinetics up to the onset of vitrification. The effect of diffusion control was incorpo-
rated to describe the cure in the later stages. By combining the model and a diffusion factor, it
was possible to predict the cure kinetics over the whole range of conversion, including an
analysis of the evolution of different chemical species during the curing process. Good agree-
ment with the experimental DSC data was achieved with this mechanistic model over the
whole range of cure when the etherification reaction was assumed to be of first order with re-
spect to the concentrations of epoxide groups, hydroxy groups, and the tertiary amine groups
formed in the epoxide amine reaction.
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Introduction

Tetraglycidyl-4-4’-diaminodiphenylmethane (TGDDM) epoxy is an ideal
material for many important usages; it is especially used as a matrix for fiber-re-
inforced composites. There are some commercial epoxy formulations of great
significance in the manufacture of high-performance composites that utilize
more than one epoxy to aid in processing or to improve properties. A great num-
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ber of them are made of two epoxies, TGDDM and a Novolac resin, which are
cured with 4,4’-diaminodiphenylsufone (DDS).

TGDDM/DDS epoxy systems have been extensively studied [1—4], but there
are only a few papers on TGDDM/Novolac/DDS systems [5—7]. In the present
study, the cure kinetics of a TGDDM/Novolac/DDS epoxy system was investi-
gated by differential scanning calorimetry (DSC) under isothermal conditions.
The objective of this work was to provide an accurate description of the cure ki-
netics not only in the early stages of the cure reaction, but also in the later stages,
where the vitrification effect is dominant and the reaction is controlled by diffu-
sion instead of chemical kinetics. To mode! the polymerization reaction kinetics of
this system, a mechanistic approach used by Cole [8], which includes the etherifi-
cation reaction, was developed.

Although epoxy amine reactions are complicated, depending on the reaction
conditions, it is generally accepted that there are two important amine addition
reactions [9, 10]. The first occurs between an epoxide ring (E) and a primary
amine group (4,) to produce a link containing a secondary amine group (42) and
a hydroxy group (OH). The secondary amine group formed in this reaction can
react further to give a tertiary amine group (43) and a new OH group. The third
type of reaction that can occur is etherification, which is a reaction between an
epoxide and the OH group to form an ether link and a new OH group [11]. The
etherification reaction is slower than the epoxide amine reaction and becomes
important only when the cure is performed at high temperatures or when there is
an excess of epoxy with respect to amine [12].

A resin system can be regarded as an association of epoxide groups, amine
groups, OH groups, ether groups and catalysts. Following Cole, we have as-
sumed that the unreacted resin contains only epoxide, primary and tertiary
amine, OH and catalyst (other than OH) groups (X), and the proposed reaction
scheme is:

E+A41(+OH) —Xe 45+ OH (+ OH)

E+ai(+x) M. 4+0H@EX)

E+42(+OH) —2+ 43+ OH (+ OH)

E+4(+X) ﬁ-» A3+OH (+X)
k3

E+mOH+nds —=o ether+ mOH + nds

The first four equations are equivalent to those used by Horie [13]. The fifth rep-
resents the etherification reaction, with m representing the number of OH groups in-
volved (as either reactant or catalyst) and # the number of 43 groups (as catalyst).
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The kinetic equations for the above reaction scheme can be solved to give the
following two equations in terms of the variables o and . The first is the epox-
ide conversion and the second is a measure of the number of OH groups pro-
duced by the reaction:

K3 _
a:BB+m(C13+C2B2+C31n(I+R 1[3)+C41n(1~6)) (1)
i—?: (B(Kl + BK2B)(1 = B) + K3(Y + B)™(Z + BZ)“)(l o) 2)

where all parameters of these equations have been defined previously [7, 8]. K
is the rate constant for the epoxide amine reaction catalyzed by groups initially
present in the resin (including OH), K is the rate constant for the same reaction
catalyzed by OH groups formed in the reaction, and K is the rate constant for the
etherification reaction. The coefficients C; depend on the values of m and »n; the
various pairs of values m and » represent different possibilities for the etherifi-
cation reaction mechanism, B is the amine to epoxide ratio in the unreacted
resin, Y is a measure of the OH content in the unreacted resin, Z, is a measure of
the tertiary amine content in the unreacted resin, and R=K,/BK..

If the variables o and [ are used to model the cure, it is possible to follow
quantitatively the two reaction paths, epoxy amine and etherification. The rela-
tive importance of these will vary, depending on the temperature. Once the three
rate constants are known, the cure can be completely described, including the
evolution of the different chemical species as a function of the degree of cure.

Experimental

The epoxy resin system studied was a mixture of three components. The main
one is tetraglycidyl- 4,4’-diaminodiphenylmethane (TGDDM) (Ciba-Geigy MY
720), the second component is a multifunctional Novolac glycidyl ether resin
(Ciba-Geigy EPN 1138) and the third is an aromatic amine hardener, 4,4’-diami-
nodiphenylsulfone (DDS), available from Fluka Chemie.

All these components were used as received. The composition of the mixture
was 43.3% of TGDDM, 35.7% of EPN and 21.0% of DDS, yielding an amine-
epoxide ratio of B=0.64, based on the epoxide equivalent weights determined in
our laboratory by hydrochlorination [14]. The values obtained for the weight per
epoxy equivalent for TGDDM and EPN, respectively, were 130 and 180 g/eq.
The hardener has a molecular weight of 248.31 and a purity >96% according to
the supplier. The material was prepared by mixing the components in an oven at
120°C and stirring continuously until a homogeneous mixture was achieved.

DSC under dynamic and isothermal conditions was used to study the cure ki-
netics of this system. DSC measurements were made with a Perkin Elmer DSC-7
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calorimeter supported by a Perkin Elmer Computer for data acquisition. The
DSC was calibrated with indium and zinc standards. All experiments were con-
ducted under a nitrogen flow of 40 ml min™".

For dynamic experiments, heating rates of 2.5, 5, 7.5 and 10°C min™' were in-
vestigated from 25 to 300°C. In isothermal experiments, the DSC was stabilized
to 25°C. Samples of about 15 mg were enclosed in aluminum capsules, intro-
duced into the DSC cell, and then heated at high rate to the experimental tem-
perature, ranging from 210 to 240°C. The total area under the exotherm curve,

based on the extrapolated baseline at the end of the reaction, was used to calcu-
late the isothermal heat of cure.

Results and discussion

If the cure reaction is the only thermal event, then the reaction rate da/d¢ is
equal to the heat flow, dH/dt, divided by the overall heat of reaction AH,:

doo  dH/d¢
& AH, )

Figure 1 shows the DSC dynamic scans at different heating rates. The overall
heat evolved in the reaction was determined as the average reaction heat calcu-
lated in each DSC curve. The corresponding value found for the TGDDM/Novo-
lac/DDS system was AH,=642.1 J g,

Isothermal DSC curves are shown in Fig. 2, plotted as da/df vs. time. From
the experimental data, it is possible to construct a curve of do/dz vs. o for each
curing temperature and to test these data with the model proposed by Cole. This
model describes different possibilities for the etherification reaction mecha-
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Fig. 1 DSC dynamic runs at different heating rates
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Fig. 2 Reaction rate, do/ds, vs. time curves for different curing temperatures

nism. Regardless of the particular mechanism, this model includes three rate
constants, that must be determined to obtain the best fit of the experimental data
for do/dz as a function of o.. To determine the constants, an iterative procedure
was used. After initial estimates for K, K> and K; had been chosen, for each ex-
perimental value of o the corresponding value of B was calculated by numerical
solution of Eq. (1). The values of o and B were then used in Eq. (2) to calculate
do/dr. The coefficient Y was assumed to be negligible.

Initial estimations for Ky and K, were chosen from the fit of the experimental
data with the simplified Horie equation [13]:

do
E:(Kl + Kao)(1 —a)(B - ) (4)

Figure 3 shows plots of the reduced rate function Fi(o)=(1-0o) ' (B—a)!
(dov/df) vs. a for the different temperatures. Except for the first few points, linear
behavior is observed up to o about 0.2. When 0>0.3, there is a significant devia-
tion, which is attributed to the lack of validity of the model proposed by Horie in
this region, where the etherification reaction becomes significant.

The initial estimation of K5 was made from the fit of the data with the exten-
sion of the Horie model used by Lee ef a/l. [15]. In this approach, the reaction is
separated in to two distinct stages. For 0<0.3, only the epoxide amine reaction
need be considered, and Eq. (4) is used. When this reaction has been completed,
the etherification reaction takes over, and the etherification is assumed to be of
first order with respect to the epoxide concentration, when it can be described by
the equation

d
—£=K3(1—oc) (5)
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Fig. 3 Plots of F I(OL)=(1—OC)—1(B—OL)_1(dOL/dt) vs. conversion at different curing temperatures

In this case, the reduced function F(ot)=(1—0r)"'dai/ds should be constant and
equal to K3. The function F, was plotted vs. @, as shown in Fig. 4. Tt can be seen
that F rises to a maximum value at around 0=0.2, and gradually decreases until
o reaches about 0.7 or 0.8, where there is an abrupt drop and the reaction rate
falls to zero. This is believed to be due to vitrification of the system and the onset
of diffusion control. It can be seen too that, as the temperature is elevated, F> be-
comes more constant, i.e. the etherification reaction is more effective.

The best fit of our data corresponded to the case where the etherification reac-
tion was taken as of first order with respect to epoxide groups (E), OH groups and
the tertiary amine groups formed in the reaction (43), so this mechanism was used
to analyze the data and determine the three rate constants for all experiments.

A comparison of typical experimental DSC data and predictions of the model
proposed by Cole is shown in Fig. 5. A reasonably good fit between the experi-
mental data and the predictions of the model is achieved. However, the mode!
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Fig. 6 Diffusion factor, f{ot), vs. conversion, 0, and the regression fit obtained with Eq. (6)

predicts higher conversions and reaction rates for the later stages of the cure re-
action. The deviations observed are attributed to the reaction becoming diffu-
sion-controlled at the onset of vitrification. On the other hand, the deviations ob-
served for o between 0.2 and 0.5 will be commented on below.

To consider the diffusion effect, we used a semiempirical relationship, based
on free volume considerations, proposed by Chern and Poehlein [16]. In this re-
lationship, a diffusion factor, o), has been introduced and defined as the ratio
K. /K., where K. is the rate constant for chemical kinetics and K. is the overall ef-
fective rate constant; according to Rabinowich [17], K. includes the effects of
both chemical kinetics and diffusion. This diffusion factor is given by

Ke _ 1
=% =17 exp[C(0 ~ ate)] (6)

where Cis a constant and o is the critical value of conversion at which the effect
of diffusion becomes important. When o<<a, f{0t) approximates to unity, the
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reaction is kinetically controlled, and the effect of diffusion is negligible. As o
approaches o, f{xt) begins to decrease, and it approaches zero, as the reaction ef-
fectively stops. Equation (6) corresponds to a rather abrupt onset of diffusion
control at o=0.; however, the onset is more gradual, and there is a region where
both chemical and diffusion factors are controlling. The factor f{o) was obtained
as the ratio of the experimental reaction rate values to those predicted on the ba-
sis of the chemical kinetic model. Figure 6 shows plots of f{) against conver-
sion at different curing temperatures, and also the regression fits obtained with
Eq. (6). Although the fits do not seem very good, the zone of interest is the last
part of the plots, where the diffusional effect is pronounced.
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Table 1 Arrhenius parameters for the proposed mode]l
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E
Rate constant/s™ In4 f/K E /K] mol™!
K, 13.46 9801 81.45
K, 9.61 7090 58.92
K, 29.82 18546 154.12

Values of o, and C vs. curing temperatures, obtained by fitting the o) vs. «
data to Eq. (6), are shown in Figs 7 and 8. Linear behavior with temperature is
observed for o, but for the coefficient C no discernible trend is observed, in ac-
cord with findings from other studies on epoxy amine systems [18, 19].

Figure 9 depicts the results for each curing temperature when the experimen-
tal values of dot/d? are compared with those calculated via the model with the dif-
fusion factor included. Good agreement was found over the whole curing tem-
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Fig. 9 Comparisons of experimental data with model prediction: reaction rate, do/dt, vs. con-
version, a, at different temperatures
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perature range, except for the o interval between 0.2 and 0.5 for curing tempera-
tures of 210 and 220°C.

The three rate constants obey the Arrhenius relationship Ki=4iexp(-Eai/RT).
The Arrhenius plots of InK; vs. 1/T led to the parameters given in Table 1. The
activation energies for the X-catalyzed and OH-catalyzed epoxide amine reac-
tions are 81.45 and 58.92 kJ mol ™', respectively, while that for the etherification
reaction is significantly higher, at 154.12 kJ mol™.

With this model it is possible to perform calculations in order to acquire a
better understanding of how the system behaves under different circumstances.
Figure 10 shows the predicted curve for do/dz as a function of a for each curing
temperature. The curve is decomposed to show the contributions from the three
different reactions involved, i.e. 4,—F, A,—E and OH—E. For a=0-0.2, the OH-F
contribution is negligible. For oo between 0.2 and 0.8, all three reactions are sig-
nificant. For & between 0.2 and 0.6, the epoxide amine reactions are more im-
portant than the OH—F reaction. At =0.6, the 4,—E reaction becomes negligible
and the OH—F reaction becomes the most important. Finally, at oc around 0.8, the
A>—E reaction becomes negligible.
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Fig. 10 Calculated curves for do/d¢ as a function of o at different curing temperatures, showing
the separate contributions from the 4,—E, 4,—E and OH-E reactions
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Fig. 11 Evolution of o with time for each curing temperature

Figures 5 and 9 reveal deviations between the experimental data and the
model proposed for o between 0.2 and 0.5. Figure 10 demonstrates that, in this
interval, the predominant reactions are the epoxide amine reactions. The model
assumes equal relative reactivities for the primary amine groups initially present
and the secondary amine groups formed in the reaction. The deviations observed
could be attributed to different relative reactivities of the secondary and primary
amine groups, but this is a question that has not been satisfactorily answered and
will only be resolved by further experimental work. ‘

It is also possible to predict the evolution of the cure with time. Figure 11
shows this evolution for each curing temperature, the experimental data being
compared with the behavior predicted by the model with the diffusion factor in-
cluded. Furthermore, the concentrations of the different species can be calcu-
lated from this model. Figure 12 and 13 depict the predicted concentrations of
the different species as a function of time for each curing temperature with re-
spect to the initial concentrations of epoxide groups, E,. In all cases, it can be
noted that at around 0=0.45 over 90% of the 4, groups have disappeared, but
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Fig. 12 Calculated concentrations of epoxide, hydroxy and ether groups as a function of time
for each curing temperature

ether formation is just starting to become important. However, the 4,—F reac-

tion, which produces 4; groups, is significant both before and after «=0.45."
Analysis of these last Figures demonstrates that at 210°C the critical value for

diffusion control, o.=0.75, is reached after 1900 s. At this point, 65% of the

epoxide groups have reacted with amine, 10% have reacted with OH, and 25%

remain unreacted. A similar analysis was made at each curing temperature, and

the resume is shown in Table 2.

Table 2 Breakdown of epoxide group reaction

7°C o, s E-4 E-OH Unreacted
%

210 0.75 1900 65 10 25

220 0.80 1650 65 13 22

230 0.80 1000 62 14 24

240 0.90 850 62 25 13
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Fig. 13 Calculated concentrations of primary amine (4,), secondary amine (4,) and tertiary
amine (4,) groups for each curing temperature

Thus, at the point where vitrification slows down the reaction significantly,
the epoxide amine reaction is virtually complete, regardless of temperature, but
the epoxide OH reaction is only partially complete. At higher temperatures,
more ether linkages are formed, as expected.

In subsequent work in our laboratory [20], we have studied the conditions of
temperature and curing time for gelation and vitrification to appear, and the rep-
resentation of such conditions in an isothermal time-temperature-transforma-

tion (T7TT) diagram for this system. The maximum glass transition temperature
determined for this epoxy was 242°C.

Conclusions

A mechanistic model proposed by Cole was employed to describe the kinet-
ics of polymerization of a TGDDM/Novolac/DDS epoxy resin system. This
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model is based on the Horie model, but is extended to include the etherification
reaction.

The kinetics was described in terms of three rate constants, which were deter-
mined to fit the data. The rate constants obey the Arrhenius relationship. Values
of the activation energies were determined. The kinetics was assumed to be of
first order with respect to all participating species. The model gives a reasonable
fit to the experimental data for values of o up to the critical point where the resin
vitrifies and the reaction becomes diffusion-controlled. To describe the cure in
this region, a diffusion factor was introduced, the model then allowing a predic-
tion of the cure kinetics over the whole range of conversion, including the evo-
lution of the different chemical species during the curing process.
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