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SYNOPSIS

The cure behavior of two off-stoichiometric ratios, one amine-rich and the other epoxy-
rich, of a high-T, aromatic difunctional epoxy/aromatic tetrafunctional diamine system
are studied using differential scanning calorimetry (DSC). The curing reactions are pre-
sumed to consist of competing epoxy/amine reactions and a subsequent reaction of epoxy
with hydroxyl, termed etherification, that is significant in the epoxy-rich system after
depletion of amino hydrogens. A one-to-one relationship between conversion and 7} in-
dependent of cure temperature is found for each of the off-stoichiometric systems in spite
of the competing reactions. Since it is uniquely related to fractional conversion, sensitive,
and easily measured, T} is used to monitor the curing reactions. Kinetically controlled
master curves for isothermal cure are obtained for each system by shifting T}, vs. In time
data to an arbitrary reference temperature; apparent activation energies for the epoxy/
amine and the etherification reaction regimes appear to be identical at 15.5 kcal /mol.
Experimental DSC data are satisfactorily described for both systems by a kinetic model of
the competitive epoxy/amine and etherification reactions. The ratio of the rate constants
for the reactions of epoxy with the secondary amine group and epoxy with the primary
amine group, o = ky/k;, is found to be approximately 0.5 (i.e., equal reactivity of amino
hydrogens), whereas the ratio of the rate constants for the reactions of epoxy with
hydroxyl and epoxy with the primary amine group, § = k3;/k;, is found to be 0.001. Dif-
fusion control is incorporated in the model by the use of a free-volume theory. Vitrification
and iso-T, contours in the time-temperature-transformation (TTT) isothermal-cure
diagram are calculated for both systems from the kinetic model. © 1992 John Wiley &

Sons, Inc.

INTRODUCTION

Understanding the cure of thermosetting systems is
important to their use in structural composite, ad-
hesive, coating, reaction injection molding, and
electronic applications. The isothermal time-tem-
perature—transformation (TTT) cure diagram,
adapted to polymers™? and shown in Figure 1, is a
useful intellectual framework for analyzing and de-
signing cure processes. The diagram displays the
time to reach various events during isothermal cure
vs. cure temperature, 7,.. As a thermosetting ma-
terial cures, its glass transition temperature, T, in-
creases from an initial value of T}, due to increasing
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molecular weight, which occurs with a corresponding
decrease in the fraction of free volume associated
with chain ends (e.g., unreacted epoxy and primary
amine groups in the presently investigated systems).
Molecular gelation is the incipient formation of in-
finite molecules that occurs, for the simplest sys-
tems, at a specific conversion and a corresponding
T, of . Ty. After gelation, T, increases due to in-
creasing cross-link density, as well as to increasing
number-average molecular weight (of the sol/gel
mixture) and to the decrease in chain ends. As T,
approaches the temperature of cure, the material
enters the glass transition region and is defined to
vitrify when T, equals 7,. At the particular cure
temperature of .., T}, the material will gel and vitrify
simultaneously. The segmental mobility is substan-
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tially decreased in the vicinity of the glass transition,
and the overall rate of the reaction may become pro-
gressively controlled after vitrification by the lim-
iting diffusion of reacting species.>* The reaction
rate in this regime is affected by both chemical and
physical aging: The molecular mobility decreases
with increasing conversion due to increasing depar-
ture from physical equilibrium (e.g., T, — T¢); and
the mobility decreases with time due to physical ag-
ing which occurs when the material is in the non-
equilibrium state below its glass transition. If the
cure temperature is above the 7, of the fully cured
material, T, by definition, the material cannot vi-
trify at T; in this case, the chemical kinetics governs
the progress of the reaction.>*

The TTT isothermal cure diagram is based on
the phenomenological changes that take place dur-
ing cure, such as vitrification and macroscopic ge-
lation, the latter of which can correspond opera-
tionally, e.g., to the attainment of a definite viscosity.
The diagram has been expanded to include other
contours, specifically ideal molecular gelation, vit-
rification, and iso-conversion or iso- T, curves, which
can be calculated both in the kinetic- and diffusion-
controlled regimes if a complete kinetic model of
the reaction is known.*

There are three principal curing reactions con-
sidered to occur in epoxy/amine systems®'®: the
reaction of epoxy with primary and secondary
amines, and the anionic polymerization reaction of

epoxy with hydroxyl generated in the epoxy/amine
reactions. The reaction between epoxy and hydroxyl
is also referred to in the literature as homopoly-
merization or polyetherification. Because of the
stoichiometry and the step-growth mechanism
which are involved, however, it is considered that
the reaction is terminated after the first step so that
etherification, rather than polyetherification, is of
importance in this work. The reactions considered
are thus:

k
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Kinetic mechanisms for the reactions have been re-
viewed in the literature.>®

Although much work has been published on the
cure kinetics of epoxy/amine systems, there is dis-
agreement in the literature concerning the magni-
tude of the rate constants of the considered reac-
tions. The value of the ratio of the rate constants
for the reaction of epoxy with the secondary and
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Figure 1 Generalized TTT isothermal cure diagram. Reproduced with permission from
Journal of Applied Polymer Science, Vol. 41, No. 11, pp. 2885-2929 (1990).
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primary aromatic amine groups, a = ko/k;, is gen-
erally reported to be temperature-independent and
to range from 0.1 to 0.5,% where the value of 0.5
corresponds to equal reactivity of amino hydrogens.
(A value of 1 is expected for equal reactivity if the
reaction model is written in terms of primary and
secondary amino hydrogen atoms rather than of
primary and secondary amine groups since the con-
centration of primary amino hydrogen atoms is twice
that of primary amine groups.) The value of « is
generally determined by one of two methods: (1)
the use of a kinetic reaction model (with « as a pa-
rameter) to fit the experimental rate data or to pre-
dict a relation between the concentrations of reac-
tant and product species; and (2) the determination
of the critical stoichiometric ratio of epoxy to amine
(with amine in excess) necessary for incipient ge-
lation at 100% reaction of epoxide. Discrepancies in
the value of a obtained by the various methods and
for various epoxy/amine systems can be attributed
to various factors, including the following: When
using a reaction model, errors include oversimpli-
fication of the kinetic model or use of experimental
data after the onset of diffusion control when the
kinetically controlled reaction model is no longer
applicable; when determining « from the critical
stoichiometric ratio for gelation, errors may arise
from intramolecular reactions (particularly internal
etherification prevalent in diglycidylaniline-type
epoxies where the epoxy groups are in close prox-
imity); and from nonhomogeneities in the net-
work.”® Further, the sensitivity of various techniques
for measuring reactant or product concentrations or
for measuring incipient molecular gelation can lead
to erroneous results. For example, it was found in
one study in our laboratory that fitting of DSC rate
data over a wide range of temperatures could be ac-
complished assuming that the ratio a = ky/k
= 0.5.>* However, in another study on the same sys-
tem, using Fourier transform infrared spectroscopy
(FTIR) and fitting the data to a relation derived
from the same reaction model, it was observed that
the value of k,/k,; varied with temperature from 0.16
at 100°C to 0.33 at 160°C.° However, the accuracy
of the FTIR fractional conversion data is at best
+0.02, and since determination of the ratio required
fitting the data at high conversions of primary
amine, the error in the ratio is considered by the
present authors to be at least +0.1. In other labo-
ratories, discrepancies have also been observed in
the values of k,/k; obtained by different methods.'®

The etherification reaction of epoxy with hy-
droxyl is found to be much slower than the addition
of epoxy and amine®'®!7 and, consequently, has been

found in other work to occur at a measurable rate
in excess epoxy systems only after essentially all
amino hydrogens are depleted %2 and at temper-
atures above 150°C."®! Etherification is considered
to be catalyzed by strong tertiary amines and other
bases.!® However, kinetic models of the epoxy/amine
polymerization reactions that have incorporated
etherification have generally not considered catalysis
of the etherification reaction by the tertiary amine,
presumably because of steric hindrance. In any case,
the predictions of a kinetic model incorporating
etherification will not be affected by not explicitly
incorporating tertiary amine catalysis because its
concentration will be constant (all amino hydrogens
will be depleted) when the rate of etherification be-
comes significant. Literature data have been ana-
lyzed to obtain the rate constants for a kinetic model
describing the reaction of a tetrafunctional aromatic
epoxy (tetraglycidyl methylene dianiline) cured with
diaminodiphenyl sulfone (DDS) system in epoxy-
rich stoichiometric ratios (1 : 0.35 to 1:0.50).* In
that work, one of the systems for which data were
analyzed was cationically catalyzed with BF; :
NH,C.H;, whereas another was a commercial mix-
ture that presumably contained catalytic impurities,
and, hence, the results may not be applicable to the
system investigated here. The rate of etherification
was assumed to be first order with respect to both
epoxy and hydroxyl, and the ratio of the rate con-
stants for the etherification reaction to the reaction
of epoxy with the primary amine group was found
to range from 0.1 to 0.5, increasing with increasing
temperature, for the various data analyzed."* In work
by other researchers on a system without cationic
catalyst, a difunctional aromatic epoxy (diglycidyl
aniline ) cured with a stoichiometric amount of DDS,
the etherification reaction has been assumed to pro-
ceed by two mechanisms, one uncatalyzed and the
other catalyzed by hydroxyl, and the ratio of the
rate constants for uncatalyzed etherification and the
uncatalyzed reaction of epoxy with primary amine,
as well as the ratio for both catalyzed reactions,
ranged from 0.01 to 0.05, increasing with increasing
temperature.'* The discrepancy in the ratios of the
rate constants obtained in the two works is probably
because the former work analyzed systems that were
cationically catalyzed.

The model of a reaction should be able to describe
the reaction throughout the whole range of cure,
taking into account diffusion control, which for this
system is particularly observable for the epoxy/
amine reactions after vitrification. To this end, the
rate of the reaction is generally considered to be the
reciprocal of the sum of the time scale for the ki-
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netically controlled chemical reaction plus the time
scale for diffusion, with the latter time scale in-
creasing with conversion.®>*%*? Consequently, in the
early stages of cure, the rate constant is dominated
by the kinetic rate constant, whereas at higher con-
versions and after vitrification, it is dominated by
the diffusion rate constant. Various empirical equa-
tions can be used to describe the dependence of the
diffusion rate constant on temperature, for example,
by using the inverse relationship between viscosity
and diffusivity. The Williams~Landel-Ferry ( WLF)
equation (n/97, = C(T — Tp) /(Co + T — Ty), where
7 is viscosity, 7z, is the viscosity at T, and C, and
C, are constants)? and the Doolittle free volume
equation (n = A exp(b/f), where fis free volume
and A and b are constants)? are equilibrium equa-
tions, generally considered valid from T} to approx-
imately 50°C above T,. These equations qualita-
tively predict the large decrease in the mobility ob-
served upon vitrification, but with the WLF
‘“universal” parameters predict that the mobility will
be zero approximately 52°C below T,. The modified
WLF equation [n/77, = C(T —Tg)/(Cy + |T
— T,])1,* which was used in our laboratory to model
the time scale of diffusion in the glass transition
region below T}, for the 1 : 1 stoichiometric ratio of
the system studied in this work,>* is qualitatively
more correct in the glassy state as it predicts a lev-
eling off of the mobility in this region. However,
since it has been shown that the relaxation rate of
iso-free-volume materials in the glassy state is de-
pendent on temperature, the Macedo and Litovitz
equation, in which free volume and temperature are
independent parameters, may better describe the
diffusivity directly below T, [n = A exp(b/f)
X exp(—E/RT), where E is the activation energy
for molecular mobility ].% The latter equation was
used to model the extent of reaction after vitrifica-
tion and to model related properties vs. conversion
for a cyclic aliphatic amine/epoxy system.? None
of these equations takes into account the nonequi-
librium nature of the glass below T so that physical
aging effects cannot be taken into consideration. An
approach derived from more basic nonequilibrium
thermodynamic principles does incorporate the ef-
fect of physical aging on the diffusivity.>* The av-
erage relaxation time, 7, is determined from the
Adam and Gibbs equation [In 1 = C + Aus*/RTS,
where Au is the energy barrier to configurational
change for the smallest cooperative region with an
entropy s*, § = AC, In (T/T,), AC, is the change
in heat capacity at T}, T is the temperature at which
the equilibrium configurational entropy is zero, and
Cis a constant] and is equated to the diffusion time

scale that is used to determine the diffusion-con-
trolled reaction rate constant.?!

Previous work in our laboratory modeled the ki-
netics of the 1: 1 stoichiometric ratio of an aromatic
difunctional epoxy/aromatic tetrafunctional di-
amine system.®* The model, with parameters ob-
tained from isothermal differential scanning calo-
rimetry (DSC) experiments successfully described
experimental isothermal data throughout the com-
plete range of cure, in the kinetically controlled re-
gion prior to vitrification and in the diffusion-con-
trolled regime after vitrification, as well as the results
of temperature-scanning experiments.?® The as-
sumption of equal reactivity of amino hydrogens was
used and the rate equation was assumed to be sec-
ond-order autocatalytic (third order overall) in form.

In the present work, the curing reactions are in-
vestigated for both an amine-rich mixture and an
epoxy-rich mixture of the aromatic epoxy/aromatic
diamine system, the 1 : 1 stoichiometric ratio of
which was studied earlier. T is used as a direct mea-
sure of conversion. Time-temperature superposition
of T, vs. In time DSC data yields a kinetically con-
trolled master curve, as well as the apparent acti-
vation energy of the polymerization reactions. A ki-
netic model of the reactions, incorporating etheri-
fication and diffusion-control, is used to describe the
data in both kinetically controlled and diffusion-
controlled regimes. Using the kinetic model, iso-T}
contours as well as the vitrification curve of the TTT
isothermal cure diagram are calculated for each sys-
tem. A preliminary report on this work has been
published.?” A more complete report is available.?®

MATERIALS

The chemical system used is a liquid difunctional
epoxy (diglycidyl ether of bisphenol A, DER 332,
Dow Chemical Co., with an equivalent epoxy mo-
lecular weight of 174 g/eq; theory = 170 g/eq) cured
with a pure tetrafunctional aromatic diamine (tri-
methylene glycol di-p-aminobenzoate, TMAB, Po-
laroid Corp., with a theoretical equivalent amino
hydrogen molecular weight of 78.5 g/eq). The
chemical structures of the reacting materials are
shown in Figure 2. Two off-stoichiometric ratios of
the reactants are studied: an excess amine mixture
(1: 1.2 epoxy groups to amino hydrogen atoms) and
an excess epoxy mixture (1 : 0.8 epoxy groups to
amino hydrogen atoms). Master batches of approx-
imately 5 g of each stoichiometric ratio are mixed
at 100°C in vials placed in a heated oil bath with
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Figure 2 Chemical structures of the reactants.

the crystalline amine (melting point = 125°C) added
slowly to the hot liquid epoxy. The mixtures are
stirred with an electric stirrer until the solutions
become clear and homogeneous: 30 min for the ex-
cess amine sample and 15 min for the excess epoxy
sample. (To achieve homogeneity, the more viscous
amine-rich mixture required stirring for a longer
time than for either the epoxy-rich or 1 : 1%* mix-
tures, the latter two of which were both stirred for
15 min.) The warm mixtures are subsequently de-
gassed in a vacuum oven at room temperature for
15 min and poured into aluminum pans. The pans
are put into zip-lock plastic bags, which are placed
in a desiccator and put in the freezer for storage
(=~ —15°C). This procedure is consistent with that
used previously for the 1 : 1 stoichiometric sample
in order to make valid comparisons between the
three systems of different stoichiometry.** Minimal
reaction occurs during the initial mixing process:
The conversion of the uncured samples is found to
be less than 2% by titration experiments carried out
by Dow Chemical Co.,” and calculations based on
the proposed model, see later, predict 0.3 and 0.6%
conversion during the mixing process for the epoxy-
rich and amine-rich systems, respectively. The glass
transition temperatures of the uncured mixtures,
Tgo, are —4 + 1 and —9 + 1°C for the amine-rich
and epoxy-rich stoichiometries, respectively, as
compared to a value of —5°C reported for the 1 : 1
mixture.>*

EXPERIMENTAL

All experimental data reported in this work were
obtained from differential scanning calorimetry
(DSC) studies using a Perkin-Elmer DSC-4 unit.
Ten to fifteen milligram samples of uncured resin
are “sealed” in aluminum DSC pans and cured in
the preheated DSC unit at isothermal cure temper-
atures from 100 to 200°C for various cure times
ranging from 10 min to 24 h. The cured samples are
then cooled at 10°C /min to —30°C and subsequently
scanned during heating at 10°C /min to 350°C. For
isothermal times longer than 24 h, samples are cured
in a press oven at the same cure temperatures for
1-7 days, with a sample of each stoichiometry being
removed each day, free-cooled and placed in the DSC
furnace at room temperature. These samples are
then quenched to —30°C and then scanned to 350°C
at 10°C/min. (No discontinuity in the data is ob-
served between the DSC-cured and the oven-cured
data.) Samples that had vitrified during isothermal
cure (T, > T,) show an endothermic physical aging
peak in the vicinity of 7T,.>*® To eliminate the
physical aging peak, and therefore the effects of
physical aging on T}, these samples are quenched
to —30°C at 320°C/min after scanning at 10°C/
min to just beyond the physical aging peak and then
rescanned to 350°C at 10°C/min. (In retrospect the
quench rate should have been 10°C/min for all
cooling.) Minimal reaction is considered to occur in
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the first scan to just beyond the physical aging peak
based on two observations: (1) the apparent T, of
the aged material from the first scan is always
greater than the T, from the second scan since the
relaxation times are longer in the aged material; (2)
using the kinetic model equations that describe the
reaction (see later), the increase in T, due to the
temperature scan to erase the physical aging peak
is found to be less than 1°C.»®

DSC scans at 10°C/min show an endothermic
step-change in heat capacity at the glass transition;
T, is taken as the midpoint of this transition. The
DSC temperature scan also yields the heat flow from
the sample as it reacts at temperatures above T},.

The basic assumption underlying the use of the
DSC technique is that the heat flow measured is
proportional to the reaction rate or, after integration,
that the total heat evolved during the DSC scan is
proportional to the heat evolved by the reaction
during the run. This infers that the change in the
rubber (or liquid) heat capacity, if any, with in-
creasing conversion does not significantly affect the
results. This assumption is reasonable.?

On preliminary scans to 380°C of uncured ma-
terial, shown in Figure 3(a) and (b) for the amine-
rich and epoxy-rich systems, respectively, one prin-
cipal exotherm is observed corresponding to the re-
actions of epoxy with the primary and secondary
amines, with a maximum rate of heat evolution at
218°C for the amine-rich system and 225°C for the
epoxy-rich system. Hereafter, this exotherm will be
referred to as the epoxy/amine exotherm. A second
exotherm of the epoxy-rich system is observed in
Figure 3(b) with a maximum at approximately
370°C. This second exotherm is complicated by the
onset of degradation reactions that occur in the vi-
cinity of 380°C in the temperature scan (and are
often characterized by erratic endothermic and exo-
thermic spikes and noise in the data) . In the amine-
rich system, this second exotherm does not occur:
Only the epoxy/amine exotherm and the onset of
degradation reactions at approximately 380°C are
observed. The 1 : 1 stoichiometric system also does
not display the second exotherm.®* Since the second
exotherm occurs only in the epoxy-rich system, it
is considered that it represents reaction of the excess
epoxy. In other reported work, an exothermic DSC
peak observed between 300 and 380°C during tem-
perature-scanning experiments for various cured
epoxy resins was attributed by FTIR studies to
isomerization and/or etherification of unreacted
epoxide.®® The kinetic model (see later), which sat-
isfactorily describes the epoxy/amine and etherifi-

cation reactions at the isothermal cure temperatures
investigated (< 200°C), predicts a reaction rate sig-
nificantly less than that observed in the DSC tem-
perature scans above 320°C. It is consequently sup-
posed that a reaction involving excess epoxy with a
higher activation energy than the etherification re-
action, possibly isomerization, is partially respon-
sible for the second exotherm observed in the tem-
perature scans of the epoxy-rich system.

The residual heat of the epoxy/amine reactions
is estimated by drawing a straight line connecting
the base line before and after the epoxy/amine exo-
thermic peak and integrating the area under the
peak. Since the second exotherm due to reaction of
excess epoxy in the epoxy-rich system overlaps the
epoxy/amine exotherm, the base line of the DSC
trace will appear to slope downward.?! The apparent
heat of the epoxy/amine exotherm will be overes-
timated if the base line is assumed to be horizontal
with a vertical boundary. If a linear sloping base line
is used, as was the case for this work, the heat of
the epoxy/amine exotherm will be underestimated
and are corrected for as below).

The total heat of the epoxy/amine reactions is
obtained by scanning an initially uncured sample.
For the amine-rich system, the total heat of the
epoxy/amine reactions is —25.8 + 1.4 kcal /mol of
reacting epoxy (based on five trials) assuming that
all of the epoxy reacts and accounting for the excess
amine. For the epoxy-rich system, the total (under-
estimated) heat of the first exotherm due to the
epoxy/amine reactions is —21.9 + 1.7 kcal/mol of
reacting epoxy (based on 15 trials) assuming that
the stoichiometric amount of epoxy (80%) reacts
with all of the amine and adjusted to account for
the excess epoxy. The total heat of epoxy/amine
reactions in the 1 : 1 stoichiometric mixture was
reported to be —23.0 kcal/mol of the reacting
epoxy.>*

It is expected that the actual normalized total
heat (per gram of reacting epoxy) for the epoxy/
amine exotherm will be the same for all stoichi-
ometries if the heats of the reactions of epoxy with
primary amine hydrogens and secondary amine hy-
drogens are equal and if the exotherm is due only
to the epoxy/amine reactions. The observed nor-
malized total heats for the epoxy/amine exotherm
appear to decrease with increasing epoxy concen-
tration: —25.8 + 1.4, —23.0, and —21.9 + 1.7 kcal/
mol of reacting epoxy {for the amine-rich, 1: 1, and
epoxy-rich systems, respectively). However, the to-
tal heat of the epoxy/amine exotherm for the epoxy-
rich system is underestimated due to the sloping base
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Figure 3 (a) DSC scan of amine-rich sample, initially uncured, from —30 to 380°C at
10°C/min showing T,, the exotherm for the epoxy/amine reactions, and the onset of
degradation at approximately 380°C. (b) DSC scan of epoxy-rich sample, initially uncured,
from —30 to 380°C at 10°C/min showing T}, the exotherm for the epoxy/amine reactions,

the exotherm of excess epoxy reactions, and the onset of degradation at approximately
380°C.



1252 SIMON AND GILLHAM

line caused by the reactions of excess epoxy. Con-
sequently, it is assumed that the change in total heat
with stoichiometry is an experimental artifact.

The error in the total heat of the epoxy-rich sys-
tem (i.e., for the unreacted system) due to the sloping
base line is approximately 10%, assuming that the
actual heat of the epoxy/amine reactions is ap-
proximately 24.4 kcal /mol of epoxy, the average of
the total heats for the amine-rich and 1 : 1 systems.
(In retrospect, it may have been more appropriate
to use the amine-rich total heat as the actual value.)
However, the percent error will increase as the re-
sidual heat decreases due to the apparent sloping
base line, with the experimentally observed residual
heat appearing to be zero prior to full completion of
the epoxy /amine reactions.?® Consequently, the un-
derestimated residual heats for the epoxy-rich sys-
tem are corrected by assuming a linear relationship
between the actual and underestimated heats.?® The
correction is not large but is significant at high con-
versions: The corrected conversion is 96% of the
uncorrected conversion (underestimated heats yield
overestimated conversions).?® All further conversion
data reported for the epoxy/amine reaction in the
epoxy-rich system are corrected.

The conversion of a partially cured sample is
proportional to the heat evolved during cure prior
to the DSC temperature scan assuming that the
heat of reaction does not change with extent of re-
action. The heat evolved during cure is assumed to
be the total heat evolved for an uncured sample mi-
nus the residual heat evolved during the DSC scan.
The fractional conversion of the limiting reactant,
Xjimiting reactant du€ only to the epoxy/amine reactions,
can thus be calculated from the residual heat of the
epoxy/amine exotherm for the partially cured spec-
imen, Af,,, and the total heat of the epoxy/amine
exotherm for the uncured material, AH7,, with both
heats being corrected for the sloping base line in the
epoxy-rich system. Assuming that the epoxy/amine
reactions go to full conversion of the limiting reac-
tant:

Xlimiting reactant (dUE 1O €POXy /amine reactions)

_AHp, - AH,
AHry
For the amine-rich system, the limiting reactant is
epoxy. It is assumed that the only significant reac-
tions occurring in the amine-rich system are between
epoxy and amine and that all of the epoxy reacts.
Consequently, the fractional conversion of epoxy,
x,1s equal to the fractional conversion of the limiting

reactant due to epoxy/amine reactions:

AHrl
x=1-— (2)
AHr,
where the conversion of epoxy is
e — e
x =" (3)
€o

where ¢ and e are the initial concentration of epoxy
and the concentration of epoxy, respectively. In the
case where etherification occurs, the conversion of
epoxy due only to the epoxy/amine reactions is
multiplied by the fraction of epoxy that will react
with amine, which for the epoxy-rich system is the
reciprocal stoichiometric ratio r (= ey/2a;9, where
ayo is the initial concentration of primary amine):

x (due to epoxy/amine reactions)
1 AH,I) ( AH,l)
=—{1- =08{1— (4)
r ( AHTI AHT1

The total conversion of epoxy is the conversion
due to the epoxy/amine reactions plus that due to
the etherification reaction. The DSC dynamic tem-
perature scan at 10°C/min is not suitable for mea-
suring the residual heat of the reaction of the excess
epoxy in the epoxy-rich system since there is com-
petition with degradation reactions, as shown in
Figure 3(b). Even at the slowest scanning rates in-
vestigated, 1 and 2°C/min, the second exotherm is
still complicated by degradation.?® The residual heat
of the reaction of excess epoxy can, however, be
measured isothermally at 320°C in less than 60 min
after completion of the epoxy-amine reactions by a
scan to 320°C. The isothermal hold at 320°C, shown
in Figure 4(a) and (b) for an amine-rich and an
epoxy-rich sample, respectively, shows that an exo-
therm is observed only for the epoxy-rich sample.
It is assumed that this exotherm at 320°C is due to
reactions of the excess epoxy. At the isothermal cure
temperatures investigated (< 200°C), the only sig-
nificant reaction of the excess epoxy is considered
to be etherification that can go to completion in the
time scale studied (the residual heat of the isother-
mal exotherm at 320°C decreases to zero and T,
plateaus at the T, of the fully cured material, T,
[see later]), whereas at the temperature of the iso-
thermal exotherm, 320°C, both etherification and
isomerization are presumed to occur. The total heat
of the isothermal exotherm at 320°C for an initially
uncured epoxy-rich sample is ~20 + 3 kcal/mol of
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Figure 4 (a) DSC isothermal hold at 320°C for initially uncured amine-rich sample,
after scanning from —30 to 320°C at 10°C/min, indicating no heat evolved. {b) DSC
isothermal hold at 320°C for initially uncured epoxy-rich sample, after scanning from —30
to 320°C at 10°C/min, showing exotherm of excess epoxy reactions.

reacting epoxy. This value for the heat of the re- expected based on the results and calculations of
actions of excess epoxy is slightly lower than the other researchers.
value for the heat of the reaction of epoxy with amine The residual heat of the excess epoxy reactions

(=~ —24.4 kcal /mol of reacting epoxy), as would be at 320°C is assumed to be proportional to the un-
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reacted excess epoxy and, thus, is related to the con-
version of etherification that occurred at the iso-
thermal cure temperatures ( T, < 200°C). Note that
since the ratio of the isothermal exotherm at 320°C
for a partially cured sample relative to that of the
total heat at 320°C for an uncured sample is used
[see eq. (5)], no error is introduced by having the
DSC calibrated at 10°C/min. The following DSC
scanning program is used to investigate the reaction
of excess epoxy: —30 to 320°C at 10°C/min followed
by a hold at 320°C for 60 min. This ramp /hold pro-
gram will be referred to as Method 2, in contrast to
the previously described ramp to 350°C, which will
be termed Method 1. From the ramp / hold schedule
of Method 2 for a partially cured epoxy-rich sample,
the T, of the partially cured material, the residual
heat of the epoxy-amine reactions, and the residual
heat of the reactions of the excess epoxy are ob-
tained. The conversion due only to the etherification
reaction is determined from the residual heat of the
isothermal exotherm at 320°C, whereas the conver-
sion due to the epoxy/amine reactions is determined
from the residual heat of the epoxy/amine exotherm
in the temperature scan. It is assumed that any eth-
erification that occurs during the epoxy/amine exo-
therm is balanced by reaction of epoxy with amine
that occurs during the isothermal exotherm and vice
versa.?®

Visual inspection of samples show no physical
evidence of char formation or gas evolution during
the isothermal hold at 320°C. The scatter of the
conversion vs. T, data obtained by the ramp/hold
Method 2 (in Fig. 6 for x 2 0.8), however, is con-
sidered to be due to degradation reactions occurring
during the isothermal exotherm at 320°C, even
though for the data presented no erratic peaks or
noise was observed in the DSC traces. However,
weight loss on the order of 1% is found by weighing
DSC samples before and after scanning. This weight
loss and any endothermic heat associated with it is
neglected, as well as any enthalpic change produced
by degradation reactions during the isothermal hold
at 320°C. Consequently, the residual heat obtained
by the isothermal exotherm of Method 2 is consid-
ered to be less accurate than that obtained for the
epoxy/amine exotherm during the temperature
scan. However, a calculated T, vs. conversion rela-
tionship will be used when modeling the kinetics of
the reaction to transform 7, to conversion. The DSC
data in the etherification regime are used only to
show their consistency with the calculated curve.

The total fractional conversion of epoxy, x, for
the epoxy-rich system is equal to the fraction that

has reacted with amine plus the fraction that has
reacted by etherification at the cure temperature
{< 200°C) and can be calculated from the corrected
residual heats of a partially cured specimen for the
epoxy/amine reactions, AH,;, and for the reaction
of excess epoxy, AH,,, using the total heats of each
of these reactions for the uncured material, AHr,;
and AH,, respectively, and assuming that the re-
actions go to completion. It is assumed that during
cure (T, < 200°C) the amine reacts with the stoi-
chiometric amount of epoxy (80% ), whereas the ex-
cess epoxy (20% ) reacts by etherification:

1 AH,I 1 AHrQ
x=1--—2 1= =2
r AHp, rj AHp,
AIlrl AHrZ
=1-038 - 02— (5)
AHTl AHT2

For samples that were scanned to 350°C (Method
1), only AH,, is obtained. The value of AH,, is es-
timated by a calibration plot of AH,; vs. AH,, from
the data obtained by Method 2.2

RESULTS AND DISCUSSION

T, vs. Conversion Relationship

Other work on epoxy/amine systems has shown that
there is a unique one-to-one relationship between
T, and conversion independent of cure tempera-
ture, >*1%%632%7 and in work from this laboratory, T,
has also been used as a measure of conversion to
study the kinetics of the stoichiometric 1 : 1 ratio
of the systems investigated in this work.** The T,
vs. conversion relationship for the amine-rich sys-
tem also appears to be unique and independent of
cure temperature for those temperatures studied, as
shown in Figure 5. For the epoxy-rich system, the
relationship is also unique and independent of cure
temperature for conversions below 0.8, as shown in
Figure 6. Data at higher conversions show more
scatter, and, consequently, the uniqueness of the re-
lationship in this regime is not proved although it
is expected since the activation energies of the var-
ious reactions are similar and the reactions are es-
sentially sequential (see later). In Figure 6 for the
epoxy-rich system, the larger symbols refer to data
obtained by measuring only the first exotherm
(Method 1), whereas the smaller symbols refer to
data obtained from the ramp/hold DSC program
where both the exotherms due to epoxy/amine and
excess epoxy reactions were measured (Method 2).

T, is a more accurate and sensitive parameter for
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Figure 5 One-to-one relationship between T, and epoxy conversion, x, for the amine-
rich system. The full line is the calculation using eq. (6) with constants & = 0.00175¢,, K

=0.24, and ¥ = 0.0.
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Figure 8 One-to-one relationship between T, and epoxy conversion, x, for the epoxy-
rich system. Large symbols are data obtained by DSC Method 1; smaller symbols are data
obtained by DSC Method 2. The full line is the calculation using eq. (6) considering that
only nitrogen-centered cross-links are effective, whereas the dotted line is obtained if all
cross-links are considered equally effective. The constants used for both calculations are
k = 0.00175¢,, K = 0.24, and ¥ = 0.0.
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monitoring the reaction than is conversion calcu-
lated from the residual heat of reaction.**** T, varies
over a large range (= 170°C from T, to T}, for the
systems studied), and it is easily and sensitively
measurable by DSC (to approximately *+1°C).
Comparatively, the errors in the residual heat mea-
surement are considerably higher (8% for the total
heat of the epoxy/amine reactions and +15% for
the excess epoxy reactions ). The nonlinear, upward
curving relationship between T, and conversion also
makes T, a more sensitive measure of reaction in
the later stages of cure. For the etherification re-
action, following T, rather than conversion deter-
mined from residual heat allows the reaction to be
studied rather easily. Consequently, T, is the pri-
mary variable used in this work. When epoxide con-
version is needed, e.g., to model the kinetics of the
reaction, 7, values are transformed to conversion
using a theoretical fit of the one-to-one T, vs. con-
version relationship as described below, which re-
duces the error associated with the experimental
data.

It is of interest to examine the physical basis of
the T, vs. conversion relationship, as well as to de-
scribe it mathematically using an equation based on
theoretical considerations. The empirical Di-
Benedetto equation, which has been given a theo-
retical basis,® has been used to successfully describe
the experimental T, vs. conversion data for the
1 : 1 system studied earlier in this laboratory.??®
However, the DiBenedetto equation is essentially a
one-parameter model, with the parameter dictating
the curvature of the relationship. Consequently, it
is not able to describe the data of the epoxy-rich
system, in which consecutive reactions change the
nature of the cross-links such that the T, vs. con-
version relationship changes at a conversion of ap-
proximately 0.8 (Fig. 6). To describe the present
data, the effects of network parameters are examined
below, and an equation recently published®? is
adapted.

The one-to-one relationship between T, and con-
version implies that either the molecular structure
of the materials cured at different cure temperatures
is the same (1i.e., if the reactions of epoxy with pri-
mary amine, secondary amine, and hydroxyl have
similar activation energies) or that the difference in
molecular structure for materials cured at different
temperatures does not have a significant effect on
the glass transition temperature (i.e., the differences
in structure occur on a size scale smaller than that
measured by T,). One study in this laboratory in-
dicated that the ratio ky/k; for the 1 : 1 stoichio-

metric mixture of the epoxy/amine system of this
work does vary with cure temperature® (as dis-
cussed ). Because of that result, a theoretical model
was developed to demonstrate that T} is not depen-
dent on the relative rates of reaction of primary and
secondary amines.* In that model, each amine group
was considered to be a trifunctional cross-link point
if its arms are infinite, i.e., trifunctional because the
two diamine groups in the tetrafunctional diamine
curing agent are separated by a segment whose
length is on the order of the epoxy monomer.>*
Using such a definition of the cross-link point, it
was shown that the cross-link density as well as the
number-average molecular weight of the sol before
gelation and of the sol/gel mixture after gelation
are not strong functions of the ratio k;/k;. By con-
sidering T to be a function of cross-link density and
number-average molecular weight, both of which are
insensitive to the ratio k,/k;, and neglecting the
effect of changes in polarity, T, was shown to be
insensitive to the ratio of the rates of the two com-
peting epoxy/amine reactions.®

It has been shown that for linear polymers, T, is
related to the number-average molecular weight,*
with T, increasing with increasing number-average
molecular weight because of decreasing configura-
tional entropy. T} is also affected by the concentra-
tion of dangling chain ends, which tend to decrease
T, due to the increase in configurational entropy
associated with the free ends. In a linear polymer,
the concentration of dangling chain ends is inversely
proportional to molecular weight in the absence of
intramolecular reactions; hence, the theoretical re-
lationship for T vs. conversion needs to include only
one parameter. In previous work from our labora-
tory, the number-average molecular weight of the
sol, and of the sol/gel mixture after gelation, was
used in the expression for T, for thermosetting sys-
tems.>*3¢37 In these systems, the reciprocal number-
average molecular weight is a weak second-order
function of chain-end concentration in the absence
of intramolecular reactions, which can be approxi-
mated by a linear relationship.?® However, in the
presence of intramolecular reactions, which occur
particularly after gelation, the molecular weight is
not linearly related to chain-end concentration, so
that using molecular weight as the independent
variable will not adequately account for the rise in
T, with conversion due to disappearance of chain
ends in the gel. Consequently, a better approach may
be to use the concentration of chain ends (i.e., con-
version) as the independent variable rather than
number-average molecular weight.
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A recently developed equation is used in this work

to describe T, as a function of cross-link density and

conversion %?:

1
Te(x) = Tpu(x) KX
1 N —
1-¥Xx?
1 1
= 6
1 f . KX (6)
= b __Ba
T 1—-¥X?

where T, (x) is the glass transition temperature of
the uncross-linked but branched system at an ep-
oxide fractional conversion x (hypothetical after ge-
lation), Ty is the initial glass transition temperature
of the unreacted material, and X is the cross-link
density. The constants k&, K, and ¥ incorporate the
effects of chain ends, cross-links, and non-Gaussian
behavior of segments at high cross-link density, re-
spectively. The constant K has been shown by anal-
ysis of experimental data for various systems to vary
for segments of different chemical structure, but is
expected, along with ¥, not to vary with stoichi-
ometry.®? Obviously, however, in the epoxy-rich
system where different reactions form different
chemical structures, the effectiveness of different
cross-links may vary. To account for this in this
work, K is considered constant and the cross-link
density X is taken as the effective cross-link density.
(In the amine-rich system, where only the epoxy/
amine reactions occur, the effective cross-link den-
sity will be the actual cross-link density, whereas in
the epoxy-rich system, the effective cross-link den-
sity will not necessarily be the actual cross-link
density, as described later.) The constant & implicitly
incorporates the effect of branching (which increases
T,) and explicitly incorporates the plasticization ef-
fect of chain ends (which decreases T,). The con-
stant k is expected to vary with stoichiometry ac-
cording to the present work, being proportional
to g if the increase in 7, due to the reaction of
the primary amino hydrogen is the same as the in-
crease due to the reaction of the secondary amino
hydrogen.?®

The cross-link density, X, is determined by em-
ploying the recursive technique of Miller and Ma-
cosko (in which the recursive nature of the branch-
ing process and elementary probability laws are used
to calculate properties such as cross-link density and
molecular weight as functions of conversion).*®

Equal reactivity of amino hydrogens is assumed and
is consistent with the findings of this work (see
later). The recursive method could also be applied
to the case where o = ky/k; # 0.5; however, the
cross-link density would not be significantly af-
fected.®® For the amine-rich system, in which only
the epoxy/amine reactions are assumed to occur,
the density of trifunctional cross-links is (using the
notation of the previous authors?®)

X = 2 (4P(F5)[1 ~ P(FE))]°

+2[1 - P(FIM1Y (7

1 3 0.5 1
P(F3*) = < - —) ~3 (8)

xpx, 4

where a;q is the initial concentration of primary
amine groups, P(F3$*) is the probability that looking
out from A leads to a finite chain rather than to the
infinite network, and x; is the fractional conversion
of i (= A or B), where A is the amino hydrogen and
B is the epoxy moiety. The probability of finding a
finite chain lies between 0 (corresponding to full
conversion for the 1: 1 stoichiometric system where
x4 = 25 = 1) and 1 (corresponding to molecular ge-
lation). Prior to molecular gelation, the probability
of finding an infinite chain is zero, as is the cross-
link density.

For the epoxy-rich system, the recursive method
is used to determine the cross-link density, but in
contrast to the amine-rich system, the hydroxyl
groups, C, generated in the epoxy/amine reactions
are allowed to react with epoxy. The following equa-
tions, based on the schematic shown, can be solved
to obtain the probabilities of finding a finite rather
than infinite chain on looking out of A, P(F3™*);
into B, P(F%); out of B, P(F¥"); into C,
P(F&); out of C, P(F&*); and into A, P(FY):

B+Cou!
By fien | P
A A B B ANAm A
>——_< out
A A A A
P(F§") = 24 P(F§) + 1 — 24 (9)

P(F§) = [x5,4P(F}) + xpcP(F&)|P(F&*)®
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+ (1 —xp) P(FE*) (10)
P(F3") = 23 aP(F§) + xpcP(FE) + 1 — x5 (11)

_ [x5,4P(F%) + x5 cP(FE)]
XB

X {[xp,aP(F}) + xp o P(FE)1P(F")
+1 - xB} (12)

P(F¢)

P(F¥") = xcP(F§) +1 - xc (13)
P(F§) = P(F3")° (14)

where xp 4 and xp ¢ are the fractional conversions of
epoxy, B, due to reaction with amino hydrogen and
hydroxyl, A and C, respectively, and x¢ is the frac-
tional conversion of hydroxyl (= [Et]/(e; — e)
= xgc/ xp, where [ Et] is the concentration of ether
linkages). Using the above relationships, equations
for P(F¥) and P(F®) are obtained that are solved
simultaneously by reiterative techniques for the
roots between 0 and 1. Once P(F¥) and P(F®) are
found, the other probabilities are determined from
the equations and the cross-link density of the
epoxy-rich system can be determined as below.
The cross-link density for the epoxy-rich system
is the sum of the concentrations of cross-link points
formed by the epoxy/amine and etherification re-
actions. However, there may be a change in slope of
the T, vs. conversion relationship at the conversion
of 0.8 for the excess epoxy system, corresponding to
the change in the dominating chemical reaction,
from the epoxy/amine reactions to the etherification
reaction (see later), because the cross-link points
formed by the two reactions differ: Epoxy plus sec-
ondary amine, both in the gel, will generally form
two trifunctional nitrogen-centered cross-link
points,®® whereas the subsequent etherification re-
action of epoxy plus hydroxyl, both in the gel, will
generally form one trifunctional nitrogen-centered
cross-link point and one trifunctional carbon-cen-
tered cross-link point. Only one carbon atom sep-
arates the nitrogen- and carbon-centered cross-link
sites, resulting in the two trifunctional cross-links
being equivalent to one tetrafunctional cross-link
originating from a single point. It is considered that
a tetrafunctional cross-link originating from a single
point may not be much more effective at raising T},
than a trifunctional cross-link point originating from
a single point, especially in this case where the fourth
arm is more flexible due to the oxygen linkage than
are the other three. In contrast, the tetrafunctional
diamine used in this work is considered to produce
two trifunctional cross-link points®*%® because the

distance between the two amine groups is on the
order of the length of epoxy segments. Hence, only
one of the two cross-link points added by the etheri-
fication reaction, the nitrogen-centered cross-link
site, may have a significant effect on T,. For the
epoxy-rich system, two cases are considered in cal-
culating the effective cross-link density used in eq.
(6). First, the effective cross-link density is consid-
ered to be due to only nitrogen-centered cross-links
as calculated by eq. (7), whereas in the second case,
both nitrogen and carbon-centered cross-link points
are considered to be equally effective and the cross-
link density is determined from the following equa-
tion:

X = 9;—0 (4P(FRY)[1 — P(F39)]?

+2[1 — P(FS™)1*) + eoxpcll — P(F§)]
X [1 = P(FE)](1 — P(FE)YP(Fg")) [15]

The constants in the 7, vs. conversion relation-
ship [eq. (6)] are determined as follows. Assuming
that k is proportional to e, k is found to be 0.00175¢,
from a plot of (1/ T, — 1/T,)/eq vs. x in the pregel
region (where X = 0 and T, = T,,) using data from
all three stoichiometries.”? The values of the con-
stants K and ¥ used in the theoretical equation are
taken as 0.24 and 0.0, respectively, being found by
forcing the equation through T, for the amine-rich
and 1 : 1 stoichiometric systems and through T,
of the epoxy-rich system.” Similar values were also
obtained by plotting

X
1/T,

YT, - ka

vs. X 2 for both off-stoichiometric and 1 : 1 systems,
although the scatter in the data was high.®

The fit of the T, vs. conversion relationship [eq.
(6)] for the amine-rich system is shown in Figure
5. For the epoxy-rich system, two calculated curves
are plotted in Figure 6: One in which only nitrogen-
centered cross-links are considered effective, and the
other in which all trifunctional cross-links are con-
sidered to be equally effective. The experimental
Tywo of the epoxy-rich system is somewhat better
predicted by the former case. Thus, the T, vs. con-
version relationship used later in this work for the
epoxy-rich system will be that considering only ni-
trogen-centered cross-links as effective. For the 1 :
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1 data,* T, is overpredicted by approximately 10°C
or less above conversions of 0.8.2

It should be noted that the above analysis assumes
that 100% conversion of the epoxy is obtained. In
fact, other researchers have found by Fourier trans-
form infrared spectrometry (FTIR) that in this
particular and other 1 : 1 epoxy/amine systems 4—
8% epoxy is unreacted at “full” conversion due to
topological constraints.**~* However, since FTIR
data are generally reliable to only +5% and since
the levels of unreacted epoxy in the off-stoichio-
metric systems should be lower than in the 1: 1
system (due to the excess amine in the amine-rich
system and to the high concentration of hydroxyl
coupled with the increased flexibility of segments in
the epoxy-rich system), it is assumed that full con-
version is achieved for the off-stoichiometric sys-
tems.

The calculated T, vs. conversion relationships will
be used later to transform experimental T}, to con-
version for kinetic analysis of the data, and they will
also be used to transform the conversion calculated
from the kinetic model to T, in order to compare
calculated and experimental results. For the epoxy-
rich system, the T, vs. conversion relationship ob-
tained by considering that only nitrogen-centered
cross-links are effective will be used.

Time-Temperature Superposition of DSC Data

Time-temperature shifts of T, vs. log time data at
different cure temperatures yield a master curve for
the reaction at an arbitrary reference temperature.®*
The theoretical basis for the superposition is the
one-to-one relationship between conversion and T},
and the assumption that the polymerization is ki-
netically controlled with a single apparent activation
energy. The apparent activation energy obtained will
correspond to the activation energy for the reactions
of epoxy with primary and secondary amine if the
etherification reaction is insignificant in the early
stages of reaction and the activation energies of the
epoxy/amine reactions are the same (a = ky/k;
= constant); the apparent activation energy ob-
tained will correspond to the activation energies for
all competing reactions (etherification and the
epoxy/amine reactions) if all activation energies are
the same. In the latter case, which is found in this
work, the data will superpose throughout the entire
curing process although they are shifted to superpose
only at low conversions.

For the time-temperature superposition, no
knowledge of the form of the rate expression with

respect to epoxide conversion, x, is necessary.>**

The rate of a kinetically controlled reaction is given
by the Arrhenius rate expression:

dx —E,
dt

—; = koexp RTC) f(x) (16)

where k, is the Arrhenius front factor, E, is the ap-
parent activation energy for the overall reaction, T,
is the cure temperature, and f ( x) is assumed to be
a function of x independent of temperature. From
the kinetic model (see later) and for the case where
all competing reactions have the same activation
energy, f (x) will be a complex function of the ep-
oxide conversion, x: f(x) = (1 —x)(x + b)(1 — x;
+ ax,) + 8(1 — x)x, where x; is the conversion of
primary amine, x, is the yield of secondary amine,
and b, o, and 3 are constants. In contrast, f(x) is a
function of temperature in other work on a dicyanate
ester /polycyanurate system.?®*® Rearranging eq.
(16) and integrating yields,

* dx E,
lnj;f(_x)_lnkO+lnt_(RTC) (17)

Since the left-hand side of the equation is only a
function of conversion, and because there is a one-
to-one relationship between conversion and T, some
function of T,, F(T,), can be substituted for the
left-hand side of the equation:

E,
F(Tg)=lnko+lnt~( ) (18)

RT,

The shift factor, A(T), is the In time difference at
constant T} (i.e., constant conversion) between the
T, vs. In time curve for cure temperature 7, and the
curve for an arbitrary reference temperature T,:

A(T)=lnt,—Int= (:53)(—7—1‘:— ;r) (19)

The T, vs. In time data are time-temperature
shifted horizontally to form a master curve at low
conversion (to insure that the shift is in the kinet-
ically controlled epoxy/amine reaction region), at
an arbitrary reference cure temperature of 150°C
for each off-stoichiometric ratio as shown in Figures
7 and 8. The master curve for the 1: 1 stoichiometry
at 140°C is shown in Figure 9 for comparison.>* The
data branch off of the kinetically controlled master
curve at the onset of diffusion control, which ap-
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Figure 7 T, vs. In time master curve for the amine-rich system at 150°C. Isothermal
vitrification at T, = T, is designated by arrows. The master curve is designated by the full
line. Diffusion control causes deviations from the master curve after vitrification, as shown

by the dashed lines.
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Figure 8 7, vs. In time master curve for the epoxy-rich system at 150°C. Data below
Tyo1 = 120°C fall in the epoxy/amine reaction regime, whereas data above T, w1 fall in the
etherification reaction regime. Isothermal vitrification at T, = T, is designated by arrows.
The master curve is designated by the full line. Diffusion control causes slight deviations
from the master curve after vitrification, as shown by the dashed lines.
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Figure 9 T, vs. In time master curve for the 1 : 1 stoichiometry at 140°C. Isothermal
vitrification at T, = T, is designated by arrows. Diffusion control causes deviation from
the master curve after vitrification. Isothermal vitrification at T, = T, is designated by
arrows. The master curve is designated by the full line. (From [3, 4].)

proximately corresponds to vitrification (defined as
T, = T. and marked with arrows on the diagrams).
Actually, diffusion control occurs when T, is ap-
proximately 10-20°C higher than the cure temper-
ature.

For the amine-rich and 1 : 1 systems in Figures
7 and 9, T, levels off at long times at high cure tem-
peratures in the absence of degradation due to com-
pletion of the epoxy/amine reactions. The ultimate
T, of the “fully” cured epoxy/amine network, T;,,,
is approximately 160 and 177°C for the excess amine
and 1: 1 systems, respectively. For the excess epoxy
system in Figure 8, the plateau observed at 120°C
also corresponds to completion of the epoxy /amine
reactions and to Ty, of the epoxy-rich system.
There is no residual heat observed in the epoxy/
amine exotherm region of the DSC scans for T,
= T, in the amine-rich and 1 : 1 systems or for T,
> Tgo1 in the epoxy-rich case. T, for the amine-
rich system is less than that of the 1 : 1 system
because its cross-link density is lower. For the epoxy-
rich system, 7}, is lower not only because of de-
creased cross-link density but also because of plas-
ticization by the excess epoxy chain ends.

At cure temperatures below T,,,, reactions be-

come diffusion-controlled after isothermal vitrifi-
cation (T, = T,, designated by arrows in the figures)
due to the decreased mobility below T}, and also at
high conversion due to increasing distance between
reactive sites. Diffusion control is observed when
data branch off from the master curve due to the
progressively increasing time scale of diffusion. In
the glassy and/or high conversion limits, the time
for diffusion of reacting species is much longer than
the time for their kinetically controlled chemical re-
action; hence, the rate is controlled only by the dif-
fusion of reactive groups.

In the amine-rich system, the data of Figure 7
are inconsistent at long times for cure temperatures
of 180 and 200°C (A + In time 2 10;i.e., 2 15 days).
It is considered that this inconsistency is due to in-
advertent degradation reactions, with one degra-
dation reaction decreasing T, perhaps due to ther-
mal degradation in the absence of oxygen, *® whereas
another degradation reaction increases 7, possibly
in the presence of oxygen (for example, if the DSC
pan were not sealed properly).

There are two T,,’s associated with the epoxy-
rich system, as shown in Figure 8. T}, corresponds
to depletion of amine and completion of the epoxy/
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Figure 10 Arrhenius plot of shift factor, A(T'), vs. reciprocal cure temperature (1/K)
for the epoxy/amine reaction region with data from both the amine and epoxy-rich systems.
The slope yields the apparent activation energy.

amine reactions as previously discussed, whereas
T2 1s due to “full” conversion of the epoxy pre-
sumably by etherification. T,., is approximately
180°C, approximately the same as Tj.,; of the 1: 1
system (177°C). The residual isothermal exotherm
measured at 320°C, which reflects the excess epoxy
present in the system, decreases to zero as T, ap-
proaches T,.,.. However, the increased scatter in
the data of Figure 8 at long times, A + 1n time 2 10,
indicates that the etherification reaction may be
complicated by degradation reactions similar to
those encountered in the amine-rich system at long
times. It is assumed, however, that since the data
for cure temperatures of 180 and 200°C time-tem-
perature superpose that degradation does not sig-
nificantly affect the value found for T,.... (It is ex-
pected that the activation energy for degradation
reactions would be higher than that for the curing
reactions, and that if degradation were significant,
the data would not superpose.)

The apparent activation energy of the reactions
is determined from eq. (19). Plotting the shift fac-
tors used to form the master curves for both excess
amine and excess epoxy stoichiometries against re-
ciprocal cure temperature (1/K) yields a straight
line with a slope —E,/R, as shown in Figure 10,
where E, is the apparent activation energy for the
epoxy/amine polymerization and R is the gas con-
stant. The apparent activation energy, thus ob-

tained, is 15.5 kcal/mol (63.1 kJ /mol), compared
with the activation energy of 15.2 found for the
1 : 1 mixture.®* The value of 15.5 kcal/mol is used
in calculations in this work.

Although the epoxy-rich master curve was ob-
tained by shifting at low conversions in the epoxy/
amine reaction regime, the data at high T,’s (high
conversions), in the etherification reaction region,
also superpose as shown in Figure 8. This implies
that the activation energy for the etherification re-
action is similar to that of the epoxy/amine reac-
tions at 15.5 kcal /mol. Other work in the literature
using a commercial aromatic epoxy resin cured with
a mixture of dicyandiamide and diuron amine, in a
1:0.24 epoxy : amine stoichiometric ratio, also con-
cluded that the activation energies for the epoxy/
amine and epoxy/hydroxyl reactions were similar
(at 20.3 kecal/mol).*” It is observed that in the
etherification reaction region diffusion-control also
occurs at vitrification, as marked by the arrows in
Figure 8, but its effect is much less apparent than
in the epoxy/amine reaction regime due to the
slower rate of the etherification reaction.

Kinetic Model of the Curing Reactions

The 1 : 1 stoichiometric reaction of DER332 with
TMAB has been shown to be satisfactorily described
by a second-order mechanism for the epoxy/amine
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reactions autocatalyzed by hydroxyl groups gener-
ated during the reaction, with an apparent activation
energy of 15.2 kcal/mol and assuming equal reac-
tivities of amino hydrogens.>* A similar model is
used in this work to describe the off-stoichiometric
systems but with the added complexity of the ether-
ification (epoxy/hydroxyl) reaction and a consid-
eration of unequal reactivities of amino hydrogens.
The reactions considered are the epoxy/amine re-
actions, catalyzed by the hydroxyl generated by the
reaction (OH) or by initial hydroxyl or impurities
(HX,) as other researchers have proposed,*® and
the etherification reaction:

OH
E+ Al > A2
k1o
HX,
E + Al = A2
k1o
OH
E + A2 > A3
ko
HX,
E + A2 - A3
k2o
E + OH > Et + OH
30

where E, A1, A2, A3, OH, and Et designate epoxy,
primary amine, secondary amine, tertiary amine,
hydroxyl, and ether species, respectively. The equa-
tions catalyzed by hydroxyl or impurities (HX,) are
particularly significant in the absence of hydroxyls
generated during the reaction. Etherification is as-
sumed to be first order with respect to both epoxy
and hydroxyl concentrations. The reaction is not
considered to be catalyzed by tertiary amine due to
steric hindrance, although if it were the concentra-
tion of tertiary amine could be incorporated into ks,
since it is constant when the etherification reaction
is significant.

The change with time of epoxide and primary
amine fractional conversions, x and x,, and frac-
tional vield of secondary amine, x,, can be described
by the following differential equations:

% =k (1 —x)(x+b)(1 —x, + axy)
dt
+ k(1 —x)x  (20)
%=k1r(1—x)(x+b)(1—x1) (21)
de
E =Rkr(l —x)(x+b)(1 —x — axy) (22)

The normalized rate constants for the reaction of
epoxy with primary amine is k; (= Rjpeoa,0, Where

o is the initial concentration of epoxy and a, is the
initial concentration of primary amine), for epoxy
with secondary amine is ky (= kygeoayo), and for the
etherification reaction is ks (= ksoey). The dimen-
sionless ratio of the rate constants for the reactions
of epoxy with secondary and primary amine groups
is « = k,/k;, and for the reactions of epoxy with
hydroxyl and primary amine groups is 8 = ks/k;.
The stoichiometric ratio, r, is €5/ a;o. The constant
b is considered to be the concentration of hydroxyl
impurities that catalyze the reaction, which is par-
ticularly significant in the absence of hydroxyls
generated by the reaction.*® Some researchers al-
ternatively assume that there are uncatalyzed
mechanisms for the reactions of epoxy with primary
and secondary amino hydrogens, rather than the re-
actions catalyzed by impurity OH,, and then b is
interpreted as the ratio of the rate constants for un-
catalyzed and hydroxyl-catalyzed reactions.'* The
latter interpretation would be expected to give a
temperature-dependent value, with b increasing with
increasing temperature assuming that the uncata-
lyzed reaction has a higher activation energy. In this
work, it is assumed that b is constant and ko = kg
and k% = ko in order to make the model less cum-
bersome. It should be noted that the effect of volume
changes during cure on the rate constants is not
considered here.

To use the above model of the reaction, several
parameters must be determined from the experi-
mental data. The values of k;, b, a, and § need to
be determined at a reference temperature (150°C).
The values of the Arrhenius activation energies for
the reaction of epoxy with primary amine, secondary
amine, and hydroxyl are also needed.

The values of the rate constant for the reaction
of epoxy with primary amine, k;, and the constant
b are determined during the early stages of the
epoxy /amine reactions, where it is assumed that no
etherification occurs. Equation (20) can be rewritten
in the following form, assuming that the epoxy/hy-
droxyl reaction is insignificant:

dx
dt
80010(1 - x)(l — X3 + axz)

= kpo(x +b) (23)

The rate dx/dt is determined from polynomial fits
of the master curve x vs. In time data (from Figs. 7
and 8). The constant « at the master curve reference
temperature of 150°C is assumed to be in one case
0.5, the value for equal reactivity of amino hydrogens
that was assumed in earlier work in our laboratory
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Figure 11 Determination of kinetic parameters for epoxy /amine reactions for the amine-
rich and epoxy-rich systems. For the correct value of «, the slope of the line for both
systems will yield the same normalized rate constant. The constant b is determined from

the y-intercept of the lines.

when modeling the kinetics of the 1 : 1 stoichiometric
ratio of the system, and in a second case, it is as-
sumed to be 0.3 as found in FTIR work in our lab-
oratory on the 1 : 1 system at 150°C.° The values of
x; and x, are determined, as a function of x and «a,
from the following relations, the first based on the
stoichiometric reaction relationship neglecting eth-
erification (as is appropriate at low conversions) and
the second derived by dividing eq. (22) by eq. (21)
and integrating:

x=%(2x1—x2) (24)

1
x2::[(1_x1)a*(1-x1)] (25)

Plotting the left-hand side of eq. (23 ) vs. x should
yield, for the correct value of e, a straight line with
a slope of kjy and a y-intercept of kob. Figure 11
shows plots for both & = 0.3 and 0.5. The value of
ki 1s expected to be the same for systems of different
stoichiometry. It is therefore concluded that the
value of « is approximately 0.5, since for this case,
a straight line is obtained with a slope, k;, = 0.37
min ! (150°C), independent of stoichiometry for
the two cases. The constant b is determined from

the fit of the data for « = 0.5 to be 0.10 and 0.05 for
the amine-rich and epoxy-rich systems, respectively.
More prereaction in preparing the amine-rich for-
mulation would account for the different values of b.

The apparent activation energy in the epoxy/
amine reaction regime and for the etherification re-
action was previously determined to be 15.5 kcal /
mol from the time-temperature superposition of the
T, vs. In time data. Since the kinetic ratio « is ap-
proximately 0.5, this apparent activation energy is
also the activation energy for the reaction of epoxy
with primary amine and for the reaction of epoxy
with secondary amine. From the time-temperature
shift, it was found that data in the etherification
reaction regime also superposed, and, consequently,
the activation energy for that reaction is also con-
sidered to be 15.5 kcal /mol.

Assuming that the other parameters are correct,
the calculation with 8 (= k3/k;) equal to 0.001 is
found to satisfactorily describe the master curve data
at 150°C throughout the kinetically controlled re-
action, including the epoxy/hydroxyl reaction re-
gime, i.e., for x > 0.8 in the epoxy-rich system.?®
This value is an order of magnitude lower than that
found by other researchers investigating similar
systems.'* However, this is considered to be due to
the difference in the reactions considered. The other
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researchers considered that b was a function of tem-
perature so that there were two epoxy/amine re-
actions considered, one uncatalyzed and the other
catalyzed by hydroxyl, and they considered that the
etherification reaction could also be either uncata-
lyzed or catalyzed by hydroxyl. The ratios that are
reported in their work are the ratio of the uncata-
lyzed etherification rate constant to the uncatalyzed
epoxy /amine rate constant and the ratio of the cat-
alyzed etherification rate constant to the catalyzed
epoxy/amine rate constant. In contrast, in this
work, the etherification reaction is considered to be
uncatalyzed and the epoxy/amine reactions are
considered to be catalyzed by hydroxyl. The ratio of
the other researchers’ uncatalyzed etherification rate
constant to their hydroxyl-catalyzed epoxy/amine
rate constant varies from 0.0004 to 0.002 with tem-
perature for two different amines and compares fa-
vorably to the value obtained in this work.

Diffusion control becomes important for the
epoxy/amine reactions in the vicinity of vitrifica-
tion, T, = T.. This is demonstrated by the deviation
of data from the kinetically controlled master curves
in Figures 7-9. Similar to other work in this
area,>*??! diffusion control in this work is ac-
counted for by assuming that the time for the dis-
appearance of a reactant is equal to the time for
diffusion plus the time for chemical reaction. The
normalized rate constants are thus

1_1
ki,c

% (26)

1
kia
where k; is the observed normalized rate constant,
where subscript i = 1 refers to the reaction of epoxy
with primary amine and i = 3 refers to the etheri-
fication reaction, k;. is the rate constant in the ki-
netically controlled regime (k,, = 0.37¢pa;9 and k3,
= 0.00014 ¢, at 150°C for o = 0.5), and 1/k;, is the
time scale for diffusion, which is considered to de-
pend not only on the mobility but also on the average
diffusion length scale for each particular reaction
(1.e., kg oc D/, where D is the diffusivity and A is
the length of diffusion). Thus, different reactions
may have different time scales of diffusion depending
on the proximity and the mobility of reacting groups.

Although the free-volume-based Doolittle? and
WLF equations?® are inadequate for describing the
glassy state compared to the nonequilibrium equa-
tion of Adam and Gibbs,?! they have been used be-
cause of their relative simplicity to satisfactorily de-
scribe the diffusion-controlled kinetics in similar
work.>*?® The major criticism of the free-volume

equations is that only the free volume, and not tem-
perature, is considered to determine the properties
of a material below 7,,?" which is compensated for
by the activation energy term in the Macedo and
Litovitz equation.?” However, due to its simplicity
and the satisfactory results, the Doolittle free-vol-
ume equation? will be used here to model the dif-
fusion-controlled kinetics:

kq =Aexp(—;-é> 27)

where A and b are taken as adjustable parameters
and f is the fractional free volume. Note that the
effect of changing diffusion length with conversion
is not explicitly incorporated. The fractional free
volume, f, in this work is assumed to be the equilib-
rium value as calculated using the “universal” values
found for linear polymers from the WLF equation
(i.e., the linear expansivity of free volume above T,
is 0.00048°C ! and the fractional free volume at T},
1s 2.5% ). The equilibrium fractional free volume is
extrapolated to below T:

f=(T.— T, (48¢7*) + 0.025 (28)

The decrease in the mobility in the glass transition
region, from above to approximately 20°C below T},
is qualitatively described by the Doolittle and WLF
equations used. It is noted that the modified WLF
equation, used to model diffusion in other work in
this laboratory,®* is qualitatively more correct in
the glassy state since it predicts that the molecular
mobility in the glassy state below the glass transition
region decreases slowly rather than exponentially
with decreasing temperature.”® However, since T
never rises more than 25°C above the curing tem-
perature for the time scales studied, and since the
decrease in mobility is over 10-fold over the glass
transition region prior to the deviation of the mod-
ified WLF and WLF equations, there is no advan-
tage in this work of using the modified WLF equa-
tion over the WLF or Doolittle free-volume equa-
tions. In contrast, one advantage of the free-volume
equation is that since the fractional free volume is
explicit the effects of physical aging after vitrifica-
tion can be accounted for in future work, by allowing
the fractional free volume to be time-dependent
when the material is in the glassy state, T, > T-.
The values of A and b in eq. (27) for both epoxy/
amine and etherification reaction regimes are de-
termined from plots of In ky [determined from eq.
(26)] vs. 1/ f [determined from eq. (28) ] from data
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in the diffusion-controlled region of the amine-rich
and epoxy-rich systems, respectively. The parame-
ters are found to be 100 and 0.2 (at 135°C) for the
epoxy/amine reactions (k;) in the amine-rich sys-
tem and 0.4 and 0.2 (using limited data from all cure
temperatures ) for the etherification reaction (k3) in
the epoxy-rich system.?® Although there is an indi-
cation that A and b vary with temperature for the
epoxy/amine reactions, as might be expected, it is
not necessary to assume an activated diffusion pro-
cess in order to satisfactorily describe the data. The
difference in the values of A for the two reactions
may reflect only the difference in mobility between
the two systems when diffusion control becomes
significant, with the amine-rich system having more
mobility due to its decreased cross-link density.

Equations (20) and (21) can now be solved nu-
merically using the Runge-Kutta technique to yield
conversion as a function of time throughout the en-
tire range of cure, including the diffusion-controlled
regime. Conversion is then transformed to T, by us-
ing the theoretical curve that fits the experimental
T, vs. conversion data. Figures 12 and 13 compare
the experimental and calculated T vs. In time curves
for excess amine and excess epoxy stoichiometries,
respectively. ( Note that data points after the onset
of degradation at long times for cure temperatures
of 180 and 200°C are not plotted for the amine-rich
system for simplicity.)

It is apparent from comparison of the calculations
with the experimental data that the data can be fit
adequately by the calculations with « equal to 0.5.
Data in the etherification regime of the epoxy-rich
system are also fit well by the calculation. This sup-
ports the conclusion that the activation energies for
the epoxy/amine and etherification reactions are
approximately the same. Further, the experimental
data for the 1 : 1 stoichiometric system®* are also
satisfactorily described by the model,? indicating
that the model should be able to predict other stoi-
chiometries as well. The reaction model is useful for
predicting not only conversion as a function of cure
time and temperature, but also for optimizing pro-
cessing conditions and final properties for various
processes. Gelation and/or vitrification can be used
to control exotherms,! rheology,*® density,?® dimen-
sional stability,* etc.

Calculation of Time-Temperature-
Transformation (TTT) Isothermal Cure Diagrams

A complete set of iso-T, contours prior to the onset
of diffusion control (which occurs after vitrification)
and the vitrification contour (T, = T.) of the TTT
isothermal cure diagram can be calculated using the
kinetically controlled master curve, which describes
the reaction from T to T, and using the apparent
activation energy obtained from the time—temper-
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Figure 12 7T,vs.Intime data for amine-rich system: (solid line) calculation using amine-

rich parameters; (symbols) experimental data.
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Figure 13 T, vs. In time data for epoxy-rich system: (solid line} calculation using epoxy-

rich parameters; (symbols) experimental data.

ature superposition in eq. (19). However, iso-T,
contours cannot be extended into the diffusion-con-
trolled regime by this method since the master curve
used is only valid for the kinetically controlled re-
gime. Consequently, more complete TTT diagrams
are calculated from the reaction model.

Figures 14 and 15 show plots of the calculated
TTT diagrams for the two off-stoichiometric sys-
tems with iso- T, and vitrification contours. The iso-
T, curves are calculated throughout cure, even after
vitrification, using the reaction model. As expected,
there is a noticeable difference in the shapes of the
vitrification curves for the two off-stoichiometric
systems. The vitrification curve of the amine-rich
sample levels off at cure temperatures close to T,
as expected, due to full conversion of the epoxy. The
vitrification curve for the excess epoxy sample,
however, begins to level off at T, for the 1: 0.8
epoxy /amine network, but then increases again and
levels off at T, for the fully converted material.

The dotted lines show calculated degradation/
devitrification contours obtained from the master
curve, which are calculated assuming that the ac-
tivation energy for degradation reactions is the same
as for the curing reactions, which is not expected to
be the case. However, there were not enough data
at different reaction temperatures in the degradation
regime to determine the activation energy (ies) or
reaction kinetics of the degradation reaction(s).

CONCLUSIONS

In summary, the cure of excess amine and excess
epoxy DER332/TMAB systems has been studied.
A one-to-one relationship between T, and conver-
sion is found for the epoxy/amine reaction regimes
for both systems and is described by a theoretical
equation. Ty is thus used as the principal parameter
for monitoring the reaction. From the single appar-
ent activation energy for the overall reactions, and
the shape of the master and vitrification curves, it
is concluded that the epoxy/hydroxyl reaction be-
comes significant in the excess epoxy sample only
after the amine concentration is nearly depleted.
The epoxy/amine reactions for the both stoichio-
metric systems, and the etherification reaction in
the excess epoxy system, are satisfactorily described
throughout the entire cure process, including the
diffusion-controlled regime, by a reaction model of
the epoxy/amine and epoxy/hydroxyl reactions.
The ratio of the rate constants for reaction of epoxy
with secondary and primary amine, respectively, «
= ky/ky, is found to be independent of temperature
and equal to 0.5. The ratio of the rate constants for
the epoxy/hydroxyl and epoxy/primary amine re-
action, 8 = ks/k; = 0.001. Iso-T, and vitrification
contours on the T'TT isothermal cure diagrams are
caleulated for each system from the reaction model.
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PARTIAL LIST OF SYMBOLS

A(T)

[ =

ks

ko

ks

K
P(F})
P(F3™)
P(F§)
P(Fg")
P(F?)

P(FZ")

SERA

~

g

Tgml

Tgoo?

Parameter in Doolittle free-volume equa-
tion

Shift factor between two T, vs. In time
curves at different cure temperatures

Initial concentration of hydroxyl; also
parameter in Doolittle free-volume
equation

Apparent activation energy for overall
epoxy/amine reaction

Free-volume fraction

Parameter in T, vs. conversion equation
incorporating effect of dangling chains
on T,; also, overall rate constant in
epoxy/amine system

Rate constant for reaction of epoxy with
primary amine {¢7!)

Rate constant for reaction of epoxy with
secondary amine (¢!)

Rate constant for reaction of epoxy with
hydroxyl (')

Parameter in eq. (6) incorporating effect
of cross-links on T,

Probability of finding a finite, rather than
infinite, chain looking into A

Probability of finding a finite, rather than
infinite, chain looking out from A

Probability of finding a finite, rather than
infinite, chain looking into B

Probability of finding a finite, rather than
infinite, chain looking out from B

Probability of finding a finite, rather than
infinite, chain looking into C

Probability of finding a finite, rather than
infinite, chain looking out from C

Gas constant

Isothermal cure time

Reference isothermal cure time

Isothermal cure temperature

Glass transition temperature

Glass transition temperature of uncured
material

Glass transition temperature of fully
cured material

Glass transition temperature of the fully
developed epoxy/amine network in
epoxy-rich material

Glass transition temperature of epoxy/
amine + epoxy/hydroxyl networks in
the fully developed epoxy-rich material

Reference isothermal cure temperature

1269

x Fractional conversion of epoxy in epoxy/
amine reaction

X Fractional conversion of primary amine

X Yield of secondary amine

X3 Yield of tertiary amine

X4 Fractional conversion of amino hydrogen

Xg Fractional conversion of epoxy

Xc Fractional conversion of epoxy due to
etherification

a ko/ky

8 ky/ Ry

AH, Residual heat of DSC exotherm; sub-
scripts 1 and 2 refer to epoxy/amine
and excess epoxy exotherms, respec-
tively

AHr Total heat of DSC exotherm for uncured
material; subscripts 1 and 2 refer to
epoxy/amine and excess epoxy exo-
therms in the epoxy/amine system, re-
spectively

N\ Parameter in T, versus conversion rela-
tion incorporating effect of non-Gauss-
ian nature of cross-links at high cross-
link density on T,
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