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ABSTRACT: The curing reaction of an epoxy resin [di-
glycidyl ether of bisphenol A (DGEBA)] combined with a
methyl-hexahydrophtalic anhydride (MHHPA) hardener
and a benzyldimethylamine (BDMA) accelerator was stud-
ied over a temperature range of 60-140°C to build its iso-
thermal time-temperature-transformation (TTT)-cure dia-
gram. This includes gelation and vitrification measurements
using rheological measurement techniques, monitoring of
the glass transition temperature and the reaction kinetics by
differential scanning calorimetry, and determination of the
following critical glass transition temperatures: Ty, GoT,,
and T... A new curing kinetics model, based on the Sestak-
Berggren model, was developed including both chemical-

and diffusion-controlled stages of reaction. Then, the TTT-
cure diagram was built by numerical integration of the
kinetics model, and good agreement was obtained by com-
parison with experimental data. Additionally, for the first
time, this model takes into account the incomplete cure,
which occurs when the thermosetting system is cured below
its ultimate glass transition temperature, leading to a more
realistic description of the cure evolution after vitrification.
© 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 93: 1774-1787, 2004
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INTRODUCTION

Epoxy systems are used in a large variety of applica-
tion areas, among which coatings, electrical and elec-
tronic insulation, adhesives, composite materials, and
construction are the major ones. They are known to
provide great chemical and solvent resistances, me-
chanical responses ranging from great flexibility to
high strength and hardness, good thermal and dimen-
sional stabilities, and a high adhesive strength to most
substrates, as well as very good electrical insulation
properties.' However, the final performance of such
materials is strongly dependent on the processing con-
ditions applied. To fully appreciate the conversion of
an epoxy system into a finished part, a full under-
standing of the curing process is required to determine
the optimal curing conditions and thus reach the ulti-
mate properties of the material. The isothermal time-
temperature-transformation (TTT)-cure diagram, ini-
tially proposed by Gillham for thermosetting res-
ins,*”” provides a useful framework for understanding
the cure process of these materials. This diagram il-
lustrates the various material state transitions that an
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epoxy system undergoes when cured under a given
time-temperature scheme. Three main curves, namely,
the gelation, vitrification / devitrification and full-
cure curves, representing the major transitions under-
gone by the polymeric material, divide the diagram
into several regions, each region corresponding to a
distinct state of the thermosetting system, namely,
liquid, sol glass, sol / gel rubber, sol / gel glass, gel
rubber, and gel glass state.” Thus, a thermosetting
TTT-cure diagram permits cure time-temperature
paths to be chosen properly, so that the different ma-
terial state transitions occur in a controlled manner
and consequently give rise to predictable properties.

A complete characterization of an epoxy system is
necessary to build its isothermal TTT-cure diagram. Its
reaction kinetics must be measured and modeled over
time and temperature. Curing kinetics of epoxy sys-
tems already have been studied extensively, giving
rise to several curing kinetics models, especially with
amine-cured epoxy systems*”®? and, to a lower ex-
tent, with anhydride-cured epoxy systems.'”'" Most
of the models proposed so far depend only on the type
of reaction involved (e.g., nth-order reaction or auto-
catalytic reaction). In addition, if the curing process is
performed below the ultimate glass transition temper-
ature of the system, the reaction kinetics decreases
because diffusion processes become dominant at the



TTT-CURE DIAGRAM

Diebvardyt ether of bisphenal A - DGEBA

CH, T

HC—cH—crr o/ —'—— "'f;’,:-—o—mi,—&—w;—o{::tifff ’

Methvl-hexb drophiabic anhivdnde - MEIHPA

fO

e G
Hﬁcf( | .©
0

OH

1775

CH, —. el
“4— O—CHzCH—CH,

=

Benavldiethn fanone - BN

CH,

Figure 1 Schematic chemical structures of the epoxy system components.

vitrification transition vicinity."! Consequently, to
cover the entire course of the curing reaction, an over-
all reaction rate constant, which includes a diffusion-
related component, usually is used to modify the ki-
netics models to take into account the diffusion-con-
trolled stage of the reaction.>'? In parallel, gelation
and vitrification times can be either experimentally
evaluated using rheological measurement methods or
determined by both the reaction kinetics and the con-
sideration of the system component chemistry.'>'?
However, a careful choice of the measurement meth-
odology must be performed so that kinetics and rheo-
logical values remain fully coherent. Then, by associ-
ation of experimental data and a kinetics model, an
isothermal TTT-cure diagram can be obtained using
numerical integration.

In this article, a step-by-step methodology for the
construction of the isothermal TTT-cure diagram of an
anhydride-cured epoxy system is proposed. It in-
cludes evaluation of the curing reaction evolution over
time, gelation and vitrification transition time mea-
surements, and determination of the critical glass tran-
sition temperatures as well as the development of a
new curing reaction kinetics model, which includes
both the chemically and the diffusion-controlled
stages of the cross-linking reaction and, for the first
time, also takes into account incomplete conversion
when operating below the ultimate glass transition
temperature of the polymer.

MATERIALS

The epoxy system under investigation comprises a
diglycidyl ether of bisphenol A (DGEBA) resin
(Araldite CY 225) combined with a methyl-hexahy-
drophthalic anhydride (MHHPA) curing agent (HY
1102) and a benzyldimethylamine (BDMA) accelerator
(DY 062), all supplied by Vantico AG (Basel, Switzer-
land). The schematic chemical structures of the system
components are represented in Figure 1. A stoichio-
metric resin-to-hardener mixing ratio is used, namely,
100 : 90 parts per weight, while one part per weight of
accelerator is added. After mixing all the components,

the system is degassed under vacuum. All of these
operations are performed at room temperature.

REACTION MECHANISMS

The curing reaction mechanisms of epoxy systems
have been investigated extensively in the literature for
a large variety of resin-hardener combinations."*'*
Nowadays, uncatalyzed curing reaction mechanisms
of epoxy resins with anhydride-based hardener are
well understood.” In this particular case, anhydride
groups react with hydroxyl groups to generate
monoesters and carboxylic acid groups, the latter re-
acting then with epoxy groups to form diesters with
new hydroxyl groups, which in turn react with other
anhydride groups. When tertiary amines are used as
accelerators, the curing reaction mechanisms are much
more complex. In fact, the complexity of the mecha-
nisms is linked mainly to the way the active sites are
initiated. In the presence of a proton donor, the latter
acts as a cocatalyst to form a complex with the amine,
which then reacts with the anhydride group to form a
carboxylate anion.'>'® Then, the reaction mechanisms
are similar to the ones involved in an uncatalyzed
curing scheme. In the absence of a proton donor (e.g.,
pure monomeric epoxy without the hydroxyl group
and pure anhydride group), the amine will react either
with the anhydride group or with the epoxy group to
initiate the reaction.'”” Indeed, the anhydride group
will not react directly with the epoxy group and, con-
sequently, it is necessary to first open a ring. The
amine acts as a Lewis base accelerator and two main
mechanisms have been proposed for this type of cur-
ing scheme.

The first type of reaction, which occurs between
the tertiary amine and the anhydride group, is
based on Fisher’s work and often has been described
in the literature.'"*'* In this case, the Lewis base
accelerator reacts preferentially with an anhydride
to generate a carboxylate anion. The latter reacts
with an epoxy group to form a new anion and the
anionic process continues until completion of the
cure. The second type of reaction, which occurs
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Figure 2 Simplified reaction mechanisms scheme of an anhydride-cured epoxy system when tertiary amines are used as

accelerators in the absence of a proton donor.

between the tertiary amine and the epoxy group,
was proposed by Matejka et al.'® using nuclear mag-
netic resonance (NMR) investigation. In this case,
the tertiary amine reacts with the epoxy group to
form an anion, which then reacts with an anhydride
group to form a quaternary ammonium salt (RN®
“OOCR). Finally, the RCOO™ anion opens the ep-
oxy ring, and a diester, together with a new anion, is
simultaneously formed. This acidic curing reaction
mechanism of a DGEBA resin catalyzed with ter-
tiary amines hence is extremely complex and several
side reactions can occur.'® Note, however, that in an
equimolar mixture the anhydride-based curing
agent and the epoxy resin are consumed at the same
rate and homopolymerization (i.e., etherification)
almost never takes place.'® In both types of curing
reaction mechanisms proposed, the reaction of car-
boxylates with epoxy groups regenerates anions,
which in turn reacts with other anhydride groups. A
corresponding simplified reaction mechanisms
scheme can be proposed as shown in Figure 2.

CURING REACTION EVOLUTION

Calorimetric measurements were performed using a
Perkin—-Elmer differential scanning calorimeter
(DSC) 7 (Perkin-Elmer, Norwalk, CT) calorimeter in

a nitrogen atmosphere to determine the curing re-
action evolution of the epoxy system under investi-
gation. Ten- to 20-mg samples are encapsulated in
aluminum DSC pans and then placed into the DSC
cell at room temperature. The temperature is in-
creased rapidly at 200°C - min ™' up to the set curing
temperature. Then, the heat flow is recorded until
completion of the curing reaction. Figure 3 a shows
the evolution of the heat flow over time for three
different isothermal runs at 80, 100, and 120°C, re-
spectively. Note that in several experiments, two
exothermic peaks can be observed as shown in Fig-
ure 3 b. The inertia of heating can be considered as
a first and simple explanation. Another possible
cause can be the sample moisture content. Water is
indeed a proton donor and, consequently, can act as
a cocatalyst to form a complex with amines and
subsequently react following the reaction mecha-
nism described previously. This reaction is fast and
exothermic and can correspond easily to the first
peak sometimes observed.

After completion of the isothermal DSC measure-
ments, the samples are scanned at 10°C - min™' up to
200°C to obtain the residual heat of the reaction. Then,
the extent of the reaction or conversion « is calculated
using
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Figure 3 (a) Isothermal DSC scans at 80, 100, and 120°C; (b)
Isothermal DSC scans at 120°C with one showing two exo-
thermic peaks.

AH(t)
AHto'ral (1)

a(t) =

where AH(t) is the enthalpy of reaction at a given time
t and AH,, is the total enthalpy of reaction, i.e., the
enthalpy of reaction obtained during the isothermal
measurement added to the residual heat of reaction
measured afterward. Figure 4 shows the extent of
reaction over time at the three previously set temper-
atures, i.e., 80, 100, and 120°C. During the reaction
process, the epoxy system evolves from a viscous lig-
uid state to a glassy state leading to a three-dimen-
sional molecular network. This material evolution is
marked by two main and independent state transi-
tions: gelation and vitrification.
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GELATION

Gelation corresponds to the irreversible liquid to sol /
gel rubber transition and is characterized by the incip-
ient formation of an infinite molecular network. At the
molecular level, a critical number of intermolecular
links has been exceeded'” and one of the molecules
has grown to reach the macroscopic scale.'” Conse-
quently, after gelation the epoxy system exhibits a
viscoelastic behavior.® The gel point of an epoxy sys-
tem is most commonly determined using rheological
methods, even though other measurement methods
such as solubility can be used also."® An infinite steady
shear viscosity and a zero equilibrium modulus are
the classical criteria used to define the gel point in
rheology. However, such data are not directly acces-
sible and extrapolation is required."” In practice, gela-
tion is assumed to occur when the reduced viscosity m,
[n, = viscosity (n) / initial viscosity (m)], reached
10* ?° or when the steady shear viscosity reaches 10°
mPa - s and the material ceases to flow readily.'”
Gelation also can be detected by monitoring variations
in the material dynamic mechanical properties. In a
dynamic shear experiment, at a constant frequency,
the gel point of an epoxy can be obtained as the
intersection of the elastic modulus G'(t) and the loss
modulus G"(t) curves,'”?! i.e,, when the loss tangent
factor tan & reaches the unity (ASTM standard
D-4473). However, this method has been shown to be
valid for stoichiometrically balanced systems only* or
for those with an excess of hardener. Finally, the gel
point is determined more commonly and precisely by
the detection of tan 6 independent of the measurement
frequency.”>* In this investigation, the different gel
points of the epoxy system under study are deter-
mined using the latter rheological method.
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Figure 4 Conversion or extent of reaction as a function of
isothermal cure time at 80, 100, and 120°C.
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Figure 5 Determination of the gel point as tan § independent of the measurement frequency using a multiwave technique.

An Advanced Rheometric Expansion System rheo-
meter (Rheometric Scientific, Piscataway, NJ) with
8-mm-diameter parallel plates is used. The resin sam-
ples are placed between the parallel plates 0.3 mm
apart at room temperature and brought to the set cure
temperature at a heating rate of 15°C - min™ . The gel
point is determined using a multiwave technique in-
volving superposition and decomposition of the sig-
nal, which permits simultaneous collection of the data
at several frequencies. The strain imposed is 100% and
the gel point is determined from the intersection of the
tan & curves at frequencies of 10, 20, and 40 rad - s !
respectively, as shown in Figure 5. Note that the most
critical parameter to be properly adjusted in this
method is the applied strain, because approaching the
gel point, the stress field applied to the material in-
creases rapidly and may break the newly formed net-
work. Table I summarizes the gelation time obtained

TABLE I
Gelation and Vitrification Times Measured Using
Rheological Methods

Curing temperature Gel time Vitrification time
(°QO) (min) (min)
60 349 n.a.
80 82 184
100 22 63
120 7 24
140 NA 19

at four different temperatures, i.e.,, 60, 80, 100, and
120°C. It is worth mentioning that by association of the
extent of reaction with the gelation times obtained, it
can be observed that gelation occurs at roughly 34% of
conversion independently of the cure temperature im-
posed. The fact that the extent of reaction at gelation is
independent of the cure temperature is a common
observation'”'® and similar results have been ob-
tained already for a comparable epoxy system." In
other words, the conversion at the gel point can be
considered as a constant for a given epoxy system [i.e.,
a (tze, T) = a,]. Consequently, a direct relationship
between the gelation time ¢, and the apparent curing
kinetics constant K can be established:**

= (2] o

Assuming that the curing process is described by an
overall activation energy E, and by application of an
Arrhenius law such as K(T) = C” X exp(—E,/RT), the
following equation can be obtained:

a

In(tge) = C" + 27 (3)

By plotting eq. (3), the overall activation energy can be
obtained as shown in Figure 6. The E, value reached
here is 71.1 kJ - mol 1.
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Figure 6 Determination of overall activation energy by
plotting eq. (3) (E,; = 71.1 kJ - mol™").

VITRIFICATION

Vitrification corresponds to the irreversible liquid or
sol / gel rubber to sol / gel glass transition and occurs
when the glass transition temperature of the system
reaches the isothermal curing temperature (ie., T, =
Toure)-® This transformation induces a modification of
the reaction kinetics by prohibiting further reactions,
although a very slow diffusion-controlled reaction
may occur in the glassy state.” As a result, the curing
reaction kinetics goes from chemistry driven to diffu-
sion controlled. No general criterion has been defined
or accepted so far for the determination of the vitrifi-
cation point and several methods based on different
criteria are used arbitrarily. Consequently, a strong
dependence of the measured values on the methodol-
ogy used is observed. When using rheological meth-
ods such as a dynamic time sweep test, four criteria to
determine the vitrification point are commonly ac-
cepted: the onset of the frequency dependence of G,
the peak of tan & at 1 Hz, the peak of G” at 1 Hz, or the
end of the frequency dependence of G'.**

In this investigation, the vitrification point of the
epoxy system under study is determined using the tan
6 peak criterion obtained by a dynamic time sweep
test with a strain of 0.1% and a frequency of 1 Hz,
because this method provides the best agreement with
the DSC results, as will be shown later. The same
rheometer with 8-mm-diameter parallel plates, de-
scribed in the previous section, is used. Resin samples
are placed between the parallel plates 0.3 mm apart at
room temperature and brought to the set cure temper-
ature at a heating rate of 15°C - min "~ '. The vitrification
time obtained at four different temperatures, i.e., 80,
100, 120, and 140°C, are listed in Table I. The isother-
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mal vitrification times are reported in Figure 4 (see
arrows) and it can be clearly observed that as the
extent of the reaction comes close to the vitrification
point, its rate dramatically decreases. After vitrifica-
tion, the conversion reaches a maximum value but
never 100% for each set cure temperature.

GLASS TRANSITION TEMPERATURES

Three critical temperatures are displayed on the TTT-
cure diagram: the glass transition temperature of the
uncured reactants (temperature below which the ex-
tent of reaction remains equal to zero) Tgo, the tem-
perature at which gelation and vitrification occur si-
multaneously (and which therefore determine the up-
per limit temperature for storing reactive materials to
avoid gelation®) ]y, and the ultimate glass transition
temperature of the thermosetting system T... Temper-
atures Ty, and T, are measured directly using the
same DSC equipment as previously described. Ten- to
20-mg samples are encapsulated in aluminum DSC
pans, placed into the DSC cell at room temperature,
and then scanned from —80 to 200°C at 10°C/min.
Note that the samples are measured right after mixing
in a liquid state for Ty, determination and after a
complete cure cycle including 1 week of postcuring at
160°C in a solid state for T,.. determination. The re-
spective values obtained are —40°C for T, and 153°C
for T,... Temperature . T, can not be obtained directly
and will be deduced later according to the evolution of
T, as a function of the conversion.

The determination of the evolution of the glass tran-
sition temperature as a function of the extent of reac-
tion can be of great interest in the buildup of the
TTT-cure diagram for an epoxy system. For this, sev-
eral samples are cured in an oven and removed at
different predetermined times. When moved out of
the oven, the samples are immediately cooled down in
liquid nitrogen and scanned in the DSC setup from
—50 to 250°C at the heating rate of 10°C * min™ .
Fluctuations due to the opening of the oven are as-
sumed negligible. Note, however, that for a short cure
time, samples are cured directly into the DSC cell
before being scanned in temperature. The epoxy sys-
tem glass transition temperature is evaluated in this
way at different times for two different isothermal
cures, as shown in Figure 7. Similar to the results
obtained with conversion, Tg reaches a maximum
value after vitrification but never its ultimate value for
both set cure temperatures. Additionally, it is worth
noting that when T, = T, the corresponding times
agree well with the vitrification times measured using
a rheological method (see Table I). Combining the
results obtained in Figures 4 and 7, the evolution of T,
as a function of a then can be obtained as shown in
Figure 8. Assuming that one conversion is associated
with one network structure and that one network
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Figure 7 Glass transition temperature as a function of isothermal cure time at 80 and 100°C.
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structure corresponds to one glass transition temper-
ature; a direct relationship between T, and « can be
foreseen. The most used constitutive equation for ex-
pressing T, as a function of a for a thermosetting
system is the DiBenedetto equation®® expressed as

T, = Ty Ao

T = Too 1—(1-MNa

(4)

where A is an adjustable parameter included between
0 and 1. When fitting eq. (4) to the results obtained
here, as shown in Figure 8, a A parameter of 0.57 is
reached together with a good coefficient of correlation.
Subsequently, for the present epoxy system, eq. (4) can
be reformulated as

11073«
§71—-043a ()
or
T, + 40
« (6)

" 0.43T, + 127.78

Equation (5) is very useful in determining the vitrifi-
cation curve on the TTT-cure diagram. In the same
way, 4.1, (at which gelation and vitrification occur
simultaneously) can be determined using this relation.

Vitrification occurs when the glass transition temper-
ature reaches the cure temperature, hence, at the T,
point: Ty = Toye = gl In addition, it has been
shown that the conversion at gelation is constant and
roughly equal to 34%. Using eq. (5), 4T, then can be
evaluated and its value is here 4°C.

CURING KINETICS MODELING

As previously introduced, during an isothermal cure
below T,.., the reaction process of an epoxy goes
through two different stages. The first one is driven
mostly by chemically induced reactions until T, of the
system reaches T, i.e., until vitrification. The ther-
mosetting material then vitrifies and very slow diffu-
sion-controlled reactions may occur during the second
stage. Conversion of the polymer as well as its T, may
increase again but at a much lower rate until the latter
equals zero. Note, however, that the transition be-
tween these two stages does not occur suddenly, but
rather needs a given period of time, which starts be-
fore vitrification. In this section, a complete curing
reaction kinetics model, which would give a good
description of the reaction evolution of the investi-
gated epoxy system over time and temperature, will
be defined.

As shown in Figure 9 for three different curing
temperatures, i.e., 80, 100, and 120°C, the conversion
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TABLE 1I
Critical Conversion and Fitting Parameters Obtained When Using the Reaction Kinetics Model Expressed in Eq. (15)
Curing Critical Reaction rate Parameter
temperature conversion a, constant K, Constant C m Parameter n

Q) =) =) (=) (=) )

80 0.74 0.161073 38.0 0.31 1.08
100 0.82 0.62107° 38.1 0.33 1.12
120 0.89 2201073 39.7 0.27 1.00

rate, da / dt, can be computed from the experimental
DSC data obtained in Figure 3 a by using

de (dH/dD) ¢ ;
E_ AHtotal _AHtotal ( )

During the first stage driven by chemically induced
reactions only, da / dt can be described simply by a
basic kinetics rate equation, such as

da
o = KAT) X fl) ®)

where f(«) is a function of conversion and K(T) is the
apparent kinetics constant, which is a function of tem-
perature only and generally is assumed to be of the
Arrhenius form

Eﬂ

K.(T) = cst X exp< — RT) (9)
The function f(«) is determined by the mechanisms
and orders of reaction. Empirical models have been
developed from best fittings of experimental data and
improved by the introduction of additional parame-
ters. The most well-known and most frequently ap-
plied model for epoxy reaction kinetics is the Kamal’s
autocatalytic model.”'**” However, Montserrat and
Malek'" have indicated that the curing reaction kinet-
ics of a DGEBA cured with both a hardener derived
from a methyl tetrahydrophthalic anhydride and a
tertiary amine as accelerator is described more accu-
rately by the two-parameter autocatalytic model of
Sestak-Berggren:

fla) =a"(1 = a)" (10)

where m and 7 are two constants. When a thermoset-
ting system is cured at a temperature higher than its
ultimate glass transition temperature, diffusion phe-
nomena may not affect the kinetics of reaction. How-
ever, in practice the cure of epoxy resins is performed
at a temperature lower than T,., because of processing
constraints. Different models have been proposed to
describe the kinetics of thermosetting systems reaction
during the diffusion-controlled stage by including a

diffusion rate constant K;. Most of them are based on
the Williams-Landel-Ferry (WLF) equation.'®*® For in-
stance, Wisanrakkit and Gillham* have proposed a
WLF-type equation, in which the absolute value in the
denominator allows the application of the equation
below the actual T, of the system

C(T—-T,
Kd = Kdiff eXp[CH‘f’|T_Tg|:| (11)
where K is a constant determined from experimen-
tal data. An alternative and interesting approach
based on the reduction of the free volume during cure
has been developed by Chern and Poehlein®:

K;= K. exp[ — Cla — )] (12)

where K_ is the chemically controlled rate constant, C
is a constant, and «, is the critical conversion at which
a three-dimensional cross-linked network is formed.
Note that this latest definition corresponds to the con-
version at gelation. However, the curing reaction be-
comes diffusion controlled as soon as the movement
of the reactive functional groups is seriously re-
stricted, i.e., in the vicinity of the vitrification point, as
previously stated. The critical conversion «, is subse-
quently reached at the vitrification point when T,
reaches T .. and, consequently, can be calculated
from eq. (6). The «, values obtained at 80, 100, and
120°C are listed in Table II.

Finally, the overall reaction kinetics is a combina-
tion of chemically and diffusion-controlled reaction
processes. At the beginning of the reaction process, the
diffusion effects can be neglected, whereas in the vi-
cinity of vitrification, the overall rate of reaction de-
pends also on diffusion phenomena. Because the shift
from a chemically to a diffusion-controlled reaction
regime is progressive and does not occur exactly at a
given time, an overall reaction rate constant K, has
been proposed by Rabinowitch,**?® such as

1 _ 1 N 1
Ktotal B Kc Kd

(13)

As suggested by Boogh and Mezzenga,” by combin-
ing egs. (12) and (13), the overall rate constant thus can
be defined as
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Figure 10 Best fitting of the conversion rate at 100°C using (a) eq. (15) and (b) eq. (19). In the first case, the modeled reaction
kinetics proceeds until full conversion of the polymer, and in the second case, the modeled reaction kinetics stops more

realistically before full conversion.

Kc T da KC T
( ) _ % am(l _ a)n (15)

Cla—ao) (14) E - 1+ expc(

Kiota(T) = T+ expte @

Figure 10 a shows a good fit of the conversion rate

obtained at 100°C using eq. (15) and the fitting param-
eters K, C, m, and n obtained at 80, 100, and 120°C are

Then, including egs. (10) and (14) in eq. (8), the fol-
lowing overall reaction kinetics model can be ob-

tained:
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TABLE III
Critical and Ultimate Conversions and Fitting Parameters Obtained When Using the Reaction Kinetics Model
Expressed in Eq. (19)

Curing Critical Ultimate Reaction rate
temperature conversion conversion constant K, Constant C Parameter m Parameter n
[°Cl a () o, () =) =) (=) (=)
80 0.74 0.83 0.151073 23.8 0.23 0.64
100 0.82 0.89 0.69107° 39.2 0.32 0.87
120 0.89 0.96 1.921073 34.7 0.24 0.87
listed in Table II. Good correlations are obtained at da K.(T)
. e m _ n
each temperature. Note, here, that the overall activa- At 1+ expCe o"(a, — @) (19)

tion energy E, also can be computed by plotting

E,
—In K(T) = — Incst + RT

(16)
which is derived from eq. (9). The E, value obtained
here is 74.8 k] - mol ! and thus very similar to the
value obtained previously by rheological measure-
ments (i.e., 71.1 kJ - mol™!). This kinetics model as-
sumes that the epoxy will cure to complete conver-
sion, whatever the curing temperature, as predicted
by thermodynamics. However, when an epoxy system
is cured below its ultimate glass transition tempera-
ture, the extent of the reaction will almost never reach
the unity. During the cure process most of the reactive
groups indeed are trapped or attached to the cross-
linked network. Consequently, after vitrification, the
molecular mobility is reduced markedly and the cur-
ing reaction will effectively cease before complete con-
version of the polymer occurs.®*® Here, the modeled
reaction kinetics continues, even if at a very low rate,
after vitrification, until 100% of conversion at cure
temperatures below Tgx, as shown in Figure 10 a.
Still based on the model of Sestak-Berggren, Sbir-
razzuoli and Vyazovkin®® have suggested an alterna-
tive form of the function of conversion f(«a):
fla) = a"(a, = )" (17)
where conversion « varies here between 0 and «,, and
where «,, is the ultimate conversion obtained at a
given cure temperature and can be expressed as

_ AH end
AH total

a,

(18)

where AH_ 4 is the enthalpy at the end of the isother-
mal cure (i.e., after a long time, compared with usual
cure schedules used for that system) and AH,,, is the
total enthalpy, i.e., the enthalpy of the isothermal cure
added to the residual curing heat. Thus, eq. (15) can be
rewritten as follows:

A best fitting of the conversion rate obtained at 100°C
using eq. (19) is shown in Figure 10 b and the fitting
parameters K-, C, m, and n as well as the ultimate
conversions «,, obtained at 80, 100, and 120°C, are
listed in Table III. Very good and certainly more real-
istic correlations are obtained here at each curing tem-
perature, because the modeled reaction kinetics ends
up before complete conversion of the polymer is
reached when the latter is cured below its Tgw. In
addition, when computing again the apparent activa-
tion energy E, with the new K values obtained here,
73.1 kJ - mol ! is reached, which is even closer to the
value previously evaluated with rheological measure-
ments (i.e., 71.1 kJ - mol !). Note that the drawback of
this new reaction kinetics model is the need to evalu-
ate experimentally the ultimate conversion at each
curing temperature, because no model has been estab-
lished yet to predict the ultimate conversion for a
given cure temperature below Tgm.

TTT-CURE DIAGRAM

Based on the curing kinetics models expressed in egs.
(15) and (19), the TTT-cure diagram of the epoxy sys-
tem under investigation can now be built. Equation
(15) is used to cover the entire range of time and
temperature. For a given temperature of cure T, K(T)
is determined from eq. (16), o is calculated from eq.
(6) with T, = T, and then eq. (15) is numerically
integrated to determine « as a function of t, i.e., ar =
f(t). This can be performed for an entire range of
curing temperatures. Then, the isoconversion curves
are obtained by joining all of the time-curing temper-
ature points obtained for the same conversion a. Two
isocurves obtained in this manner (for « = 0.34 and «
= 0.60) are presented in Figure 11 a. Here, the gelation
curve corresponds to the 0.34 isoconversion curve. The
three critical temperatures Ty, T, and T, also are
displayed in Figure 11 a.

A one-to-one relationship [eq. (5)] between the glass
transition temperature of the thermosetting system
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under investigation and its extent of reaction « has
been established as shown in Figure 8. Consequently,
an iso-T, curve can be associated to each isoconversion
curve. Then, the vitrification curve is determined us-
ing the intersection of the iso-T, curves and the T, =
T, lines, which is the criterion of the vitrification point.
Equation (19) then is used to take into account the
incomplete cure in the sol / gel glass region and,
hence, to correct the isoconversion curves, as shown in
Figure 11 b. The former is numerically integrated sim-
ilar to eq. (15), a,, being experimentally determined to
obtain the same relationship as previously shown, i.e.,
ar = f(t). A good agreement is obtained with experi-
mental data. Additionally, the curve evolution after
vitrification does look more realistic in the case of
incomplete cure. However, the use of eq. (19) requires
the experimental evaluation of the ultimate conver-
sion «,, for each given curing temperature. The deter-
mination of a relationship such as «, = f(T) would
certainly allow obtaining a unique relationship that
could display the entire isothermal TTT-cure diagram.

Finally, Figure 11 ¢ displays a schematic and com-
plete TTT-cure diagram of the epoxy system under
investigation, respectively, displaying the isoconver-
sion and iso-T, curves and the significance of each
domain. The isothermal TTT-diagram is certainly a
useful tool in the design of the cure cycle of thermo-
setting systems and, more specifically, in the optimi-
zation of their curing process. Note that although the
diagram corresponds to an isothermal cure, it is still
possible to envisage a variation of curing temperature
assuming that no change in conversion occurs during
a temperature ramp. In this case, it is possible to go
from the curing temperature T to the curing temper-
ature T, by following the iso-T, or isoconversion curve
from (t,, T;) to (t,, T,), t, becoming the new time of
reference. This allows the optimization of multiple-
steps cure or postcure cycles to ensure, e.g., that the
glass transition temperature of the system remains
higher than the actual temperature. Indeed, this could
be useful for high-fiber-volume-fraction composite
materials or large parts to avoid dimensional changes
during postcuring.

CONCLUSION

The acid curing reaction mechanisms of a DGEBA
epoxy system catalyzed with a tertiary amine were
investigated. As shown by the evolution of the rate of
reaction and by the kinetic model based on the Sestak-

Figure 11 Buildup of the TTT-cure diagram from egs. (15)
and (19); (a) isocurves and vitrification curve built up; (b)
correction for incomplete cure of the isocurves in the sol /
gel glass region; (c) schematic but complete TTT-cure dia-
gram of the investigated epoxy system.

TEIL ET AL.

Berggren equation, this reaction follows an autocata-
lytic model. However, this criterion is not verified
directly by the propagation mechanism because only
one anion is released at each step of the propagation
stage. Consequently, we assume that the autocatalytic
phenomenon results from the difference of kinetics
between the initiation and propagation stages or other
reaction mechanisms.

The kinetic study of this reaction showed that the
cure progresses through two different stages. The first
stage is chemically controlled until T, of the epoxy
system reaches the curing temperature. The diffusion-
controlled stage begins at the vicinity of the vitrifica-
tion. An overall kinetic model based on the Sestdk-
Berggren equation is developed to describe the ad-
vancement of the reaction. Agreement between
theoretical results and experimental data is good, but
the model still does not take into account the incom-
plete cure when the cure process occurs below the
ultimate glass transition temperature of the epoxy sys-
tem. Then, a correction that incorporates the ultimate
conversion reached at each curing temperature, taking
into account the incomplete cure, was proposed. Thus,
the isocurve evolution after vitrification is more real-
istic in the case of incomplete cure. Here, however,
experimental data of the ultimate conversion reached
at each curing temperature are needed. A direct rela-
tionship between the ultimate conversion and the tem-
perature of cure would certainly allow obtaining a
unique relationship that could display the entire iso-
thermal TTT-cure diagram of a thermosetting system.
Finally, critical temperatures such as Ty, gaT,, and
T,.. were evaluated and the complete isothermal TTT-
cure diagram of the epoxy system under investigation
was built.

This work was supported by ABB Switzerland, Ltd., Corpo-
rate Research.
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