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ABSTRACT: A mechanistic kinetic model, based on the reaction of primary and secondary amine
functionalities with an epoxy—hydroxyl complex, combined with the occurrence of other equilibrium
complexes has been developed by using the complementary information from the nonreversing heat flow
and heat capacity from modulated temperature DSC (MTDSC). The model allows for reaction Kinetics
simulation of the unmodified epoxy—amine systems diglycidyl ether of bisphenol A (DGEBA) + aniline
and DGEBA + methylenedianiline (MDA). To simulate the effect of the polymeric modifiers poly(ether
sulfone) (PES: T4 =223 °C) and poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide)
(triblock: T4 = —70 °C) on the reaction rate, an additional complex has to be considered between the
ether groups of these modifiers and the hydroxyl groups formed. The high interdiffusion rates at the
onset of reaction-induced phase separation in the case of the triblock modifier result in a distinct rate
increase, which can be predicted on the basis of information about the composition and fraction of the

coexisting phases.

1. Introduction

Composite materials based on epoxy resins are widely
used for applications where a high modulus, thermal
stability and solvent resistance are required. The in-
corporation of polymeric modifiers that are initially
miscible with the epoxy but phase separate during
reaction (reaction-induced phase separation or RIPS)
has been widely used, for example, to improve the
toughness of these materials.! The interplay between
the rate of phase separation and reaction rate is
important for the final morphology and properties of
these composites.

The basic steps describing the epoxy—amine reaction
are the primary amine—epoxy and secondary amine—
epoxy reaction:?

/O\
—NH, + CHyCH— —_— —NH—CHZ—?H—
OH
(A1) (E) (A2) (OH)
AN /N AN
_NH + CHyCH— —_— /N—CHZ—?H—
OH
(A2) (E) (A3)  (OH)

The typical autocatalytic behavior of these systems
arises from the formation of a termolecular intermediate
with the hydroxyl group formed during the reaction.3—5
Other complexes arising from hydrogen-bonding inter-
actions render the reaction mechanism more complex.2
When a certain modifier is added to this low molecular
weight epoxy—amine mixture, the dilution of reactive
groups is expected to decrease the reaction rate initially.
At phase separation, a sudden increase of reaction rate
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is foreseen due to the concentration increase of reactive
groups in the epoxy—amine-rich phase. Rheological
changes like gelation and vitrification and effects orig-
inating from physical and/or chemical interactions
between the modifier and the epoxy—amine can however
complicate matters. Moreover, differential segregation
of the epoxy and amine components in both phases can
occur.®

Vitrification interference can be deduced from the
position of the cure temperature (Tcure) in cOMparison
to (i) the glass transition (Tg) of the homogeneous
epoxy—amine/modifier mixture prior to phase separa-
tion or (ii) the glass transition of the epoxy—amine-rich
phase (T4,) and that of the modifier-rich phase (Tgz)
after RIPS sets in. Knowledge of chemorheological
changes in the course of RIPS is crucial as a starting
point for a study on the reaction kinetics of modified
epoxy thermosets.

Modulated temperature differential scanning calo-
rimetry (MTDSC) is selected in this respect, since it
offers benefits for the study of (polymeric) materials,
especially when overlapping thermal phenomena occur.
A complete discussion of all calculated MTDSC signals
can be found in the literature.”° If the phase angle
between the heating rate input and the heat flow output
signal is considered, in-phase (real) and out-of-phase
(imaginary) contributions arise.®° The (modulus of the
complex) specific heat capacity, C, (J-g~1-K™1), is cal-
culated as

Anr
P A @)
where Atw is the amplitude of the imposed modulated
heating rate, with Ar the temperature modulation
amplitude (K), w the modulation angular frequency
(=27/p), and p the modulation period (s); Anr is the
amplitude (of the first harmonic) of the resulting
modulated heat flow (W-g~1). Since the corrected phase

© 2003 American Chemical Society

Published on Web 05/16/2003



Macromolecules, Vol. 36, No. 12, 2003

angle (after corrections for the instrument) is mostly
negligible during cure and remains small during vitri-
fication,!* C, from eq 1 can be used without corrections
for the quantitative interpretation of the results in this
paper. The nonreversing heat flow equals the total heat
flow (the average of the modulated signal) minus the
reversing heat flow (the average heating rate times Cy).

MTDSC is able to measure vitrification effects in the
heat capacity signal, while the nonreversing heat flow
expresses the reaction exothermicity.r This was il-
lustrated for the linearly polymerizing DGEBA + aniline
system modified with a high-Tg4 thermoplastic poly(ether
sulfone) (T4(PES) = 223 °C), where careful selection of
Teure resulted in either vitrification of both coexisting
phases (Teure < Tga < Tgp) Or vitrification of only the
PES-rich phase (Tga < Teure < Tg).*2 Since the cure of
most thermosetting networks has to be performed below
their full cure glass transition (Teure < Tgrun), Vitrification
of the epoxy—amine-rich phase will occur mostly in the
course of RIPS.12 Depending on Ty, vitrification of the
modifier-rich phase will also interfere near the onset of
RIPS.1213 The interdiffusion rates between the coexist-
ing phases change considerably when vitrification of one
phase takes place, while phase separation is essentially
halted upon vitrification of all phases.1314 In the case
of the high-Ty modifier PES, a fraction of the epoxy—
amine species remains trapped in the modifier-rich
phase, and completion of reaction and phase separation
can only be attained upon increasing Ty further.l#
Similar effects have been stated for poly(ether imide)
(PEI)-modified systems.'315> When the low-Ty modifier
poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) (triblock: Ty = —70 °C) is used, the
much higher interdiffusion rates result in clear rate
increases at the onset of RIPS due to a concentration
rise of reactive groups in the epoxy—amine-rich phase.1314
When poly(styrene) (PS: Ty = 100 °C) was used instead
of PEI (T¢ = 210 °C) as a modifier for epoxy—amine
networks, more pronounced rate increases were also
found since the PS-rich phase stays mobile during RIPS
at the studied cure temperatures (100 °C < T¢yre < 210
°C).16

Other studies used rheological and dielectrical data
to probe vitrification in poly(sulfone) (PSn) and PES-
modified network systems.’~19 Since no simultaneous
information on the reaction rate can be obtained with
these techniques, no distinction could be made between
retardation of the reaction resulting from vitrification
and retardation resulting from the dilution of reactive
groups. When gelation occurs prior to RIPS, no sudden
reaction rate changes were found during cure.2°

Empirical rate laws expressing the autocatalytic
behavior of the epoxy—amine reaction are widely used
to determine whether the modifier simply acts as a
diluent or interacts (physically or chemically) with the
epoxy—amine prior to the onset of phase separa-
tion.16:21-24 Conflicting information is, however, some-
times presented. PEI was found to act as a diluent for
the reaction of DGEBA + MCDEA,625 while another
work stated an additional catalytic effect of the tertiary
nitrogen of PEI for the same epoxy—amine system.26 In
the case of PES and PSn, no physical or chemical
interactions with DGEBA and methylenedianiline (MDA)
were detected by FT-IR spectroscopy,'’1® while the
hydroxyl end groups of PES have been said to enhance
the reaction rate in DGEBA + MCDEA.2%> No interaction
was found between poly(methyl methacrylate) (PMMA)
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and DGEBA using FT-IR and SEC,%° while a strong
interaction exists with the hardener MDA.?” According
to an empirical rate law,?! this resulted in deviations
from the autocatalytic behavior. Also note that prefer-
ential interaction of the epoxy or amine component with
the modifier can result in differential segregation.
Enrichment of the modifier-rich phase in the more
compatible epoxy component resulted in an increased
reaction rate in the system TGDDM + DDS/PEI?? and
a higher probability of occurrence of side reactions in
the system TGAP + DDS/PSn.?* Chemical reaction
between thermoplastics containing functional groups
can also occur.?8:29

Finally, it should be emphasized that the reaction is
heterogeneous from the onset of phase separation,
resulting in a different conversion advancement in the
coexisting phases and a complex morphology develop-
ment.30

While deviations from empirical rate laws can indi-
cate possible physicochemical interactions, a mechanis-
tic approach has the potential of predicting the effect
of these interactions on the rate of individual steps in
the mechanism. A mechanistic model including both
reactive and nonreactive complexes in combination with
the amine—epoxy reaction steps has been developed by
using the complementary information from MTDSC.5
While the nonreversing heat flow is proportional to the
conversion rate of epoxide groups, the heat capacity is
able to distinguish between the primary amine—epoxy
and secondary amine—epoxy reaction steps.3! Solely
using the former signal restricts the reaction kinetics
model to an empirical approach. The optimized mecha-
nistic model can successfully simulate MTDSC profiles
and concentration evolutions of reacting species ob-
tained from spectroscopic techniques as a function of
time and temperature for different epoxy—amine mix-
ture compositions and for different chemistries.532:33

This mechanistic approach will be extended for the
modified epoxy—amine systems by including possible
interactions between the modifiers PES and triblock and
the epoxy—amines DGEBA + aniline and DGEBA +
MDA. The heat capacity signal from MTDSC can be
used to define regions in which both phases are mobile
(chemically controlled reaction) and regions in which the
mobility of either or both phases is restricted (diffusion-
controlled reaction). This signal will also be employed
together with optical microscopy measurements to
detect the onset of phase separation, beyond which the
reaction has to be considered in separate phases or
thermodynamic open systems.

2. Experimental Section

2.1. Materials. The epoxy resin used in this study is
diglycidyl ether of bisphenol A (DGEBA, Epon825 from
Shell) with an epoxy equivalent weight (EEW) of 180
g-equiv—t. Reactive mixtures with two amine hardeners were
considered: a bifunctional amine (aniline from Fluka) and a
tetrafunctional amine hardener (methylenedianiline, MDA
from Janssen Chimica) with amine equivalent weights of 46.5
and 49.5 g-equiv?, respectively. Different mixtures of these
pure systems were prepared with different amounts of poly-
(ether sulfone) (PES, from Aldrich: M,, = 20000 g mol™%;
hydroxy monofunctional, Ty = 223 °C) and of the triblock
copolymer poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide) (triblock; from Aldrich: M, = 4400
g mol~! with 30 wt % ethylene oxide, hydroxy difunctional; Ty
= —70 °C*3). A random poly(ethylene oxide)-co-poly(propylene
oxide) has also been used in a case study (random, from
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Aldrich: Mp = 12 000 g mol~* with 75 wt % ethylene oxide;
hydroxy difunctional).

To obtain a homogeneous mixture of the high-T, modified
DGEBA + aniline, PES was first dissolved in the epoxy using
CH.Cl,, which was evaporated at about 120 °C under extensive
stirring followed by vacuum evaporation at 100 °C. Aniline
was mixed afterward for about 5 min at 80 °C. Because of high
mixture viscosity, this method does not allow for the prepara-
tion of mixtures with PES contents higher than 30 wt %.
Performing the final mixing step at a higher temperature could
extend this range, however, at the expense of considerable
epoxy—amine reaction. For the network system, the appropri-
ate quantities of all components (DGEBA + MDA/PES) were
dissolved in CH,CI,/CH3;0H (99/1), followed by solvent evapo-
ration at 40 and 80 °C under vacuum for 1 h and 5 min,
respectively. The DGEBA + MDA/triblock and DGEBA +
MDA/random systems were mixed at 80 °C for 5 min. All these
preparation methods reduce the amount of preliminary reac-
tion to a minimum.

2.2. Techniques. Cure experiments were performed on a
TA Instruments 2920 DSC with MDSC option and a refriger-
ated cooling system (RCS). Helium was used as a purge gas
(25 mL-min~1). Indium and cyclohexane were used for tem-
perature calibration. The former was also used for enthalpy
calibration. Heat capacity calibration was performed with a
PMMA standard (supplied by Acros)®* by calibrating the heat
capacity difference between two temperatures, one above and
one below the glass transition temperature of PMMA. In this
way, the most accurate and reproducible measurements of heat
capacity changes were obtained. This is important to ad-
equately detect the reaction heat capacity, A,Cp, attributed to
the epoxy—amine reaction.

Cure was performed in hermetic aluminum pans (TA
Instruments) with sample weights between 5 and 10 mg.
Modulation conditions were as follows: amplitude of 1 °C and
a 60 s period. These conditions do not affect the reaction
kinetics for the cure temperatures and reactive systems used.'*
Thus, the quasi-isothermal cure condition, arising when a
temperature modulation is superimposed on an isothermal
temperature program, is an excellent approximation for the
strictly isothermal cure.

Cloud points were detected by measuring the light trans-
mitted through thin samples (held between glass slides) in a
Mettler Toledo FP82HT hot stage equipped with a photode-
tector. A Spectratech optical microscope was used with a
magnification of 4.

2.3. Optimization Software for Reaction Kinetics
Modeling (FITME). The software package FITME enables
simulations and kinetic parameter optimizations. FITME is
based on OPTKIN, a program for mechanistic modeling using
kinetic and thermodynamic parameter optimization.3> Multiple
experiments can be optimized simultaneously with one pa-
rameter set. The integration routine uses a fourth-order
semiimplicit Runge—Kutta method.3¢3” The optimization rou-
tine used® is based on a combination of three algorithms for
finding the least-squares root: Newton—Raphson, steepest
descent, and Marquardt.

3. Results and Discussion

3.1. Reaction Kinetics Model. 3.1.1. Reaction
Mechanism for Modified Epoxy—Amines. A reac-
tion mechanism for unmodified epoxy—amine systems
was established using a model epoxy—amine phenyl
glycidyl ether (PGE) + aniline® and was extended to the
linearly polymerizing DGEBA + aniline®? and the
network-forming DGEBA + MDA:33
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Scheme 1
reactive complexes:
E + Cat=ECat K,

primary and secondary amine—epoxy reaction:
ECat+ A, —~ OH + A, + Cat  Kjc e (Arcar Eicar)

ECat + A, = OH + A;+ Cat  K,cor (Ascar Ercat)

nonreactive complexes:
A; +OH=A0H K,y

Et + OH = EtOH Kg,op
Et+ A =EtA; Kgy,

E is the epoxy, A; and A, are the primary and secondary
amines, respectively, and OH is the hydroxyl group
formed during the reaction. Cat designates catalysts OH
and A;; ECat is an equilibrium complex (termed reactive
complex) that can further react with A; or A, in the
primary and secondary amine—epoxy reaction, respec-
tively. The notation for the equilibrium constant (K) and
reaction rate constants (k) with their respective activa-
tion energies (E) and preexponential factors (A) are also
given. Other nonreactive complexes have to be consid-
ered between OH and A; and the ether group of the
epoxy (Et).23° While the reactive complexes (EOH and
EA;) facilitate the reaction causing an accelerated rate,
the nonreactive complexes will reduce the concentration
of other reactive species and thus retard the reaction.®

The polymeric modifiers can result in additional
complex formation. In the case of PES and the triblock
copolymer, the ether groups in the backbone (termed
Etmod)) could interact with the hydroxyl groups formed
in the epoxy—amine reaction. Moreover, the modifier
can introduce hydroxyl-containing impurities (termed
OH;), which originate from moist or OH end groups, in
the reactive mixture:

Scheme 2
E + OH;, = EOH,; KEOHI

EOH; + A, — OH + A, + OH; Ko (Ajon, Eson)
Etmoay T OH = Et(09)OH  Kegmodyon

Notations are as in Scheme 1.

The reaction of A, with the EOH; complex was found
to be negligible in comparison to the reaction with the
EOH complex (Scheme 1) due to the high concentration
of OH groups at the conversion where the secondary
amine—epoxy reaction becomes competitive with the
primary amine—epoxy reaction (around 50% conver-
sion33). The formation of the equilibrium complexes
Etmog)A1 and A;OH; was not included to reduce the
number of fitting parameters.

Note that no chemical reactions have been found
between PES and DGEBA or MDA,"25 while no data
are available in this respect for the triblock modifier.
In nonisothermal MTDSC experiments on mixtures of
DGEBA with PES and DGEBA with the triblock modi-
fier no reaction can be detected below temperatures of
250 and 150 °C, respectively (not shown). The lower end
temperature for the triblock copolymer is needed to
avoid degradation of this modifier. The onset of degra-
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Figure 1. Reaction enthalpy (ArH) normalized per mole of the epoxy group as a function of modifier content for PES-modified,
stoichiometric DGEBA + aniline (x) and DGEBA + MDA (O) mixtures and for triblock-modified, stoichiometric DGEBA + MDA
mixtures (A). Error bars are included when more than two measurements were averaged; note that AH was obtained both under
nonisothermal and under combined isothermal and nonisothermal conditions, in which full cure conditions were ascertained.

dation is greatly postponed when the triblock is present
in the (partly) reacted DGEBA + MDA system.

Further confirmation of the absence of chemical
reactions between modifier and epoxy—amine can be
obtained by analyzing the reaction enthalpy (A/H).
Figure 1 depicts A;H as measured in nonisothermal or
combined isothermal and nonisothermal cure schedules.
No significant deviations are found in comparison to the
unmodified mixtures (0 wt % in Figure 1). This indicates
that all reactive epoxy functionalities are consumed by
amine groups and do not engage in reactions with the
modifier.

The constant A(H also rules out differential segrega-
tion after RIPS sets in. In case preferential diffusion of
the epoxy or amine in the modifier-rich phase (termed
f phase) would occur, a different mixture composition
would be present in each phase. This would leave
residual, unreacted groups and thus lower values of
AH.

The glass transition is a very sensitive probe for
stoichiometric imbalances.3233 Deviations of 5% in the
epoxy—amine mixture composition, for example, result
in a change of 5 °C in the full cure glass transition of
DGEBA + aniline. This notion is exploited here to probe
possible deviations in the epoxy—amine ratio in the
epoxy—amine-rich phase in the case of the stoichiomet-
ric DGEBA + aniline/PES system. It has been shown
that the composition of the epoxy—amine-rich phase
(termed o phase) of this system is close to pure epoxy—
amine for conversions beyond the onset of phase separa-
tion.™* When cure is performed to completion at isother-
mal cure temperatures above the full cure glass
transition of DGEBA + aniline (Tgun = 95 °C), the
absence of differential segregation would resultin a Ty
close to 95 °C. Mixtures with different modifier contents
were cured at temperatures above 95 °C until no more
reaction (from the nonreversing heat flow) or phase
separation (from the heat capacity) could be detected.
The glass transitions of the o phases created in this way
are depicted in Figure 2. No significant deviations are
found from the case of the unmodified DGEBA + aniline
mixture (note error bar for 0 wt % PES).

The constant AH and Ty, also indicate that fraction-
ation based on thermodynamics or diffusion,* resulting
from the polydispersity of the epoxy—amine species, is
unlikely.

3.1.2. Experimental Input. The nonreversing heat
flow signal (d/H/dt) from MTDSC was found to be

100

95 |

glass transition (°C)

90

0.05 0.15 0.25
wt% PES

Figure 2. Glass transition of the a phase (Tq) Vs the PES
content as obtained from isothermal cure experiments above
95 °C and combined isothermal and nonisothermal cure
schedules. All cure experiments were averaged (x), and the
standard deviation is shown as an error bar.

directly related to the conversion rate of epoxide
group35,32,33

o — [Elo ~ [E]

[Elo )

drH _ dx ( )
F — aArH

with [E]o and [E] the concentration of epoxide groups
(in mol-kg™1) at time zero and at time t, respectively, x
the epoxy conversion; AH is the reaction enthalpy (in
kJ-mol™1).

Resolved, mechanistic information is available in the
heat capacity signal, since the primary and secondary
amine—epoxy reaction steps contribute differently to the
reaction heat capacity (in J-mol—1-K~1)31

ACp prim = @+ 0.018(T,, — 298.15) —

0.00085(T,,,. — 298.15)?

= — _ 3)
AGC,sec =b + 0.35(T,. — 298.15)

0.00024(T,,,, — 298.15)

with ACp prim and ACp sec the reaction heat capacities
of the primary amine—epoxy and secondary amine—
epoxy reaction steps, respectively. a = 18.0 J-mol~%-K™1,
b =19.6 3:mol~1:K~1, and Ty is in K for both DGEBA
+ aniline®? and DGEBA + MDA %
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Table 1. Optimized Parameters for the Reaction of DGEBA + Aniline and DGEBA + MDA Using the Mechanism of
Scheme 12

kinetic parameters (kg-mol~1-s71)

equilibrium constants (kg-mol—1)

K1ia1 Kiom Koom Ki
E1A1 Iog A]_Al ElOH Iog AlOH Eon Iog Aon EOH A10H EAl EtOH EtAl
DGEBA + Aniline
79.6 7.5 48.0 4.4 48.4 0.20 0.50 0.18 0.55 0.18
DGEBA + MDA
75.8 7.4 44.0 3.9 48.3 0.45 0.16 0.18 0.79 0.17

a Kinetic (k) and equilibrium (K) parameters are as obtained in refs 32 and 33. Activation energies (E) are in kJ-mol~1. Preexponential

factors (A) are in kg-mol—t-s71,

Table 2. Optimized Parameters for the Reactions of Modified DGEBA + Aniline and DGEBA + MDA Using the
Mechanism Depicted in Schemes 1 and 22

KioH;
Kion,Keon?
system [Et(mod)] KEt(mod)oH EioH; log AioH; at 100 °C [OHi]
DGEBA + aniline/20 wt % PES 0.9 0.26 52 4.5 3.3 0.05-0.10
DGEBA + MDA/20 wt % PES 0.9 0.40 45 4.1 28 0.07-0.10
DGEBA + MDA/20 wt % triblock 3.7 0.42 45 4.1 28 0.08
DGEBA + MDA/50 wt % triblock 9.3 0.20 45 4.1 28 0.05—0.13
DGEBA + MDA/50 wt % random¢ 10.5 0.50 54 4.2 2.0 0.05

a The concentration range of hydroxyl-containing impurities needed to simulate the initial reactivity of the input MTDSC experiments
is indicated. The concentrations of ether groups as calculated from the PES and triblock repeat unit are given for each system. All
concentrations are in mole per kg total mixture. Activation energy (E) is in kJ-mol~1; Preexponential factor (A) is in kg-mol~%-s~1. Equilibrium
constant (K) is in kg-mol™. kionKeon, is in 1074 kg2:mol=2-s71. b For comparison: kionKeon(DGEBA + aniline at 100 °C) = 9.4 x 10~
kg?-mol—2-s71 and kionKeon(DGEBA + MDA at 100 °C) = 22 x 1074 kg?mol~2-s71. °A test experiment using a random poly(ethylene
oxide)-co-poly(propylene oxide) modifier has been optimized also (termed random).

To link ArCp prim and A(Cp sec from eq 3 with the heat
capacity changes obtained experimentally with MTDSC,
the concentration profiles as calculated in the optimiza-
tion program will be used

AGC = AGCvprim([AZ] + [A3]) + AGC,sec['A‘3] (4)

with [Ai] concentrations in mol-kg™, A;Cpprim and
ArCpsec in J-mol~1-K™1, and the experimental reaction
heat capacity A;C, in J.kg™1-K™1.

3.1.3. Initial Parameters Set. The rate constants
and equilibrium constants needed in Scheme 1 will be
fixed to the values found for the unmodified DGEBA +
aniline and DGEBA + MDA systems (see Table 1).

Initial parameters for Scheme 2 are taken by consid-
ering the reaction steps and equilibrium complexes that
are similar to the ones in the unmodified case: Kgon; =
Keon; Ketmodjon = Keton, and kion; = Kion.

To estimate the amount of low molecular weight
impurities like water present in PES and the triblock,
thermogravimetric analysis was performed on both pure
modifiers. A maximum weight loss of 1 wt % was found
in a drying procedure at 100 °C. Another source of
hydroxyl-containing impurities is the OH end group(s)
of these modifiers. Considering these effects and the
weight fraction of modifier used, the initial [OH;] was
set in a range from 0.05 to 0.20 mol-kg~. The weight
fractions of ether groups (Etmoq) in the modifiers have
been calculated from the repeat units of PES and the
triblock copolymer (containing 30/70 wt/wt PEO/PPO)
at 7 and 30 wt %, respectively.

3.1.4. Optimization. A least sum of squares ap-
proach is used to optimize the kinetic model expressed
by Schemes 1 and 2. The experimentally obtained
nonreversing heat flow and heat capacity from MTDSC
are linked to concentration profiles of reactive groups
by considering eqs 2 through 4. The optimized param-

eters are: Kegmodjon, E1on;, and Aion;. Since the amount
of impurities was difficult to reproduce (see next sec-
tions), [OH;] was varied for each experiment that served
as input for the optimization in the range given before.
All other parameters were held fixed to values in the
initial set.

Isothermal and nonisothermal MTDSC experiments
are employed as input for parameter optimization of the
following systems: DGEBA + aniline/20 wt % PES;
DGEBA + MDA/20 wt % PES; DGEBA + MDA/20 wt
% triblock and DGEBA + MDA/50 wt % triblock.
Stoichiometric epoxy—amine compositions are used in
this work. Optimization of the reaction mechanism was
restricted to the region of homogeneous cure by only
including conversions until the onset of RIPS as ob-
tained from optical microscopy or heat capacity data.

The optimized set of parameters thus obtained is
given in Table 2. Values for kion;Keon; and kionKeon
(calculated from Table 1) at 100 °C are of the same
magnitude. This means that the catalytic activity of the
hydroxyl groups present as impurities (OH;) and those
formed in the reaction (OH) are similar. The equilibrium
constant of the complex formed between OH and Etmoq)
is consistently lower than the one for the complex
formed with the ether group of DGEBA (Et). This
indicates that the interaction strength of Etmeq with
OH is somewhat lower. Further interpretation of the
parameter values in Table 2 will follow in the next
sections.

3.2. PES-Modified DGEBA + Aniline. 3.2.1 Iso-
thermal and Nonisothermal Cure of DGEBA +
Aniline/20 wt % PES. The effect of cure temperature
on the evolution of the nonreversing heat flow and heat
capacity signal is depicted in Figure 3 (symbols) for
DGEBA + aniline/20 wt % PES.1® The nonreversing
heat flow shows the typical autocatalytic behavior of the
epoxy—amine reaction.*! The initial increase in C,
contains additional mechanistic information about this
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Figure 3. Nonreversing (NR) heat flow and change in heat
capacity (note different time scale) from MTDSC for the
reactive blend DGEBA + aniline (r = 1)/20 wt % PES cured
at 100 (x), 90 (©), and 80 °C (+, modified system m);
simulations using the parameter sets of Tables 1 and 2 (thick
line until the onset of phase separation, as determined from
optical microscopy, and fine line from the onset of phase
separation); simulation of the NR heat flow for an unmodified
(u) DGEBA + aniline (r = 1) system at 80 °C (parameter set
of Table 1) (thin line, u); simulation of the NR heat flow signal
by using the parameter set of Table 1 and considering only
the dilution of reactive groups is also shown for Tere = 80 °C
(dashed line until the onset of phase separation).

reaction (see egs 3 and 4 and?3?). The position of T¢yre in
comparison to Tgrun (95 °C) determines whether vitrifi-
cation of only the PES-rich phase (Tcure = 100 °C, single
stepwise C, decrease) or both the PES-rich and the
epoxy—amine-rich phases occurs (Teure = 90 °C and 80
°C, double stepwise C, decrease) beyond RIPS, as
elaborated upon in ref 13.

The simulation for the reaction at 80 °C of the
unmodified DGEBA + aniline system is given for
comparison in Figure 3 (thin line). By using the same
kinetic and equilibrium parameters from this unmodi-
fied case (Table 1) and by assuming only the dilution of
reactive groups by the addition of the modifier, a much
better prediction can already be obtained (Figure 3,
dashed line). This shows the flexibility of the mecha-
nistic approach in respect to the prediction of the effect
of additives on the reaction rate.

An even better fit can be obtained, especially in the
region below the maximum rate, by including a certain
amount of OH impurities (OH;) and by assuming an
interaction between Etmo) and the OH groups formed
during the reaction (thick line in Figure 3).

Simulation of the homogeneous reaction beyond the
onset of RIPS (fine line in Figure 3) predicts a smaller
reaction rate but does not deviate considerably from the
experimental nonreversing heat flow trends. This can
be attributed to (i) the restricted interdiffusion rates
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Figure 4. Nonreversing (NR) heat flow for the nonisothermal
cure of DGEBA + aniline (r = 1)/20 wt % PES at 1 (x) and 2.5
°C-min~1 (O); simulations using the parameter sets of Table 1
and Table 2 (line), where fine line is used from the onset of
phase separation as determined from optical microscopy;
simulation of the nonreversing heat flow signal by using the
parameter set of Table 1 and considering only the dilution of
reactive groups (dashed line until the onset of phase separa-
tion).

between the o and 8 phases due to the proximity of Teyre
to Ty and Ty, which results in a limited concentration
increase of the epoxy—amine species in the a phasel4
and to (ii) the high conversion at which RIPS and
vitrification of both phases occur.13

A close fit is found for the heat capacity change in
the region before RIPS, as also shown in Figure 3. This
indicates that the interactions between PES and the
epoxy—amine do not introduce major changes in the
heat capacity difference between reaction products and
reagents.3!

The simulation capability of the mechanistic approach
in a wide Tre range is further confirmed by performing
nonisothermal cure experiments (Figure 4). Again, a
close fit is found by including the interactions between
modifier and OH groups, even in the region where a
heterogeneous material is formed by RIPS.

3.2.2. Effect of the PES Content. A changing
modifier content is inherently included in the reaction
mechanism of Scheme 2 as a dilution of reactive groups
and an increase in the concentration of Etmoeq) groups.
The close fit of the nonreversing heat flow for the
isothermal cure at 100 °C using PES contents ranging
from 0 to 20 wt % validates this approach (Figure 5).

The three signals obtained from MTDSC are shown
in Figure 6 for the isothermal cure at 80 °C with PES
contents ranging from 10 to 30 wt %. The poorer
agreement of the simulation for the 30 wt % system
could be related to experimental problems encountered
in preparing mixtures with high PES loadings (see
section 2). The general trends, however, are predicted.
The stepwise decreases in the heat capacity signal (ACp)
accompanied by relaxation peaks in the heat flow phase
signal correspond subsequently to vitrification of the
phase and the a phase. The magnitude of AC, and of
the relaxation peak reflects the fraction of these
phases: higher PES contents result in a larger initial
AC, and initial relaxation peak.

Information about the shape of the phase diagram can
be obtained by plotting the conversion at the onset of
phase separation (x,s) as a function of the modifier
content (A at Tcure = 100 °C in Figure 7). The higher Xps
for increasing PES contents indicates that the minimum
of the phase diagram lies at least below 10%. The
minimum or critical point at low modifier content has
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Figure 5. Nonreversing (NR) heat flow for the isothermal
cure at 100 °C of DGEBA + aniline (r = 1)/PES mixtures with
different PES contents: 20 (x), 15 (&), 10 (O), 5 (+) and 0 wt
% (x); simulations using the parameter sets of Tables 1 and 2
(thick line); for 20 wt % PES a fine line is used from the onset
of phase separation as determined from optical microscopy
(compare x with thin line).

been ascribed to the high molar mass of these thermo-
plastic modifiers since the critical modifier content is
inversely proportional with the square root of the
modifier molar mass.® Note that the minimum of the
phase diagram might not coincide with its critical point
due to the polydispersity of both components.*? The
asymmetric shape of the phase diagram of DGEBA +
aniline/PES was also concluded from the Temperature-
conversion-Transformation TxXT diagram constructed for
a 20 wt % PES mixture.!3

Vitrification of the PES-rich phase, which was formed
at Xps, occurs when Tg 4 rises above Teyre.2* The conver-
sion at this point (Xvitr 5) is therefore determined by the
composition of the g phase. The resulting difference
between Xuitr,g and Xps has been elaborated in detail for
the 20 wt % PES mixture.’34 Figure 7 includes Xyitr g
for the isothermal cures at 80 and 100 °C and shows a
decreasing trend with PES content. If the coexisting
compositions as determined by thermodynamics would
be reached instantly, the composition of the g phase at
a certain conversion x should be independent of the PES
content for a certain Teyre. Only the fraction of the
phase would increase with PES content (lever rule).

However, highly restricted interdiffusion rates exist
between the o and g phases, especially affecting the
composition of the high-Ty 8 phase.’* At lower initial
PES contents, more interdiffusion has to occur to attain
the composition at which Ty 4 equals Tcure. This explains
the longer cure time or higher Xyirrs for lower PES
contents in Figure 7.

Although the cloud point for the 30 wt % PES mixture
could not be determined with optical microscopy due to
the high initial viscosity of the mixture, MTDSC still
confirms RIPS for this system at 80 °C (Figure 6). The
extrapolation of the xps line in Figure 7 intersects with
the Xvitr,g line around 30 wt % PES. When Teyre is further
decreased for the 30 wt % PES system, vitrification of
a homogeneous DGEBA + aniline/30 wt % PES mixture
might occur. Indeed, isothermal cure at 70 °C for this
system results in a single stepwise decrease in AC, and
a single relaxation peak in the heat flow phase signal
(Figure 8). Note that vitrification of a homogeneous
DGEBA + aniline/20 wt % PES mixture was found to
occur at 60 °C, although RIPS could still be detected as
a double stepwise decrease in ACy, in this case.®®
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Figure 6. Nonreversing (NR) heat flow, change in heat
capacity and heat flow phase from MTDSC for the isothermal
cure at 80 °C of DGEBA + aniline (r = 1)/PES mixtures with
different PES contents: 30 (x), 20 (+), and 10 wt % (O);
simulations using the parameter sets of Table 1 and Table 2
(thick line until onset of phase separation as determined from
optical microscopy). Data points of the heat capacity and heat
flow phase are connected by a fine line for clarity; the inset
shows a detail of the reaction heat capacity A,C, with the
simulation, in the region of a chemically controlled reaction.

3.3. Comparison between PES- and Triblock-
Modified DGEBA + MDA. As indicated in Table 2,
the concentration of Etme) groups introduced in the
epoxy—amine mixture by the triblock copolymer is
higher than that introduced by the PES modifier. This
results in a higher concentration of Etmeq)OH complexes
(Scheme 2) for the former system, consequently further
decreasing the concentration of OH and thus of EOH
complexes. In this way, the autocatalytic behavior of the
triblock-modified system will be suppressed to a greater
extent. These concepts are illustrated for the DGEBA
+ MDA system modified with 20 wt % of PES and the
triblock in Figure 9. When only dilution of reactive
groups is assumed, the rate increase due to autocataly-
sis is the same for both systems (same amount of
modifier) and is overestimated, especially for the low-
Ty modifier. The higher reaction rate measured at t =
0 results from the presence of hydroxyl-containing
impurities OH; (Table 2). This reaction rate is almost
the same or even slightly higher for the PES-modified
system, which would not be expected on the basis of its
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Figure 7. Conversions as a function of the PES content in
DGEBA + aniline (r = 1)/PES at: cloud point from optical
microscopy (A, Tere = 100 °C); onset of heat flow phase
relaxation corresponding to vitrification of  phase (O, Tcure =
100 °C and x, Tere = 80 °C); onset of heat flow phase
relaxation corresponding to o phase (¢, Tcure = 80 °C). Cloud
point could not be determined for the 30 wt % PES mixture
due to high initial viscosity.
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Figure 8. Change in heat capacity and heat flow phase signal

from MTDSC for the isothermal cure at 70 °C of a DGEBA +
aniline (r = 1)/30 wt % PES mixture.

much higher initial viscosity. The fact that a different
viscosity does not affect the reaction rate results from
two findings: (i) segment diffusion and not center-of-
mass diffusion is important in determining whether
chemically controlled or diffusion-controlled reaction
takes place,® and (ii) T4 of the homogeneous mixture
is sufficiently below Teyre prior to RIPS.14

Note that for the 20 wt % systems in Figure 9, only
the difference in Etmoq) concentration is responsible for
the changed autocatalytic behavior since Kggmodjon iS
practically the same for both systems (Table 2). The
different Kegmodyon for the 50 wt % triblock system will
be commented upon in the next section.

While simulation and experiment correspond very
well for the nonreversing heat flow signal prior to RIPS,
the heat capacity signal is less well predicted, especially
for the triblock system. This might indicate that cor-
rections are needed to the heat capacity of the products
and/or reactants during epoxy—amine cure resulting
from specific ether—hydroxyl interactions.3! The lower
Etmod) concentration for the PES-modified DGEBA +
MDA explains the closer fit for this system. Note that
both the lower Etmo concentration and the smaller
KeymodjoH probably explain the good A,C,, prediction for
the PES-modified DGEBA + aniline system (see Figure
3 and Table 2).

The simulations, valid for the homogeneous modified
systems, have been extended beyond RIPS for compari-
son (fine line in Figure 9). Note that only chemically
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controlled reaction has been included in the model of
section 3.1. The rate at the final stages of reaction and
RIPS due to vitrification of the a phase is therefore
overestimated.3® The accompanying stepwise decrease
ACpyvitr is larger for the PES-modified system, corre-
sponding to vitrification of both the  and the o phases.
While in the region between the onset of RIPS and prior
to vitrification no major deviations are seen in the
nonreversing heat flow for the PES-modified system, the
triblock-modified system shows an additional peak in
this region. This rate increase results from the fast
concentration increase of the epoxy—amine species in
the o phase, which was initiated at the onset of RIPS.14
The much smaller interdiffusion rates for the high-Tg
modifier, related to the fact that both coexisting phases
vitrify, are responsible for the absence of this “concen-
tration effect” in the PES-modified system.

A difference in morphological development should also
be considered when comparing the effect of both modi-
fiers on the reaction rate beyond the onset of RIPS. A
propylene oxide fraction of 70 wt % in the triblock
modifier (see Experimental Section) makes sure that
phase separation with epoxy—amines is induced in the
micrometer range*3#* as is the case for the PES-modified
systems.*> When lower propylene oxide fractions or
other amphiphilic modifiers are used, nanophase self-
assembly results in the formation of nanostructured
materials.#4=4” The marked influence of the type and
amount of a certain block arises from the fact that the
poly(propylene oxide) block becomes immiscible with
epoxy—amines at a certain conversion, while the poly-
(ethylene oxide) block has been stated to be miscible
throughout cure.*34448 This results in a complex mor-
phology for the triblock-modified epoxy—amine system
as concluded from a peak resolution analysis of the
derivative of the heat capacity signal in nonisothermal
conditions.’* Apart from the epoxy—amine-rich phase
and the triblock-rich phase, at least two interphases
were found in the heterogeneous region. Complex mor-
phologies were also stated consisting of large phases of
30 um surrounded by interphases with subinclusions
on the order of 1 um.*3

Another aspect which can greatly influence the phase
separation mechanism is the position of the critical point
as compared to the used modifier content (20 wt % in
this section).6 Curing a system with modifier contents
away from the critical point promotes the nucleation and
growth mechanism, while a cure near the critical point
composition increases the likeliness of the occurrence
of spinodal decomposition. As stated above, the phase
diagram of PES-modified systems has an asymmetrical
shape with a critical point lying below 20 wt % PES.3
On the other hand, an analysis of the evolution in
composition of the coexisting phases in the triblock-
modified system!* reveals a more symmetrical phase
diagram. The effect of these morphological and mecha-
nistic considerations on the observed reaction rate
evolution in the heterogeneous region has to be further
explored.

3.4. Reaction Rate of DGEBA + MDA Modified
with 50 wt % of Low-T4 Copolymers. 3.4.1 Reaction
Rate Prior to the Onset of RIPS. The nonreversing
heat flow shows an even clearer increase in rate at the
onset of RIPS when 50 wt % of the triblock copolymer
is added to DGEBA + MDA (symbols in Figure 10). This
effect is caused by the higher initial dilution of reactive
groups for this mixture together with the fast concen-
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Figure 9. Nonreversing (NR) heat flow and change in heat capacity from MTDSC for the reactive blends DGEBA + MDA (r =
1)/20 wt % PES (O) and DGEBA + MDA (r = 1)/20 wt % triblock (x) cured at 100 (left) and 80 °C (right); simulations using the
parameter sets of Tables 1 and 2 (thick line): fine line from the onset of vitrification of the § phase in the case of the PES system
(as determined from the relaxation peak in the heat flow phase) and from the onset of phase separation in the case of the triblock
system (as determined from optical microscopy); simulation of the NR heat flow signal using the parameter set of Table 1 and
considering only the dilution of reactive groups (dashed line until the onset of phase separation).
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Figure 10. Nonreversing (NR) heat flow for the reactive blend DGEBA + MDA (r = 1)/50 wt % triblock cured at 100 (x), 90 (<),
and 80 °C (»): left side, simulations using the parameter sets of Tables 1 and 2 and Schemes 1 and 2 (line); right side, simulations
in which the impurities are assumed to lose their catalytic activity during reaction (see text) (line). A fine line is used from the

onset of phase separation as determined from optical microscopy.

tration increase of the epoxy—amine species in the o
phase, as explained in the previous section. Moreover,
the nonreversing heat flow shows a minimum prior to
the onset of RIPS.

This effect cannot be simulated, however, by the
optimized model parameters from Schemes 1 and 2
(Table 2). Only the initial reaction rate is predicted in
Figure 10 (left side). A better fit can be obtained for the

increase in reaction rate after the minimum in the
nonreversing heat flow, when a much lower initial
reaction rate is assumed (not shown). In this case, the
model parameters can merely be considered as fitting
parameters with limited physical meaning.

The minimum can be explained qualitatively by
considering the high concentration of hydroxyl impuri-
ties (OH;), which results in the prevalence of the
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Figure 11. Nonreversing (NR) heat flow for the reactive blend
DGEBA + MDA (r = 1)/50 wt % random copolymer cured at
90 °C (O); simulation using the parameter sets of Tables 1 and
2 and Schemes 1 and 2 (thick line); simulation using the
parameter set of Table 1 and considering only the dilution of
reactive groups (dashed line). The cure at 90 °C for the DGEBA
+ MDA (r = 1)/50 wt % triblock is repeated for comparison
).

primary amine—epoxy reaction catalyzed by OH; (Scheme
2) in the beginning of the reaction. The initial decrease
in reaction rate (e.g.: decrease in the nonreversing heat
flow in Figure 10 for the first 50 min at 90 °C)
corresponds to the consumption of reactive functional-
ities (epoxy and amine) in this reaction step. At a certain
conversion, the concentration of hydroxyl groups formed
during the reaction (OH, Scheme 1) will result in the
predominance of the amine—epoxy reaction catalyzed
by OH groups, resulting in the measured rate increase
(autocatalysis) and explaining the minimum in the
nonreversing heat flow signal in Figure 10.

A tentative, alternative explanation is that the hy-
droxyl impurities lose their catalytic activity during the
epoxy—amine cure. The mathematical implementation
of this effect in the model consists of using the param-
eters from Table 2 without modification, while changing
the reaction of EOH; with A;: EOH; + A1 — OH + A,
(compare with Scheme 2). In this way, OH; is “con-
sumed” in this reaction step, and the loss in catalytic
activity during reaction is simulated (shown in right side
of Figure 10). Note that Ketmodyon is lower for this 50
wt % triblock mixture than for the other modified
DGEBA + MDA systems in Table 2. The reproducibility
of the minimum is, however, poor: the initial reaction
rate was found to change up to a factor of 2 for different
DGEBA + MDA/50 wt % triblock mixtures. Therefore,
no further interpretation of the optimized parameters
is attempted. Finally note that the minimum was also
found in some mixtures with 20 wt % triblock modifier,
although this is not noticeable on the heat flow scale of
Figure 9.

As a further indication of the validity of the reaction
model in the homogeneous region, a cure experiment
on a stoichiometric DGEBA + MDA mixture modified
with a random poly(ethylene oxide)-co-poly(propylene
oxide) modifier (termed random copolymer) is simulated
in Figure 11. Because of the much higher PEO content
(75 wt %) in this system, no RIPS takes place. The
absence of a sudden reactivity increase in this system
confirms this statement.

Assuming only the dilution of reactive groups (dashed
line in Figure 11) clearly overestimates the reaction
rate. By using the parameter sets of Table 1 and Table
2, which include the occurrence of the EtmoqyOH com-
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Figure 12. Nonreversing (NR) heat flow for the reactive blend
DGEBA + MDA (r = 1)/50 wt % triblock cured at 90 °C (x);
simulation of the reaction rate prior to the onset of RIPS (thick
line) extrapolation beyond RIPS (fine line); simulation of the
reaction rate in the heterogeneous region (—) based on the
reaction rate of the epoxy—amine-rich (O) and triblock-rich (®)
phases (see text)

plex, the experimental trend can be simulated until
reaction completion. A higher inherent Etmoq) concen-
tration of the random copolymer together with the
higher equilibrium constant Kegmodyon results in the
smaller reactivity of this system in comparison to the
triblock system (repeated for comparison in Figure 11).

3.4.2. Reaction Rate beyond the Onset of RIPS.
The reaction being monitored beyond the onset of RIPS
is a combination of reactions taking place in different
phases which are “open thermodynamic systems”. These
phases should therefore be treated separately in studies
of the reaction mechanism. To calculate the reaction
kinetics in the heterogeneous region, the concentration
of the epoxy—amine species in each phase i as well as
the fraction of each phase has to be known. This
information was gathered from the derivative of the
heat capacity signal (dC,/dT) in nonisothermal condi-
tions after partial isothermal cure experiments.** Using
this information, the increase of reaction rate at the
onset of phase separation can be predicted (Figure 12).
A few assumptions were made to attain this simula-
tion: (i) two separate phases are assumed: an epoxy—
amine-rich phase and a triblock-rich phase, (ii) no
differential segregation occurs between these phases,
and (iii) both phases are assumed to be homogeneous
mixtures of the epoxy—amine species and the triblock
copolymer for which the reaction rate can be simulated
by using Schemes 1 and 2.

The increase in reaction rate of the epoxy—amine-rich
phase (O, Figure 12) is clearly responsible for the
sudden, global rate increase at phase separation (—,
Figure 12). While the simulated reaction rate increase
at the onset of RIPS is delayed in comparison to the
measured trend, the further evolution of the global
reaction rate beyond the onset of RIPS is well predicted
and solely related to the rate in the epoxy—amine-rich
phase.

Simulations of other cure temperatures require the
knowledge of the composition and fraction of the evolv-
ing phases as a function of T¢, and x. This can be
obtained from the dC,/dT signal as described in ref 14.
The procedure to obtain this information is, however,
rather time-consuming. A model for the thermodynam-
ics and Kinetics of phase separation including the
driving force for phase separation and the changing
interdiffusion rates, respectively, is therefore of inter-
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est.* The interplay between these diffusion rates and
the reaction kinetics could be established with the
mechanistic model providing the conversion x and by
using Tq—x relations®?32 to lay the link with the evolu-
tion of molecular weight and cross-link density.

Conclusions

The effect of polymeric modifiers on the reaction rate
of epoxy—amine systems can be predicted by including
interactions between the modifier and the epoxy—amine
species. Chemical reactions do not occur between the
epoxy—amines DGEBA + aniline and DGEBA + MDA
and the high-T4 modifier PES and the low-Ty triblock
copolymer used in this work. The reaction enthalpy,
normalized to the epoxy functionality, is constant with
modifier content, which confirms that epoxide groups
only engage in reactions with amine functionalities and
also indicates that differential segregation of the reac-
tive components in the heterogeneous region is unlikely.
The glass transition of the epoxy—amine-rich a phase
(Tg,0) is used in the DGEBA + aniline system modified
with PES to prove that no deviations from the stoichio-
metric composition occur, further confirming the previ-
ous statements.

Using these findings, a mechanistic model can be
presented based on the amine—epoxy reactions and the
occurrence of reactive and nonreactive transition com-
plexes. A complex between the ether groups of the
modifiers and the hydroxyl groups formed during the
epoxy—amine reaction models the physical interaction
between modifier and epoxy—amine species. Hydroxyl-
containing impurities in the modifiers, arising from
moist or OH end groups, are needed to correctly describe
the initial reaction rate of these systems. The reaction
rate in the homogeneous region prior to the onset of
RIPS can be simulated adequately for different modified
epoxy—amine systems with this model.

The effect of PES and its content on reactivity, as
experimentally obtained from the nonreversing heat
flow and heat capacity from MTDSC, can be simulated
in this way for the DGEBA + aniline/PES system.
Moreover, information about the shape of the phase
diagram can be obtained from the conversion at phase
separation (optical microscopy) and the conversion at
vitrification of the PES-rich § phase (heat capacity
signal) as a function of PES content. The positive slope
of the former evolution confirms that the critical point
lies at least below 10% for this high molecular weight
modifier, while the negative slope of the latter indicates
the restricted interdiffusion rates for PES-modified
epoxy—amine systems.

The reaction rate in the heterogeneous region can still
be predicted using the homogeneous reaction model for
the DGEBA + aniline/PES system due to the proximity
of Teure to Ty and Tgp. This also holds for the PES-
modified network-forming DGEBA + MDA system,
although the lower conversion at vitrification of the o
phase results in an overestimation of the reaction rate
in the final stages of reaction. The much higher inter-
diffusion rates arising at the onset of RIPS for the
triblock-modified DGEBA + MDA system result in a
clear reactivity increase for this system, especially when
a higher triblock content is used. In contrast, the
autocatalytic behavior is less distinct in comparison to
the PES-modified systems since a higher ether concen-
tration in the triblock copolymer decreases the concen-
tration of EOH complexes to a greater extent. Further
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research has to elucidate whether the difference in
phase separation mechanism and/or morphological evo-
lution for both polymeric modifiers has an additional
contribution to the reaction rate difference in the
heterogeneous region.

The reactivity increase accompanying RIPS in the
triblock system has been predicted on the basis of the
evolution of the composition and fraction of the coexist-
ing phases obtained from dCy/dT data. By considering
an epoxy—amine-rich and triblock-rich phase and by
using the homogeneous reaction model in both phases,
the experimentally obtained increase of reaction rate
at the onset of RIPS and its further evolution can be
predicted. To simulate the composition and fraction of
coexisting phases, a phase separation model based on
thermodynamic and Kinetic considerations is required.
The interplay between phase separation and reaction
could be included by considering the relation between
the epoxy conversion and the evolving molecular weight
and cross-link density of the epoxy—amine species.
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