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Abstract: The kinetics pathway of a 4,4'-diaminodiphenylmethane-cured diglycidyl ether of bisphenol-A
(DGEBA) epoxy system modified with a PEO-PPO-PEO block copolymer has been investigated by
differential scanning calorimetry. The curing progress of this system has also been studied by dielectric
relaxation spectrometry following changes in the main a-relaxation. An interesting finding is the change in
rate constant with copolymer content. Infrared spectroscopy shows that this change is due to interactions
between the hydroxyl groups of the growing epoxy thermoset and the ether bonds of the block copolymer.
The proposed phenomenological autocatalytic model provides a good description of the cure behaviour of

this epoxy/copolymer system for all cure cycles used.
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INTRODUCTION

Thermosetting epoxy systems are important materials
because of their excellent properties, such as good
mechanical behaviour, excellent chemical and solvent
resistance, dimensional and thermal stability, and high
electrical resistance.!'> However, epoxy systems are
generally brittle, due to the high level of crosslinking
reached after curing.

The fracture toughness of epoxies can be improved
by introduction of a dispersed rubbery phase.>* This
modification reduces both stiffness and strength and
also the glass transition temperature (7}) of the cured
mixtures. Another modification often used is the
addition of a high-T, thermoplastic modifier, such
as a poly(ether imide),%>~7 poly(ether sulfone)!®? or
polysulfone),!®~12 among others. This route leads to
good toughening enhancement, but in most cases this
is lower than that attained after modification with
liquid rubbers. In these modified systems, it is difficult
to control the morphology, which is dependent upon
the thermodynamics of phase-separation and cure
kinetics. On the contrary, modification with block
copolymers can allow ordered macro/nanostructures
to be obtained.!>"1® Block copolymers are a class
of amphiphilic materials that can self-assemble
into a variety of ordered micro/nanostructures that
are accessible by both thermotropic and lyotropic

transitions.!”~?° Thus, after adding the hardener for
epoxy curing, different nanomorphologies can be
obtained, depending on the cure conditions. Recent
studies carried out by Ritzenthaler ez a/?>!-??> show that
the way to avoid macrophase separation and to obtain
nanostructured thermosets is to have a miscible block
with the growing matrix during the whole reaction
process.

Curing-kinetics models have been often used to
analyse experimental results obtained by thermal
techniques.?>?? In this preliminary study, we have
studied the effect of block copolymer addition on
the cure kinetics of an epoxy—amine system. In
this way, a poly(ethylene oxide)-co-poly(propylene
oxide)-co-poly(ethylene oxide) (PEO-PPO-PEO)
block copolymer has been mixed in different
amounts with a diglycidylether of bisphenol-
A (DGEBA)/4,4'-diaminodiphenylmethane (DDM)
system, and cured at several temperatures. Dif-
ferential scanning calorimetry (DSC) has been
used to analyse the cure-kinetics behaviour. At
the same time, transmission optical microscopy
(TOM), Fourier-transform infrared (FT-IR) spec-
troscopy and dielectric relaxation spectrometry (DRS)
measurements have been carried out to further
investigate the results obtained by the above-
mentioned technique.
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Table 1. Chemical structures of the materials used in this study

Name Chemical structure

Supplier

DGEBA

PEO-PPO-PEO

CH3 g
CH2 CH—CH— O—CH— CH—-CHQ-—O

HO~£CH2— CHy— :|—|E)H2—(EH —%~|:CH2—CH2 }
n

O—CHz~CH—CH, Dow Chemical

Ciba Geigy

PolySciences

EXPERIMENTAL

Materials and sample preparation

The epoxy monomer used was DER-332, a DGEBA
monomer kindly provided by Dow Chemical, with
a hydroxyl/epoxy ratio close to 0.03. The cur-
ing agent was 4,4’-diaminodiphenylmethane (DDM)
(HT-972), kindly supplied by Ciba, with an amine
equivalent weight of around 49.5geq™!. The mod-
ifier was an hydroxyl-terminated PEO-PPO-PEO
block copolymer from PolySciences, with M, = 2900,
Mgo = 1088 and Mpo = 1794gmol~!. The struc-
tures of these materials are given in Table 1. The
amine-to-epoxy ratio for the DGEBA/DDM system
was 1.0 in all cases. The content of block copolymer
was varied from 0 to 30 wt%.

The samples were prepared in the following way.
First, PEO-PPO-PEO was added to DGEBA at
80 °C and stirred to mix the two components. Then,
DDM was added with continuous stirring, in an
oil bath a 80°C, for approximately 5min, until a
homogeneous mixture was achieved.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measure-
ments were performed with a Perkin-Elmer DSC-7,
supported by a Perkin-Elmer computer for data acqui-
sition, The calorimeter was calibrated with high-purity
indium. All experiments were conducted under a nitro-
gen flow at a rate of 20cm?® min™!, working with
5—7 mg samples in open aluminium pans.

Isothermal curing was carried out at several
temperatures, ie 80, 100, 120 and 140°C. After
the thermograms had levelled off to the baseline,
all samples were rapidly cooled. Then, a dynamical
calorimetric scan from 35 to 250°C, at a rate of 10°C
min !, was performed to determine the residual heat
of reaction (AH.,.s).

The conversion of each sample (X) under isother-
mal conditions can be calculated from the following:

_ (AHiso)z
" (AHio) + (AHye)

1)

where (AH,,), is the enthalpy of reaction at a time
t, obtained from the isothermal measurement, and
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(AHj,) + (AH) 1s the sum of the total enthalpy
from the isothermal and residual scans.

Transmission optical microscopy

Transmission optical microscopy (TOM) measure-
ments were performed by using an Olympus BH-2
optical microscopy equipped with a Mettler EP2HF
heating stage. Samples were placed between a glass
microscope slide and a glass cover, and inserted into
the programmed heating stage. The cloud point, f,,
was determined as the time at which a decrease in the
transmitted light intensity was recorded.

Dielectric relaxation spectrometry

Dielectric relaxation spectrometry (DRS) measure-
ments were performed on a Solartron 1260 impedance
gain-phase analyser operable in the range from 0.1 Hz
to 1 MHz, interfaced with a computer to the reaction
cell used. The measuring cell consisted of two glass
slides separated by a 1 mm thick Teflon spacer. Thin
aluminium electrodes, with a surface area of 4 cm?,
were placed on each glass plate. The cell constant,
K, was equal to 25cm. The small cell dimensions
made it possible to maintain isothermal conditions and
avoid large temperature gradients. During the tests,
the cell was positioned vertically to allow for monomer
shrinkage, without altering the distance between the
electrodes. At each frequency, w, a 5 mV AC excitation
wave was applied to the metallic electrodes located in
the sample and the overall impedance was measured.

Fourier-transform infrared spectroscopy
Fourier-transform infrared (FT-IR) spectroscopic
analysis was carried out on a Perkin-Elmer 1600PC
spectrometer. The solid analyte was mixed with KBr,
and the spectra taken at a resolution of 2cm™!
resolution with 20 scans in the wavenumber range
from 4000 to 400 cm™!. These measurements were
used to investigate variations in the free and associated
OH groups in the analysed mixtures.

RESULTS AND DISCUSSION
The curing behaviour of the neat epoxy system and
of the modified mixtures containing 10, 20 and

Polym Int 53:1495-1502 (2004)
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Figure 1. DSC dynamic scans, carried out at a rate of 10°C min~",
for epoxy mixtures containing various PEO-PPO-PEO contents.

Table 2. Thermal properties and TOM measurements of the
PEO-PPO-PEO-modified epoxy mixtures

PEO-PPO-PEO AH7t To Tep Ten
content (wt%) {kJ (epoxy equivalent)™')  (°C) (°C) (°C)
0 101 171 — —
10 87 174 173 180
20 - 75 179 180 184
30 65 185 187 188

30wt% of copolymer was studied by DSC. Figure 1
shows the dynamic thermograms for the neat systems
and for the mixtures containing various amounts
of the PEO-PPO-PEO copolymer. Values of the
temperatures of the exothermic polymerization peaks,
T,, and the enthalpies of reaction from dynamic
measurements, AHr, are shown in Table 2. T, was
displaced to higher values as the concentration of the
modifier increases. This fact shows that the curing
reaction was Kkinetically affected by the copolymer
content, leading to a clear delay in the cure rate.
However, the presence of PEO-PPO-PEO did not
apparently change the reaction pathway, since AHy
decreased in proportion to the copolymer content in
the sample.?*

On the other hand, for the PEO-PPO-PEO-
modified systems, a shoulder appeared after the
polymerization peak temperature. This shoulder was
more evident as the copolymer content increased.
Figure 2 shows a light transmission dynamic scan for
the system modified with 20 wt% of copolymer. The
loss on transmitted light, cloud point, T,,, occurred at
a similar temperature to that for the beginning of the
shoulder, Ty, observed by DSC analysis. Thus, this
shoulder can be attributed to phase separation,?4%> as
seen in Table 2 for mixtures with various copolymer
contents.

Figure 3 presents the variation of the cure reac-
tion rate, dX/dz, upon reaction time at 120°C for
various block copolymer contents. The maximum

Polym Int 53:1495-1502 (2004)

Kinetics of epoxies modified with block polymers

100
90
9
.S 80
|73
2
£
% 70
g |
=
60
50 u PR 1 b — I
50 100 150 200 250

T(°C)

Figure 2. Intensity of the transmitted light during a dynamic scan, at
arate of 10°C min~" for a 20 wt% PEO-PPO-PEO-modified mixture.
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Figure 3. Reaction-rate curves of the epoxy mixtures containing
various amounts of block copolymer cured at 120°C.

rate decreased and the time at which the maxi-
mum reaction rate occurred increased in line with
the PEO-PPO-PEO content. The same behaviour
has been observed at all isothermal cure tempera-
tures studied. This corroborates the observation that
PEO-PPO-PEO displays a dilution effect.?® More-
over, these curves show that the shoulder appears
only for the 30 wt% block copolymer system at this
cure temperature. With the aim of corroborating the
relationship between the shoulders and macrophase
separation, these processes were followed at differ-
ent temperatures by light-transmission analysis, which
only can detect particles higher than 100am. The
results obtained are shown in Table 3. For samples
cured at 120°C, macrophase separation was only
observed for the 30 wt% modified system, thus allow-
ing the possibility of obtaining nanostructures for the
other percentage materials.?’ Therefore, it is worth
noting the relationship existing between the shoul-
ders in the DSC scans and the macrophase separation
process.

The cloud point temperatures have been fitted to
a thermodynamic model based on the Flory—Huggins
equation. Figure 4 presents the change of critical con-
version, X, with temperature and gel-point conversion
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Table 3. Cloud points of the various PEO-PPO-PEO-modified epoxy
mixtures

PEO-PPO-PEQ content (wt%)

T(C)
PEO-PPO-PEO (Wt%) 10 20 30
110 — - -
120 - - 29
130 - 145 18.2
140 8.2 8.8 10
150 5 5.7 6.1
\\
06}
05F
g

04

03t

%%0 100 120 140 160

T(°C)

Figure 4. Critical conversion as a function of temperature for a
PEO-PPO-PEO-modified epoxy mixture.

for a neat system, as determined by Maté¢jka and
Dusek.?® The cloud point conversion decreased as the
cure temperature increased. This corresponds to lower
critical solution temperature (LLCST) behaviour, as
described by Williams ez al.?° Similar behaviour could
be expected for systems modified with homopoly-
mers. However, Ma and co-workers®® have shown
miscibility of the DGEBA-DDM-PEOQ system under
the investigated conditions. Indeed, this system was
studied at various cure temperatures (80, 100, 120
and 140°C) and no phase-separation occurred. The
DGEBA-PEQO binary system at different composi-
tions was also investigated in the 30—250°C range.
The results showed that this system was miscible over
the temperature and composition ranges studied, thus
suggesting that I.CST behaviour probably occurs at
very high temperatures.

On the other hand, it can be seen that the
conversion to macrophase separation appeared to be
very high at low temperatures. Therefore, only at
low cure temperatures is it possible to obtain ‘phase-
nanoseparation’. However, at high temperatures
the critical conversion appeared to be lower than
the gelation conversion, and ‘phase-macroseparation’
could take place. Thus, depending on the curing
conditions during network formation, it must be
possible to obtain macro->! or nanodomains.?’” The
final morphologies and complete thermodynamic
modelling of these mixtures will be reported in a
forthcoming publication.
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Figure 5. Extent of reaction versus time curves for the neat epoxy
matrix at various cure temperatures.
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Figure 6. Extent of reaction versus time curves for neat and modified
epoxy mixtures cured at 100 °C.

Conversion versus time profiles at 80, 100, 120
and 140°C are shown in Fig 5 for the neat system.
The sigmoidal shape of these curves suggested the
autocatalytic curing kinetic mechanism reported by
other authors.?3-3?

Figure 6 reports the conversion profiles during
curing at 100°C for the system modified with
various amounts of PEO-PPO-PEO. A higher
content of modifier caused a displacement of the
curing reaction to longer curing times, so confirming
the delaying behaviour shown above by dynamic
measurements. One factor contributing to this delay
in cure kinetics was the reduction in the density of
the reacting groups?*?%33 as the block copolymer
amount increased. However, in this case the delay
observed in cure kinetics is higher than in systems
with other modifiers,?®> which cannot be explained
only by the contribution of the dilution effect. Another
factor to be considered could be related to specific
interactions of the epoxy matrix with the block
copolymer. Figure 7a shows the FT-IR spectra for
all cured samples (at 80 and 190°C) with various
contents of modifier, while Figure 7b shows the FT-
IR spectra for the neat sample and the mixture with

Polym Int 53:1495-1502 (2004)
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Figure 7. FT-IR spectra for (a} all cured samples with various
contents of modifier, and (b) for neat epoxy and a 20 wt%
PEO-PPO-PEO-modified mixture at different conversions.

20 wt% block copolymer for different conversions at
100°C. The broad band centred at 3527 cm™~! was
attributed to associated hydroxyl groups and the band
centred at around 3559cm™! was assigned to free
hydroxyl groups. The associated hydroxyl group bands
shifted to lower frequencies as the copolymer content
increased. Moreover, the intensity ratio between the
associated hydroxyl band and the free hydroxyl band
increased as did the copolymer content. In Fig 7b,
it can be seen that the ratio of intensity between
the associated hydroxyl band and the free hydroxyl
band in the modified system increased with increasing
conversion more than in the unmodified systems. This
fact suggested that the OH groups which developed in
the cure reactions interact, through hydrogen bonding,
with the block copolymer (-O-), so decreasing the
autocatalytic process, and therefore delaying curing.3*

Kinetic analysis

Modelling of the curing process can be approached
in both mechanistic and phenomenological ways.
The mechanistic approach consists of considering the
complete set of reaction steps which constitutes the

Polym Int 53:1495-1502 (2004)
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overall mechanism defining the single-rate equations
for each step. The phenomenological approach uses
empirical or semi-empirical model equations. These
equations can be very simple, although they do not
supply direct mechanistic information.

Different phenomenological models have been
developed to describe the cure reaction of amine—ep~
oxy systems. The autocatalytic model proposed by
Kamal,®® which takes into account the reactions
of the epoxy groups with primary and secondary
amines, as well as catalytic (catalyst or impurities)
and autocatalytic effects (existing hydroxyl groups),
has been applied by assuming equal reactivity of all of
the amino hydrogens. The model can be represented
by the following equation:

dx
a5 (k) + R X™)(1 - X)" (2)

where &; is the rate constant for the reaction catalysed
by the groups initially present in the system, and k;
is the rate constant for an autocatalytic path; X is the
conversion and m and # are the kinetic exponents of
the reactions.

The constant %, can be calculated when estimation
of the initial reaction rate at X = 0 becomes possible.
The kinetic constants k; and k, are assumed to
follow the Arrhenius form, ie k; = A4, exp (—E,;/RT)
and k; = A, exp (E,2/RT), where A; is the collision
frequency or Arrhenius frequency factor, E,; the
activation energy, R the gas constant and T the
absolute temperature.

To obtain a first estimation of the reaction order #,
Equation (2) can be re-written in the following form:

In (%) = In(k; + k,X™) + In(1 — X)" (3)

Except for the initial region, a plot of In(dX/dr)
versus In(l — X) is expected to be linear with a
slope n. Equation (2) can also be rearranged in the
following form:

( )
dr
——~ | -kt =lnky+minX (4)

In a_xy

The first term of Equation (4) can be computed
from the previously estimated values of k; and n. If
the left term of Equation (4) is plotted against In X,
a straight line is produced, whose slope and intercept
allow the estimation of m and the autocatalytic rate
constant, respectively. Thus, the first set of kinetic
parameter values can be obtained. To obtain more
precise values, an iterative procedure has been utilized.
Equation (2) can be rearranged again to give:

In (%) —ln(k + BX") =nln(1—-X) (5
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Table 4. Kinetic constants obtained for the PEO-PPO-PEO-modified epoxy mixtures

PEO-PPO-PEO  Taure

content (wt%) cC) m n kix103min™") ke x103min~"Y  Ea kdmol™!)  Ep (kdmoly  InAy InAs
80 0.98 1.11 1.5 45.6
100 097 1.12 5.1 107.7
0 120 0.95 1.18 11.0 198.5 57.9 44.6 1329 12.16
140 093 1.22 28.0 427 .4
80 0.99 1.40 1.4 37.0
100 097 1.42 4.9 85.0
10 120 093 1.39 10.5 174.2 58.5 44 1341 11.71
140 093 1.37 26.0 326.8
80 091 1.37 1.3 28.6
100 091 1.29 45 56.8
20 120 0.97 1.26 10.0 126.6 58.6 44.4 13.38 1151
140 0.91 1.35 25.0 246.2
80 093 123 1.1 19.4
100 091 1.22 42 39.1
30 120 0.87 1.25 9.5 82.5 58.8 42.7 13.33 1058
140 081 1.34 21.0 158.6
1.0 1.0
} 11
08 08
0.6
0.6
> .
> 101 %
0.4
0.4
30 %
02 . 0%
0.2
0_01 " 1 N 1 1 L 1 1 . 001
0 50 100 150 200 250 300 350 400

1 [ 1 n
150 200 250 300

t (min)

2 i N 1
0 50 100

Figure 8. Comparisons between the autocatalytic model and
experimental data for the mixture modified with a 20 wt% block
copolymer at various cure temperatures.

The left terms of the above equation can be plotted
against In(1 — X) and a new value of the reaction
order can be obtained from the slope. The same
iterative procedure can be repeated until an apparent
convergence of the # and » values is obtained.?2¢-36-37

The autocatalytic model constants obtained by
repeated iteration are shown in Table 4. The reaction
orders, m and n, were approximately 0.81-0.99
and 1.11-1.42, respectively. These orders did not
seem to vary very much, neither for the mixtures
with different PEO-PPO-PEO contents, nor for the
cure temperature. The values of the E,;; and E,;
activation energies have been obtained by plotting
Ink; and lnk;, respectively, versus 1/7T. In the case
of the neat epoxy system, these values were 57.9 and
44.6 k] mol™!, respectively, in reasonable agreement
with those reported in the literature.?>-*® The modified
mixtures exhibited similar activation energies for &
and k5, in comparison with the neat epoxy system.
However, the frequency factor in the case of k,

1500

t (min)

Figure 9. Loss factor at 80 kHz (filled symbols) and extent of reaction
(open symbols) versus cure time for both ((J) neat and (A) 30 wt%
PEO-PPO-PEO-modified epoxy mixtures at 80 °C.

increased with copolymer content, while %, hardly
changed with copolymer content; k», the rate constant
for an autocatalytic path, decreased at all temperatures
as the block copolymer content increases. According
to the Arrhenius equation, a decrease in rate constant
must be accompanied by an increase in activation
energy or a decrease in frequency factor. The reduction
in %k, confirmed the decrease in the autocatalytic
effect by specific interactions between the hydroxyl
groups and the block copolymer, as shown in Fig 7.
Despite some deviation attributed to vitrification, the
model provided good agreement with the experimental
curves, as also shown in Figs 8 and 9 for mixtures
modified with 20 and 30 wt% of PEO-PPO-PEQ,
respectively.

Dielectric analysis

By monitoring curing of thermosetting matrices,
phase separation, vitrification and «-relaxation can
be studied.

Polym Int 53:1495-1502 (2004)




Phase separation was detected by dielectrometry
by means of the analysis of interfacial polarization.>®
This polarization was a result of the accumulation of
charge carriers at the interface, due to differences of
conductivity and permittivity between both phases.
Interfacial polarization was characterized by a sudden
increase of permittivity at low frequencies. Figures 10a
and 10b show the permittivity versus time plots for
a 30wt% PEO-PPO-PEO-modified system at 140
and 80°C, respectively. The phase separation time
was taken as the time at which the permittivity
began to increase. In the case of the system cured
at 80°C, a decrease of permittivity could be seen
during the test time. However, at 140 °C, macrophase
separation was observed at 10 min, a time which was
in agreement with that obtained by light-transmission
analysis (cloud point).

Vitrification occurs when the growing thermoset
changes from the gel to the glassy state. When the
cure proceeds at constant temperature, the time at
which the increasing 7, of the system reaches the
cure temperature defines this physical event. The loss-
factor curve presents a peak depending on frequency
and, after this peak, it reaches an asymptotic value
as vitrification occurs. On the other hand, the peak,
a dipolar relaxation, can be attributed®® to the a-
relaxation of the network-forming epoxy system, as

(@

= Cloud point
30 ---- 300 Hz

w

t (min)

— 100 Hz
------ 150 Hz
---- 300 Hz

1

0 50

i 1 1 L L i 1 1 4 L
100 150 200 250 300 350 400
t{min)
Figure 10. Permittivity versus time for the mixture modified with a

30 wt% block copolymer at several frequencies, at (a) 140°C and (b)
80 °C. The phase-separation time obtained by TOM is also shown.
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described by Fitz and Mijovic.*’ Figure 9 shows the
curves of loss factor (¢”) and conversion (model and
experimental) versus cure time at 80°C for both
neat epoxy and the mixture modified with 30wt%
PEO-PPO-PEO. Both the peak and asymptotic
values shifted to longer times as copolymer was added,
so confirming the delaying behaviour shown above.
A very good agreement between the calorimetric
and dielectric results was observed as the times to
phase-separation and vitrification, determined by both
techniques, were almost the same. At short cure times,
the dielectrical response is dominated by the ionic
conductivity and can be related to the viscosity of
the medium. So, the higher initial loss values for
the modified system indicated that the viscosity was
lower than for the neat system. Therefore, it can be
concluded that the modifier diluted the medium.
Figure 11 shows three-dimensional plots of the
dielectric loss factor (¢”) versus frequency and cure
times for an isothermal cure at 80°C of the
30wt% PEO-PPO-PEO-modified mixture. Ionic
conductivity and electrode polarization, related to
ionic species, increase ¢” at low frequencies and
short cure times (low viscosity of the medium). The
importance of these effects, due to the presence of
ions, decreased rapidly with increasing cure time, since
the ion mobility decreased as the local viscosity of
the mixture increased during the reaction. At longer
curing times, when dipolar contributions dominate
the response, &” showed a well-defined peak in the
frequency domain, due to the «-relaxation process
(at long curing times, &” could not be related to
the viscosity of the medium). The &” peak appeared
from the high-frequency region and moved to lower
frequencies as the cure advanced.*! During the cure,
as the glass transition temperature (T3) of the growing
thermoset became higher, the reaction medium

Gure time (mir)

Figure 11. Three-dimensional loss factor—cure time—frequency

representation for the 30 wt% PEO-PPO-PEO-modified mixture
cured at 80°C.
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became more viscous, and so the chain segments find
it more difficult to move, and consequently the dipoles
needed longer times for orientation and relaxation.

CONCLUSIONS

This work is part of an investigation to elucidate
the behaviour of block copolymers as modifiers in
epoxy-based systems. Kinetic studies showed that the
PEO-PPO-PEO block copolymer delayed the cur-
ing reactions of a DGEBA/DDM epoxy system. This
fact could be explained by the decrease of the den-
sity of reaction groups and interactions between the
hydroxyl groups and the ether bonds of the block
copolymer. Calorimetric and dielectric results showed
very good agreement for determination of vitrifica-
tion in these mixtures. The macrophase-separation
process can be monitored by calorimetric measure-
ments as the temperature of the shoulder emerging
in the DSC scans coincides with the cloud-point
temperature measured by TOM. Moreover, dielec-
tric measurements confirmed macrophase-separation.
The different structures obtained as a function of
the curing conditions did not change the reac-
tion mechanism. The autocatalytic model employed
here is a good tool for describing the experimental
data.
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