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SYNOPSIS

The dielectric behavior during the crosslinking process of a low molecular weight liquid
diglycidyl ether of bisphenol-A (DGEBA) and ethylenediamine, as the curing agent, has
been investigated at microwave frequencies (0.1-10 GHz) by means of the time domain
reflectometry. It was found that both the real and the imaginary part of the dielectric
constant, which regularly decreased as the cure reaction proceeded, were mainly affected
by the disappearance of specific dipolar species, whose relaxation times did not change
significantly. A simple model based on disappearance of dipoles agrees with the experimental
data and explains the coincidence between kinetic data obtained by dielectrometry and
calorimetry. The microwave dielectric constant can thus be used to directly measure in
real time the conversion of the reaction. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

For many reasons it is important to know the phys-
ical properties and the actual chemical composition
of thermosetting formulations in the course of their
crosslink process. A number of technologies are in
fact based on the possibility of having the polymer,
in the early stages of its formation, freely flowing
into molds or through fiber plies. Resin transfer
molding, for instance, consists of injecting, at low
pressure and possibly at room temperature, a liquid
prepolymer (mostly unsaturated polyesters or ep-
oxides) into a mold in which a reinforcing structure
is sitting. Success consists of properly filling the
mold, evacuating the air, and not modifying the ge-
ometry of the reinforcing structure. A similar situ-
ation is found in the vacuum bag formation of
stacked prepregs. The resin, in many cases B-staged,
has to liquify in order to permeate all strata, fill the
interstices, and finally constitute the continuous
component of the composite. Time allowed for this
operation depends on the chemical reactivity of the
specific prepolymer /hardener formulation in use. As
the reaction proceeds, the average molecular weight
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increases as does the viscosity, by far the most im-
portant physical parameter in thermosetting tech-
nology, that depends on the molecular weight of
mixture components, temperature, and, in some
cases, presence of inorganic fillers. Due to the com-
plexity of real formulations (including continuous
fibers) and the difficulty of reaching the reaction
site (e.g., molds, vacuum bags) the viscosity cannot
be directly measured. It is then customary to eval-
uate it indirectly by:

1. measuring physical quantities somehow to it re-
lated, for instance electrical conductivity;

2. computing it using chemorheological models,
provided the actual chemical composition is
known.

The second approach is particularly attractive be-
cause the knowledge of the chemical composition is
the key factor to keep all aspects of the processing
and subsequent quality control of manufactured
items under control. Chemorheology does provide
sophisticated models by which the viscosity of re-
acting media can be confidently evaluated.!™ More-
over, the long-term chemical stability of finished
items depends on the final concentration of un-
reacted groups at the end of the cure stage. It is to
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minimize the amount of such unreacted groups that
often curing is followed by postcuring. This contrasts
with the necessity to not push the crosslink density
to the topological limit in order to prevent embrit-
tlement of the polymer. Among the various tech-
niques capable of yielding information on the chem-
ical composition during crosslinking, those based on
measuring the change of the electrical response
throughout the network formation are very prom-
ising and to some extent already in use.?

In a previous work® we have shown that data of
the conversion of a liquid diglycidyl ether of bis-
phenol-A (DGEBA ) -type epoxy resin and ethylene
diamine mixture, calorimetrically measured, totally
coincided with the relative change of the loss factor
measured at 2 GHz. This result still needs to be
clearly understood because the events that modify
the dielectric properties of the system are different
from those that control the thermodynamics of the
process. Calorimetry senses the heat generated from
the disappearance and formation of chemical bonds;
in the same conditions dielectrometry not only
senses the modification of dipoles, originated by the
appearance and disappearance of chemical bonds,
but also the variation of the dipole mobility. Con-
sequently the analysis of the dielectric behavior is
definitely more complicated than that of the thermal
behavior and, a priori, no coincidence should be ex-
pected between dielectric and calorimetric data.

However, the change with time of the microwave
dielectric constant returns the same information as
from calorimetry, provided a proper frequency is
chosen.® In this paper we show that this result can
be directly related to the dielectric behavior of the
system and that, in the considered frequency range,
a simple model based on dipole disappearance gives
a rationale of the observed phenomena. Differences
with the dielectric behavior of similar reacting sys-
tems at low frequencies are also considered.

EXPERIMENTAL

Materials

The epoxy prepolymer (EPON 828 EL by Shell Co.)
was a low molecular weight DGEBA with an epoxy
equivalent weight of about 190. The curing agent
was reagent grade ethylenediamine (EDA) by Carlo
Erba. The amine was distilled under nitrogen and
over potassium hydroxide shortly before using.

Stoichiometric mixtures were used as soon as
complete mixing was obtained. Mixing and transfer
into the dielectric cell took about 3 min.

Methods and Techniques

Dielectric measurements were carried out by using
the time domain reflectometry technique in the in-
finite sample configuration.” A schematic of the ex-
perimental setup is in Figure 1. A sampling oscil-
loscope (Tektronix 11802) feeds a step voltage in
the coaxial line; the pulse, reflected from the sample,
is digitized, transmitted via IEEE488 to a computer
(IBM PS/2-80) and then analyzed according to a
method already described.” The apparatus operates
in the frequency interval 0.1-20 GHz and, after re-
cent improvements of data acquisition and process-
ing procedure, a complete dielectric spectrum can
be obtained in about 0.6 s. Temperature of the sam-
ples was kept stable at 70°C within 0.1°C by a ther-
mostatic bath (Julabo FP50) and measured by a
thermocouple thermometer (Flucke 2190A).

RESULTS AND DISCUSSION

In order to gain an insight into the dielectric be-
havior of a reactive medium (such as a mixture of
an epoxy resin and a diamine) it is first necessary
to investigate the properties of pure components and
of their mixture in the unreacted state. The resin
and the amine we considered are relatively small
molecules; in the liquid state their dipoles are con-
sequently very mobile and the associated relaxations
located at very high frequency.

The main contribution to the overall polariza-
bility of the resin is given by the two terminal groups;
due to the symmetry of the molecules (Fig. 2), only
the components perpendicular to the longitudinal
molecular axis contribute to the dielectric constant
because parallel components cancel out. A Cole—Cole
equation® was fit to the experimental data (Fig. 3).
Fitting parameters were: relaxation time, 7 = 119
ps; unrelaxed dielectric constant, ¢, = 9.2; relaxed
dielectric constant, e, = 3.2; (1 — &) = 0.7, the value
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Figure 1 Block diagram of the time domain reflectom-
etry (TDR) apparatus.
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Figure 2 Schematic of the crosslinking reaction of the EPON 828 with EDA as the

curing agent.

of the exponent (1 — a) is indicative of a relatively
broad distribution of relaxation times. The loss fac-
tor ¢’ is maximum at about 1.3 GHz.

As for the epoxy prepolymer, the contribution to
the dipolar momentum of the amine is given by
components perpendicular to the C—C bond (Fig.
2); in the explored frequency range only the begin-
ning of the relaxation can be observed (Fig. 4). A
best fitting, based on the Debye-Pellat equations,®
yields values of the dielectric parameters (¢, = 10.7,
&4 = 2.2, 7 = 3.3 ps) that indicate that the maximum
of the loss factor occurs at about 50 GHz.

The overall dielectric relaxation spectrum of the
stoichiometric EPON /EDA mixture slightly differs

10

8 9 Log[f/Hz] 10

Figure 3 ¢ and ¢” versus log of frequency for the neat
resin at 70°C. Continuous line is the best fitting Cole—
Cole equation.

from that of the neat resin (Fig. 5). In fact, the
presence of the cure agent brings about a decrease
of viscosity and adds new dipolar species to the mix-
ture.

After mixing, a chemical reaction between the
resin and amine starts and eventually a crosslinked
structure develops, as schematically illustrated in
Fig. 2. From a chemical point of view the reaction
goes through a number of steps in which secondary
and tertiary amines form. To interpret the evolution
of the dielectric parameters during the reaction, one
should know the dielectric behavior of all interme-
diate products; this would introduce a terrible com-
plication in the development of a dielectric model
without giving any chance to distinguish, in the ex-
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Figure 4 ¢ and ¢” versus log of frequency for pure EDA
at 70°C.
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Figure 5 Dielectric relaxation spectrum of the stoi-
chiometric EPON/EDA mixture, at 70°C, soon after
mixing.

perimental data, the contribution of the various
amines because the associated relaxation spectra
substantially overlap (the nature of the dipoles and
their dynamics are substantially similar). The di-
electric description we propose to interpret high fre-
quency dielectric data is based on the simple as-
sumption that the real chemical process develops
according to the scheme in Figure 2, that is, at each
time, the reactive mixture is composed of the epoxy
prepolymer, the unreacted amine, and a product that
carries unreacted epoxy rings, tertiary amine groups,
and hydroxyl groups. As the reaction proceeds some
dipoles disappear (epoxy dipoles), others modify
(amine dipoles), and still others appear (hydroxyl
dipoles). The dielectric constant reflects all these
changes in that it depends on the total number of
dipoles per unit volume and on their dynamics; the
mobility of dipoles varies because they are incor-
porated into growing molecules and because the vis-
cosity of the medium increases as the reaction goes
on. Additionally, the dielectric constants change as
a consequence of the variation of the specific volume
associated with the change of the packing efficiency
during the reaction (the volume contracts during a
polymerization).

Before analyzing the specific dielectric properties
of our EPON /EDA system, it is useful to consider
some basic concepts that can clarify some peculiar-
ities of the behavior of polymerizing media.

According to the linear response theory (LRT)
the complex dielectric constant ¢ of a system can be
described by the following equation.®

c—sw=(eo~ew)J; e_i"’t(—-c'g?l) dt (1)

where ¢ and ¢, are the permittivities at the low and
high frequency limits, respectively. H is the response
function of the system to a step electric field and
describes the dynamics of the system by means of
the relaxation time 7.

At low frequencies, the main contribution to the
change of permittivity during a polymerization pro-
cess comes from the variation of the macroscopic
viscosity that affects the relaxation time of dipoles
associated with relatively massy molecular groups.
The change of viscosity mainly modifies the integral
term (Laplace transform) in eq. (1), whereas the
dielectric strength (& — ¢, ) remains substantially
stable."! .

At very high frequencies, that is microwaves,
massy groups are substantially at rest and only
highly mobile groups can react to the external field.
Because such groups experience a macromolecular
environment, that is they mainly interact with much
bigger molecules, their response to the macroscopic
viscosity is very weak.'? Therefore, in the microwave
region, the polarizability is related to dipoles asso-
ciated with small molecular groups whose mobility
is only slightly affected by the large increase of bulk
viscosity that characterizes the polymerization of
liquid monomers. In these conditions, the change of
permittivity can be mainly ascribed to the variation
of the dielectric strength, ¢, — ¢, caused by the dis-
appearance of specific dipoles located on molecular
groups undergoing chemical modification. In gen-
eral, a chemical reaction can influence the polariz-
ability of polymerizing systems because: (1) dipolar
groups disappear or modify (e.g., from primary to
secondary amine groups), {2) dipoles are incorpo-
rated in a rigid molecular structure without any ap-
preciable change of charge distribution. In the last
case, dipoles remain substantially unchanged but
their orientational properties, in static and dynamic
fields, become very different. The reduction of mo-
bility consequently causes a decrease of the high
frequency complex dielectric permittivity, very sim-
ilar to that observed in the case of a real disappear-
ance of dipoles.

To better clarify this concept, we assume that the
polymerizing mixture behaves as a system having
two dielectric relaxation processes, widely apart, and
that the net effect of the reaction consists of moving
dipolar groups from the process at high frequency
to that at low frequency, with no other modification.
The dielectric constant, at the low frequency limit,
remains constant, whereas at intermediate frequen-
cies the dielectric constant changes according to the
rate of dipole transfer, even if the total number of
dipoles may not change.
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The increase of the bulk viscosity, dramatic on
approaching gelation, modifies the location of both
relaxation processes on the frequency scale, though
to a different extent. The low frequency process,
originated by bulky and idling groups of the growing
macromolecules, is not only very sensitive to vis-
cosity but its evolution with time parallels that of
viscosity. It is even possible to take advantage of
this effect to measure the viscosity of the mix-
ture '*® (and indirectly the chemical composition).
The high frequency process is, on the contrary, sub-
stantially independent of bulk viscosity.

The relaxation times of relatively small molecular
groups range, at room temperature, from a few pi-
coseconds to some hundredths of picoseconds; we
can therefore apply dielectrometry at microwave
frequencies (1-100 GHz) to polymerizing systems
because these frequencies fall about in the middle
of the two relaxation regions.

The characteristics of the dielectric behavior, at
microwave frequencies, of polymerizing systems can
be itemized as:

1. dielectric relaxations of small molecular
groups become observable;

2. the dynamics of small dipolar groups is
slightly affected by the bulk viscosity;

3. the variation of concentration of specific di-
poles can be better evidenced;

4. an apparent disappearance of dipoles can oc-
cur in the experimental window.

The last two features need to be considered when
dielectric parameters are used to describe the chem-
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Figure 6 Dielectric relaxation spectrum of the stoi-
chiometric EPON/EDA mixture, at 70°C, at specified re-
action times (in seconds).
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Figure 7 Cole-Cole plot for the EPON/EDA reacting
mixture (conversion = 0.2). Continuous line is the best
fit obtained by combination of a Cole~Cole and a Debye
equation.

ical evolution of the system; this is well illustrated
in the case here considered.

Figure 6 shows dielectric data relative to the stoi-
chiometric mixture of EPON/EDA at different re-
action times. The relaxation strength regularly de-
creases whereas the relaxation times are barely af-
fected. The change of relaxation times is negligible
in comparison with the enormous variation of vis-
cosity that has been shown to be the primary source
of the large increase of the relaxation times asso-
ciated with the low frequency dispersion. '3
Equation (2) can be used to fit experimental data
as shown in Figure 7 for a conversion of 0.2:

_ & — &1 €1 T €
1+ (iwr,) ™

(2)

&€ — ¢ . .
x 1+leD

This equation is a superposition of two separate
Cole-Cole and Debye relaxation processes of
strength (ep — &) and (&; — e, ), respectively. Asym-
metric functions, as Cole-Davidson or Havriliak-
Negami, '° are not satisfactory in this case. A pre-
liminary analysis of experimental data at different
conversions indicates that the nature of the relax-
ation processes remains basically unchanged as the
reaction proceeds, at least up to conversions of about
0.7. For conversions higher than 0.7 data can no
longer be interpreted by superposition of simple re-
laxation equations; the dielectric constant however
can still be used to measure the conversion up to
completion of the reaction.®!” Although the numer-
ical analysis of experimental data is not yet com-
plete, this pattern of behavior is consistent with the
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simple model based on the disappearance, both real
and apparent, of some dipolar species and on our
assumption that the relaxation times are only
slightly affected by viscosity.

By comparing the behavior of pure components
(Figs. 3,4) and of their mixture (Fig. 5) it becomes
clear that the main dielectric relaxation in the con-
sidered frequency interval is that of the resin. We
can attribute the variation with time of the loss fac-
tor to the change of concentration of dipoles asso-
ciated with the epoxy molecule because contribu-
tions of other dipoles, either initially present or
formed in the course of the reaction, fall outside of
the experimental window. In order to validate the
model, a side experiment has been carried out to
measure, by calorimetry, the actual concentration
of epoxy groups during the reaction®: the coincidence
of calorimetric conversion data and the variation of
the loss factor ¢, at a proper frequency, supports
the above conclusion.

This way of reasoning cannot be extended to ¢
because dipoles, whose relaxations are located at
very high frequencies, contribute to this quantity.
Strictly speaking, ¢ senses the disappearance of
epoxy rings, the generation of hydroxyl groups, and
of secondary and eventually tertiary amines. Sche-
matically we can separate the effects on ¢ as follows:

1. the decrease of epoxy groups, whose relaxa-
tion is just within the experimental window,
produces a decrease of ¢;

2. the formation of hydroxyl groups introduces
a new relaxation mechanism, whose maxi-
mum is located at very high frequencies, out-
side our experimental window; this gives a
positive contribution to ¢’;

3. the modification of the chemical nature of
the amine produces a large shift of the relax-
ation maximum of the amine dipole from high
to low frequencies, thus reducing the contri-
bution to ¢ (apparent disappearance).

Summation of all such effects produces, in this
case, a decrease of ¢ that can still be simply related
to chemical conversion, as will be shown later.

This picture undoubtedly oversimplifies the be-
havior of our system. For instance, during the re-
action a number of epoxy groups are incorporated
into molecules of growing complexity; this should
cause an increase of the associated relaxation time
(blocking effect) and even modify the relaxation
mechanism. At microwave frequencies the change
of the relaxation time seems not to be very large
and the presence in the experimental window of

contributions from both free and blocked epoxy
groups should produce a broadening of the ¢” dis-
persion curve.

Experiments performed at low frequencies (under
50 MHz, where relaxations of large molecules are
located), showed a large modification of the relax-
ation time distribution. Huraux et al.’®' reported
Cole-Cole diagrams, at different times of reaction,
of a DGEBA resin, cured with an aliphatic diamine.
Data show a very large increase of the average re-
laxation time, paralleled by a marked widening of
the relaxation time distribution, associated with an
increase of molecular complexity.

Within the conceptual frame of LRT, two differ-
ent response functions should be considered in this
context: one to take into account the dynamics of
dipoles at a given chemical composition of the sys-
tem, the other to account for the change, with time,
of its chemical nature. Mangion et al.!''® have re-
cently shown that the time dependence of the di-
electric constants of a DGEBA /aromatic amine
system during isothermal cure, measured at 1 kHz,
is well described by a stretched exponential function
(Kohlrausch-Williams-Watts ), thus demonstrating
the great influence of the change of relaxation times,
induced by viscosity, on the dielectric behavior. This
was graphically evidenced by means of Argand dia-
grams (&’ versus ¢, taken at different cure times).

Argand diagrams obtained by plotting ¢” versus
¢, measured at a fixed frequency and different times
of cure, are not equivalent to similar diagrams ob-
tained by plotting the same quantities measured at
different frequencies (Cole-Cole plots). Seferis et
al., '8 for instance, found that dielectric data, as a
function of frequency, for a crosslinking epoxy resin,
were well described by a Cole-Cole equation; on the
contrary, for the same system, data obtained at con-
stant frequency, as a function of cure time, were
well described by a Kohlrausch-Williams—Watts
function.

Our data (Figs. 7, 8) indicate that at microwave
frequencies (¢, ') diagrams are very different, de-
pending on whether data are considered as a function
of frequency or cure time, because the disappearance
of dipoles dominates over the variation of relaxation
times. This conclusion is supported also by data ob-
tained, at about 10 GHz, for the photoinitiated po-
lymerization of n-butyl acrylate, for which it was
proven that only disappearance (apparent) of di-
poles takes place!®2!; the relative (¢, ¢') diagram
was in fact very similar to that in Figure 8.

In a previous work we showed® that the normal-
ized quantity [¢" (¢, =0) — &"(t.)1/[e"(t. = 0) — &' (&,
= o0 )], measured at 2 GHz for different cure times,
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Figure 8 Argand diagram for ¢, ¢”, at 2 GHz and at

different cure times, for the stoichiometric EPON/EDA
mixture, at 70°C. Line is the least square best fit.

t., for the same system examined in this paper and
assuming that the ¢” for the completely reacted sys-
tem, ¢”(t, = o0 ), was nil, coincided with the calori-
metrically determined conversion. We were however
unable to use ¢ (¢,) data to define a similar normal-
ized variable because, due to experimental difficul-
ties, ¢ of the completely reacted system, ¢ (¢, = o),
could not be determined. Data in Figure 8 indicate
that a linear relationship exists between the two
quantities:

¢ —3=18¢. (3)

By combining the condition ¢' (¢, = c0) = 0 and eq.
(3) we can now estimate that ¢'(t. = o0) ~ 3 and
consequently utilize also ¢ data to analyze the con-
version of that reaction.

Microwave dielectrometry appears to be very
suitable to measure the conversion of a polymeriza-
tion reaction. This was first evidenced for the po-
lymerization process of n-butyl acrylate!®?' and
then for the crosslinking reaction of an epoxy resin®;
recently other authors®*% have tried to monitor the
microwave dielectric properties of epoxy systems at
fixed frequency. Data generated by this approach
cannot be adequately used to understand the com-
plex dielectric behavior of chemically reacting sys-
tems.

CONCLUSIONS

The results so far obtained applying microwave di-
electrometry to crosslinking (e.g., epoxy resins) and

not crosslinking (e.g., n-butyl acrylate) systems
show this technique possesses an analytical char-
acter. A simple model based on dipole disappearance
suffices, to a first approximation, to interpret ex-
perimental data. This very crude model could be re-
fined if more accurate dielectric data were available
and deconvolution analysis of the complex relaxa-
tion processes were improved. For this purpose, it
is important to enhance the wide frequency mea-
surement techniques in order to fulfill the severe
requirements imposed by the time evolution of the
systems under consideration. It is in any case nec-
essary to gather data both in the frequency and the
(reaction) time domains because a number of dif-
ferent dipoles contributes to the overall polariza-
bility and no satisfactory theories are available to
link dipole dynamics to macroscopic properties. It
is for these reasons that attempts to interpret the
evolution of dielectric properties during crosslinking
reactions, at fixed frequency, are not fully satisfac-
tory.

Basically, the difference between low and high
frequency dielectrometry is that the former is dom-
inated by the effect of the viscosity on dipole mo-
bility. High and low frequency dielectrometry com-
plement each other and are both necessary to fully
understand the behavior of chemical changing sys-
tems. However, keeping track of the effect of vis-
cosity on the distribution of relaxation times cannot
give information in real time because data concern-
ing the complete process are the first to be collected.
At high frequency the diminished importance of
viscosity effects greatly simplifies the interpretation
of dielectric data and, more importantly, permits
using them to monitor chemical processes.

This work was carried out with the partial support of the
Project on Polymeric Materials of the Consorzio di Fisica
della Materia.
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