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ABSTRACT: Recent developments in dielectric monitoring of cure processes are consid-
ered. Direct current (dc) conductivity and dielectric data concerning the crosslinking
of an epoxy resin are analyzed and compared with the results of late microwave experi-
ments. The analysis of the dielectric behavior of the system carried out on a rather wide
frequency interval (103–1010 Hz) has provided a deeper insight into the relationships
between dielectric parameters (i.e., dc conductivity, permittivity, relaxation time and
shape parameters, and the physical and chemical modifications of the systems). The
results confirm the possibility to utilize dielectric quantities to obtain information on
relevant parameters such as conversion, viscosity change, sol–gel transition, glass tran-
sition temperature, and dynamics of cooperative relaxation phenomena of the system.
The required dielectric data can be gathered by simple methods that facilitate in situ
applications. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 17–25, 1997
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INTRODUCTION solid condition. For such a technique to be accept-
able, a difficult condition to satisfy is the necessity
to operate in real time and in the rather uncleanGoods manufacturers are nowadays dominated by
industrial environment, which is often hostile tothe overwhelming demand for high quality. Qual-
sophisticated equipment. Robustness in bothity, or at least reproducibility, can be assured only
hardware and software is an additional require-by monitoring and tracking all the intermediate
ment that makes things more complicated. Sev-steps from raw materials to final goods. In those
eral methods have been proposed and tested inproductions that require using thermosetting
laboratory conditions and many operate well;polymers, such as, for instance, composite materi-
among the most promising, we include electricals fabrication or assembling by adhesive consoli-
techniques, in use for almost sixty years, anddation, it would be of importance to be able to, by
spectroscopic IR techniques that take advantagemeans of suitable techniques, gather information
of the use of optical fiber technology.1,2on the time evolution of the chemical processes

Conductivity and low-frequency dielectricthat take the original fluid system to the final
methods have already been in use in industrial
environments, while high-frequency dielectric

Correspondence to: P. A. Rolla. methods still remain in a developmental stage. AContract grant sponsor: National Research Program on Ad-
wider diffusion of dielectrometry was preventedvanced Innovative Materials (PNMIA).

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/010017-09 by the lack of basic knowledge of the relationships
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18 CASALINI ET AL.

between molecular structure and macroscopic di-
electric behavior. The inadequacy of reference
data is an additional obstacle. The old theoretical
approach is now about to be pushed aside by a
more quantitative description of the dielectric
phenomena.3–6 New theoretical approaches are
being developed to explain the relaxation behav-
ior observed during polymer formation either by
chain extension or by crosslinking.7–9 Information
on the actual viscosity and conversion10–12,6 are
already achievable with relative ease; and this,
from an applicative point of view, is a first, im-
portant result. In addition, modern dielectrome-
try can yield a wealth of information on phenom-
ena and parameters such on as intermolecular
and intramolecular interactions, relaxation times
of main and secondary relaxations, glass transi-
tion temperature, formation of charge complexes,
phase separation, and charge hopping, and even
on molecular and supramolecular structures.

This article analyzes the dielectric behavior of
an epoxy resin during the crosslink process. The
most relevant parameters characterizing the di-
electric behavior will be examined, and their capa-
bility to provide real-time information on the ad-
vancement of the reaction, the viscosity change,
the sol-gel transition, and glass transition tem-
perature will be discussed.

Figure 1 Three-dimensional plot of 1 * and 1 9 versus
conversion C and log10 of frequency for the DGEBA/

MATERIALS AND EXPERIMENTAL EDA 1 : 1 mixture cured at 257C. The black spheres
METHODS are from experimental data; contour lines of the shaded

areas are from fit equations.
The epoxy prepolymer (EPON 828 EL by Shell
Co.) was a low-molecular-weight liquid diglycidyl

ture was controlled within 0.17C by means of aether of bisphenol-A (DGEBA) with an epoxy
thermostatic bath.equivalent weight of about 190. The curing agent

In the 108–2r1010 frequency interval, the mea-was reagent grade ethylenediamine (EDA) by
surements were performed by using the time do-Carlo Erba, which was distilled under nitrogen
main reflectometry technique in the infinite sam-and over potassium hydroxide shortly before us-
ple configuration. The apparatus and experimen-ing. Mixtures of two different compositions were
tal measurement procedure were described inused (EPON/EDA with molar ratios of 2 : 1 and
Fioretto et al.,13 Casalini et al.,14 and Cole et al.151 : 1 cured at 70 and 257C, respectively).

The advancement of the reaction, as a function
of time, was measured by calorimetry. Measure-
ments were carried out using a Perkin-Elmer
DCS-4 equipped with a 3600 data station and an RESULTS AND DISCUSSION
Intracooler I apparatus.

Dielectric measurements in the 103 to 107 fre-
quency interval were made by means of an imped- For seek of clarity, we will divide this section ac-

cording to the different information yielded by theance analyzer (HP4194A) controlled via IEEE488
by a personal computer. The sample cell consisted dielectric data collected at different times of reac-

tion in a wide frequency interval (Fig. 1).of a simple cylindrical capacitor whose tempera-
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CROSSLINK OF EPOXY RESINS 19

Monitoring of Conversion

This has been, since the beginning of dielectrome-
try applications, the main objective, and a wealth
of papers has been written on this topic. Here, we
limit the discussion only to those results of gen-
eral validity, which are supported by a satisfac-
tory explanation of the underlying phenomena.
Three different approaches have been tried for
monitoring purposes based on the completely re-
laxed dielectric constant 10, the apparent conduc-
tivity s, and the change of both the real 1 * and
imaginary 1 9 part of the permittivity at a fixed
microwave frequency. If the dielectric constant is
measured at sufficiently low frequency, it can be
taken as equivalent to the completely relaxed di-
electric constant; the Senturia’s dipole disappear- Figure 2 The static dielectric constant 10 versus con-
ance model can then be applied.4,16–18

version C of DGEBA/EDA 1 : 1 mixture cured at 257C.
In fact, according to the static dielectric theory, The solid line is the linear fit equation [10(C Å 0)

10 can be related to the mean square dipole mo- Å 10.87; 10(C Å 1) Å 9.66].
ment »m2

i … of the ith dipolar species by the On-
sager–Kirchwood–Frölich equation,19 as follows:

Taking the usual values of 10 and 1` that charac-
terize epoxy systems, it is readily seen that thef (10)Å (100 1` ) (210/ 1` )

10(1`/ 2)2 Å 4p
9kT

∑ Ni »m
2
i … (1)

left-hand derivative in eq. (1) varies by no more
than 2% from the start to the end of reaction whenwhere 1` is the unrelaxed permittivity; Ni is the
amines are used as the hardeners; as a conse-volume concentration of the ith dipolar species;
quence, f (10) and 10 are linearly related, and theand k and T are the Boltzmann constant and the
corresponding quantities obtained by normalizingabsolute temperature, respectively. Equation (1)
with respect to the values at zero conversion (Cshows that, for a system of different species of
Å 0) and full conversion (C Å 1) are identical. Innoninteracting dipoles, the quantity f (10) is lin-
Figure 2 is shown the linear variation of 10 versusearly related to dipole concentrations Ni , provided
conversion C , as measured by calorimetry, of athe system is kept at constant temperature and
DGEBA epoxy resin in the presence of ethylenethe mean square dipole moment of each species
diamine at 257C (the solid line represents the lin-does not change.
ear fit to experimental data). In these conditions,For a system in which molecular groups pos-
the normalized quantity E0 , related to 10 , is de-sessing dipolar charge distribution are modified
fined with respect to the time of reaction t by theby a chemical reaction, a change of the quantity
following equation:in the right side of eq. (1) is likely to occur. As a

consequence, the change of f (10) can, in principle,
be used to monitor the advancement of the reac-

E0 Å
10(t ) 0 10(C Å 0)

10(C Å 1) 0 10(C Å 0)
(3)tion.

In the particular case of an isothermal process
in which the mean square dipole moments of the and can represent the conversion.
involved molecular groups remain constant, and To calculate E0 , one needs the limit values of
only the dipole population modifies; the change of 10 at C Å 0 and C Å 1. The former, that at the
f (10) is linearly dependent on Ni and, therefore, start of the reaction, is readily accessed; while the
on the conversion. This condition is verified for latter, that at full conversion, cannot be directly
epoxy systems,4,18–20 for which a further simplifi- measured because full conversion is never
cation can be proposed. It is easy to verify that achieved in crosslinked systems. We can estimate,

however, 10 (C Å 1) by the linear fit in Figuredf (10)
d10

Å (1` / 2)02
rF2 / 12

`

12
0
G (2) 2. Figure 3 shows that E0 closely parallels the

calorimetric conversion. E0 can thus be given the
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quency, some dielectric contribution may be
picked up, and the resulting apparent conductiv-
ity is better suited for monitoring the final part
of the reaction. Additionally, spurious effects due
to electrode polarization become minimal.6

A modified version of the disappearance model
can be applied to substantiate the monitoring
capabilities of the real and imaginary parts, 1 *
and 1 9, of the dielectric permittivity, 1 Å 1 * 0 i1 9,
at microwave frequencies.3,4 The first successful
application of microwave dielectrometry was
found in the monitoring of the fast photoinitiated
radical chain polymerization of butyl acrylate.22,23

A polymerization reaction converts small mole-
cules into bigger ones. Often, dipolar groups are
associated to the monomers. Such dipoles are

Figure 3 Dielectric conversion E0 (full dots) and calo- strongly affected by both the changes at the mo-
rimetric conversion (dashed line) versus reaction time lecular level brought about by the chemical reac-
t for the isothermal cure at 257C of DGEBA/EDA 1 : 1 tion and by the physical modification of their envi-
mixture. ronment that is becoming macromolecular in na-

ture. If dielectric measurements are carried out
at very high frequency, it is possible to isolate themeaning of dielectric conversion. It is to be noted

that 10 changes by only about 10%; consequently, contribution of small dipolar groups. As a first
approximation, very high frequency dielectrome-for the accuracy of E0 to be within 1002 , 10 has to

be measured with a relative error of 1003 . Such try is capable of sensing the disappearance of
monomer molecules as they are incorporated,accuracy was obtained, in our case, by a proper

numerical treatment of the dielectric data mea- modified or not, in the growing macromolecular
structure.sured as a function of frequency.4 As a rule, 10

can be determined by a statistical averaging of an A number of articles,4,5,24–26 mostly concerned
with the setting of epoxies, detail the monitoringadequate number of data points taken at a fixed

low frequency. Direct current measurements are applications of dielectrometry and underline the
advantages of this technique. We recall the factsnot convenient because noise and electrode polar-

ization effects mask the polarization of the sample that measurements are not affected by stray ef-
fects, such as electrode polarization, and that dcthat usually constitutes the dielectric of a capaci-

tor; for these reasons, it is advisable to use alter- conductivity and the kinetics of the process can
be followed in real time simply by tracking thenating current (ac) frequency measurements at a

frequency sufficiently low so as to minimize con- value of 1 * or 1 9.
The present system was also cured at 707C, andtributions to the dielectric constant originated by

relaxation phenomena. In any case, 10(C Å 1) has 1 * and 1 9 were measured at the frequency of 2.5
GHz. The variation was about 40% for 1 * andto be known in advance if real-time monitoring is

required. Additionally, real-time capabilities are more than 95% for 1 9 (Fig. 4), therefore much
larger than the variation of 10 previously consid-preserved only if measurements are made at suf-

ficiently high rate compared to the rate at which ered. The dielectric conversion D (t ) is defined as
chemical changes take place in the system.

The conversion in crosslinking epoxy resins has
D (t ) Å 1 (t ) 0 1 (C Å 0)

1 (C Å 1) 0 1 (C Å 0)
(4)also been accurately monitored by measuring the

variation of the conductivity caused by the pro-
gressive decrease in diffusive mobility of impurity
ions.6,21 The dc conductivity is a quantity of lim- where 1 can be the real or imaginary part of the

dielectric constant, t indicates the time elapsedited utility since it tends to level off at gelation
and it becomes less sensitive to further chemical from the beginning of the process and 1 (C Å 0)

and 1 (C Å 1) are the values of 1 at the beginningchanges that occur beyond gelation. However, if
conductivity is measured at a proper low fre- and at the end of the reaction. The latter value
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CROSSLINK OF EPOXY RESINS 21

Figure 4 1 * and 1 9 at 2.5 GHz versus conversion C
Figure 5 Dielectric conversion D calculated from bothof DGEBA/EDA 2 : 1 mixture cured at 707C. The solid
1 * (open dots) and 1 9 ( full dots) data and calorimetriclines are the linear fit equations.
conversion (dashed line) versus reaction time t for the
isothermal cure at 707C of DGEBA/EDA 2 : 1 mixture.

cannot be directly measured because the system
never reaches a complete conversion; it must be plotted along with its time derivative. A maxi-
determined by the same data fit in Figure 4 (solid mum appears at conversion of about 0.3 as a re-
line). sult of counterbalancing between the autocatalitic

If at full conversion it is assumed that 1 9 Ç 0, effect and the consumption of reactive groups. The
that is, relaxations are no more active at the ac- kinetic behavior of thermosetting systems can be
tual frequency, we have roughly thought to fall under two different re-

gimes. In the first part of the reaction, when the
D (t ) Å 1 0 1 9 (t ) /1 9 (C Å 0) (5) viscosity of the medium is low, the rate of reaction

obeys conventional kinetic equations (chemical
and only raw experimental data are needed to
calculate D (t ) . For the present system, the linear
fit shown in Figure 4 yields 1 9 (C Å 1) Å 0, 02 so
that the ratio in eq. (5) is suitable to measure
the conversion,12 which, at this frequency, can be
made with greater accuracy due to the larger vari-
ation of 1 * and 1 9.

In Figure 5, D (t ) , obtained from both 1 * and
1 9, is compared with the calorimetric conversion
C (t ) ; the agreement between calorimetry and di-
electrometry is excellent. The match is expected
to even be better if one uses data obtained by a
single frequency technique than those of the time
domain reflectometry. Accurate experimental
data allow simple and real-time calculation of the
rate of reaction.27,28

Although the actual accuracy of the D data in
Figure 5 may not be sufficient to enable direct Figure 6 Conversion D obtained by a general fit of
calculation of the rate of reaction, the use of a the 1 9 data of Figure 5 (dotted line) and the correspond-
proper fit equation eases the situation. In Figure ing rate of reaction (solid line) plotted versus time of

reaction t .6, the equation fitted to experimental 1 9 data is
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quency ac measurements are therefore pre-
ferred.24 However, under ac fields, current can be
produced either by free ions or by bound charges;
to distinguish these contributions, the conductiv-
ity has to be measured at different frequencies.
The conductivity due to free charges is stable as
the frequency increases, but it does not when
bound charges come into play; this allows choos-
ing the correct frequency at which measurements
have to be made.

The percolation approach at gelation describes
the conductivity behavior during crosslinking by
the following equation7:

s Å s0F (Cgel 0 C )
Cgel

Gx

(7)Figure 7 The reduced rate of reaction versus conver-
sion D (p Å 1; q Å 1.75).

This equation shows that conductivity decreases
as the conversion approaches the gelation value,
Cgel ; the exponent x has a universal value (Ç3.3).stage). When the viscosity becomes sufficiently
The conductivity of the epoxy system is plotted inhigh, the rate at which reactive molecules meet
Figure 8 as a function of conversion; the solid lineis controlled by mobility (diffusion stage) more
is eq. (7), and the gel point is taken at Cgel Å 0.69.than by the concentration of reactive molecules.
A discussion on the reliability of the determina-In general, a kinetic equation of the type12

tion of the gel point by this method is in Casalini
et al.7 By means of measurements of conductivity,dD

dt
Å (k1 / k2Dp ) (1 0 D )q (6) it is then possible, with acceptable accuracy, to

obtain the viscosity profile in the first part of the
reaction.10,30 This result should be compared withis obeyed when the system is in the chemical

stage. Then a plot of (dD /dt ) (1 0 D )q (reduced
rate) versus Dp should yield a straight line. In
Figure 7, it is shown that linearity is found for
conversion up to about 0.7. Above this value, the
system enters the diffusion stage, the rate of reac-
tion decreases, and gelation or vitrification phe-
nomena occur.

Monitoring of Viscosity

Though epoxy systems are good insulators, a cer-
tain level of conductivity (of the order of 1008 S/
cm) is customarily observed as the consequence
of the presence of ionic impurities. Conductivity
measurements have been employed extensively to
monitor the viscosity h of the prepolymer during
setting. The resistivity (s01) was demonstrated
to be proportional to viscosity at least up to the
diffusion controlled regime10,29–31 and to become Figure 8 Log of conductivity s [S/m] versus calori-
nearly stable afterward. The determination of metric conversion C for the isothermal cure at 257C of
small conductivities under dc electric fields is DGEBA/EDA 1 : 1 mixture. The solid line represents

eq. (7).largely influenced by electrode effects; low-fre-
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CROSSLINK OF EPOXY RESINS 23

the bulk viscosity h, as it has been verified in a
number of experiments. Equation (9) is verified
also for polymerizing systems before the gelation.
Accordingly, the relaxation time can be used to
monitor the viscosity, and suitable viscosity–re-
laxation time models can be applied.10,25,35

Determining Tg

The plot in Figure 9 also permits evaluating the
actual value of the glass transition temperature
of the system. This can be made on the ground of
a dielectric definition, commonly accepted, of the
glass transition temperature as the one at which
the relaxation time is 102 s. It is of interest toFigure 9 Log of relaxation time, in seconds, versus
point out that by this approach, it is possible toconversion C for the isothermal cure at 257C of DGEBA/
calculate, or at least evaluate, the Tg of a systemEDA 1 : 1 mixture. The solid line represents eq. (8).
during reactions, even those that are not isother-
mal. We consider this procedure to give more reli-
able results than calorimetry, which requiresthe viscosity profile given by chemorheological
heating the sample so that the system continuesmodels.32,33

to evolve before a more or less evident change inA different approach for monitoring the rheo-
specific heat is detected by the calorimeter. Bylogical behavior is based on the variation of some
carrying out isothermal cure reactions at differentdynamic parameters of the low-frequency dielec-
temperatures, it is possible to establish correla-tric relaxations. The most useful parameter is the
tions between Tg and conversion. Alternatively,main relaxation time t, related to the reorienta-
by determining the more usual VF behavior of thetional mobility of the whole molecule. In fact, in
relaxation time by changing the temperature ofa system that polymerizes, the main relaxation
the system at different conversions, the dielectrictime increases by several orders of magnitude; the
glass transition temperature as a function of con-rate of variation of t increases dramatically as
version can be again tabulated. The two proce-the glass transition is approached (Fig. 9), but it
dures are equivalent in principle, but the experi-does not show appreciable variation at gelation.
ment based on temperature variation might beThis behavior has been very recently recognized
affected by spurious effects, such as phase separa-to conform with a Vogel–Fulcher (VF) type equa-
tion phenomena, as well as conversion stabilitytion if the independent variable is conversion.34

under temperature span.The fit line in Figure 9 is the following equation:

Monitoring of Dynamical Propertieslog10St0

t D Å F
C 0 C0

(8)
by the Shape Parameters

The two shape parameters a and b, characteriz-
where t0 , F , and C0 are fit parameters. Since C ing the Havriliak–Negami relaxation function19

õ C0 , we have t ú t0 ; t0 is simply a reference commonly used to describe complex systems such
value for the time scale of the system: at C Å 0, as polymers, are also useful to investigate the
the actual relaxation time is higher than t0 by structural changes that occur in reacting systems.
(F /C0) orders of magnitude. The interest in these parameters for this applica-

According to Debye–Maxwell equation, tion is very recent,3,7 and, as of yet, only few re-
marks can be made. In Figure 10, both a and b are
plotted vs. conversion for our system; the lineart Å 4pa3

kT
h (9)

increase of a, also observed in other similar sys-
tems,8 indicates an increase of intermolecular in-
teractions as macromolecules grow. The parame-where the molecule is considered a sphere of ra-

dius a , the relaxation time t is proportional to ter b remains substantially constant except for a
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of the main relaxation reflect the change of the
relaxation mechanism of the system during the
chemical process.

REFERENCES

1. P. Hedvig, in Applied Polymer Analysis and Char-
acterization, J. Mitchell Jr., Ed., Hanser, Münich,
1992.

2. J. Mijovic and S. Andjelic, Macromolecules, 28,
2787 (1995).

3. E. Butta, A. Livi, G. Levita, and P. A. Rolla, J.
Polym. Sci., Polym. Phys., 33, 2253 (1995).

4. C. Culicchi, G. Levita, A. Livi, and P. A. Rolla, J.
Polym. Sci., Polym. Phys., 34, 2731 (1996).

5. G. P. Johari, J. Mol. Liq., 56, 153 (1993).Figure 10 Shape parameters, a and b, of the main
6. F. Bellucci, M. Valentino, T. Monetta, L. Nicodemo,relaxation versus conversion C for the isothermal cure

J. Kenny, L. Nicolais, and J. Mijovic, J. Polym. Sci.,at 257C of DGEBA/EDA 1 : 1 mixture. The solid lines
Polym. Phys., 32, 2519 (1994).are a guide for the eyes.

7. R. Casalini, A. Livi, P. A. Rolla, G. Levita, and D.
Fioretto, Phys. Rev. B, 53, 564 (1996).

8. D. Lairez, J. R. Emery, D. Durand, and R. A.limited increase at the end of the reaction; at this
Pethrick, Macromolecules, 25, 7208 (1992).time, an acceptable explanation cannot be given,

9. R. Casalini, Thesis, University of Pisa, 1995.though we only note that the effect is observed
10. J. W. Lane, R. K. Khattak, and M. R. Dusi, Polym.just after gelation (Fig. 10).

Eng. Sci., 29, 339 (1989).
11. D. E. Kranbuehl, P. Kingsley, S. Hart, G. Hasko, B.

Dexter, and A. C. Loos, Polym. Comp., 15, 299 (1994).
CONCLUSIONS 12. S. Carrozzino, G. Levita, P. A. Rolla, and E. Tomb-

ari, Polym. Eng. Sci., 30, 366 (1990).
Tracking the change of electric properties in sys- 13. D. Fioretto, A. Livi, P. A. Rolla, G. Socino, and L.

Verdini, J. Phys., Cond. Mat., 6, 5294 (1994).tems undergoing chemical modifications is a pow-
14. R. Casalini, A. Livi, and P. A. Rolla, Jpn. J. Appl.erful method for obtaining information of the ki-

Phys., 33, L1271 (1994).netic and rheological behavior of the system.
15. R. H. Cole, S. Mashimo, and P. Winsor IV, J. Phys.We have shown that this occurs in the case of

Chem., 84, 786 (1980).amine–epoxy crosslinking systems, where a lin-
16. A. Soualmia, C. Huraux, and B. Despax, Makromol.ear dependence between the static dielectric con-

Chem., 183, 1803 (1982).stant 10 and conversion is observed, though the 17. N. F. Sheppard and S. D. Senturia, SPE Tech. Pa-
overall variation of 10 is rather small. The same pers, 31, 321 (1985).
pattern of behavior was observed for the per- 18. N. F. Sheppard and S. D. Senturia, Polym. Eng.
mittivity measured at microwave frequency with Sci., 26, 354 (1986).
the advantage of a much greater sensitivity. For 19. C. J. F. Böttcher, in Theory of Dielectric Polariza-
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