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Synopsis

Dipole relaxation dielectric loss behavior of a fiberglass-epoxy composite has been studied
following submersion in polar and nonpolar organic solvents as well as in acidic and basic aqueous
solutions. Certain adsorbed organic solvents, such as 1,2-dichloroethane, had little influence on
the epoxy relaxation behavior. Other solvents, including chloroform, increased the composite
relaxation intensity and shifted the temperature-frequency region over which the relaxation
occurred. Both the amount of solvent uptake and the degree of interaction of solvent molecules
with epoxy polar functional groups appear to control the amount of relaxation behavior perturba-
tion. Arrhenius activation energies for relaxation were lowered by solvent uptake from the dry
composite value of 18 kcal/M to between 6 and 16 kcal /M, depending on the solvent adsorbed.
Submersion in methanol and chloroform sharply increased the direct current conductivity of the
composite. Two molar acidic and basic solutions had little influence on composite dipole
relaxation behavior other than the well known behavior associated with moisture uptake.

INTRODUCTION

In a previous paper,! the dipole relaxation dielectric loss behavior of the
epoxy resin utilized in the present work was examined. The results, in
agreement with parallel studies on similar systems,? suggested a dual-phase
nature of moisture within the resin matrix. At lower moisture concentrations
(< 1.4%) a hydrogen bonded or otherwise strongly adsorbed moisture phase
was preferentially formed. By relaxing in phase with the polar epoxy groups,
this moisture altered the intensity and shifted the frequency-temperature
domain over which relaxation losses appeared. At higher moisture concentra-
tions (> 1.4%) the appearance of a second dielectric loss peak indicated that a
colloidal or weakly bound moisture phase, perhaps filling voids in the resin
matrix,? was formed. The kinetics and modes of aqueous solvent adsorption in
epoxy systems have been described by several authors,®-% but no literature
has appeared concerning the uptake of organic solvents.

Exposure of a solid surface within a porous matrix to a liquid or a gas will
generally result in formation of an adsorbed phase which significantly alters
the interfacial electronic properties. Generally, highly polar adsorbed phases
such as HC], NH,, and H,0 will form more substantial adsorbed layers,
especially at polar surfaces. Strongly adsorbed phases, including acetone at
Si0,,% often undergo a loss of dipole activity and usually show permittivities
far below bulk values.
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Nonpolar molecules tend to form less substantial adsorbed layers, but may
exist to a much greater extent within a matrix as a nonadsorbed diluent. In
the case of a completely nonadsorbed diluent phase, the total permittivity of
the matrix should equal that of the adsorbate plus that of the bulk adsorbent
weight. The influence of adsorbed and diluent phases on dielectric properties
of polymers have been studied extensively,”® but no comprehensive classifica-
tion of solvent effects on either a or B relaxation properties has been
established.

Fiberglass-epoxy composites are widely used throughout the electronics
industry as insulators between adjacent planes of multilayer printed circuit
boards. During processing, a circuit board epoxy is typically exposed to several
organic solvents including formaldehyde, methanol, and chlorinated hydro-
carbon mixtures as well as strongly acidic and basic aqueous solutions. The
influence of such exposures upon composite integrity and insulation quality is
of obvious importance in choosing appropriate circuit board manufacturing
processes.

Several processes,' including direct current conduction, long-chain dipolar
relaxation, interfacial polarization, and side group dipolar relaxation influence
the overall dielectric response of an epoxy composite. The present study was
undertaken both to further our fundamental understanding of epoxy dielectric
properties, especially in the presence of adsorbed moisture, as well as to
establish general guidelines regarding epoxy exposure to various solvents. In
this paper, the behavior of side group dipolar relaxation and DC conduction of
a dicyandiamide-epoxy resin formulation occurring upon exposure to polar
organic solvents, nonpolar diluents, and acidic and basic aqueous solutions are
presented.

EXPERIMENTAL

Capacitance and dielectric loss were measured and recorded from 400 Hz to
1 MHz using an impedance analyzer interfaced with a standard lab computer.
Measurements were made using an AC amplitude of 1.0 V RMS as described
previously.!

Measurements were generally made at 10°C intervals from — 100 to 40°C in
a temperature control chamber. Samples were allowed to equilibrate at each
temperature for 15 minutes prior to dielectric measurements. Measurements
were performed on fiberglass-epoxy composite samples with a uniform thick-
ness of 0.3 mm. The samples were firmly held between identical polished
aluminum electrodes of 25 cm? area. The resin used was a typical dicyandia-
mide-epoxy formulation® which was cured at 180°C for 90 min.

Samples were prepared by submersion at 20°C in desired reagent-grade
solvents or aqueous 2 M HCl or NaOH solutions for 48 h. The 48-h submer-
sion period was chosen as a time which allowed close approach to equilibrium
solvent uptake, but did not result in substantial epoxy degradation by the
solvents. All samples were dried at 100°C for 100 hrs prior to solvent
submersion. Sample weights were measured prior to submersion, immediately
following submersion, and following drying of adsorbed solvent at 130°C.
Reported solvent uptake weights were determined by the difference between
the final dried weight and that immediately following solvent uptake.



SOLVENT EFFECTS ON DIPOLE RELAXATION 2295

RESULTS AND DISCUSSION

A typical temperature domain dielectric loss spectrum of the glass-epoxy
composite dried at 130° for 100 hours is shown in Figure 1. The Arrhenius
activation energy of this single, widely distributed B relaxation loss peak is
18.1 kcal/M.! This loss behavior is interpreted as a manifestation of epoxy
polar functional group dipole relaxation in the applied AC electric field. No
additional features were observed in the dry composite loss spectrum between
—180 and 100°C.!

Composite temperature and frequency domain dielectric loss spectra are
shown in Figures 2(a) and (b) following a weight gain of 0.94% nitrobenzene.
The general characteristics of the loss spectrum were not strongly perturbed
by adsorption of nitrobenzene, with the B loss peak remaining very widely
distributed in the temperature domain and unresolved in the frequency
domain. The integrated loss intensity between high temperature-low
frequency and low temperature-high frequency measurements decreased
slightly compared to that observed in dry composite, and no additional loss
peaks were observed. The Arrhenius activation energy of 16.1 kcal/M de-
termined from temperature domain data is slightly lower than the 18.3 value
determined for the dry composite.

Nitrobenzene did not contribute to the total composite capacitance, and no
additional loss peaks were observed over the temperature-frequency domain
studied. If the nitrobenzene were present as a bulk phase within the com-
posite, then a simple calculation based on additive permittivities yields
approximately a 10% increase in total capacitance for 20°C-1 KHz measure-
ment. The absence of such an increase, as well as the slight decrease in
integrated loss intensity, suggests that nitrobenzene is present as a strongly
adsorbed phase which does not relax in phase with polar epoxy side groups
and may actually inhibit their B8 relaxation process. Such behavior could
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Fig. 1. Temperature domain dielectric loss spectrum of a composite sample dried at 130°C for
100 hrs: (@) 1000 kHz; (®) 100 KHz; (v) 10 KHz; (a) 0.4 KHz.
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Fig. 2a. Temperature domain dielectric loss spectra of composite containing 0.94 wt% nitro-

benzene: (a) 1000 KHz; (v) 100 KHz; () KHz; (8) 0.4 KHz.
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Fig. 2b. Frequency domain dielectric loss spectra of tomposite containing 0.94 wt% nitroben-
zene: (a) 0°C; (v) —20°C; (@) —60°C; (m) —80°C.
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Fig. 3. Temperature domain dielectric loss spectra of composite following uptake of 2.96 wt%
1,2 dichloroethane: (a) 100 KHz; (v) 10 KHz; (@) 1 KHz; (m) 0.4 KHz.

result if the nitrobenzene adsorbs at sites other than polar functional groups,
or could simply be the result of stearic inhibition of nitrobenzene movement
at polar epoxy sites. The observed behavior contrasts sharply with that of
water which appeared to adsorb at, and relax in phase with, polar epoxy
functional groups.

Figure 3 shows the temperature domain composite loss spectra following
uptake of 2.96 wt% 1,2-dichloroethane. As in the case of nitrobenzene adsorp-
tion, the frequency domain loss spectra did not show well resolved features.
The Arrhenius activation energy of 16.6 kcal /M determined from the temper-
ature domain spectra is close to those for nitrobenzene adsorption. For
dichloroethane adsorption, a 9% increase in composite capacitance is esti-
mated from an additive permittivity calculation (¢ = 10.4, 2.96%). Since no
increase in capacitance or integrated loss intensity was observed, it is again
suggested that the adsorbed phase does not relax in phase with polar epoxy
groups. The substantial mass or size of large, but moderately polar, molecules
such as nitrobenzene and dichloroethane may preclude their participation in
relaxation in phase with polar functional groups within the epoxy matrix.

Figures 4(a) and (b) show the temperature and frequency domain loss
spectra following uptake of 0.78 wt% of the nonpolar solvent carbon tetrachlo-
ride. The temperature domain loss peaks are somewhat more well defined,
show more intense maxima, and are of about equivalent integrated intensity
to those observed for nitrobenzene and 1,2-dichloroethane adsorption. The
Arrhenius activation energy of 15.2 kcal/M and the frequency factor of 10'¢
are somewhat lower than those previously discussed. The frequency domain
spectra show broad but resolved loss peaks from which an Arrhenius activa-
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Fig. 4a. Temperature domain composite dielectric loss spectra following uptake of 0.78 wt%

carbon tetrachloride: (a) 100 KHz; (v) 10 KHz; (@) 1 KHz; (m) 0.4 KHz.
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Fig. 4b. Frequency domain composite dielectric loss spectra following uptake of 0.78 wt%
carbon tetrachloride: (@) 0°C; (a) —10°C; (v) —20°C; (@) —30°C.
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Fig. 5. Temperature domain dielectric loss spectrum of composite following uptake of 9.7 wt%
methanol: (a) 1000 KHz; (v) 100 KHz; () 10 KHz; (@) 1 KHz.

tion energy of 15.0 kcal /M is determined. A total capacitance change of less
than one percent is calculated assuming additive permittivities (¢ = 2.24,
0.78%), and no capacitance change was experimentally observed.

The sharper temperature domain loss peaks, the resolution of peaks in the
frequency domain, and the lowered activation energy and frequency factor
suggest that CCl, adsorption increases the effective homogeneity of epoxy
polar functional groups and may plasticize the matrix. Nonpolar molecules
often plasticize a polymer matrix in which they are adsorbed, but usually the
result is a decrease in the temperature range over which temperature domain
loss peaks appear. In the present case, solvent adsorption at nonpolar epoxy
sites may increase the free volume for epoxy polar group relaxation, thus
yielding more homogeneous relaxation sites.

Temperature domain composite loss behavior following uptake of 9.7 wt%
methanol is shown in Figure 5. Intense but broad loss peaks appear at
temperatures approximately 50° lower than in the dry composite. The tem-
perature shift, as well as the large methanol uptake, indicate that the matrix
is highly plasticized by the methanol. An Arrhenius activation energy of 12.5
kcal/M and a frequency factor of 10'® are calculated from the data. The
sharply rising losses at higher temperatures are a manifestation of DC
conduction through the MeOH-containing matrix. The activation energy for
conduction is estimated from the separation of loss curves at D = 0.1 to be 15
kcal /M. As is often observed, the activation energy associated with DC
conduction is very close to that of the 8 relaxation process. It is thought that
this suggests that charge transfer and B relaxation involve a common physical
process such as site to site movement of a pendant OH group.
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The frequency domain spectra did not show well resolved peaks as a result
of the sharply rising loss background associated with DC conduction.

Composite temperature and frequency domain loss spectra measured follow-
ing uptake of 21 wt% chloroform are shown in Figures 6(a) and (b), re-
spectively. Following chloroform uptake, the temperature domain spectra
increased in total intensity by about one third; however, the peaks broadened
somewhat compared to the dry composite. At higher temperatures, the
sharply rising background reflects DC conductivity associated with the pres-
ence of chloroform within the epoxy matrix. The loss peaks which were
resolved occurred over a distinctly different temperature range than those of
the dry composite, and yield an activation energy of 5.8 kcal/M and a
frequency factor of 10!° s~ (Fig. 7).

The frequency domain spectrum shows well resolved loss peaks with consid-
erably greater intensity than those of the dry composite. The Arrhenius plots
constructed from temperature and frequency domain loss data for chloroform
are shown in Figure 7. The plot also yields an activation energy of 6.3 keal/M
and a frequency factor of ~ 10'° s~! for B relaxation frequency domain data.
The case of chloroform uptake was unique in that a physically reasonable
value for the frequency factor was obtained. This probably indicates that a
linear Arrhenius extrapolation is possible over a very wide temperature range.
Such behavior contrasts with the dry composite and may indicate that the
epoxy has undergone glass-transition order-disorder changes during solvent
uptake. These changes may act to lower the relaxation activation energy in a
way that simulates higher temperatures in the dry composite. Arrhenius plot
curvature!® upon extrapolation to infinite temperature (which is required by
the unreasonably high frequency factors measured for composite samples)
may be minimal in the highly plasticized matrix obtained at either higher
temperature or following solvent uptake. An approximately 10% increase in
capacitance associated with chloroform uptake agrees well with that calcu-
lated assuming an additive permittivity relationship (¢ = 4.8, 21%).

A highly plasticized epoxy matrix in which most adsorbed chloroform is
able to participate in the 8 relaxation process is indicated by the decreased
activation energy and frequency factor, and the substantial measured capaci-
tance increases.

For all cases of solvent submersion, the composite loss spectrum following
solvent evaporation and drying were nearly identical to those of the initial dry
composite. This is interpreted as an indication that little dissolution of polar
functional groups or other disruption of matrix structures occurred during
solvent submersion.

Submersion of composite for 48 hours in 2M HCI and saturated NaOH
solutions resulted in increased B relaxation loss intensity and improved loss
peak definition. The changes, however, can be entirely attributed to the
amount of moisture taken up by the composite,' rather than to an epoxy
chemical change. The frequency domain loss spectrum measured following
submersion in HCI is shown in Figure 8. The moisture uptake of 1.13% as well
as the loss spectrum were nearly identical to that obtained following submer-
sion in pure water.! A moisture uptake of 0.92% resulted from submersion in a
saturated NaOH solution, and the loss intensity was consistent with the mass
of water uptake. The decreased moisture uptake following submersion in the
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Fig. 6a. Temperature domain composite dielectric loss spectra following uptake of 21 wt%
chloroform: (a) 1000 KHz; (v) 100 KHz, (®) 10 KHz; (®) 1 KHz.

Dielectric Loss * 100

1.0 T T T T T T
30 a5 40 45 5.0 65

Log Frequency (Hz)

Fig. 6b. Frequency domain composite dielectric loss spectra following uptake of 21 wt%
chloroform: (a) 1000 KHz; (v) 100 KHz; (@) 10 KHz; (m) 1 KHz.
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Fig. 7. Arrhenius plots constructed from the temperature and frequency domain data of
Figure 6 for composite samples containing 21 wt% chloroform: (®) Temperature Domain Data;
(m) Frequency Domain Data.
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Fig. 8. Temperature domain dielectric loss spectra of composite samples undergoing a 1.13
wt% gain following submersion in 2 M HCl: (@) —30°C; (@) —20°C; (v) 0°C; (a) 10°C.
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saturated NaOH solution presumably resulted from the lower water activity
in this system. Changes in the loss spectrum were reversible upon drying,
suggesting little or no change in the polar functional group characteristics
occurred during submersion.

Submersion in a concentrated HCI solution resulted in a 1.39% weight gain
and a relatively highly conductive epoxy matrix. In this case, the concentra-
tion of protonated functional groups or free acid apparently became large
enough to allow a proton hopping or a migration charge transfer mechanism.

CONCLUSION

The dielectric loss behavior of a dicyandiamide-epoxy based composite was
examined following adsorption of several organic solvents. Dielectric loss
behavior following solvent uptake showed that solvent participation in epoxy
polar group relaxation, and presumably the degree of interaction between
adsorbed solvent and epoxy polar groups depends strongly on the solvent
adsorbed. Interactions were weaker for all solvents studied than those in-
volved in moisture adsorption. Some solvents, including methanol and chloro-
form, strongly reduced the composite direct current resistance and distinctly
lowered the Arrhenius relaxation activation energy. Others, such as carbon
tetrachloride, improved loss peak definition probably as a result of increased
epoxy polar group homogeneity. Composite dielectric behavior following
evaporation /drying of each of the adsorbed organic solvents was not detect-
ably different than that of the original dry composite.

References

1. J. D. Reid, W. H. Lawrence, and R. P. Buck, J. Appl. Poly. Sci., 31, 1771 (1986).

2. I. D. Maxwell and R. A. Pethrick, J. Appl. Poly. Sci., 28, 2263 (1983).

3. A. Apicella, R. Tessieri, and C. de Cataldis, J. Membrane Sci., 18, 211 (1980).

4. J. L. Illinger and N. S. Schneider, Water in Polymers, American Chemical Society,
Washington, D.C., 1980, p. 55.

5. L. L. Marsh, R. Lasky, D. P. Seraphim, and G. S. Springer, IBM J. Res. and Dev., 28, 655
(1984).

6. M. Davies, Dielectric Properties and Molecular Behaviour, T. M. Sugden, Ed., Van
Nostrand Reinhold Company, New York, 1969.

7. T. Suzuki, K. Adachi, and T. Kotaka, Polym. J., 13, 385 (1981).

8. H. E. Bair, G. E. Johnson, and R. Merriweather, JJ. Appl. Phy., 49, 4976 (1978).

9. T. F. Saunders, M. F. Levy, and J. F. Serino, J. Polym. Sci., 5, 1609 (1967).

10. G. Williams, Trans. Faraday. Soc., 59, 1397 (1963).

Received June 26, 1986
Accepted October 1, 1986





