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ABSTRACT: The effects of moisture absorption on the dielectric properties of a rubber-
modified, mineral-filled, epoxy resin based on the diglycidyl ether of bisphenol A cured
with dicyandiamide are reported. Samples of the resin were aged by immersing in
deionized water, or 5% w/w NaCl solution, at elevated temperatures. Dielectric mea-
surements were carried out over the frequency range 10~ * to 6 X 10° Hz. A featureless
dielectric spectrum was observed with both real and imaginary dielectric permittivity
increasing with the amount of absorbed water. The change in the dielectric properties
with absorption of water was independent of presence of salt, temperature of exposure,
and aging history, although a hysteresis of the hydration—dehydration process was
observed at low frequencies. Two types of absorbed water were observed—water mo-
lecularly dispersed within the epoxy matrix and clustered water in spherical micro-
cavities. The time dependence of the real dielectric permittivity measured at 10 kHz
was found to closely resemble that of the water absorption, which allowed the activation
energy of diffusion to be calculated from both dielectric and gravimetric data. © 2002
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INTRODUCTION

Numerous experimental methods are used to
study water absorption in materials, for example,
gravimetric determination of the weight gain, nu-
clear magnetic resonance, differential scanning
calorimetry, dynamic mechanical thermal analy-
sis, and infrared Fourier transform spectroscopy.
Electromagnetic propagation techniques have
also been used to characterize the water sorption
by a variety of materials.! Inductance, resistance,
or capacity values can be measured and related to
the water content. Measurement of the effective
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permittivity via time—domain refractometry
(TDR) is a popular method for estimating the
volumetric water content of soil,2 and dielectric
spectroscopy (DS) has been recently extensively
investigated as a method of characterizing the
process of cure and sorption of water in epoxy
resin matrices.?

An immersed polymer can be seen as a two-
phase system: filler (water) in a matrix (pure or
reinforced polymer). A review on the modeling of
such systems can be found in the literature.* The
dielectric properties of a material are obviously
dependent on the water content, but the correla-
tion between the dielectric permittivity and the
amount of absorbed water is not simple because
many phenomena are involved. Both the state
and the amount of water absorbed influence the
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dielectric permittivity. Moreover, polarization
phenomena of other components in the polymer
system can also influence the dielectric proper-
ties.

Water in polymers can be molecularly dis-
persed or clustered. Clustering usually occurs
when capillaries and microcavities exist in the
polymer. Maxwell and Pethrick® compared the
dielectric properties of dry and water aged epoxy
resins and found two distinct processes. A peak at
about 273 K was associated with the freezing of
water in cavities, and a lower temperature pro-
cess was ascribed to water molecules dispersed
within the resin and bound to it by hydrogen
bonds. However, Woo and Piggott® studying
DGEBA based epoxy resins concluded that the
water does not appear to be bound to polar groups
in the resin or hydrogen bonding sites, although
dielectric tests indicated that it does not behave
as free water because its polarizability is much
reduced. The amount of reduction in the effective
dielectric constant of the water is about 55 to 77%,
indicating that there is some clustering of the
water molecules in the polymer, rather than com-
plete separation of the molecules. Aldrich et al.”
also found that water is not strongly bound to the
epoxy matrix. The dielectric permittivity mea-
sured at 10 kHz was close to the Onsager pre-
dicted value with the water molecules showing
roughly 70-100% of their free-state polarizabil-
ity. The high dielectric constant of liquid water is
a consequence of the interactions between the
water molecules. For molecularly dispersed water
a lower dielectric permittivity applies because in-
teractions between the water molecules do not
occur. The dielectric permittivity of bound water
is unknown, but it is presumed to lie between the
values for ice and liquid water. Bosma et al.®
studied water absorption by aromatic diamine-
cured tetrafunctional epoxy resin with dielectric
spectroscopy. A liner relationship between the di-
electric permittivity at 10 kHz and the water
weight fraction was again observed. They pro-
posed a model based on the assumption of a time-
dependent dielectric permittivity of the matrix
during the aging, due to swelling, chemical, or
other physical modification. Lu et al.,® studying
polyurethane/alumina powders and polyure-
thane/carbon fibers composites with dielectric
spectroscopy, reported that water is absorbed not
only by the polymer matrix but also by the inter-
faces introduced by the fillers. Etienne et al.'®
observed strong dielectric relaxation effects in
polymer-based insulating materials when ex-

posed to moisture due to conductivity effects oc-
curring at the matrix—filler particle interface.
These effects were reversible upon drying. Kor-
zhenko et al.'! studied alpha and Maxwell-Wag-
ner relaxation in polyurethane coatings during
exposure to water, and observed an initial de-
crease in the relaxation time due to plasticization,
followed by a decrease of the relaxation time and
ionic conductivity associated with formation and
growing of blisters. Pethrick et al.'>!3 obtained
the diffusion coefficient for water absorption in
epoxy/amine thermosets from dependence of the
real dielectric permittivity on the time of expo-
sure to moisture. The results were close to those
calculated from the gravimetric data.

This study is concerned with the effect of hy-
dration—dehydration cycling on the dielectric
properties of a complex epoxy resin system. The
effects of elevated exposure temperatures and the
presence of salt are also examined. In previous
articles'®'5 the diffusion behavior of water and
its effect on the dynamic mechanical properties of
the resin were discussed. Anomalous two-stage
absorption was observed when the resin was ex-
posed to deionized water. It was found that water
absorbed during the first stage of the absorption
plasticizes the epoxy matrix and the water ab-
sorbed during the second stage resides in micro-
cavities, and does not further suppress the glass
transition temperature of the material. Microcav-
ity formation and a second stage of absorption
were not observed when the resin was immersed
in 5% w/w NaCl solution, which led to the sugges-
tion that the microcavities grow via an osmotic
mechanism.

The aim of this article is to describe the
changes in the dielectric properties of an epoxy
resin that occur with water uptake in conjunction
with gravimetric measurements to diagnose the
water absorption behavior of the material.

EXPERIMENTAL

Material

The material used was the same as that in previ-
ous articles:'*'® a DGEBA-based epoxy resin,
toughened with carboxyl terminated butadiene
acrylonitrile rubber, filled with fumed silica and
calcium silicate and cured with dicyandiamide.
The curing conditions were described in Part I.1%
The material was molded in the form of a disk,
105 mm diameter and 2.6 = 0.2 mm thick. The



Table I Aging History of Tested Samples
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I Sorption Cycle

IT Sorption Cycle

Hydration Dehydration Hydration Dehydration
Sample Aging Conditions Time (h) Time (h) Time (h) Time (h)
A deionized water at 65°C 74 280 4000 400
B deionized water at 65°C 163 420 5100 445
C deionized water at 65°C 7250 430 — —
D 5% w/w NaCl solution at 65°C 74 280 7050 330
E 5% w/w NaCl solution at 65°C 152 280 6850 330
F 5% w/w NaCl solution at 65°C 7700 330 — —
G deionized water at 60°C 1000 — — —
H deionized water at 50°C 12,000 — — —

disks were dried in an oven at 50°C for a month.
A sample with dimensions 40 X 40 mm was cut
from each disk; the remaining material was cut
into 30 X 10-mm samples that were used for
dynamic mechanical thermal analysis. The re-
sults from the DMTA were presented in Part I1.15

Aging Procedure

Six samples were aged by being exposed to deion-
ized water or 5% w/w NaCl solution in sealed jars
maintained at a constant temperature of 65°C
+ 1°C in an electronically controlled oven. The
aging solution was changed on a weakly basis to
avoid contamination. At selected times the sam-
ples were removed from the deionized water/salt
solution and placed in an oven with silica gel at
65°C to allow desorption of water to occur. After
reaching equilibrium weight some of the samples
were rehydrated and then dried again. The sam-
ples were designated A, B, C, D, E, and F. The
first three were aged in deionized water and the
later in 5% w/w NaCl solution. The same samples
were used for the gravimetric study of the water
absorption described in Part 1.1 In addition, two
samples, designated G and H, were aged in deion-
ized water at 60 and 50°C, respectively. Table I
presents the aging regime undergone by the sam-
ples during the study.

On a regular basis dielectric spectroscopy mea-
surements were carried out on the samples. Prior
to measurement, the conditioned samples were
wiped with absorbent paper to remove excess of
water and weighed to determine their moisture
content.

Dielectric Spectroscopy Measurements—DS$S

Dielectric measurements were carried out using a
Solatron 1250A Frequency Response Analyzer

(FRA) operating over the frequency range 102 to
6 X 10° Hz. The network analyzer output was
interfaced to the sample via an inverting ampli-
fier and a charge amplifier on the input. A stan-
dard three-terminal cell (Wayne Kerr, Type
D321) was used for the measurements. The com-
plex impedance and conductivity of the external
circuit were used to calculate the dielectric per-
mittivity €' and dielectric loss €. The method used
and the analysis procedures applied to the data
have been discussed previously.®

Gravimetric Measurements

The weight of the samples was determined using
a Mettler AJ100 electronic balance with accuracy
of 0.1 mg. The time required for the weighing of
the samples was considered sufficiently short for
water evaporation not to be significant. The water
weight fraction, w, was defined as the total weight
of water absorbed at a certain moment in time per
unit weight “wet” polymer:

Wt - Winitial
W=y (1)

where, W, is the weight of the sample at a certain
moment of time and W, ;;;,; is the initial weight of
the sample. The water volume fraction, v, was
defined as the volume of water absorbed at cer-
tain moment of time per unit volume “wet” poly-
mer:

(W - Wini ia )/ water
v = ¢ tial/ Pwat, )
WinitiaI/ppolymer

where pgater aNd ppo1ymer are the densities of the
water and the polymer, respectively. In expres-
sion (2) the swelling of the material is neglected.
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Figure 1 (a) Real and (b) imaginary dielectric permittivity and (c) real and (d)
imaginary electric modulii vs. frequency at different stages of ageing of sample C in
deionized water at 65°C. (M) represents the data measured before the start of the
experiment; (O), (A), (V), (#), (O), (@), (A), and (V) after 22.25, 74.75, 163, 218, 402,
2146, 6748, and 7250 h of aging, respectively.

RESULTS AND DISCUSSION

The results for the real, €/, and imaginary, €,
parts of the dielectric permittivity as a function of
frequency at different times of exposure to deion-
ized water are shown in Figure 1(a) and (b), re-
spectively. Both the real and imaginary parts rise
sharply toward low frequencies, and the rise is
displaced to higher frequencies for longer times of
exposure. Both real and imaginary permittivities
increase with time of exposure. When the permit-
tivity and loss spectra of a material are feature-
less, as in this case, it is difficult to separate the
interfacial polarization and conductivity contri-
butions to the spectra from the intrinsic dipolar
relaxation contributions. This difficulty can be
overcome by representing the data in terms of the
electric modulus. The complex electric modulus is
defined as

M* = 1/¢e* 3)

where €* is the complex dielectric permittivity.
The use of the electric modulus formalism leads to
a description of dielectric data, even for materials
containing molecular or other types of electrical
dipoles, in terms of a distribution of conductivity
relaxation times arising from a stretched expo-
nential decay of the electric field under the con-
straint of a constant displacement vector.!”!®
Analysis of the dielectric data in the M* represen-
tation form is intended to suppress the otherwise
overwhelming contribution from interfacial polar-
ization, so that featureless € and €’ spectra may
be resolved into plateaus and peaks in the M’ and
M" spectra, which are then related to the limiting
high frequency permittivity, €., and the dc con-
ductivity.'® The disadvantage of the formalism is



that the entire dielectric behavior is described in
terms of conductivity relaxation.

The mathematical transformation of €* to M*
yields,

! n
Emeas M . € meas
+ 8//2 meas . _/2 + 8//2

meas meas 8meas meas

(4,5)

! J—
Mmeas = 8/2

1
M;neas = §(8(,iip + 8i’nt) (6)

1
M’r/neas = g(séiip + séic - sirnt) (7)
where
— ! 2 " 9o " ?
S - Sdip + Sint) + 8dip + we, — €int (8)

where the subscripts “int,” “dc¢,” and “dip” refer
the contributions to the real and imaginary elec-
tric permittivity from interfacial polarization, DC
conductivity, and dipolar relaxation. The contri-
butions to M’ and M"” from interfacial polarization
are taken to be negligible on the low-frequency
side of the spectra and are therefore ignored, al-
though these contributions distort the shape of
the M* spectrum.

The variation of real and imaginary parts of
the electric modulus with frequency at different
times of exposure to deionized water are shown in

2.0

1.5+
- co o 00 ©
xE 1.0 eeocle [ | o o
g~ [ Jle cco] N | a am O
2 oomo [
g 054 O moo
g -, o
g 0.0 go
= | m
8’_0'5-_ o
| a

-1.04

_1.5 T T M T v T T

0 1000 2000 3000 4000 5000 6000

1/2 112
Time (s )

Figure 2 Change in the peak frequency with square
root of time of exposure to (M) deionized water and (O)
5% wiw NaCl solution at 65°C.

HYGROTHERMAL AGING OF EPOXY RESIN. III 1015

410
400
390
380
370
360
350 ,

340 e
330

0 1000 2000 3000 4000 5000 6000
T|mem (sm)
Figure 3 Change in the glass transition temperature

with square root of time of exposure to (M) deionized
water and (O) 5% w/w NaCl solution at 65°C.

Figure 1(c) and (d), respectively. Both the disper-
sion in the real part and the incidence of a relax-
ation peak in the imaginary part are clearly evi-
dent. There is a decrease in the magnitude of the
plateau region in the real electric modulus and a
shift of the peak in the imaginary electric modu-
lus toward higher frequencies with time of expo-
sure.

The evolution of the peak frequency with the
square root of time of exposure is shown in Figure
2 (solid squares). The sharp increase in the peak
frequency during the first 600 h of exposure to
deionized water is followed by a plateau region.
The peak frequency behavior mirrors the time
dependence of the glass transition temperature of
the material, illustrated by Figure 3. This corre-
lation reflects the enhanced charge carrier mobil-
ity due to the plasticization of the polymer matrix
by the absorbed water.

Figure 4 shows the real dielectric permittivity
measured at different frequencies as a function of
the water weight fraction. The water weight frac-
tion was varied by immersing the material in
deionized water at 65°C. The permittivity mea-
sured at 10 and 1 kHz depends linearly on the
water weight fraction with a correlation factors of
0.99 and 0.98, respectively, while the permittivity
measured at frequencies below 1 kHz deviate
from linear behavior. It was found that the com-
position dependence of the real dielectric permit-
tivity is independent of previous history of expo-
sure to deionized water.

For all the samples the dielectric permittivity
was monitored as a function of the water weight
fraction on both hydration and dehydration, and
there was no apparent hysteresis for frequencies
above 1 kHz. However, the dielectric permittivity
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Figure 4 Dielectric permittivity measured at (H) 10
kHz, (O) 1 kHz, (A) 100 Hz, and (V) 10 Hz as a function
of the water weight fraction. The data were obtained on
exposure of sample C to deionized water at 65°C.

measured at frequencies below 1 kHz showed hys-
teresis relative to the hydration-dehydration
cycle.

Figure 5 shows the real dielectric permittivity
measured at different frequencies as a function of
the water weight fraction, which was varied by
drying the material in an oven at 65°C. The real
and imaginary electric modulii of the material are
given as a function of frequency at different times
of dehydration in Figure 6.

It is seen from Figure 5 that the real dielectric
permittivity depends linearly with correlation
factors of 1, on the water weight fraction at all
given frequencies. The slopes of the plots of the
dielectric permittivity measured at 1 kHz and 10
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Figure 5 Dielectric permittivity measured at (H) 10
kHz, (O) 1 kHz, (A)100 Hz, and (V) 10 Hz as function of
the water weight fraction. The data were obtained on
dehydration of sample C at 65°C.

kHz vs. water weight fraction are the same as
those calculated from the data obtained on hydra-
tion. The slope of the dielectric permittivity vs.
water fraction plot for 100 and 10 Hz was found to
vary with the amount of water absorbed prior to
the dehydration process.

A nonuniform distribution of water across the
thickness of the sample would give a hysteresis of
the dielectric permittivity vs. the water content.
The effect of the concentration gradient on the
dielectric permittivity calculated from the mea-
sured complex capacitance can be evaluated by
considering a serial model built up of layers with
different amounts of homogeneously dispersed
water (Fig. 7). For a serial model the apparent
dielectric permittivity is
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Figure 6 (a) Real and (b) imaginary electric modulii vs. frequency at different stages
of dehydrating of sample C at 65°C. (H) represents the data measured after 7250 h
aging in deionized water at 65°C; (O), (A), (V), (), (O), (@), (A) and (V) after 23, 49.5,
77, 120, 143, 192, 311, and 430 h of dehydration, respectively.
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Figure 7 Representation of the serial model.
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where €, is the dielectric permittivity of the ith
layer.

Figure 8 shows the computer generated 3D plot
of the normalized water concentration as a func-
tion of time and distance from the surface of a
semi-infinite sample for Fickian diffusion with a
constant diffusion coefficient. Figure 8(a) and (b)
show the absorption and desorption parts of the
plot, respectively. These results were then used to
model the change of the apparent dielectric per-
mittivity with time of sorption, related to the total
amount of water in the system.

A linear connection between the dielectric in-
crement and the water content was assumed

eWvel(t) — 9 = ke, (¢) (10)

Normalised Water Content

Distance

where €,"°"(t) is the dielectric permittivity of the
“wet” layer i at a fixed distance from the surface
at certain moment of time ¢, €4 is the dielectric
permittivity of the dry material, ¢,(¢) is the water
content of the ith layer at time ¢, and % is a
coefficient of proportionality.

The computer-simulated results for the compo-
sition dependence of the apparent dielectric per-
mittivity, calculated for different 2 are given in
Figure 9. It is evident that for small dielectric
increments, i.e. higher frequencies, there is no
significant hysteresis relative to the hydration—
dehydration cycle, and there is a strong hystere-
sis for great increments, i.e., low frequencies.

Figure 10 shows the real and imaginary parts
of the electric modulus as a function of frequency
for different times of immersing in 5% w/w NaCl
solution at 65°C. The traces are very similar to
those when the material is immersed in deionized
water.

Normalised Water Content

0.4

Time 0.6 8 06
0.8 Distance

Figure 8 3D plot of the water content at different times and different distances from
the surface of semi-infinite sample, obtained with Fickian model of absorption for a
constant diffusion coefficient; (a) and (b) highlight the absorption and desorption parts

of the plot, respectively.
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Figure 9 Computer simulated results for the dielec-
tric increment dependence on the water content when
the water content is varied by (right filled triangle)
hydration and (left filled triangle) dehydration. The
increment is calculated for three different coefficients
of proportionality k. The solid lines represent the di-
electric permittivity of a system with uniformly distrib-
uted water; (—), (++ ++), (-+-+-+) represent the results
for a system with water content distributed through
the sample’s half length as shown in Figure 8, and
three increasing values of % in respective order.

The change in the real dielectric permittivity
with the water weight fraction is given in Figure
11. The traces replicate those for aging in deion-
ized water for water weight fractions up to 4.2%.
In the case of aging in salt solution, the water
weight fractions do not exceed this value (Fig. 12).

The effect of salt in the aging solution on the
water absorption behavior of the resin was dis-
cussed in Part I.'* The two stages of absorption in
the case of deionized water were attributed to (1)
the process of moisture saturation of the epoxy
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Figure 11 Dielectric permittivity measured at (H) 10
kHz, (O) 1 kHz, (A)100 Hz, and (V) 10 Hz as function of
the water weight fraction. The data were obtained dur-
ing exposure of sample F to 5% w/w NaCl solution at
65°C.

matrix, and (2) diffusion of water into microcavi-
ties via an osmotic mechanism. The latter does
not take place when the material is immersed in
5% w/w NaCl solution. The loss of weight from the
samples exposed to salt solution was found to be
due to removal of unreacted hardener rather than
desorption of water; therefore, the water weight
fraction was taken as constant on the second part
of the plot.

A necessary condition for an osmotic mecha-
nism to occur is the material to be impermeable to
the solute. The comparison between the real di-
electric permittivity of the samples aged in deion-
ized water and salt solution measured as a func-
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Figure 10 (a)Real and (b) imaginary electric modulii vs. frequency at different stages
of aging of sample F in 5% w/w NaCl solution at 65°C. (M) represents the data measured
before the start of the experiment; (O), (A), (V), (®), (O), (@), (A), (¥), and () after
21.75, 73.75, 94, 110, 280, 427, 593, 806, and 7700 h of aging, respectively.
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Figure 12 Water weight fraction as function of the
ratio of the square root of time to the thickness of the
sample for samples (l) C and (O) F.

tion of the water weight fraction is presented by
Figure 13. It can be seen that there is no apparent
influence of the presence of salt in the aging so-
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lution. The imaginary dielectric permittivity is
also unaffected by the presence of salt, contrary to
what would be expected if the material was per-
meable to the NaCl, leading to increased number
of charge carriers in the system.

In Figure 2, the change of the frequency of the
imaginary electric modulus peak with exposure
time for the material aged in salt solution was
compared to that for the material aged in deion-
ized water. The time behavior of the glass transi-
tion temperature of both systems were identical.
The samples exposed to deionized water absorbed
almost twice the amount of water absorbed by the
samples aged in salt solution for the given exper-
imental time, but the difference is due to water
that resides in cavities, and does not further af-
fect the glass transition temperature.'®

Figure 14 shows the change in the real dielec-
tric permittivity of the material with the water
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Figure 13 Real dielectric permittivity measured at (a) 10 kHz; (b) 1 kHz; (¢) 100 Hz,
and (d) 10 Hz as function of the water fraction. The water fraction was varied by
immersing of the samples in deionized water/5% w/w NaCl solution. (A), (@), (), (O),
(A), and (O) represent the data obtained for sample A, B, C, D, E, and F, respectively.
For samples A, B, D, and E the results collected during both absorption cycles are

shown.
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weight fraction after placing the material in an
oven at 65°C following exposure to 5% w/w NaCl
solution. Similarly to the former case of exposure
to deionized water, the dielectric permittivity
measured at frequencies above 1 kHz depends
linearly on the water weight fraction with no ap-
parent hysteresis of the hydration—dehydration
cycle. The real permittivity measured at frequen-
cies below 1 kHz strongly depends on the water
profile within the sample, and thus on the depar-
ture point prior to dehydration, and therefore, is
not presented.

During the first stage of the water absorption
(up to 4.35% water weight fraction) the material
can be seen as a medium with a real dielectric
permittivity, €9, of the dry polymer, which con-
tains molecularly dispersed water. During the
second stage of absorption the material may be
considered as a two-phase system: a filler (clus-
tered water) with dielectric permittivity of 80 in a
matrix (moisture saturated epoxy) with real di-
electric permittivity e|,,_4 354. The two mixing
stages are schematically presented in Figure 15.

Aldrich et al.” derived, from the stand point of
the Clausius-Mossotti equation, the effect of mo-
lecularly dispersed water in an epoxy resin on the
static dielectric permittivity to be

(dry) 2 2
@ _ s(w) + 2 (9 + 2\* [N
8(“’) e = dry 2 3 k7))

(1D

where p is the dipole moment of water, N is the
number density of water molecules, £ is Boltz-
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Figure 14 Dielectric permittivity measured at (H) 10
kHz and (O) 1 kHz as function of the water weight
fraction. The data were obtained during the dehydra-
tion of sample F at 65°C.
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Figure 15 Schematic diagram representing the two
mixing stages: molecularly dispersed water mixed into
polymer matrix with permittivity 4™ to form a back-
ground €l,,_4 55, and then clustered water with permit-
tivity of 80 mixed into medium €|,,_, 35, to give appar-
ent dielectric permittivity e.

mann’s constant, 7' is the temperature, and f rep-
resents any fractional change of the observed wa-
ter polarizability from its free, unassociated
value. For small water fractions it was further
shown

e(w) — & = 4.0 + 22 fow/T (12)

where w is the water weight fraction and p is the
density of the polymer.

The use of a nonstatic dielectric permittivity in
analysis of the water absorption with the above
equation could be justified if at the frequency and
the temperature studied, the loss factor was suf-
ficiently below its maximum value. One can see
from Figure 1 that this condition is fulfilled for
measurements performed at frequency of 10 kHz
and ambient temperature.

For two-phase systems with host material
characterized by dielectric permittivity of €; and
spherical inclusions with dielectric permittivity e,
and volume fraction v,, Looyenga’s®® equation
reads

e = [ + w(El — 0P (3

The dielectric permittivities in the above equation
are the permittivities at high frequencies with
respect to the MWS effect. The Sillar’s equation
for spherical dispersed phase®! applied to the cur-
rent system predicts a loss maxima of low inten-
sity at approximately 1 kHz, so the use of the real
dielectric permittivity measured at 10 kHz is jus-
tified again.

Figure 16 shows the real dielectric permittivity
of the material measured at 10 kHz and compared
with the theoretically predicted values using eq.
(12) for w = 4.35 and eq. (13) for w > 4.35. The
best fit to the data with eq. (12) was obtained for
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Figure 16 Dielectric permittivity at 10 kHz as func-
tion of the water weight fraction. The data for samples
(m) C, (O) G, and (A) H aged in deionized water at 65,
60, and 50°C, respectively. The dashed and solid lines
represent the theoretical values predicted by eq. (12)
and eq. (13), respectively.

= 0.67—a value that is within the range of those
reported for various epoxy systems.”

Fortuitously, with both models similar slopes
are obtained for the composition dependence of
dielectric permittivity.

The apparent linearity of the composition de-
pendence allows the diffusion coefficient of the
water to be calculated from the data for the di-
electric increment. For semi-infinite media the
solution of the second Fick’s law is

8 = Dt
72(2;1 )z oxP Z—Zﬂﬂ(2n+1)2 (14)

n=0

where M, denotes the total amount of diffusing
substance, which has entered a sheet with thick-
ness [ at time ¢, M, is the corresponding quantity
at equilibrium, and D is the diffusion coefficient.
From the proportionality of the real dielectric per-
mittivity to the water content it follows that

Ag{ - D¢
per =1 E 2n F 17 eXp[ pT@nt 1)2]

(15)
where A€, is the dielectric increment at time ¢,

and A€’ is the dielectric increment at equilib-
rium water content.
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Figure 17 presents the comparison between the
data for the normalized water content and the
normalized real dielectric permittivity measured
at 10 kHz. The normalized water content is de-
fined as

Normalized Water Content = (16)

W,
w#
where W, is the amount of water that has entered
the sample at time ¢ and W_* is taken as (1) the
maximum amount of water lost from a sample in
the case of a desoprtion experiment; or (2) the
amount of water that is absorbed by a sample at
the end of the first stage of absorption in the case
of immersion in deionized water; and (3) maxi-
mum amount of water absorbed by a sample in
the case of immersion in 5% w/w NaCl solution.
The normalized real dielectric permittivity is de-
fined as

Ag/
Normalized Real Dielectric Permittivity = Ae ,;

a7

where A€'; is the dielectric increment at time ¢
and A€’ * is (1) the maximum dielectric incre-
ment in case of desorption or immersion in 5%
w/w NaCl solution; or (2) dielectric increment at
the end of the first stage of absorption in the case
of immersion in deionized water. It can be seen
that the traces for the normalized dielectric per-
mittivity closely follow those for the normalized
water content. In the case of exposure of the ma-
terial to 5%w/w NaCl solution the normalized
water content reaches a maximum and then
slowly decreases, but the normalized dielectric
permittivity remains invariant. The decrease in
the value of the normalized water content, as was
noted earlier, is due to desorption of unreacted
hardener, but not loss of water from the sample.
The dicyandiamide has a low dielectric permittiv-
ity; therefore, the measured permittivity is unaf-
fected by its leaching from the material.

The solid line in Figure 17 represents the best
fit to the dielectric data obtained with eq. (15). In
the case of exposure to deionized water, eq. (15)
was applied only to the data obtained during the
first stage of the water absorption. The values of
the diffusion coefficients used to obtain best fit to
the dielectric data are given in Table II, compared
to the values of the diffusion coeficients obtained
from the best fit with eq. (14) to the data for the
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Figure 17 Normalized dielectric permittivity measured at 10 kHz (l) and normalized
water content ((1) vs. the ratio of the square root of time to the thickness of the sample
measured during (a, b, ¢, d) hydration of samples C, F, G, and H, respectively; (e, f)
dehydration of samples C and F, respectively. The solid line represents the best fit
obtained with eq. (15) to the data for the normalized dielectric permittivity obtained
during the first 600 h of exposure to deionized water/5% w/w NaCl solution—the time
necessary for the moisture saturation.
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water content. There is a good agreement be-
tween both sets of data. One can see that the error
in the diffusion coefficient obtained from dielec-
tric data is smaller when the dielectric permittiv-

ity is measured during desorption than when it is
measured during absorption.

Figure 18 represents the normalized water
content measured at 65°C compared to that mea-



Table II Diffusion Coefficients Obtained for
the Water Absorption/Desorption from Both
Gravimetric and Dielectric Data

Absorption DX 10°®  Desorption Dx 108

(cm?s™1) (cm?s™1)
Real Real
Permittivity Permittivity
Sample Weight @10 kHz Weight @10 kHz

AP 2.7 14 2.6 2.5
BV 3.1 2.0 2.2 1.9
C 1.8 1.5 2.3 2.1
pUp 2.0 1.5 3.2 3.5
E™ 2.8 1.9 3.2 3.6
F 1.5 1.3 3.2 3.4
G 1.3 1.3 — —
H 0.60 0.56 — —

The symbol (IT) indicates the data obtained from the second
sorption cycles.

sured at 50 and 60°C. The increase in the expo-
sure temperature does not significantly affect the
amount of water nessecary for saturation of the
epoxy matrix, but results in an increase in the
rate of both stages of the absorption process.

The activation energy of diffusion for the first
stage of the absorption is calculated from the
slope of the plot of log(D) vs. the reciprocal value
of the temperature (Fig. 19). The values calcu-
lated from the gravimetric and dielectric data are
28 and 26 kdJ/mol, respectively.

Water Content (%)

0 500 . 1000 1’215'0_9 2000
Time /Thickness (s mm )

Figure 18 Water content as a function of the ratio of
the square root of time to the thickness of the sample
for samples (W) C, (A) G, and (¥) H exposed to deionized
water at 65, 60, and 50°C, respectively. The solid lines
represent the best fit obtained with Fickian model to
the data obtained during the first stage of absorption.
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0.00295 0.00300 0.106395 0.00310
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Figure 19 Diffusion coefficient calculated from (O)
gravimetric and (M) dielectric data as a function of the
reciprocal value of the temperature. The solid and the
dashed lines represent linear fit to both sets of data,
respectively.

CONCLUSIONS

The effects of water absorption on the dielectric
response of DGEBA/DICY epoxy resin were stud-
ied. No effect of the hygrothermal history, pres-
ence of salt, or aging temperature on the dielectric
permittivity was apparent.

Water absorbed at levels up to 4.3% weight
fraction is molecularly dispersed throughout the
resin, and its dielectric contribution is close to
that predicted by Onsager for unassociated water
molecules. The water absorbed at levels greater
than 4.3% weight fraction remains in microcavi-
ties, formed as a result of the aging. The dielectric
contribution of this clustered water is well de-
scribed by Looyenga’s mixture rule for spherical
inclusions.

The resin is impermeable to the NaCl, and its
presence in the aging solution at 5% w/w prevents
the microcavity growth and thus does not allow
water absorption at levels higher than 4.1%
weight fraction.

The real dielectric permittivity measured at 10
kHz could be used to monitor the level of water
absorption by the epoxy resin, and allows the
activation energy of diffusion to be calculated in-
dependently.

Ivanova thanks Alcan International Ltd. (Banbury) for
a studentship. The authors thank Dr. D. Hayward for
helpful discussion.
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