JOURNAL OF MATERIALS SCIENCE 31 (1996) 2177-2186

Dielectric relaxation and electrical conduction at low
field of mineralfilled epoxy
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Dielectric properties and conduction of the epoxy and its composites were measured over
the temperature range — 20 to 70°C and the frequency range 10~*-10"" Hz. Dielectric
properties were obtained by performing Fourier transforms on the charging and discharging
curves. The resulting isothermal frequency spectra of dielectric constants and dielectric loss
factors were analysed using the Cole-Cole law to obtain the activation energy for each
material. The activation energies were also obtained for isothermal d.c. current. Current
density—electric field—temperature characteristics are obtained for field levels up to

60 kV cm ™, with step excitation of the applied field and currents recorded after a delay time
of 10 min. Current density and electric field were computed and plotted for constant
temperature. The linear {(ohmic) curves were obtained for fields up to about 60 kV cm ™" for
temperatures up to about 20 °C. The non-linearity at the higher fields and temperatures did
not imply the occurrence of non-ionic conduction. It has been demonstrated that both
electric conduction and relaxation behaviour were ionic and could be fit by the Nakajima

model for the unfilled epoxy and the Taylor model for the compaosites.

1. Introduction

Polyether polymers, commonly called epoxies, are
widely used in a number of types of insulation systems
[1], such as housings for electrical machinery and
switchgear, standoff bushings in transformers, etc.,
primarily because of its electrically insulating proper-
ties, mechanical rigidity and toughness, chemical stab-
ility and ease of fabrication. However, epoxies exhibit
a considerably low dielectric response, which limits
their applications in dielectrics of coaxial cables,
capacitor dielectrics, radomes, and so forth. In an
attempt to avoid this disadvantage, the composite
approach has been considered. As reported by Zee et
al. [2], the dielectric constants of the epoxy com-
posites are capable of varying in a relatively broad
range by dispersing, throughout the volume of the
epoxy, fine particles of a mineral which has a higher
dielectric constant in comparison to the epoxy.

In the previous publication [3], the dielectric prop-
erties were studied for the epoxy and its composites
containing several different volume fractions of three
different dielectric fillers, using the impedance bridge
method over a higher frequency region, 10>-10° Hz,
and the d.c. transient current method over a lower
frequency region, 10~ %~107* Hz. It has been found
that, in the high-frequency region, the relaxation be-
haviour is associated with the motion of the diester

segments in the epoxy cross-linking network, while in
the low-frequency region, the relaxation behaviour
was proposed to be associated with motion of ions
without the detailed analysis.

In the present study, our interest will centre around
the relaxation mechanism in the low-frequency region
and the conduction mechanism at low fields of the
epoxy and its mineral-filled composites. It will be
shown that both relaxation mechanism and electrical
conduction are ionic, whether for the unfilled epoxy or
the filled epoxies.

2. Theoretical models

2.1. lonic conduction

Mass transport is direct evidence for ionic conduction
of insulation systems. However, because conduction
current in the insulating materials is usually small, the
detection of mass transport in the systems is very
difficult. In addition to mass transport of ions, ionic
conduction changes with pressure, addition of appro-
priate ionic impurities, and electro-chemical reactions
[4]. Ionic conduction in polymeric systems frequently
is associated with ionic impurities or ionizable groups
in the investigated material. It is thermally activated
and can be modelled by a series of potential wells of
depth AH and separation a [5]. Therefore, according
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to the rate process theory [6], in the absence of an
external field and at atmospheric pressure, the jump-
ing rate (w, jump number per unit time) for an ion in
a certain equilibrium position to either neighbouring
equilibrium position is given by

w o= wmxp(—i—?) (1

where v, is the vibrational frequency of the ions in the
potential well, AH is the energy barrier for ionic move-
ment, k is the Boltzmann constant and T is the abso-
lute temperature.

When a negative ion moves from one equilibrium
position to another in the presence of a uniform elec-
tric field, E, the potential energy of the ion increases by
eEa/2 upon movement in the field direction, and de-
creases by that amount in the opposite direction,
where e is the charge. Thus, the jumping rate for ions
in the field direction, w., and in the opposite direction,
w_, are, respectively

we = ve exp[ _“’—‘Ifi‘i%} @)
and
— exp[ _ éﬂi}{%} 3)

The mean drift velocity (in the direction of positive
current) is therefore given by

., eEa — AH
u = alwy —w_)=2av, smhm exXp ——
At low field strengths, kT >>eEa (E>10kV cm ™ at
300 K), the hyperbolic term in Equation 4 is approx-
imately eEa/2kT. So the mean drift velocity at low
field strengths can be expressed as
eEa’v, — AH

YT TR P ©)

)

Accordingly, the mobility, u, and the conductivity, o,
for ionic conduction at low fields are

_u_ea’v, oxp AH ©)
T ET TR P Tar
and
_ _ ne*a’vg x> AH )
¢ T ru=ETr P Tr

where n is the density of ions. Equation 7 can be
written

— AH
kT

G = Gy exp (8)
where o, is the pre-exponential coefficient with the
value ne?a®vy/kT, so it is related to the density of ions,
n, hopping distance, a, and the absolute temperature, T.

2.2, The relation of AHbetween a.c. and d.c.
measurements

2.2.1. Taylor model

Charles [ 7] found, whenever the relaxation process is

due to ionic conduction, that the same ionic species is
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also implicated in the d.c. conduction process, and the
activation energy for d.c. conduction is generally
greater than that for a.c. conduction. Based on this
concept, Taylor [8] suggested a model wherein the
ionic conduction involves a random distribution of
potential barriers of different heights, as depicted in
Fig. 1. All the ions may oscillate within the distance a,
under the smaller potential barriers for a.c. conduc-
tion and therefore give rise to a characteristic fre-
quency that corresponds to a relaxation time for a spe-
cific temperature. When a d.c. voltage is applied,
where current paths through the entire dielectric must
be transversed, conduction is limited by the barriers
that are the highest along such paths. Thus, the activa-
tion energy for d.c. conduction is that of the highest
barriers along conduction paths.

2.2.2. Nakajima mode/

In order to explain the relationship between the d.c.
conductivity, o, and the a.c. relaxation time, t, for
ionic conduction, Nakajima [9] suggested a more
realistic model based upon the assumption that the
ionic migration jumps follow a zigzag path, instead of
an idealized one-dimensional path. The other assump-
tions, in order to simplify the problem, are equal jump
a and equal potential height AH. The zigzag motion of
the ions is described in Fig. 2. Let ¢ be the angle
between the axis of the jump path and the applied
field, and 6 the angle between the path axis and the
actual jump direction. When the field is applied, as

A
v

0 Distance ——» a

Figure | Randomly distributed potential energy diagram suggested
by Taylor.

Figure 2 A zigzag transition by the Nakajima model. Path direction
is indicated by the broken line.
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Figure 3 Potential energy diagram for a positive ion in the presence
of an applied field.

clearly shown in Fig. 3, the distribution of potential
barriers becomes quite different from that in the
Taylor model. After following the treatment of
Nakajima, the average current, I, is obtained
Nela’>wE

Iave - 6kT [1 + exp( 4Wt)] (9)
The average current, I, is contributed by, according
to Equation 9, the steady state d.c. conduction current,
the first term on the right, and the polarization cur-
rent, the second term. The quantity, 4w, in the expo-
nent is the reciprocal of t, the Debye relaxation time.
In order to find to conductivity, o, of an ionic-domin-
ated material, N is substituted by n, where n is the
number of ions involved per volume ( = N/Ad, A is the
area and d the thickness of a material). Thus, the
conductivity, o, from Equation 9, can be expressed as

Jave ne’a’dw ne*a*d

° =% = “ar ~ 2wt W9

The change in dielectric constant due to the above
process, & — &4, can be found by integrating the po-
larization term of Equation 9 from t = O to ¢ = c0. We
obtain

2.2 d 0
€ — € = reaw J exp( — 4wt)dt

6eokT 1

2.2
_ ne‘a d 1)
2450kT

where g, (static dielectric constant) and g, are the
dielectric constants at the low and high-frequency
ends of the polarization transition, respectively. Equa-
tions 10 and 11 can be combined and the relationship
between the conductivity, o, and the relaxation time,
7, under the assumptions of Nakajima, can be ex-
pressed as

Sl “8a) _orpcite—c)  (12)

(e =
where f, is the characteristic frequency. Equation 12
shows the number of ions contributing to the relax-
ation behaviour equals those contributing to the con-
duction current.

3. Experimental procedure

3.1. Materials

The resin/hardener system used throughout was
a mixture of Epon 828 (Shell Chemical Co.), NMA

(nadic methyl anhydride) and BDMA (benzyl-
dimethylamide) with the weight ratio 100:85:0.5, in
which NMA and BDMA served as the curing agent
and accelerator, respectively.

The three fillers used were ceramic materials, having
low dielectric loss and the nominal dielectric constants
of 6, 16 and 50 in the microwave region. These are
designated commercially as ATD-6, ATD-16 and
ATD-60, and supplied by Ampex Co. ATD-6 is the
mineral fosterite with the density 2.9 gcm ™3, which is
primarily MgSiO; with less than 10% magnesium
replaced by iron. The composition of ATD-16 is
MgTiO; with the density 3.4 gcm ™2 and that of ATD-
50 is single-crystal compound BaTiOy; (80% TiO,
sintered with 20% BaTiQ;), with the density
4.4 gcm 3. The average particle size for these fillers is
~ 3 um and particle shapes are roughly spherical.

3.2. Sample preparation

The calculated amounts of the properly dried filler,
either 30% or 40% volume fraction, were mechan-
ically mixed with the resin system at 80 °C until a ho-
mogeneous mixture was obtained. The mixture was
heated to 120°C in a vacuum oven and degassed by
a periodic air flushing process. The homogeneous and
degassed mixture was then poured into the glass
moulds coated with a thin film of a mould-release
agent and allowed to curve in a vacuum oven. The
curing was carried out at 121°C for 2h and sub-
sequently 204 °C for 2 h at atmospheric pressure. Then
the casts were cooled overnight to room temperature
at a reduced pressure. The resulting casts obtained
were cylindrical rods approximately 15 cm long and
4 cm diameter. Those cylindrical rods of the casts were
cut into the proper sizes of the specimens. After final
polishing of the specimens with 1.0 pm diamond paste
suspended in oil, the silver paint (Conductor Com-
position 4929 from DuPont Company) was coated on
the specimens and allowed to cure at 55°C for 2 h for
electroding purposes.

3.3. Measurements

3.3.1. D.c. transient current method

In this method, the specimen and electrode configura-
tions are shown in Fig. 4, in which the disc specimen is
3.81 cm diameter and ~ 0.5 mm thick. On the top
surface of the specimen, a circular silver-painted pat-
tern, 1.27 cm diameter, is coated but not shown in
Fig. 4. As observed, the surface area of the specimen is
much larger than that of the electrodes, thereby avoid-
ing surface conduction. The measuring process is as
follows. First, a constant step voltage 2kV with
a duration of 170 min was applied by the power sup-
ply (Monroe Electronics Model Coronaply II} to the
specimen, during which the specimen was charged. At
the same temperature, after the voltage step was com-
pleted and the specimen was short-circuited, during
which the specimen was discharged. The charging and
discharging currents through the specimen were meas-
ured every 5s by the Keithley 610C electrometer,
which had a low-impedance analogue output that was
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Figure 4(a) Configuration of the electrodes (shaded area in cross-
sectional view) for the d.c. transient current method. (b) Silver-
painted pattern (shaded area) on the bottom surface of the speci-
men.

digitized by the Keithley 195A multimeter. The charg-
ing and discharging currents, after level-off, were
~ 107 % A, which approached the lowest measurable
current on the electrometer. Therefore, in this regime,
care must be taken to avoid the noise due to the
mechanical vibrations of the equipment. Also, due to
the limitation of response time in the equipment, a de-
lay of 10 s was inserted before the first current reading
was recorded.

Then, the values of ¢ and &” were calculated, from
the discharging current curves only, following
a method formulated by Block et al. [10]

g(w)—g(0) = ColVo LOO i(t)cos(wt)dt (13)

e"(w) =

fw i(t)sin(wt) dt (14)

COVO 0

where C, is the vacuum capacitance of the capacitor,
V, the applied step voltage, i(¢) the discharging cur-
rent, and o the angular frequency.

3.3.2. D.c. I V T'measurements

The configurations of the specimen and electrodes are
the same as those for the d.c. transient current method.
Step voltages were applied and the currents were
measured 10 min after applying each voltage step. The
measurements were performed with relative humidity
less than 25% at temperatures from — 20 to 60°C. It
may be noted that the currents at the temperatures
below — 30 °C could not be distinguished from noise,
so the data obtained at these temperatures were mean-
ingless.

4. Results

4.1. D.c. transient method

Five specimens were used, whose compositions and
thicknesses are shown in Table I. After the steady
current of each charging current curve was determined
by taking the average of the last 100 current data, the
conductivity could be calculated from the dimensions
of the specimen, current and amplitude of the voltage
step for each corresponding temperature. When plots
of log(conductivity) versus 1000/temperature are
made for each composition, straight lines are ob-
tained, indicating the presence of an Arrhenius rela-
tionship and thermal activation energy. The activa-
tion energy for d.c. conduction is obtained from the
slope of the graph of log(conductivity) versus
1000/temperature, based on Equation 8. The cal-
culated activation energy for each composition is also
shown in Table I.

In order to analyse the relaxation behaviour in the
frequency range 10~“~10~ ! Hz, the isothermal dielec-
tric properties of the materials were obtained by tak-
ing the Fourier transform of the discharging current
curves [3, 117, according to Equations 13 and 14. For
the Cole—Cole law [12] to be considered, the complex
dielectric constant can be represented as

8 — Bg

e* = g + ————
1 + (iot) @

0O<a<l (15

Further, Equation 15 can be separated into the real
and imaginary parts

£(0) = oot (e
sinh[(1 — o) Inwt] 16
~ cosh[(1 — wlnwt] + sindon (16)
| cossan
&' = E(SS ~ £a) cosh[(1 — a)ln t] + sin}ax
(17)

TABLE I Compositions and thicknesses of specimens for the d.c. transient current method and their calculated activation energies for d.c.

conduction during charging

Unfilled Epoxy + Epoxy + Epoxy + Epoxy +
epoxy 40% ATD-6 40% ATD-16 30% ATD-50 40% ATD-50
Thickness 0.635 0.610 0.444 0.381 0.533
(mm)
Activation energy® 0.645 0.378 0.602 0.483 0.568
(eV)

*For d.c. conduction during charging.
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When a = 0, Equation 15 reduces to the Debye equa-
tion. The coefficient o is a measure of the deviation
from the Debye equation. The calculated results,
yielding &, — €, o, T, and maximum loss, i.e. €"(Ty),
at the different temperatures for each material are
shown in Tables II-VI, where t,, is the relaxation time.
As shown in Fig. 5, the graph of log 7, versus 1000/T
for each material is also found to be linear, so that the
Arrhenius equation is satisfied, as follows

(¥7)
T = ToCXp ﬁ

where AH is the thermal activation energy to relax-
ation and 1, is constant. Accordingly, the activation

(18)

TABLE II Dielectric properties for unfilled epoxy

energy for each material is calculated and also shown
in Table II-VI.

4.2. D.c. -V-T measurements
The compositions and thicknesses of the four speci-
mens for the d.c. I-V-T (current—voltage—temper-
ature) measurements are (1) unfilled epoxy, 0.635 mm,
(2) epoxy/40% ATD-6, 0.610 mm, (3) epoxy/40%
ATD-16, 0444 mm, (4) epoxy/40% ATD-50,
0.533 mm. '

Figs 6-9 show the current density versus applied
electric field for each specimen under isothermal con-
ditions. The results show, for all the test specimens,

Temperature (°C) €€ € €a o Mazx. loss Tm(S)
10 048 4.49 4.01 0491 0.101 35210
20 0.60 472 4.12 0.399 0.152 7678
30 0.89 5.08 4.19 0.297 0.271 2785
40 1.25 5.53 428 0.275 0.400 1125
Activation energy = 0.684 ¢V
TABLE III The dielectric properties for epoxy/40% ATD-6
Temperature (°C) &€, € €0 o Max. loss Ty(8) fm(Hz)
—20 0.64 5.85 5.21 0.559 0.145 6002.0 2.65x1075
—10 0.73 599 5.26 0.520 0.148 4189.5 3.80x1073
0 091 6.20 3.29 0.513 0.184 3491.1 456x 1073
10 1.17 6.51 5.34 0475 0.235 2975.0 535x107°
20 1.79 7.16 5.37 0.435 0.426 24157 6.59x 1073
30 2.60 8.01 541 0.417 0.640 2295.0 6.93x1073
40 3.70 9.15 545 0.376 0.986 1532.6 1.04 x107*
50 4.27 9.77 5.50 0.369 1.101 1147.1 1.39x 1074
Activation energy = 0.151 eV
TABLE IV The dielectric properties for epoxy/40% ATD-16
Temperature (°C) €€ & £ o Max. loss T (8) fu(Hz)
—10 0.56 8.07 7.51 0.525 0.101 3851.0 4.13x1075
0 0.69 8.26 7.57 0.494 0.145 3526.2 451x1073
10 1.03 8.66 7.63 0435 0.244 2805.1 5.67x107°
20 1.59 9.27 7.68 0.399 0.437 2245.0 7.09x 1073
30 1.92 9.65 7.73 0.384 0.505 1993.7 7.98x 1075
40 3.59 11.3 7.78 0.355 0.996 1495.0 1.06 x 1074
7
60 6.96 14.8 7.87 0.348 1.609 1683.4 9.45%x 1073
3
Activation energy = 0.135eV
TABLE V Dielectric properties for epoxy/30% ATD-50
Temperature (°C) €€ g € o Max. loss T(S)
—-10 0.84 11.26 10.42 0.464 0.189 4107.0
0 0.83 11.32 10.49 0.429 0.200 3489.9
10 1.59 12.16 10.57 0.395 0410 2697.1
20 2.13 12.78 10.65 0.369 0.643 1889.5
30 3.12 13.85 10.73 0.348 0.879 1485.7
60 4.42 15.34 10.92 0.351 1.235 812.0

Activation energy = 0.182 eV
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TABLE VI Dielectric properties for epoxy/40% ATD-50

Temperature (°C) EEq & € o Max. loss Ty(s)
10 1.59 14.16 12.57 0.350 0.452 4125.5
20 1.67 14.31 12.64 0.251 0.585 2592.5
30 1.86 14.56 12,70 0.153 0.619 1453.1
40 198 14.76 12.78 0.132 0.830 903.5
50 2.23 15.07 12.84 0.123 0.920 7135
60 275 15.62 12.87 0.103 1171 685.1
Activation energy = 0.316 eV
W T T T T T 15x10"°
i 1 ol 80°C
- ] 1.0x10"° /‘ 4
- - 1 5.0x 10"
Lo
g - ] e 3.0x107"
= i 1 ]
5 I | < 20x10"
S >
2 "% I
8 q0° | . £ 1.0x10"
& X ] T !
C ] 5 0.0
[ | 3 75x10" -
102 | IR ST B B 50x10 2T 0°C 2+
3.00 3.25 3.50 3.75 4.00 ol T10°C
_ 25x10 - .
1000/ T(K™) i ~20°C |
Figure 5 Log(relaxation time) 1000/T for () unfilled 0.0 ' — ‘
I 4
igure og(relaxation time} versus /T for unfilled epoxy, 0.0 2.5 x 10 5.0 x 10

(A) epoxy/40% ATD-6, (®) epoxy/40% ATD-16 and (B) ep-
oxy/40% ATD-50.

5.0x 10"
| ﬁ;‘
-1 | &
2.5x 10 /A/ 50°C
/‘ 40 OC T
0.0 : -
e 75x10" ~ ; ;
g I
< _12 -
> 5.0x 10
)
5 25x10"
o L
§ 0.0 ¢
3 75x10"°
5.0x 10" 8
25x10"° a
0.0 -
0.0 2.5 x 10 5.0 x 10

Electric field (Vem ™)

Figure 6 Current density versus applied field for unfilled epoxy
under isothermal conditions.

that Ohm’s law is obeyed for the electric field levels
below 6 x 10* Vem ™! for temperatures up to 30°C, in
10°C intervals. However, when temperature was in-
creased to 60°C, all graphs show the current density
rising with its slope increasing with field and with
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Electric field (Vem™)

Figure 7 Current density versus applied field for epoxy/40%
ATD-6 under isothermal conditions,

temperature. The graphs indicate that the non-lin-
earity is introduced at a lower temperature for the
filled materials than for the pure epoxy resin itself,
because the non-linearity appears at 40°C for the
filled materials, but -at 60°C for the unfilled epoxy
resin.

The graph of log(conductivity) versus 1000/7 for
each specimen is shown in Fig. 10, where the conduct-
ivity for each temperature and specimen is calculated
from the slope of each of the isothermal lines. The
activation cnergies of the conduction with a 10 min
charging period, calculated from the slopes of log
{conductivity) and 1000/T, are 0.650, 0.303, 0.450 and
0.313 eV for unfilled epoxy, epoxy/40% ATD-6, ep-
oxy/40% ATD-16 and epoxy/40% ATD-50, respec-
tively.

5. Discussion

Referring to Tables II-VI, the frequency relaxation
data lead to dielectric loss factors that increase two to
four times in going from the unfilled to filled materials
at the testing temperatures. As the test temperature
increases, this particular relaxation peak moves to-
wards higher frequencies. Also, o in the Cole-Cole
law decreases as temperature increases, which means
behaviour is more Debye-like as the temperature
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Figure 8 Current density versus applied field for epoxy/40% ATD-
16 under isothermal conditions.
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Figure 9 Current density versus applied field for epoxy/40%ATD-
50 under isothermal conditions.

increases (o = 0 for Debye behaviour), as indicated in
Tables II-VL

As is well known, both polarization and d.c. con-
duction contribute to dielectric loss. “Real” dielectric
loss, e/.i(®), which is associated with the charging
current with step excitation, can be expressed as

" " " " G
Ereal ((D) = Spol(m) + &4 = 8pol (0)) =+ (19)
®Eg

where €, is dielectric loss obtained from the Fourier
transform of the discharging polarization current, &,
is obtained from the Fourier transform of the charging

T T TITI0T
g1 il

Conductivity (@ 'ecm™)

-
o
TIT

1 1 1 i 1 1
3.00 3.25 3.50 3.7 4.00

1000/ T(K™)

Figure 10 Log(conductivity) versus 1000/T for (M) unfilled epoxy,
(A) epoxy/40% ATD-6, (@) epoxy/40% ATD-16 and (@) ep-
0xy/40% ATD-50.

current (including both polarization and d.c. conduc-
tion components), g, is the permittivity of a vacuum
with a value of 8.85x 10712 Fm™! in SI units and
o is the conductivity from Tables I[I-VI. The fre-
quency spectra of real dielectric loss and dielectric loss
due to polarization at — 20 and 40 °C for epoxy/40%
ATD-16, derived from the charging and discharging
current, are shown in Fig. 11. In this figure it can be
clearly seen that, as frequency decreases, dielectric loss
due to d.c. conduction becomes the dominant term. At
the lower temperatures, dielectric loss due to d.c. con-
duction is comparable to that due to polarization
effects. However, as temperature rises, d.c. conductiv-
ity approximately increases 2—15 times for a 30 °C rise
in temperature, so that dielectric loss due to d.c. con-
duction current becomes much more dominant. Al-
though only g5, and g, are illustrated for ep-
oxy/40% ATD-16, their trends are the same for all the
other specimens. The mechanisms of the polarization
(contributing to ;1) and d.c. conduction (contributing
to g;...) associated with the relaxation behaviour in the
low frequency range are discussed below.

5.1. Dielectric relaxation and conduction
mechanism for unfilled epoxy
It has been reported [13, 14] that the electrical con-
duction of the epoxies (note the curing agents used in
their studies differ from that used in ours) at low fields
is dominated by the motion of ions. We hypothesize
that the d.c. conduction mechanism and the relaxation
at high temperatures and at peak frequencies some-
what less than 10~ * Hz for the epoxy, are ionic in this
study. To test this hypothesis, the relaxation times are
calculated using Equation 12 from the Nakajima
model with the measured temperature dependence of
the experimental d.c. conductivity (see Table I) and
extrapolation of experimental data using the
Cole-Cole law to obtain & ~ &, as a function of
temperature (see Table II). These Nakajima relaxation
times are then compared with the relaxation times
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Figure 11 Real and polarization dielectric loss factors of ep-
oxy/40% ATD-16 versus log(frequency) at temperatures of (a) — 20
and (b) 40°C.

calculated from Cole-Cole law (see Table II). If the
Nakajima relaxation times are equal those obtained
through the the Cole-Cole equations at each temper-
ature, we should conclude that the polarization and
conduction mechanisms at very low frequencies are
ionic for the epoxy. The detailed calculation follows.

We have found that the activation energies of the
unfilled epoxy are AH, . = 0.684 eV (from the slope of
Int versus 1/T see Table II), AH, . = 0.645 ¢V (from
the slope of Inoc versus 1/T, see Table I) and
AH | grin = 0.650 eV (from the slope of Inc versus 1/T,
see Fig. 8). As mentioned in the Section 2 for a particu-
lar conduction mechanism under a.c. excitation, the
activation energy is smaller than or equal to that for

d.c. excitation, according to the Taylor or Nakajima
model. Because AH, .. (for the relaxation in this low-
frequency range) and AH, . are taken as equal for the
unfilled epoxy, the characteristic frequency, f,,, for the
relaxation in the low-frequency range at each temper-
ature can be calculated from Equation 12 by the
Nakajima model. Table VII shows the calculated
characteristic frequencies from the Nakajima model,
Jm.n, those obtained from the Cole-Cole analyses,
Jm,c—c, at the temperatures of 10-40°C and the ratio
Jox/fmc-c at each temperature. The ratios
JoN/fmc—c at 10 and 20°C, in the last column of
Table VII, are 6.1 and 2.3, respectively. These high
values may be due to distortion of the Cole—Cole plots
by the intrusion of an additional relaxation at the
higher frequency/lower temperature region. However,
the ratios at 30 and 40 °C are 1.4 and 0.8, respectively.
These are close to unity, in accord with the hypothesis.
Thus, the low-frequency (107*-10"! Hz). relaxation
behaviour at the temperatures of 10-40°C and con-
duction behaviour of the unfilled epoxy are both due
to the motion of ions and these ions follow zigzag
paths (as predicted by the Nakajima model). As is
usually the case, these ions may come from contami-
nation effects, such as residual solvents, catalyst or
unteacted monomers,

5.2. Dielectric relaxation and conduction
mechanism for filled epoxies
When 40% filler was added to the pure epoxy resin,
the conductivities of the composites at 20°C were
found to increase only two to seven times, compared
with that of the unfilled epoxy at the same temper-
ature (see [3]). The conductivities of the epoxy, pure
ATD-6 in the form of a sintered disc, and epoxy/40%
ATD-6 at 20°C are 1.58x 10717, 2.62x 10~ and
4.13 x 1077 (Q cm) ™, respectively. Thus, embedding
the particles of the filler into the epoxy resin did not
change the conductivity by an amount commensurate
with the added carrier density of the filler, considering
that the conductivity of pure ATD-6 is six orders
higher than that of the unfilled epoxy. To understand
the low conductivity of the composite, the electron
hopping mechanism, hypothesized in the ATD-6 and
associated with transition metal oxides [15], must be
blocked at the filler-epoxy interfaces in epoxy/40%
ATD-6. In such a case, the electron movement in each
particle contributes a Maxwell-Wagner polarization
mechanism, but does not add to the carrier density in
the epoxy matrix. This polarization is in the same
sense as that of the other polarization and causes
a decrease in the electric field within the particles and

TABLE VII Characteristic frequencies calculated from the Cole—Cole analyses and Nakajima model at temperatures of 10-40 °C and the

ratios for unfilled epoxy

Temperature Jc—c(Hz) S n(Hz) Ratio

(§9) (Cole—Cole analyses) (Nakajima model) SN/ fmc-c
10 452x107¢ 276 x1073 6.1

20 207%x107° 473x107° 2.3

30 571x1073 8.10x 1073 14

40 141x107% 111 %1074 0.8
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an increase in the electric field of the epoxy matrix.
This increase causes the field in the epoxy matrix to
the higher than it would be in the unfilled epoxy,
because the dielectric constant of the filler for all of the
materials used in the present study exceeds that of the
epoxy; accordingly, the activation energies of the com-
posites for both d.c. and a.c. conductions are less than
that of the unfilled epoxy.

In the present study, the relaxation data have been
obtained over a frequency range of 10~*-10~1 Hz for
the filled materials. Such data allow the current to be
separated into a time-dependent (polarization) part
and a d.c. conduction part. It is not unreasonable to
assume that the electron transport and polarization
processes in the filler particles are very fast, which
would not take part in the low-frequency relaxation
mechanism. Thus, it may be suggested that the low-
frequency relaxation behaviour in this study is also
ionic. Moreover, the observed height of the potential
barrier for d.c., AH,, is higher than that for a.c,
AH, ., for each filled material, e.g. AHg, =3.78¢V
and AH, . = 0.151 ¢V for epoxy/40% ATD-6, which
indicates the Taylor model holds for the filled mater-
ials. In other words, the addition of the fillers changes
the distribution of potential barriers from the
Nakajima model for the unfilled epoxy to the Taylor
model for the filled epoxies. As yet it is not clear how
this occurs. Intuitively, the “Maxwell-Wagner effect”
[16], which plays a role in the electrical properties of
the filled materials but does not play a role in those of
the unfilled material, may be considered a factor.
However, further study is needed to clarify this point.

5.3. Non-ohmic behaviour

We have found the conduction mechanisms for both
unfilled and filled materials are ionic in a field level
lower than 40 kVem ™1, as suggested previously. We
have also found that the non-linearity of the current
density versus electric field plot is introduced at tem-
peratures higher than 40 °C for the filled epoxies and
60°C for the unfilled epoxy (see Figs 6-9). Because
Equation 4 of the one-dimensional hopping model is
non-linear in the electric field, it is of interest to see
whether this non-linearity implies the occurrence of
non-ionic conduction. At higher fields, the hyperbolic
sine in Equation 4 can be expanded

eEa eEa 1<eEa>3

%t kT T3\wr

sinh (20)

Substituting equation 20 in Equation 4, the current
density, J, and the conductivity, 6, become

ne’a’voE — AH e’a?
J ~ 1+——E? 2
kT eXp( kT )( T e > @
2
aker2 t )

and
— AH .
exp< T ><1 +
(22)

Thus, the plot of o versus E? gives a linear relation at
constant temperature. Such plots, shown in Figs 1215,
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Figure 12 Conductivity versus square of electric field for unfilled
epoxy at 60°C.
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Figure 13 Conductivity versus square of electric field for ep-
0xy/40% ATD-6 at temperatures 40-60°C.
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Figure 14 Conductivity versus square of electric field for ep-
oxy/40% ATD-16 at temperatures 40-60°C.
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Figure 15 Conductivity versus square of electric field for ep-
oxy/40% ATD-50 at temperatures 40-60°C.

are found to be linear. For the limited range of data,
the non-linearity found at the higher fields and tem-
peratures could be fit with the simple model of ionic
conduction based on the drift velocity expression of
Equation 22.

6. Conclusion

The study has been directed toward identifying pro-
cesses of conduction and polarization at low fields
(lower than 6x10*Vcm™!) and low frequencies
(107*~10" 1 Hz) for the epoxy and its mineral-filled
composites. It has been demonstrated that both polar-
ization and conduction are ionic. For the unfilled
epoxy, the distribution of potential barriers for 1onic
conduction could be fit by the Nakajima model, in
which d.c. conduction and the polarization process
involve the same activation energy. In contrast, the
activation energies of the composites are considerably
less for the polarization process than for d.c. conduc-
tion. This is consistent with the ionic hopping model
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proposed by Taylor, wherein ions can move over
a region containing small potential barriers before
being blocked by a large potential barrier. If the ion
can overcome the large barriers, it takes part in d.c.
conduction. However, if it can overcome the smaller
but not the larger, it can only participate in a.c. con-
duction.

From the current density—electric field—temperature
(J-E-T) characteristics, linear (ohmic) curves were ob-
served for fields up to about 60 kVcm ™! for temper-
atures up to about 20°C. Then the current rose with
increasing rapidity with further rise in temperature.
For the limited range of data, those non-linear curves
did not imply the occurrence of non-ionic conduction,
but could be fit with the simple model of ionic conduc-
tion.
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