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ABSTRACT

In this research, the influence of water absorption on the dielectric properties of
epoxy resin and epoxy micro-composites and nano-composites filled with silica has been
studied. Nanocomposites were found to absorb significantly more water than unfilled
epoxy. However, the microcomposite absorbed less water than unfilled epoxy:
corresponding to reduced proportion of the epoxy in this composite. The glass
transition temperatures of all the samples were measured by both differential scanning
calorimetry and dielectric spectroscopy. The T, decreased as the water absorption
increased and, in all cases, corresponded to a drop of approximately 20K as the
humidity was increased from 0% to 100%. This implied that for all the samples, the
amount of water in the resin component of the composites was almost identical. It was
concluded that the extra water found in the nanocomposites was located around the
surface of the nanoparticles. This was confirmed by measuring the water uptake, and
the swelling and density change, as a function of humidity as water was absorbed. The
water shell model, originally proposed by Lewis and developed by Tanaka, has been
further developed to explain low frequency dielectric spectroscopy results in which
percolation of charge carriers through overlapping water shells was shown to occur.
This has been discussed in terms of a percolation model. At 100% relative humidity,
water is believed to surround the nanoparticles to a depth of approximately 5
monolayers. A second layer of water is proposed that is dispersed by sufficiently
concentrated to be conductive; this may extend for approximately 25 nm. If all the
water had existed in a single layer surrounding a nanoparticle, this layer would have
been approximately 3 to 4 nm thick at 100%. This *"characteristic thickness' of water
surrounding a given size of nanoparticle appeared to be independent of the
concentration of nanoparticles but approximately proportional to water uptake. Filler
particles that have surfaces that are functionalized to be hydrophobic considerably
reduce the amount of water absorbed in hanocomposites under the same conditions of
humidity. Comments are made on the possible effect on electrical aging.

Index Terms — water absorption, epoxy, nanocomposites, glass-transition
temperature, differential scanning calorimetry, dielectric spectroscopy, swelling,
percolation, electrical aging

1 INTRODUCTION

EPOXY resins are highly crosslinked amorphous polymers
used for the insulation of power transformers, switchgear,
rotating machines, etc. The sensitivity of epoxy composites to
humidity is a serious matter of concern because absorption of
water may cause significant and possibly irreversible changes
to the material [1][2][3].

Epoxy resins can absorb up to a few weight percent of water
in a humid environment, leading to an overall degradation of
the dielectric properties [3]. Such a situation might be further
exacerbated by inorganic fillers, which are often used to

improve their mechanical and thermal properties and to reduce
their cost.

The synthesis of nanometer-sized particles is becoming
routine. Because their length scale is comparable to that of
polymer molecules and the high specific area of the particle
surfaces within a composite, nanoparticles exhibit novel
properties as fillers. Recently, research incorporating various
nanoparticles into existing dielectric systems in a cost
effective manner has resulted in nanocomposites with
improved benefits over conventional filler systems
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[41[5][6][71[8]. However, the effect of water on
nanocomposites is still far from being well established. Since
the epoxy — particle interface is a potential location for water
[9], nanocomposites with very high specific areas may be
particularly vulnerable to the effects of such water. It is
possible that a weakness caused by water will have a
detrimental effect on the otherwise improved mechanical
[10][11] and electrical behaviors experienced by incorporating
nano-fillers.

In this research, we have examined epoxy resin both
unfilled and filled with nano- and micro- particles as a
function of humidity. Both types of particle had "natural”
surfaces — i.e. the surfaces had not been modified and were not
functionalized to make them hydrophobic.

It is proposed in this paper that water may collect around
such particles when such composites are subject to a humid
environment. It has been known for a long time that water
will displace resin from glass. For example, Kinloch, in his
celebrated book [13], cites the case of glass tiles, bonded with
epoxy, falling off a bathroom wall in a London hotel. This
problem was subsequently remedied by the application of a
silane primer, which presented a hydrophobic surface on the
glass tiles. Clearly, in GRP technology, silanes are used as a
matter of course, because water will displace resin from glass,
there would otherwise be no fiberglass boats or warships.

In this paper, we present measurements of the dielectric
spectrum, water uptake, swelling and density change,
depression of glass transition temperature, and low-frequency
charge transport processes to support the hypothesis that water
collects around silica nano-particles whose surfaces have not
been made hydrophobic.  Preliminary results on epoxy
nanocomposites filled with silica with hydrophobic surfaces
are also reported and show different dielectric properties.
Little pertinent work has been done in this area.

Zhao and Li [14] have reported the effect of water
absorption on alumina filled epoxy nano-composites. They
showed that the alumina nanoparticles increased the stiffness
of the matrix and increased the dielectric constant. They noted
that the dielectric constant increased greatly with water
absorption and that mechanical properties generally declined.

Zhang et al [15][16] compared the dielectric properties of
alumina filled epoxy and low-density polyethylene
nanocomposites. In the range 107 to 10° Hz, the polyethylene
nanocomposites displayed significant interfacial polarization
whereas this was not found in the epoxy nanocomposites.

2 EXPERIMENTAL

21 MATERIALS
The epoxy resin was manufactured using
e an epoxy resin (a polar low viscosity thermosetting

diglycidyl ether of bisphenol A, Vantico, Araldite
CY 225),

e a hardener (methyltetrahydrophtalic anhydride +
flexibiliser di-ester di-acide, Vantico, HY 227),
and

e a catalyst (n, n dymethylamine Ciba-Geigy DY
062).

The fillers used in the "nanodielectic" composites
comprised nanoparticles of SiO, that were manufactured
and supplied by Rensselaer Polytechnic Institute, New York
with an average diameter of 50 nm. Their surface was not
functionalized. The particles have been described and
characterized in more detail in reference [12]. For the
"microdielectric composites”, particles of quartz (SiO,)
were used as a filler and had an average grain size of 60um
with a relatively wide distribution (since their diameter
could be as high as 160um). These are described in more
detail in reference [18] and correspond to a composite that
is used commercially. Epoxy resin composites with 3 or
9 wt% nano-silica fillers are here referred to as n3 and n9.
These were prepared for comparison with the epoxy resin
without fillers (referred to as the epoxy matrix) and with
60 wt% micro-silica fillers, referred to as M60.
The stochiometries of the various components used in the
epoxy resin (recommended by the manufacturers) and
composites are shown in Table 1.

Table 1: Stochiometries of components used in epoxy resin and
composites

Material Matrix M60 n3 n9

Resin

CY 255 49.85% 19.98% 48.17% 45.33%
Hardener

HY 227 49.85% 19.98% 48.17% 45.33%
Filler 0.00% 59.93% 3.37% 9.07%
Accelerator

DY062 0.30% 0.12% 0.29% 0.27%
Total 100.00% | 100.00% | 100.00% | 100.00%

Prior to mixing, the resin and hardener were placed in
beakers in a vacuum oven (10° Pa, 333K) for approximately 2
hours to remove water and for pre-heating. The fillers were
desiccated at 423K at 10°Pa overnight (17 hours) and then
cooled to 333K. The epoxy and hardener were mixed
thoroughly at 10° Pa, 333K for 15 minutes using a powerful
mixer (500 r.p.m.). The filler was gradually mixed in using the
same powerful mixer over the next 45 minutes under vacuum.
Finally, the catalyst was added and stirred for a further 15
minutes. The fluid was then cast into plate moulds assisted by
a vacuum pump. They were cured at 102 Pa, 373K for 2 hours
and post-cured after removal from the mould at 403K
(atmospheric pressure); weights were used to keep them flat.
They were gradually cooled to 333K for 4 hours to allow
residual stresses to dissipate.

The specimens were inspected by eye (for obvious defects)
and then by SEM (Phillips XL30 ESEM, FEI Company,
Hillsboro, Oregon, USA) to check for adequate dispersion of
the particles. Figure 1a shows a typical micrograph for the n3
system indicating good dispersion. The n9 system was also
generally well dispersed, although Figure 1b shows a region in
which there is more agglomeration than usual.




Figure 1: SEM photographs. (a) Nanocomposite n3 with some
nanoparticles circled. (b) Nanocomposite n9 with some regions of
nanoparticles circled.

All samples were cut into disks with a diameter of 60+1 mm
and a thickness of 0.4£0.1 mm.

2.2 CONTROL OF RELATIVE HUMIDITY

Five conditions of relative humidity (RH %) were chosen
for the testing. These were:

e Nominally 0% RH: Samples were dried in a vacuum oven
(373K, 10? Pa) for 72 hours and subsequently kept in an
atmosphere dried by silica gel to <3% RH;

e Nominally 30% RH: Samples were kept in a sealed
container containing a beaker of saturated MgCl, solution
resulting in an RH of 26-33% over the temperature range
used of 298 to 353 K;;

e Nominally 50% RH: atmosphere exposed to saturated
NaBr solution, actual RH 51-59%;

e Nominally 75%RH: atmosphere exposed to saturated
NaCl solution, actual RH 70 to 75%);

e Nominally 100% RH: Samples were immersed in de-
ionized water at room temperature for one week and
subsequently kept in atmosphere exposed to de-ionized
water, resulting in 100% RH.

The method for controlling the relative humidity was
obtained from references [19] and [20].

Before measurement, the samples were stored under the
same humid environment as that required for at least one week
to come into equilibrium (vide infra, Figure 2). All the
samples were "stood-up" to permit water diffusion to occur
from both sides of the samples during the process of water
absorption. The sample weights (1.3 — 3.4 g) were monitored
by a microbalance (Sartorius E400D, OHAUS Corp, USA) to
an accuracy of 0.001 g to confirm that equilibrium had been
reached at a given relative humidity and temperature (293K).
Since the measurement uncertainty is 0.001g, this provides an
accuracy of better than 0.1%.

2.3 DIELECTRIC SPECTROSCOPY
MEASUREMENT

Dielectric spectroscopy is a powerful experimental method
to investigate the dynamical behavior of a sample through the
analysis of its frequency dependent dielectric response. This
technique is based on the measurement of the complex
impedance (usually expressed as capacitance when measuring
dielectrics) as a function of frequency of a sample sandwiched
between two electrodes.

The dielectric measurements in the frequency range 10° to
10° Hz were carried out by means of Solartron 1255 HF
Frequency Response Analyzer, and Solartron 1296 Dielectric
Interface. The temperature of the measurements was
controlled in the range 298 - 353 +0.5 K. A sealed electrode
chamber was designed to maintain a constant humidity during
the dielectric spectroscopy measurements. This contained a 3-
electrode system (i.e. with a guard ring configuration) in
which the samples were sandwiched between 50 mm diameter
brass electrodes (ground flat and polished) under the force of
the weight of the top electrode (1 kg). A voltage of 1 V RMS
was used. This was selected after checking linearity by using
measurements at 0.3V and 3 V. The frequency was accurate
to within 1 part in 10°. The measurements of real and
imaginary parts of capacitance are generally accurate to within
5%. For measurements in which the tand<107, considerable
noise can be present on the C" component.

3 RESULTS

3.1 WATER DIFFUSION IN EPOXY SAMPLES

Water diffusion in epoxy materials was measured at room
temperature and nominally 75% RH, which was controlled by
NaCl saturated solution (75.29 %RH at 298K, according to
literature [19]). The weights of epoxy samples were monitored
at different time intervals after they were put in a sealed
chamber under a specific relative humidity. The samples were
periodically removed from the humid environment, wiped
down, and quickly weighed on the microbalance. This process
was repeated until the weight did not change.

Under this experimental condition, since the relative
humidity of the atmosphere is stable (~75%RH); we may
expect a Fickian diffusion behavior. The mass of water
absorbed, M, as a function of time, t, can be found according
to equation (1) [21]:



t
M = [J,dt = 4Dt 8C, 1)
0 T

where J; is the flux of moisture, B is a constant of
integration; D is the water diffusion coefficient, depending on
the nature of the substances, i.e., water and epoxy; t is the
diffusion time of water; and C; is the concentration of water in
the environment, i.e., 75%.

The water diffusion behavior in these epoxy samples is
shown in Figure 2. Figure 2 is plotted as linear weight increase
(%) versus the square root of time (hours) — so that a straight
line supports equation (1).
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Figure 2: Water diffusion in epoxy samples (75% RH, 298K)

It is noted the % wt of water absorbed comes into quasi-
equilibrium  after  time  t=~250,000s~3days (i.e.

\/f=50050'5) in all four epoxy samples. From the initial
linear portion of the curves the diffusion coefficients, D, for
water in epoxy matrix can be calculated: M60, n3 and n9 were
3.6741.31 x10™, 0.38+0.13x10™, 5.08+1.13 x10™ and
5.1741.34 x10¥ m%s™®,  respectively.  The  diffusion
coefficients of the nanocomposites are very close, whereas the
D value for the microcomposites is lower. Diffusion through
the microcomposites is severely restricted by the blocking
effect of the particulate (50% by volume). The slight increases
in diffusion coefficient for the nanocomposites above that of
the unfilled epoxy may suggest a more continuous path for
water percolation in the material.

During water diffusion, two processes may be discerned in
nanocomposites. The first one is the initial linear portion of

the curves in Figure 2 ( vt <500s°°), in which water
diffusion occurs and follows Fick’s law. After that, another
much slower process appears to occur possibly related to a
gradual response of the epoxy structure to the percent of the
water, and this process is described by the later flat portion of
the curves in Figure 2. According to Figure 2, though M60
has a lower diffusion coefficient than the other epoxy samples,
the water absorption in M60 reaches a true equilibrium.

3.2  Water uptake

The water, H%, is expressed in mass percent (wt %) with
reference to dried samples, and is determined from

Mw_Md

Ho% — x100% @

d
where: M,, is the wet weight of water-absorbed specimen,
and Mg, is the weight of dry specimen.

The increases in mass of epoxy samples at 293 K at
different humidities are shown in Figure 3. In these tests, all
samples were removed from the given humidity environment
after two weeks (\/f >1000s"* for comparison with Figure 2),
dried superficially, and weighed to an accuracy of 0.001g.
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Figure 3: Water uptake for epoxy matrix and composites after two weeks
at 293 K. The dotted line considers the % increase of the epoxy part (hot the
filler) of the M60 composite

In all cases, the water uptake increases monotonically with
relative humidity. The water uptake of the unfilled epoxy (the
“matrix”) increases to 2.68% at RH=100%. That of the
composites filled with 60 wt% micro-particles (“M60) only
increases to 1.3%. However, M60 comprises 50% volume
epoxy (the remainder being particles) and so it is unsurprising
that the maximum uptake is approximately 50% of that of the
unfilled (matrix). The curve labeled “M60 resin” shows that
the water uptake of the epoxy within the M60 composite (i.e.
ignoring the filler) and is close to that of the unfilled epoxy.

The water uptake of the 3 wt% and 9 wt% nanocomposites
(“n3” and “n9”) is much higher than the unfilled epoxy with
the increase in water uptake of the epoxy part of n9 being
about three times that of the epoxy part of n3.

3.3 SWELLING AND DENSITY CHANGE
Whilst issues of swelling and cracking have been studied in
epoxy resins there has been little work on epoxy nano-
composites [23][24][25]. During the absorption of water, two
scenarios may occur:

1. The water may occupy pre-existing space within the
host material. This would be characterized by an increase in
total mass with no overall volume change. Assuming that the
pre-existing space was occupied by gas (e.g. atmospheric gas)
this would result in an increase in density and no swelling.
One might expect this situation to occur for an amorphous
material (such as epoxy resin) where water could occupy inter-
molecular spaces (possibly due to incomplete crosslinking)
and small voids from deficiencies in the manufacturing. (No
voids were visible. The materials were made in the same way
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as other samples that were tested for partial discharge. These
tests do not reveal p.d.s but there is still a possibility of the
existence of small sub-micron voids.)

2. The water may force its way into the material
opening up nascent cracks and structural imperfections. This
would be characterized by an increase in total mass with a
corresponding increase in volume. Assuming that the density
of the water is less than that of the host material, this would
result in a decrease in density and concomitant swelling. One
would expect this situation to occur for composites material if
it is energetically more favorable for the water to occupy sites
on the surface of the particles (or the matrix) than for the
matrix and particle surface to be bonded.
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; | (wt%)
£ 4 % Density change
° |y ! (%)
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Figure 4: The swelling, weight gain and density change of water-
saturated epoxy samples (bars indicate uncertainty in measurements)

Unfortunately, it was only possible to measure the
dimensional change to within 1pum (using a digital
micrometer). Since the dimensional change is relatively small,
the uncertainties in measurement are relatively large.

The swelling degree (vol. %), weight gain (%) and density
change (%) of the samples exposed to 100% RH are shown in
Figure 4.

For the matrix, there is a little swelling but little change in
density. A combination of scenarios (1) and (2) may be
occurring here, i.e., some filling of low-density regions within
the material, but also expansion of nascent cracks. For the
microcomposite, M60, the resultant swelling is approximately
60% (£20%) of that of the matrix, which might be explained
by considering the epoxy only part of the microparticles (c.f.
Figure 3). The density change is significantly less than zero,
indicating a significant opening up of new surface within the
composite.

In the case of the nanocomposites there appears to be
considerably enhanced swelling with the 9% nanocomposites
(n9) showing approximately three time more swelling over
and above that of the matrix than that of n3. Similarly, the
densities appear to be reduced. Under the assumption that all
extra water (i.e. over and above that which would have been
absorbed by the epoxy resin) evenly surrounds the
nanoparticles (assumed spherical) then the thickness of the
water shell around particles can be calculated, Figure 5. The
dashed line in this diagram is simply a linear least squares fit.

There is reasonably good agreement between the two particle
concentrations (considering the difficulty in measurement)
indicating an approximate shell thickness of 3 to 4 nm for
100% RH. (Since the effect of each nanoparticle is same, there
must be the same amount of water around a single
nanoparticle, no matter whether n3 or n9.) This is also
confirmed by the result that the water sorption in the epoxy
part of n9 (~4.5 vol %) is almost three times greater than that
of n3 (~1.5 vol %). This lends support to the deduction that the
extra swelling in the nanocomposites is caused by
incorporating the fillers around which water collects.
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Figure 5: Calculated water shell thickness from water uptake
measurements

3.4 GLASS-TRANSITION TEMPERATURE

Differential Scanning Calorimetry (DSC) measurements
were used to measure the glass-transition temperature of the
epoxy materials at the various relative humidities. The glass
transition temperatures of all epoxy materials were tested by a
modulated differential scanning calorimeter (TA Instruments,
DSC 2920) with a heating/cooling rate of 10K/min from 293K
to 373K and back to 293K at the same rate. The results are
shown in Figure 6a.

The DSC results show that the glass-transition temperature,
Ty, of epoxy samples decreases with increasing relative
humidity, Figure 6a. As the environmental relative humidity
increases from 0% to 100 %, the T, of the epoxy samples
decreases by ~20K. This was confirmed by dielectric
spectroscopy, Figure 6b. Figure 7 shows the relation between
the loss tangent and relative humidity. Using n3 as an example,
the loss tangents at 10* Hz were chosen to avoid the influence
of relaxation peaks, since this frequency was above the
relaxation process caused by water in the mid-frequency range
[27].

In Figure 7, the slope of dielectric loss changes
discontinuously as a function of temperature. Two linear
regions can be identified in the loss tangent — relative
humidity curves. The left — lower part is in the low-
temperature region and so is believed to be in the glassy state.
The right — upper part occurs in the high-temperature region
and so is likely to be the rubbery state region. If this
assumption is correct, the intersection point between the
extrapolated lines can be regarded as the glass transition
temperature, Tq. A similar method of determining T, was used
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by K. Fukao and Y. Miyamoto, who applied the capacitance
(C") data to determine the Ty of thin films [28]. The technique
has the advantage that the temperature is constant during the
measurement and in therefore independent of the ramp-rate
effects found using DSC. By comparing T, at various relative
humidities, it is noted that the Ty of epoxy microcomposites
and nanocomposites and the epoxy matrix decreases as the
relative humidity increases.
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Figure 6: T, of epoxy samples at various relative humidities. (a):
measured by DSC (error ranges +2K) and (b): measured by dielectric
spectroscopy (DS) (error ranges +2K)
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Figure 7: The variation of loss tangent of n3 measured at 10* Hz as a
function of temperature for different humidities indicating the glass transition
temperature as a change in slope

The decrease of T, with humidity for the unfilled epoxy
resin is to be expected: an RH of 100% corresponds to
approximately 2.7% wt water absorbed (293 K). Barton and

Greenfield [25] showed that a decrease in T, of approximately
10 K would be expected for every 1% wt of water absorption.
In the case of the microcomposite, a similar decrease was
observed: again this is to be expected since the epoxy part of
this composite (dashed line in Figure 3) also absorbed about
2.7% of water at 100% RH. However, both the
nanocomposites absorbed more water (3.47% and 4.27% for
n3 and n9 respectively) and so one might have expected their
T, to have dropped further (by 6 to 12 K more). This was not
observed, supporting the idea that no more water was absorbed
into the epoxy resin itself and that the water therefore
collected elsewhere, probably around the nanoparticles.

The effect of surfaces, such as SiO,, on polymer dynamics
is still not well understood. Kremer and Hartmann [17], for
example have presented glass transition data as a function of
polymer thickness (from around 10 to 10° nm). In some cases
the T4 increases and in other cases it decreases with thickness.
They conclude, “This discrepancy is presumably caused by the
different surface interactions with the polymer”.

3.5 THE DIELECTRIC RELAXATION PROCESS
AT LOW FREQUENCIES

The dielectric spectra of the epoxy and composites were
measured at various temperatures and relative humidities. The
real and imaginary parts of capacitance are used to describe
the dielectric behavior of composites rather than dielectric
permittivity and loss as this does not require an accurate
measurement of the dimensions of the sample. In Figure 8, the
dielectric spectra for n3 under conditions of RH=0% and
RH=100% are presented.
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Figure 8: Dielectric spectra for n3 at 298 K and 353 K (a) 0%, (b) 100%
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In Figure 8a at low RH and temperature, the n3
nanocomposite can be seen to exhibit a C' that is constant at
low frequencies and C"oc »™*. This is what one would expect
for an ideal capacitor in parallel with an ideal conductor; i.e., it
shows that there is a constant “leakage resistance” with a
classical (frequency independent) conduction mechanism. For
dry n3, the effective conductance at low frequencies at 353K
is10™t0 10" S, or 10™ to 107" Sat 298K. However, at high
RH and temperature, Figure 8b, the value of C' is not
independent of frequency and the C' and C" curves are, in fact,
parallel with a ratio C"/C'=73 and a slope is -0.995 in
reasonable agreement with equation 4 (a slope of -0.991 would
be expected) [29],

f(((;))) ~cot(z/2); 0<n <1 3)

This was variously described as a low frequency dispersion
[29] or quasi-DC (QDC) behavior [30][31][32]. This
phenomenon was found in all four epoxy samples. The
relative humidity and temperature of the transition from
conduction to QDC is shown in Table 1. According to Table 1,
with increasing concentration of nanofillers, there is a lower
temperature and relative humidity environment requirement to
cause to fulfill the transition from conduction to QDC.

Table 2: Low frequency dielectric behavior (conduction or Quasi-DC)
under different humidities for epoxy and its composites

Samples 0% RH 30% RH 50% RH 100% RH
unfilled epoxy Conduction | Conduction | Conduction > 348K QDC
M60 Conduction Conduction Conduction > 353K QDC
n3 Conduction Conduction Conduction > 343K QDC
n9 Conduction Conduction Conduction > 338K QDC
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Figure 9: (a) Master plot based on low-frequency dielectric behavior for
dry n3; (b) Arrhenius plot indicating charge transport activation energy

The time-temperature superposition assumption was made
and master plots were constructed for the low frequency
conduction and QDC process. An example of this is shown in
Figure 9 for dry n3. The reference temperature in this figure is
338K. The temperature scale shows how much the plots have
to be shifted to bring them into alignment at different
temperatures. Such plots imply that the characteristic times
governing the low frequency behavior is given by an
Arrhenius-type equation

e= o) ()

The activation energies for epoxy materials are shown as a
function of water uptake in Figure 10.
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Figure 10: Low frequency charge transport activation energy of epoxy
and composites for % wt of different absorbed water

The matrix and n3 (the lesser-filled nanocomposite) behave
quite similarly, suggesting that the epoxy separating the
particles in n3 is the rate-determining step for this process. As
the water uptake increases, the epoxy activation energy
reduces in keeping with the observation from the swelling
experiment that some water is occupying low-density regions,
sub-micron voids and cracks in this material. The activation
energy for n3 is, however, lower than that of the epoxy giving
support to the theory that conduction is mediated around the
surface of the particles. The activation energies for n9 and
M60 (the heavily filled microcomposite) are also similar over
the limited range of water uptake. It is likely that even at low
water uptake, carriers can percolate through these structures.
QDC (rather than pure DC conduction) is found at high
humidities, where activation energies are lowest, indicates that
a water-mediated percolation mechanism becomes more
dominant than the DC conduction mechanism under these
conditions.

4 DISCUSSION

The water absorption behavior of polymer composites in a
humid environment is determined by many factors, such as
processing  techniques, matrix filler  characteristics,
composition of the composites, and so on [33]. Kinloch has

studied the mechanical adhesion between epoxy and silica [10].

Without surface functionalisation treatment of the silica,
Kinloch has shown that the bonding between these two
materials is thermodynamically unstable in the presence of
water molecules. The adhesive toughness, i.e., the energy to
separate a unit area of adhesive from a substrate may become
negative in the presence of water. This change from a positive
to negative work of adhesion provides a driving force for the
displacement of adhesive on the interface between particles
and epoxy matrix by water [10] It is therefore to be expected
that the interface between the inorganic fillers and matrix
might be debonded by water. The higher the concentration of
inorganic particles, the more debonded bonds, and the more
water can be contained in this interfacial region.

When nano-particles are added to epoxy, it was found that

they absorbed up to 60% more water than the unfilled epoxy
or the micro-filled system, Figure 3. It is clear from these

measurements that the epoxy in the micro-filled system
absorbs about the same amount of water as the pure epoxy for
a given humidity and that, for the micro-filled system,
virtually all the water is absorbed by the epoxy. For all the
systems (unfilled, micro-filled and n3 and n9 nano-filled), the
reduction in glass transition temperature (measured by both
DSC and DEA) was 20K as the samples were saturated with
water. This implies that for all systems the amount of water in
the resin is almost identical. The extra up to 60% of water in
the nano-filled system is therefore not in the bulk resin; if it
were the glass-transition temperature would be expected to
drop by approximately 12K more for the saturated case. The
most obvious explanation is that the extra water is located
around the nano-particles forming shells in the interface zone.

41 WATER SHELL MODEL

According to the water uptake of the epoxy matrix and
nanocomposites, the thickness of a water shell around each
nanoparticle can be calculated, Figure 5 (making assumptions
about the shape of the particle and shell. It is observed that the
characteristic thickness of water surrounding a nanoparticle
increases in rough proportion to the water uptake.

DI A A YA ke

Figure 11: Schematic of a water shell surrounding a nanoparticle

Since the size of single water molecule is 0.278 nm, the
thickness of a water layer is about 5-10 water molecules. This
deduction is confirmed by Fourier transform infrared-multiple
internal reflection (FTIR-MIR) spectra by Nguyen [34].
Bowden and Throssell found that on aluminum, iron, and SiO,
surfaces, these layers can be up to 20 molecular layers thick at
ambient temperatures and humidity [35]. To describe the real
situation  describing how water exists in  epoxy
nanocomposites, a “water shell” model is built up. In this
mode [36][37], a nanoparticle plays a role of “core”. To cover
the “core”, the water in nanocomposites can be divided into
three layers. The first layer of water (~5 water molecules) may
be firmly bound to the nanoparticle. Beyond that, water may
be loosely bound by van der Waals Forces as the second layer.
The concentration of water in this second layer may be
sufficient to allow this to be conductive. The rest of the water
will be “free” and exists in the bulk of the matrix. The first and
second water layers are likely to provide a channel for charges
and carriers. Figure 11 is an attempt to illustrate this. The
nanoparticle is shown in grey in the centre surrounded by the
first layer of water (shown in black). Water also surrounds
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this first layer in high concentration as interconnected regions
— this is the conductive layer 2 and is indicated in the figure by
a white line.  Outside this, the water is in a lower
concentration, which may not be conductive.

4
20nm{ «— Conduction

5~10 nm
(2)

O silica nanoparticle

, (b)
(O silica nanoparticle &water shell

Figure 12: Charge carrier movement through overlapping water shells

For dry nanocomposites, Figure 12a, the situation in
nanocomposites is that the shell will be too thin for overlap to
be likely. However, once enough water enters the
nanocomposites to provide the overlapping water layers
surrounding nanoparticles, Figure 12b, which can provide the
paths for charges and carriers, QDC behavior will occur at low
frequencies. The higher content of nanoparticles, the shorter
distance between particles, and less water uptake and lower
temperatures are required to make the water shells around
nanoparticles overlap.

4.2 PERCOLATION

For charge/carriers to percolate through overlapping shells,
the volumetric concentration of zone and spherical particle
must exceed 19% [38]. Figure 13 shows the required ratio of
shell thickness to particle radius as a function of volumetric
concentration of a spherical particle for complete percolation
to occur [39]. For n9, the volumetric concentration is
approximate 4.5%. Thus, for these 25 nm radius particles, the
thickness of layers 1 and 2 must exceed 15 nm for full
percolation. We would therefore expect extended charge
carrier movement but at a sub-percolation level.

At low levels of RH and at lower concentration of particles,
the shells would not be expected to overlap much and
conduction could be largely determined by the conduction
through the epoxy matrix between the particles. This would
result in a low frequency dielectric characteristic in which
C'xa’, C"car®. This is observed in all systems at lower RH
levels, table 1. In Figure 10, the higher activation energies
observed at low levels of RH in the matrix are similar to that
for n3, in which the volumetric concentration of particles is
~1.5%. In n3, percolation through overlapping water shell will
be less common. So drift velocity for charge transport will be

determined by the carrier movement through the epoxy (where
it is much difficult) rather than through percolation
overlapping water shell. However, in M60 and n9, percolation
is much more likely and the activation energy is therefore
lower.

2
18
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1.2 v

1
0.8
0.6 x
0.4
0.2
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——
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Figure 13: Percolation occurs on the “v" side of the line (from [39])

If both epoxy matrix and inorganic filler (with their
interfacial phase) are considered as capacitive, it could be
assumed as an elementary assumption they are in series to
compose the system of epoxy composites, like that shown in
Figure 14.

Epoxy part, &; J—

Particle part, ¢, ————

=

Figure 14: Consideration of particle and matrix in series

Then, the dielectric parameters of the fillers with their
interfacial phase can be calculated from the results of epoxy

matrix &, and epoxy composites with fillers (n3, n9 or M60),

J— Composite, et

&7, by the equation below,

1 1-
e R ©)

) H " 1 H ) H "
&g g'Hg"  g,'Hs,

where 0O<p<l is a ratio coefficient to express the
contribution that the epoxy part gives; &, is the permittivity of
the fillers and their interfacial phase.

Figure 15 shows, for 353K and 100% RH, calculated real
and imaginary permittivities for (a) the microparticle system
and (b) the n3 nanoparticle system according to equation 5. In
Figure 15a it is not possible to find a QDC behavior for any
value of p, whereas in Figure 15b, QDC is observed for all
possible values of p.

At high temperatures, the nanoparticles surrounded with a
water shell behaved the same as the epoxy matrix, i.e., QDC at
low frequencies. However, unlike nanoparticles, no matter
what values of p were used, the dielectric relaxation of
microparticles and their interface phase at low frequencies
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could not be QDC. This hints that the QDC occurring in M60
at low frequencies (under higher relative humidity and
temperature) is unlikely to be due to microparticles.
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Figure 15: Calculation of complex permittivity using equation (5) for
(a) micro-composite and (b) nano-composite.

4.3 SURFACE MODIFICATION

It has been pointed out that nanoparticles enhance the water
absorption in nanocomposites, which is unwanted in most
cases. There are two obvious solutions for this problem. One
is to establish a better interfacial adhesion between the blend
matrix and the particles by choosing appropriate inorganic
fillers carefully. This may result in a higher density composite
and a lower proportion of low-density region in the volume
around the particles, so that less water can store in composites.
As is well known, the higher the concentration of hydrophilic
nanosilica, the more debonded bonds, and the more water can
be contained in this interfacial region. Hence, the other
solution is changing the surface hydrophilic into surface
hydrophobic nanosilica. Since the first solution is more
expensive, the second option is chosen.

Although further work is required, preliminary experiments
have been carried out using a surface hydrophobic nanosilica
(Degussa Gmbh, Germany). At a concentration of 3 wt%
surface hydrophobic nanosilica, the water uptake of saturated
epoxy nanocomposites is ~1.50%, which is much below than
that of epoxy nanocomposite filled with 3 wt% normal
nanosilica (~3.33%), and even less than the water uptake of

the epoxy matrix (~2.48%). Surface modified nanoparticles
may therefore reduce the water absorption in epoxy
composites. The samples, however, were much more difficult
to prepare.

44 AGING

Rowe [40] has proposed an “Interface degradation aging
scenario” for composite materials in which the interfaces
between the particles and the host material gradually weaken.
In this case, the water may weaken the interface between the
epoxy and silica. This accumulation of water modifies the
mechanical strength, the dielectric behavior and the electrical
strength of these tiny regions. Since this degradation is diffuse
and occurs at all interfaces contemporaneously, it can be
thought of as aging in the true sense [39]. Gradually a network
of semi-interconnected pathways builds up through the
labyrinth of filler particles. If percolation through these
degraded regions occurs, Figure 16, then an electrical pathway
forms that may lead to breakdown.

ANODE

CATHODE

Figure 16: Interface degradation aging scenario (from [40])

This “interface degradation aging scenario” for highly filled
HV insulation is fundamentally different from other
explanations.  In particular, the aging precursor is not
dependent upon the electrical field, charge, etc. It is only after
the damage has been started by the water, which is inevitably
present, that electrical degradation starts to occur.

5 CONCLUSION

In this research, the effect of humidity on the dielectric
properties of epoxy materials was studied. It was observed that
nanofillers with unmodified surfaces enhanced the water
sorption in epoxy materials, but microfillers made little
contribution. The glass-transition temperature of all epoxy
materials dropped by a similar amount, i.e., approximately
20K, as the relative humidity was increased from 0% to 100%.
This suggested the extra water in nanocomposites did not exist
in the resin component; otherwise, the T, of nanocomposites
would have an additional decrease. The results of swelling and
density change between dried and water saturated epoxy
materials also supported the extra water in nanocomposites
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surrounds inorganic particles rather than existing in epoxy
matrix. In the first stage, the diffusion of water into the
samples obeys the Fick's law, but after that, the diffusion of
water is controlled by another slower mechanism operative in
the nanocomposites.

Under conditions of higher temperature and humidity, the
dielectric relaxation process at low frequencies changes from a
typical conduction current to QDC. Based on the models
proposed by Lewis and developed by Tanaka, the water shell
model has been further developed to explain this phenomenon
in which percolation of charge carriers through overlapping
water shells was shown to occur. This model is built up in
terms of a percolation model. At 100% relative humidity,
water is believed to surround the nanoparticles to a depth of
approximately 5 monolayers. A second layer of water is
proposed that is dispersed but sufficiently concentrated to be
conductive; this may extend for approximately 25 nm. If all
the water had existed in a single layer surrounding a
nanoparticle, this layer would have been approximately 3 to
4 nm thick at 100%. This "characteristic thickness™" of water
surrounding a given size of nanoparticle appeared to be
independent of the concentration of nanoparticles but
approximately linearly dependent on water uptake.

The water uptake of nanosilica epoxy composite can be
considerably reduced by ensuring that the filler particles have
surfaces that are functionalized to be hydrophobic. This may
also improve the composites resistance to aging.
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