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The effects of water on the dielectric properties
of aluminum based nanocomposites

Ian L Hosier, Matthew Praeger, Alun S. Vaughan and Steve G Swingler

Abstract—A series of polyethylene nanocomposites was
prepared utilizing aluminum nitride or alumina nano-powders
with comparable morphologies. These were subsequently
subjected to different conditioning regimes, namely prolonged
storage in vacuum, the ambient laboratory environment or in
water. The effect of filler loading and conditioning (i.e. water
content) on their morphological and dielectric properties was
then examined. Measurements indicated that, in the case of
aluminum nitride nanocomposites, none of the conditioning
regimes led to significant absorption of water and, as such,
neither the dielectric properties nor the DC conductivity varied.
Conversely, the alumina nanocomposites were prone to the
absorption of an appreciable mass of water, which resulted in
them displaying a broad dielectric relaxation, which shifted to
higher frequencies, and a higher DC electrical conductivity. We
ascribe these different effects to the interfacial surface chemistry
present in each system and, in particular, the propensity for
hydrogen bonding with water molecules diffusing through the
host matrix. Technologically, the use of nanocomposites based
upon systems such as aluminum nitride, in place of the commonly
used metal oxides (alumina, silica, etc.), eliminates variations in
dielectric properties due to absorption of environmental water
without resorting to the adoption of techniques such as surface
functionalization or calcination in an attempt to render
nanoparticle surface chemistry hydrophobic.

Index Terms—Dielectric spectroscopy, electrical conductivity,
nanocomposites, polyethylene, alumina, aluminum nitride.

I. INTRODUCTION

ANOCOMPOSITES, in which a filler with at least one

dimension less than 100 nm in size is incorporated into a
host matrix, continue to attract considerable interest because
of the desirable properties that such systems can exhibit.
Indeed, much of the current interest in such systems is often
attributed to pioneering work conducted at Toyota in the late
1980s into the development of systems with attractive
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mechanical properties for use in automotive applications;
adding just 4.2 wt. % of montmorillonite clay doubled the
modulus, increased the tensile strength by more than 50% and
elevated the heat distortion temperature by 100 °C [1]. From
an electrical perspective, the science of nanostructured
dielectrics is generally accepted to have begun in 1994, when
John Lewis published his seminal paper entitled “Nanometric
dielectrics” [2] and, subsequently, such systems have been
considered for use in a wide range of electrical applications.
These include as high performance insulation systems in
power system applications [3], for microelectronic packaging
[4], as tailored dielectrics in capacitors [5] and as so-called
high k& dielectrics for use in applications ranging from organic
field-effect transistors to actuators [6].

Several ways of incorporating a nanofiller into a polymeric
host are possible [7], including solvent blending using
appropriate solvents and surfactants, intercalation through
mechanical shearing of the dry nanoparticles within a molten
polymeric matrix and the sol-gel method, which involves the
formation of nanoparticles directly within the host polymer.
Early theoretical considerations led to the development of the
“multi-core model” [8], where nanoparticles are envisaged as
being surrounded by a diffuse Gouy-Chapman layer of some
10 — 30 nm on a typical 50 nm spherical particle. This is
accompanied by an “interaction zone” between the polymeric
matrix and the nanoparticles, which is characterized by
different properties from either the particle or the matrix. In
the case of silica nanocomposites, which are the most
commonly reported system in the literature, surface hydroxyl
groups are identified as being an important factor in
determining the dielectric properties at this interface [7]. A
useful review [8] discussed results from other authors and
indicated improved breakdown and partial discharge (PD)
resistance in well dispersed nanocomposites compared to the
host resin. Dielectric spectroscopy results are more varied,
with some systems (e.g. silane treated nano-silica) showing
reduced dielectric loss whereas other systems (i.e. untreated
nano-silica and certain micro-filled systems) gave rise to an
additional low frequency dispersion. In another study on
electrical treeing [9], tree growth was suppressed, provided the
nanocomposite was free of agglomerations, since these can
serve as regions of locally high permittivity. Other authors
[10] identify good nanoparticle dispersion as being a key pre-
requisite  for enhanced electrical performance of
nanocomposites. Over a wide range of material formulations,
improved performance was reported for nanocomposites with
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a low filler loading (<2 %), but reduced performance
thereafter being attributed to particle aggregation. In contrast,
the addition of a micro-filler always led to detrimental effects,
notably a marked reduction in breakdown strength [11, 12].

Whilst the bulk of the available literature focusses on
nanocomposites employing silica, there is a much smaller but
significant body of literature concerning alumina-based
nanocomposites.  Significant improvements in thermal
conductivity could be achieved in epoxy systems with high
filler loading levels [13]. AC breakdown in epoxy/alumina
nanocomposites was also studied [14] and a useful increase in
both thermal conductivity and AC breakdown strength was
reported for a 5 wt. % filler loading compared to the unfilled
epoxy. However, the breakdown strength was reduced at
higher filler loading levels. Another study [15] considered the
morphology and mechanical properties of epoxy/alumina
nanocomposites and demonstrated that probe sonication was
an effective way to remove aggregates in the nano-powder.
AC breakdown strength was considered [16] and, again, a 5 %
filler loading provided enhanced performance but higher filler
loadings had detrimental effects. Similar results were reported
elsewhere [17]; in a study comparing alumina to silica
nanocomposites utilizing epoxy resin as the matrix, 8 % filler
was found to be optimal.

A critical element of the use of material systems in real-
world applications concerns the effect of exposure to ambient
conditions and, in this regard, the influence of water is
particularly relevant. Indeed, in the area of adhesives, water
effects have been studied by dielectric spectroscopy and it has
been shown how water can tend to accumulate at interfaces
where local constraints markedly affect its dynamics [18].
Comrie et al. [19], for example, report a correlation between
changes in the mechanical strength of adhesive joints and
variation in the observed dielectric spectrum. Free, liquid
water is characterized by a dielectric relaxation process at
about 9.6 GHz [20], but the presence of local interactions can
dramatically affect this. Lau et al. [21] reported on the
dielectric response of nanosilica/polyethylene systems and
showed that water accumulates at nanofiller surfaces to an
extend that is dependent upon the nanofiller surface chemistry.
The consequence of the local interactions, particularly
hydrogen bonding with silanol groups, was markedly retarded
dynamics, such that the water relaxation peak was seen to vary
from below 1 Hz to above 103 Hz, depending on the local,
conditions. Elsewhere, ethylene-co-butyl acrylate was used as
a matrix together with spherical alumina particles [22]. Under
dry conditions, there was little difference in breakdown
strength compared to the host material, whereas wet
conditioning caused a fall in breakdown strength in the
nanocomposite systems - this effect was attributed to water
shells surrounding the nanoparticles. In a second publication
by the same authors [23], the effect of water conditioning was
investigated in detail and, here, it was found that the electrical
conductivity of the nanocomposites was higher than that of the
unfilled reference material, particularly following storage
under wet conditions. Improved thermal conductivity has been
reported extensively for relatively high filler loadings (>10 %)

for alumina dispersed within various host polymers [24-26],
which could be advantageous in a technological application
such as high voltage cables, permitting heat from the
conductor core to be extracted more readily, so increasing
ratings [27]. However many studies indicate that such high
filler loadings are detrimental to dielectric properties [14, 16,
17, 28, 29] such that, in practice, a trade-off between thermal
conductivity and dielectric properties may be required.

Only a few papers exist concerning aluminum nitride
nanocomposites and these primarily relate to thermal
conductivity [30-35]. Thermal conductivity values as high as
4 W.m' K-!' have been reported in poly(vinylidene fluoride)
(PVDF) [30] and epoxy [30, 31] nanocomposites at
>50 vol. % filler loading. Values close to 1 W.m.K"! were
reported in polystyrene systems with 40 vol. % filler loading
[32] and in low density polyethylene (LDPE) nanocomposites
with ~30 vol. % filler loading [33]. Values of up to 3.3 W.m"
1K1 were reported in poly(methyl methacrylate) (PMMA)
nanocomposites containing a 70 vol. % filler loading [34] and,
finally, values of up to 0.9 W.m™' . K-! were reported in silicone
rubber nanocomposites with a 30 vol. % filler loading [35].
However a recent study [36], in common with the alumina
findings, indicates that such high filler loadings are highly
detrimental to dielectric performance. Nevertheless the higher
intrinsic thermal conductivity of aluminum nitride may make
it possible to prepare a nanocomposite with improved thermal
conductivity and good dielectric properties using a relatively
low filler level [14].

Previously, silica based systems were studied by the authors
[37] and it was found that the dielectric properties were highly
sensitive to conditioning and several papers indicate that this
may also be the case for alumina [22, 23]. Drying the
nanocomposites led to electrical properties similar to that of
the host polymer, whereas absorbed water always had a
detrimental effect. In contrast, silicon nitride nanocomposites
[38] absorbed much less water and as a result performed much
better in dielectric tests after long term storage under ambient
conditions. However, good particle dispersion led to the
formation of a percolating network which had a detrimental
effect on dielectric properties. Evidently, nanoparticle
dispersion, nanoparticle surface chemistry and consequent
interfacial interactions with water from the environment are
important in determining dielectric characteristics.

The investigation reported here was undertaken with two
specific objectives in mind:

(a) To contrast the dielectric behavior of nanocomposites
based upon alumina, where the surface chemistry is dominated
by hydroxyl groups, with that of systems based upon
aluminum nitride, which has a very different surface
chemistry. Although this might appear merely to repeat our
previous work on silicon based systems [38], the propensity of
silicon nitride to form an oxynitride surface layer renders its
surface chemistry very different from that of aluminum
nitride.

(b) To consider, further, the effects of absorbed water on
dielectric characteristics and, consequently, to evaluate the
technological utility of nanocomposites based upon alumina
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and aluminium nitride in terms of their ability to withstand
environmental exposure — a critical technological requirement
in numerous electrical applications.

II. EXPERIMENTAL

A. Materials and blending

Commercial alumina (AlO3;) and aluminum nitride (AIN)
grades were obtained from Sigma Aldrich and were chosen
from those that were available to be as comparable as possible
(ALLO3 — quoted particle size < 50 nm; AIN — quoted particle
size < 100 nm). These were used as supplied. A blend of
20 wt. % high density polyethylene (HDPE, BP Chemicals
Rigidex HD5813EA) with 80 wt. % low density polyethylene
(LDPE, ExxonMobil Chemicals LD100BW) was prepared by
melt mixing [21, 38] and was used as the polymeric host.

To improve particle dispersion, a modified solvent blending
method was used; 5 g of the polymer blend was dissolved in
50 ml of boiling xylene. Concurrently, either 0.25 or 0.5g of
the required nanopowder was dispersed in 10 ml of isopropyl
alcohol (IPA). This mixture was sonicated for a total of
10 min using a Hielscher UP200S probe sonicator, with
stirring halfway through. The xylene/polymer solution was
removed from the heat and allowed to gel slightly and the
nanopowder/IPA solution was immediately added. Vigorous
stirring was maintained until the mixture had thickened to a
waxy solid, this material was then vacuum dried and pressed
into sheets. A total of five blends, two using alumina, two
using aluminum nitride and an unfilled control, were prepared,
as indicated in Table I.

B. Sample preparation and conditioning

Samples were melt pressed into 0.2 mm and 0.1 mm
thickness sheets using a hydraulic press maintained at 180 °C.
All samples were crystallized from the melt in an oil bath
maintained at 115 °C for 1 h prior to quenching in water [21,
37, 38]. Specimens were then conditioned to vary their water
content as follows. “Ambient” samples were maintained under
ambient conditions in an air conditioned environment (19 +
2 °C, 55 - 80 % RH) for at least 14 days prior to testing; “dry”
samples were vacuum dried at room temperature for periods of
up to 14 days; “wet” samples were immersed in water for
periods of up to 14 days. These latter two batches of samples
will subsequently be referred to as Dry N d and Wet N d,
where N d represents the number of days of conditioning in
vacuum or water respectively. The mass of each sample was
recorded during conditioning to an accuracy of £0.0001 g (i.e.
+0.02 % on typical 0.5 g samples).

C. Characterization

TABLE I
BLENDS USED IN THESE INVESTIGATIONS
Blend Base resin Nanofiller used
Control | 20 wt. % HDPE / 80 wt. % LDPE | -
AINO5 20 wt. % HDPE / 80 wt. % LDPE | 5 wt. % AIN
AIN10 | 20 wt. % HDPE / 80 wt. % LDPE | 10 wt. % AIN
AlO05 20 wt. % HDPE / 80 wt. % LDPE | 5 wt. % AlL,O;
AlO10 | 20 wt. % HDPE / 80 wt. % LDPE | 10 wt. % AL,Os

Nano-powder for energy dispersive X-ray spectroscopy
(EDS) was mounted using double sided carbon tape onto
carbon scanning electron microscopy (SEM) stubs. These
specimens were then examined in a Philips XL30
environmental SEM operated at 10 kV and four spectra were
taken from 50 um? areas. The Ka peaks of Si (1.74 keV), O
(0.52 keV), N (0.39 keV) and C (0.28 keV) were recorded and
peak area analysis was used to estimate the elemental
concentrations.

Thermogravimetric analysis (TGA) was performed using a
Perkin Elmer Pyris 1 TGA by heating 5 mg samples at a rate
of 20 K.min™! in air.

Samples for SEM were etched for 4 h in a solution of 1 %
potassium permanganate in an acid mixture (5:2:1 of sulfuric,
phosphoric acids and water respectively) following published
procedures [39]. Samples were mounted onto aluminum SEM
stubs, gold coated and were then examined at 15 kV in a JEOL
JSM6500F high resolution field emission gun SEM.

Differential scanning calorimetry (DSC) was performed
using a Perkin Elmer DSC-7, which was calibrated using high
purity indium. Melting scans were obtained through heating at
10 K.min"!, while the crystallization behavior was determined
by cooling at 5 K.min™".

Dielectric spectroscopy was performed on 0.2 mm thick
samples incorporating gold coated electrodes, using a parallel
plate test cell with a guard ring (inner electrode 30 mm
diameter). Measurements of permittivity and dielectric loss
were performed using a Solartron 1296 dielectric interface
linked to a Schlumberger SI 1260 impedance-gain-phase
analyzer. A 1 Vs AC signal was applied over a frequency
range from 0.1 Hz to 1 MHz averaging over 10 cycles and all
measurements were performed at room temperature.

Measurements of electrical conductivity were performed at
room temperature on the same (coated) samples placed
between opposing 20 mm diameter polished gold electrodes.
A stepped voltage (100 Vg to 6 kV in steps of 100 V) was
applied, waiting 10 s before measuring the current, to allow
capacitive currents to dissipate.

III. RESULTS

A. Composition and morphology

Table II shows the chemical composition of the nanofillers
(uncertainty + 3 %). The Al,O; contains close to the expected
2:3 ratio of aluminum to oxygen and negligible nitrogen. AIN
contains somewhat more than the expected 1:1 ratio of
aluminum to nitrogen, which is unexpected. In silicon nitride,
an excess of oxygen was detected [38], which was attributed
to the formation of an oxynitride layer; this layer is not
expected to form in aluminum nitride at room temperature
[40] and accordingly, little oxygen was detected in this system

TABLE II
RESULTS FROM EDX ANALYSIS OF THE NANOFILLERS
Aluminum Oxygen Nitrogen
Powder (wt. %) (wt. %) (wt. %)
Alumina 43 57 -

Aluminum nitride 58 1 41
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Fig. 1. TGA curves obtained from the five nanocomposites following

ambient conditioning.

(Table II).

The TGA curves shown in Fig. 1 indicate that the onset of
degradation occurs close to 300 °C. While neither of the
aluminum nitride-based composites loses any significant mass
up to 300 °C, AlO10 loses ~0.4 % of its initial mass, with
AlOO05 losing somewhat less (arrowed, inset Fig. 1). Since

these results may be associated with the loss of absorbed
water, two additional samples of Al010, which had undergone
Wet 7 d and Dry 7 d conditioning were also analyzed. Whilst
the dry sample lost <0.2 % of its mass when heated to 300 °C,
the wet sample lost appreciably more mass (0.7 %) than the
ambient sample discussed above, confirming that the alumina-
based systems do indeed absorb some water on exposure to
the laboratory environment and more when wet conditioned.

At higher temperatures the host polymer starts to degrade;
the unfilled control sample loses 50 % of its initial mass at
410 °C whilst, in AINO5 and AIN10, this point is displaced to
higher temperatures, indicating improved thermal stability.
The 50 % mass loss point is elevated yet further in A1005 and
AlO10, indicating that alumina has a greater influence on
thermal stability. Similar improvements in thermal stability in
both types of nanocomposites, within polyethylene hosts, have
been reported elsewhere [41, 42] and are generally attributed
to the propensity of the filler to promote the formation of char.
The final residue (i.e. filler) contents measured at 570 °C
(where the polymer is assumed completely to have degraded)
are within 1 % of the expected values.

Representative SEM micrographs obtained from all the
nanocomposite systems are shown in Figs. 2 and 3; the
morphology of the control sample has been discussed in detail
elsewhere [21, 37, 38] and, being identical to that shown Fig.
2a, albeit that the 4 AIN inclusions would not be present, is

Fig. 2. SEM micrographs (a) AINOS, (c) AIN10.

Fig. 3. SEM micrographs of (a) AlO05, (c) AlO10.
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not shown here for brevity. The two aluminum nitride
composites (Fig. 2) exhibit an equivalent underlying
spherulitic texture to the control sample but, in addition,
contain a broad distribution of individual particles ranging
from the expected 100 nm right up to 5 um in size. Even in
ALNI10 (Fig. 2b) which, as expected, shows a higher density
of AIN inclusions, there is no obvious particle aggregation.
That is, the primary particles are efficiently dispersed within
the host polymer and span the size range given above; that is,
the larger inclusions seen here are not the result of
agglomeration of smaller entities. In previous reports on
aluminum nitride-based nanocomposites, the supplied
particles were reported not to be spherical, as here, and a
broad distribution of particle sizes ranging from nano- to
micrometric size were observed [31-35]. The distribution
observed here is therefore consistent with other studies.

The two alumina nanocomposites (Fig. 3) show disrupted
spherulitic textures, which are suggestive of enhanced
polymer nucleation, and contain Al,O3 inclusions ranging in
size from ~50 nm to 5 um. In thermosetting epoxy/alumina
systems, both good [14, 16] and poor [17] alumina particle
dispersions have been reported, whilst another study using the
more relevant thermoplastic host polymer ethylene-co-butyl
acrylate [22] indicated very similar aggregated morphologies
to those reported here.

The state of nanoparticles within any nanocomposite will
depend on both the way in which the constituent components
are processed (here, solution processing with sonication) plus
the preliminary nanoparticle synthesis route. In the case of
AIN, for example, many different routes have been devised,
which can result in a wide range of different particle
morphologies, as is evident in the above micrographs [43, 44].

Nevertheless, compared to previous work [38], the
morphologies of the two types of nanocomposites considered
here are much better matched and represent an intermediate
level of particle dispersion between silica (poor dispersion,
much aggregation) and silicon nitride (good dispersion, little
aggregation).

4
Control
5] AINOS
AIN10
5 AIO05
s AIO10
z gl
=° Control
g AINO5
I AIN10
AIOD5
2 AIGA0
'4 T T T T
80 80 100 120 140 160

Temperature (°C)

Fig. 4. DSC curves from melting (top) and crystallization (bottom).

Fig. 4 (top) shows DSC melting data, from which it is
evident that all systems display two broad melting peaks, at
105 °C and 124 °C (LDPE and HDPE respectively [38]). The
total enthalpy is ~110 J/g for the control sample, falling in the
nanocomposites to ~100 J/g, due to the proportion of included
filler; the melting points do not change as a result of adding
the different nanofillers. On cooling at 5 K.min' (Fig. 4,
bottom), the control sample displays two crystallization peaks
at 110 °C and 95 °C (HDPE and LDPE respectively). Whilst
the lower (LDPE) peak is always located at the same
temperature, crystallization of the HDPE occurs somewhat
earlier in AlO10 (up to ~114 °C). These thermal data therefore
indicate that the alumina is having a greater nucleating effect
on the polyethylene than does AIN, as expected from the
disrupted textures exhibited in Fig. 3 [21, 45].

B. Nanocomposite dielectric response

Fig. 5 provides a comparison of the real and imaginary
permittivity of ambient conditioned samples; that is,
specimens in equilibrium with the laboratory environment.
The unfilled polyethylene control sample has a real relative
permittivity of 2.5 and a negligible imaginary part (<107)
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Fig. 5. Relative permittivity data obtained from samples following
ambient conditioning: (a) real part; (b) imaginary part.
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Fig. 6. Water absorption/desorption data. All data are referenced to
samples exposed to laboratory conditions for 14 days.

throughout the frequency range studied here. Whilst AINOS
and AIN10 both show no differences compared with the
control sample, AIOO05 shows an increase in relative
permittivity (Fig. 5a) and a relaxation (Fig. 5b) at low
frequencies. Low frequency relaxation processes can be
associated with pseudo-DC conduction and the Maxwell-
Wagner effect, which is associated with the trapping of
charges either at internal boundaries within materials or at the
external electrodes that contact the sample [46]. Here,
nanoparticle/matrix interfaces are of considerable importance
in this respect and previous studies of nanocomposites have
demonstrated that interfacial accumulation of water molecules
can be a major contributing factor to the observed low
frequency dielectric response [7, 45, 47]. In contrast, AI0O10
shows two mid frequency relaxation peaks (Fig. 5b) and a
strong uplift in relative permittivity below 1 kHz (Fig. 5a). In
other related work [21, 48, 49], such mid frequency relaxation
behavior has been attributed to water absorbed at the
nanoparticle interfaces. Compared to analogous silica-based
systems [37, 38], the major relaxation frequency here is much
lower ~250 Hz, indicating a significantly reduced mobility of
the water, as discussed in detail elsewhere [18-21].

C. Water absorption and desorption

Fig. 6 shows the measured water content relative to ambient
conditioned samples with asymptotic fitted lines. The control
sample is unaffected by conditioning whereas the various
nanocomposites approach constant mass after 7 days. In the
aluminum nitride based composites, negligible water is lost on
vacuum drying (<0.01 %), indicating that this system absorbs
little water on exposure to the ambient laboratory
environment. This is consistent with the TGA results
presented above. However, during immersion in water, AIN10
displays a small increase in mass, indicating the absorption of
a small amount of water (~0.1 %). Furthermore, Fig. 5 shows
that in the absence of adsorbed water, the dielectric properties
of the nanocomposite are essentially the same as those of the
host polymer. Whilst this general behavior is in line with that
of the silicon nitride based nanocomposites [38], a far lower

water absorption is evident here. This reinforces the critical
nature of the precise nanoparticle surface chemistry in
determining how the material system interacts with its
environment and how small changes in the local concentration
of absorbed moieties can lead to marked changes in bulk
dielectric properties.

In the alumina samples, it is possible to lose some 0.2 % or
gain some 0.6 %, by mass, of water indicating that these
materials, when stored under ambient conditions are in some
intermediate state of hydration — again in agreement with the
TGA data. This also conforms with previous work on silica
[21, 37, 38], albeit that here the capacity to absorb water is
less, presumably reflecting a reduced concentration of surface
hydroxyl groups in alumina [50]. Accordingly, the resulting
changes in the dielectric response relative to the host polymer
(Fig. 5) are much less extreme than those exhibited by
analogous silica nanocomposites [38].

D. Effect of water absorption on dielectric response

Conditioning has no effect on the control sample, which is
not surprising since this sample does not absorb any
appreciable water (see Fig. 5). Similarly, as indicated in Fig. 5,
AINOS5 is unaffected by conditioning, so data are not shown
here. Figs. 7a and 7b show the effect of conditioning on the
dielectric response of AIN10; in accordance with its very low
water uptake (see Fig. 6), the real permittivity (Fig. 7a) is
hardly affected by conditioning and, even after immersion in
water, only a slight uplift in imaginary permittivity at low
frequencies is evident (Fig. 7b), indicating the minimal
formation of an interfacial hydration layer [48]. Figs. 7c to 7f
show data obtained from AIO05 and AlO10. Drying for 14
days in vacuum eliminates the additional permittivity
contribution in AlIO05 (Fig. 7¢) and reduces it significantly in
AlO10 (Fig. 7e), whilst progressively increasing the water
content results in increased real permittivity at low frequencies
(Figs. 7c and 7e) and the displacement of water-related
relaxation peaks to progressively higher frequencies (Figs. 7d
and 7f). A qualitatively comparable shift in relaxation peak to
higher frequencies with increasing water content has been
reported in analogous silica systems [21, 37, 48] and is
interpreted as indicating increasing mobility of water moieties
at nanoparticle/matrix interfaces. However, compared to
similar silica-based nanocomposites [38], the relaxation peaks
observed here are much weaker, in accordance with the lower
absorbed water content. Thus, there are significant advantages
in using alumina or, better still, aluminum nitride in place of
silica in nanodielectric applications, both in terms of reducing
the propensity of the system to absorb water and, potentially,
as a route to increased thermal conductivity.

E. Water content and electrical conductivity

Fig. 8a shows DC electrical conductivity values measured
for each nanocomposite system, plus the unfilled control, as a
function of applied field, following ambient conditioning.
Compared with the unfilled control, only AlO10 shows a
significantly increased conductivity, which is field dependent
as reported for silica [38]; we suggest that the increased water
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Fig. 7. Permittivity measurements: (a) AIN10 real; (b) AIN10 imaginary; (c) AlOOS5 real; (d) AlIO05 imaginary; (e) AlO10 real;, (f) AlIO10 imaginary.

content of this system is responsible [23]. After dry
conditioning (Fig. 8b), this additional conductivity is largely
eliminated although, as in the dielectric loss data, some
contribution remains. It is suggested that this increase is either
due to a retained, tightly bound hydration layer [48], or is
directly associated with the presence of the nanofiller (i.e.
Maxwell Wagner interfacial polarization effects).

While the nitride based composites are unaffected by wet

conditioning (Fig. 8c), a finding that is consistent with the
water uptake data and dielectric spectroscopy, the alumina
composites show a large increase in conductivity, which is
again consistent with their increased dielectric loss and
significant water uptake. Increased conductivity in
nanocomposites relative to unfilled samples has been reported
in other studies [23, 51] but, here, the effect is limited to only
the alumina samples; i.e. those where the nanoparticle surface



>TNANO-00005-2017 <

a 10'10
@ Control
, m AINOS
101 4 o AINIO
A AOO5
102 ] A AIO10
T
O
@/ 10'13 4
=
2
S 107 4
R}
f =
Q
O

35
Applied field {(kv/mm)
b 10'10
® Control
» m AINO5
107 4 o AIN1O
A AIO05
10 | A AIO10
€
O
@/ 10'13 4
2
=
S 10
T
f=
Q
O qo1 {4
10'16 4
1017
0 35
Applied field {(kv/mm)
c 10-1¢
® Control
. m AINO5
10 o AN10
A AIOOS
102 da a  AIO10
5 ] M
o NN
A 'S
m: 100 ] 2T s atapent®,
=
g 1014
=}
=
8
1075 4 & o
. |:|
[mnz2)
10716_
'ﬁﬁw
1017 'o“jq.li..
T T T
¢ 10 15 20 25 30 35

Applied field (kV/mm)

Fig. 8. Electrical conductivity measurements following: (a) ambient

conditioning; (b) dry conditioning; (c) wet conditioning.
chemistry means that they are capable of absorbing significant
water. For example, a strong field dependence of conductivity
in silica/epoxy composites has been reported elsewhere and is
consistent with a field assisted Schottky injection process [52].
We would therefore suggest that a similar process is operative
here in wet conditioned samples, and is mediated by included
water (including hydrated ions), which provide an additional
ionic contribution to the steady state conduction current.

IV. DISCUSSION AND CONCLUSIONS

Four nanocomposites, two containing alumina and two
containing aluminium nitride, were studied along with a
control sample containing no nanofiller. Technologically,
dielectrics will be exposed to environmental water in many
application areas and, in addition, previous work has
demonstrated the value of water molecules as a local dielectric
probe. Consequently, the effect of conditioning (i.e. water
absorption/desorption) were explored. The results described
above can be summarized as follows:

e  Material characterization by DSC and SEM demonstrated
that all the systems considered here are structurally
comparable, with no major variations in either the matrix
polymer or the nanoparticle dispersion being seen. The
major difference between the different nanofillers being
that the aluminum nitride was composed of single
particles with variable sizes whereas, in the alumina, the
observed larger structures were a result of nanoparticle
agglomeration.

e TGA, dielectric spectroscopy and electrical conductivity
all presented a totally consistent picture concerning the
different propensity of alumina and aluminium nitride to
interact with water; effects that result from the different
surface chemistry of the two systems.

e FElectrically, the presence of water plays a dominant role
in determining both the dielectric response and charge
transport behavior of the systems considered here.

Our previous comparative study of silica and silicon nitride
[38], whilst revealing comparable effects to those reported
here was, nevertheless, adversely affected by two
complicating factors: first, the nanofiller dispersion states in
the silica and silicon nitride-based nanofillers were very
different; second, the tendency for silicon nitride to form an
oxynitride surface layer renders it much more similar to silica
than might be assumed based on the bulk chemistry. The work
reported here suffers from neither of these issues, lending
significantly more weight to the general conclusions that can
therefore be drawn.

A dominant feature of the nanodielectrics literature is
variability of behavior in nominally comparable systems and
we suggest that the above results, obtained from comparable
samples, prepared and tested in an identical manner, supports
the assertion that much of this variability may be associated
with a lack of appreciation of the critical role played by low
concentrations of labile species that become adsorbed onto
nanoparticle surfaces. The corollary of this is that nanoparticle
interfacial chemistry and the effect of this on molecular
polarization effects, charge transport dynamics, etc., exert a
major influence on the bulk electrical properties of
nanodielectrics — a proposition that is very different from
conventional ideas of property changes derived from the
existence of structurally distinct interphase zones. Indeed, our
work provides an additional explanation for the mechanisms
by which silane functionalization of nanoparticle surfaces
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leads to nanodielectrics with enhanced electrical properties. In
addition to inducing favorable interactions with the matrix
polymer, the process also, indirectly, has beneficial
consequences through the consumption of surface hydroxyl
groups. This is not to say that nanoparticle matrix interactions
are of no consequence or that interphase zones do not form
but, rather, that such effects do not constitute the whole story
where electrical characteristics are concerned.

Finally, some comment concerning the technological
implications of the work described here is warranted.
Interactions with water constitute a ubiquitous feature of the
environmental exposure of materials. As such, if
nanodielectrics are ever to be exploited in anything other than
niche applications, a key factor will be understanding (a) the
mechanisms by which they interact with water and (b) the
consequences of this for bulk properties. The work reported
here demonstrates the importance of such effects and reveals
how these can be mitigated through control of nanoparticle
surface chemistry.
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