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ABSTRACT

The influence of water immersion and silane treatment on the AC breakdown
and the complex dielectric response of polypropylene/nano-aluminium nitride
(PP/nano-AIN) composites has been investigated. The as-received filler was
examined to have a nanoscale particle distribution with a hexagonal shape and
slight hydrolysation. Grafting the aluminium nitride with an octyl silane
reduces the weight increase in samples filled with 10 wt% of aluminium nitride
during water immersion by 3, from 0.29 to 0.09%. The results suggest that the
AC breakdown strength and complex permittivity of “wet” composite samples
are related to the silane treatment of the nanofiller. The AC breakdown strength
of octyl silane-treated samples after 9 days of water immersion shows compa-
rable results to the dry samples, while a reduction can be seen on non-treated
samples. Although silane-treated samples still show an increased dielectric loss
at low frequency after water immersion, a significant reduction in low-fre-
quency dispersion of real and imaginary permittivity can be seen when com-
pared to the non-treated composites. This indicates that significant gains can be
obtained for PP/nano-AIN composites by suitable silane treatments.
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Introduction

Polypropylene (PP) is considered a potential next-
generation high-voltage cable insulation material by
many researchers due to its potential to permit higher
cable operating temperatures compared to traditional
cross-linked polyethylene (XLPE) [1, 2]. Owing to its
thermoplastic nature and the elimination of a cross-
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linking step, its environmental impact is significantly
reduced compared to XLPE over the full life cycle of a
cable [3]. However, PP cable insulation suffers from a
number of drawbacks regarding thermo-mechanical
properties; one of them is having a low thermal
conductivity, which is 0.14 Wm™' K™' [4]. This
drawback can be overcome by adding fillers with
high thermal conductivity, which also can help
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alleviate the issue of high thermal gradients between
the inner and outer of the cable insulation [5-7]. This
issue can lead to localised regions of higher conduc-
tivity /higher dielectric loss which can shorten the
lifetime of the cable. In addition to this, improved
dielectric properties achieved by incorporating
nanoparticles into polymer insulation have been
reported widely [8-10]. The large interfacial area
associated with nanoparticles means that a relatively
small filler loading (<5 wt%) can significantly
influence bulk dielectric properties. However, water
absorption can be an issue due to the ubiquitous
nature of water in the environment and the fact that
most of the commonly used inorganic nanofillers, e.g.
oxides like SiO,, Al,O3 and MgO, tend to make the
composite material hydrophilic and hence suscepti-
ble to water absorption during both material pro-
duction and operation, which can severely
deteriorate the dielectric properties [11, 12]. A water
shell model was proposed by Zou et al. [13, 14] in
which conduction pathways tend to form around
nanoparticles and behave as “water shell”. This,
given the presence of sufficient water, can result in a
significant decrease in the DC breakdown strength
and a corresponding increase in the electrical con-
ductivity. Although a higher DC conductivity can
sometimes lead to an increased AC breakdown
strength [15], in DC cable applications, the increased
electrical conductivity will tend to shorten the cable
lifetime.

It is reported that nano-boron nitride (BN) and
nano-aluminium nitride/polyethylene composites
show significantly higher hydrophobicity than poly-
ethylene filled with oxide fillers [11, 16]. It is worth
mentioning that the size distribution of aluminium
nitride (AIN) used in previous work [11] was
observed to vary from nano- to micro-size and the
lower water uptake can be the result of the smaller
particle surface area, rather than the surface proper-
ties; the same issues of having AIN with a wide size
distribution were also found elsewhere [17, 18].
Therefore, in the present work, AIN from a different
supplier was used, and the size distribution was
verified.

Silane functionalisation was applied in order to
increase the hydrophobicity of PP/nano-AIN com-
posites further. It is widely reported that grafting
non-polar silane onto the nanoparticle surface can
reduce water absorption, and the influence of its
chain length was investigated [12, 19, 20]. Silane
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coupling agents (SCA) are commonly used in com-
posite materials to increase the compatibility between
inorganic fillers and polymers, and an improved
particle dispersion can be obtained by silane func-
tionalising the filler surface [21]. The selection of SCA
is usually based on the compatibility between its
organofunctional group and the polymer matrix, e.g.
the epoxide silanes are widely used in epoxy
nanocomposites, since the formation of the covalent
bond can bring many useful properties, like a
reduced permittivity and an increased AC break-
down strength [22-24]. However, there is still a lack
of convincing evidence that shows that SCA can form
covalent bonds with PP in the same way as observed
in epoxy. Alkyl silanes are considered to be a good
choice, since the repeating (CHy), structure of its
organofunctional group can provide compatibility
with PP. Their non-polar nature is also expected to
confer favourable degrees of hydrophobicity. Zhao
et al. [25] demonstrated that methacrylate silane
could enhance interfacial interaction between inor-
ganic filler and PP host. The mechanical properties,
such as the tensile strength, are typically noticeably
enhanced, but in our case, the introduction of polar
groups—like methacrylate—might result in little or
no change in terms of the hydrophobicity of the
composites. Apart from the organofunctional groups,
the microstructure of the grafting layer can also lead
to a change in bulk properties. Yeung et al. [24]
reported that the AC breakdown strength and the
complex permittivity of nanosilica-epoxy composites
were related to the thickness of the silane layer;
hence, the amount of SCA introduced is important.
For polyolefin/nanoparticle composites, the absor-
bed water is typically located on the surface of the
filler, rather than the hydrophobic polymer matrix
[14]. Investigating samples treated under different
humidity conditions is an effective method that can
identify the properties of the surface of the
nanoparticles. Our previous work also suggests that
the potentially different grafting mechanisms related
to the different hydrolysable groups of silanes can
potentially result in minor differences in the dielectric
losses at low frequencies [5]. One possible explana-
tion is the silane functionalised nanoparticles can
have a different amount of non-grafted -OH groups
from silane, which will result in a different
hydrophobicity of corresponding composites (illus-
trated in Fig. 1a, outstretched Si-OH). Therefore, two
alkyl silanes and a methacrylate silane are selected to
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Figure 1 Illustration diagrams of a proposed nano-AIN surface microstructure after silane treatment and b three different silanes used in

present work.

examine the effect of water on the dielectric proper-
ties of PP/nano-AIN composites, namely trimethoxy
(octyl) silane (C8M), triethoxy (octyl) silane (C8E) and
3-(trimethoxysilyl) propyl methacrylate (MPS)
(Fig. 1b).

Experimental
Materials and sample preparation

Nanoscale aluminium nitride (AIN) with an average
size of 50 nm and C8M was obtained from Aladdin
Inc. C8E, MPS and PP with a melt index of 4 g/
10 min at 230 °C/2.16 kg were purchased from
Sigma-Aldrich.

AIN was surface treated with three different SCA,
following a process established in previous work [26].
Probe sonication (Hielscher® UP200S) was applied
for 1 h to disperse 2 g of AIN in 20 ml toluene, and
the required amount of SCA was dissolved in 20 ml
of toluene and then added to this solution. This
mixture was heated and stirred at 140 °C for 4 h, and
the resulting slurry was then washed three times
with toluene. The treated AIN was vacuum-dried at
80 °C for 24 h. Fourier-transform infrared spec-
troscopy (FTIR) and thermal gravimetric analysis
(TGA) verification of the treated AIN can be found in
previous work, where it is evident that the silane
functionalisation was successful [5, 26].

A modified form of solution blending was applied
in this work, which is expected to give a more con-
sistent dispersion state than the method used
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previously [5], where a hand mixing step was inclu-
ded. Initially, 4.5-4.95 g of PP was added to 50 ml of
xylene and heated at 140 °C for 30 min, while stirring
at 200 rpm. The required amount of treated and non-
treated AIN (0.05-0.5 g) was dispersed in 10 ml of
xylene and sonicated for 30 min. This was then
poured into the PP/xylene mixture and magnetically
stirred for another 60 s at 300 rpm to avoid re-ag-
glomeration. The PP/xylene/AIN was then removed
from the heat and poured into 90 ml of methanol
inducing precipitation. The resulting mixture was
dried at room temperature for 1 day after filtration. It
was then put in a vacuum oven at 80 °C for 3 days to
remove any trace of the solvent. The obtained com-
posites were pressed at 180 °C into sheets and then
further processed and pressed into film samples
(quenched in water) suitable for different tests.

To analyse the effect of water on the dielectric
properties of different samples, two sample condi-
tions were examined: dry (designated D) and wet
(W) samples, after immersion in de-ionised water for
9 days. Samples are denoted as X-Y-Z, where X
represents the surface states (either N, C8M, C8E or
MPS, where N refers to the non-treated AIN for ref-
erence), and Y is the loading ratio by wt% (either 1,
2.5, 5 or 10). Z is the conditioning of the sample (ei-
ther D or W), e.g. C8M-2.5-D is PP filled with 2.5 wt%
of C8M-treated AIN under dry condition. Non-filled
PP samples are denoted as PP-D and PP-W for dry
and wet condition, respectively. Reference samples,
which have been treated with the same solution
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blend procedure as described above, are denoted as
PP.

Characterisation techniques

Scanning electron microscope (SEM) images of AIN
were obtained by using a Zeiss EVO® 50, and pow-
ders were brushed on a conductive tape and then
gold-coated before being examined. For PP and
composite samples, an additional permanganic etch-
ing procedure in [27] was applied for 10 h before the
samples were gold-coated and then analysed by
SEM. Transmission electron microscopy (TEM) of
AIN was performed using a JOEL-2100 TEM oper-
ated at 200 kV. The powders were dispersed in iso-
propyl alcohol (IPA) in a water sonication bath for
20 min, before being transferred onto a standard
carbon film-coated Cu TEM grid. X-ray diffraction
(XRD) patterns of as-received AIN, PP and their
composites were taken by a Bruker D8 Advance
diffractometer using a Cu Ko radiation (A = 1.5406 A,
40 kV and 40 mA), at a step size of 0.04° over a 20
range from 10 to 80°. Thermal gravimetric analysis
(TGA) of as-received AIN was conducted under a
nitrogen gas flow (20 ml/min) from 50 to 900 °C. A
temperature increase rate of 10 °C/min was applied
to compare to the TGA results in [28].

Water absorption analysis was conducted by
immersing film samples into de-ionised water, and
the weight of the samples was monitored at regular
intervals up to 9 days. During the water immersion,
film samples were placed in a Petri dish with an
immersion depth of 1 cm in de-ionised water at
20 °C. A glass slide was placed on the top of the
sample to avoid the sample floating. Complex per-
mittivities of each system were obtained by testing
samples (240 & 10 pm in thickness) with two parallel
30 mm diameter electrodes. A guard ring electrode
was applied according to the ASTM D2149-13 stan-
dard. A Solartron 1260A impedance/gain-phase
analyser linked to a 1296A dielectric interface system
was used, and samples were tested from 107! to
10° Hz at 20 °C. The AC breakdown strength of each
system was obtained by applying a ramped voltage
(1 kV/s, 50 Hz) to samples of 115 & 15 um thickness.
Samples were placed between two ball electrodes
(6.3 mm in diameter) immersed in silicone oil
according to the ASTM D149 standard, and the
temperature is 20 + 2 °C.
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Results and discussion-nanoparticles
and composites characterisation

AIN characterisation

The SEM image of the as-received AIN is shown in
Fig. 2. Agglomerations and/or particles from
0.1-20 um can be observed. As the SEM images only
show the surface of the “clumps”, the morphology
and the size of single particles cannot be unambigu-
ously identified.

The TEM image of the as-received AIN is shown in
Fig. 3. The shapes of the nanoparticles vary from rods
to plates, while the size is within 20-60 nm. An iden-
tical result was reported, where nano-AIN from the
same manufacturer was used [29]. It is worthy to
mention that many inconsistent particle size distribu-
tion between observations and the data provided by
suppliers has been reported for nano-AlN, including
in our previous work [11, 30, 31], and we suggested
that this could be related to the hydrolytic instability of
AIN powders. Li et al. [28] reported that the mor-
phology and particle size distribution of the AIN
microparticles are significantly changed after expo-
sure to moist air (80 RH%) for 400 h and can have a
dehydration weight loss up to 20% after being heated
to 500 °C. A following dehydration process (calcina-
tion) of the surface-hydrolysed AIN is reported to form
an alumina shell and hinder further hydrolysis [32],
and a similar calcination process can be found in many
AIN synthesis methods as the last step, e.g. the carbon
residue will need to be burnt off at 700 °C in a car-
bothermal synthesis method [33]. Therefore, as illus-
trated in Egs. 1, 2 and 3, the as-received AIN may
contain many products such as AIOOH, AI(OH); and
AL O;.

AIN + H,O — AIOOHamorph + NHj3 (1)
AIOOH,orph + H,O — AI(OH), (2)
Al(OH), "™ AL O3 + H,0 (3)

The XRD patterns of as-received AIN are shown in
Fig. 4. The typical different diffraction peaks assigned
to (100), (002), (101), (102), (110), (103) and (112) crystal
planes of hexagonal AIN could be found at 20 value of
33.2°, 35.8°, 37.7°, 51.7°, 59.3°, 66.1° and 71.0°, respec-
tively. However, there is a peak observed at 20 = 46.2°,
and another merged one at ca. 20 = 67.2, which repre-
sent the (400) and (440) peaks of y-Al,O;. As y—ALO3
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Figure 2 SEM micrographs
of a as-received AIN and

b selected area of (a) showing
aggregations up to 20 to

30 um.

Figure 3 TEM micrographs
of a as-received AIN and

b selected area of (a) showing
the morphology of individual
nanoparticles.

Figure 4 XRD pattern
obtained from as-received AIN
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was reported as having a cubic spinel structure [34], in
accordance with the Fd 3 m space group, with a theo-
retical lattice parameter of 7.90 A, which was modified
by Paglia et al. [35] to 8-20 A for real conditions, it is
consistent with the observation in the obtained TEM
image (Fig. 3b). Here are Al,O; nanostructures in the
form of plate-like grains which are composed of
lamellar crystallites of 5-30 nm in length and ca. 8.3 A in
thickness. The existence of this kind of y-Al,Os, which

@ Springer
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can be a calcinated product of hydrogenated boehmite
as expressed in Eq. 4 [35], suggests that the as-received
AIN was partially hydrolysed before a calcination pro-
cess during the manufacturing process, but we cannot
rule out the presence of y-Al,O3 from the AIN synthesis
process [33]. No obvious features of AI(OH); crystal
structure can be found in XRD patterns, which indicate
the hydrolysation of the as-received AIN is in a
favourable condition in terms of the hydrolysis issue.
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calcination

boehmite or amorph ALO;  — 'y — ALOs 4)

The TGA results of the as-received AIN shown in
Fig. 5 also suggest that there is only a slight
hydrolysation of the as-received AIN. A wide peak
on the derivative TGA curves from 140 to 300 °C is
evident, and both the onset and the peak (190 °C) are
lower than these features of a typical dehydration
process of AI(OH);, where a peak on the derivative
curve from 200 to 300 °C centred at 261 °C can be
seen [28]. Thus, this peak is assigned to the combi-
nation of loss of the absorbed water and a weak
dehydration process of hydrolysed AIN. Water can
be found at multiple stages during material produc-
tion, transport and storage, making hydrolysis of AIN
inevitable. Therefore, it is suggested that rigorous
material characterisation is essential when working
with AIN nanoparticles.

Morphology analysis of PP and PP/nano-
AIN composites

The SEM images of representative samples are shown
in Fig. 6. Large aggregations > 30 um can be found in
all samples, and some aggregations larger than 80 um
can be found in PP with non-treated AIN in Fig. 6c.
This is because the polar groups on the AIN surface
have poor compatibility with PP and the non-polar
solvent applied during the solution blending proce-
dure. The size of large aggregations is reduced with
the help of surface modification (Fig. 6¢—f), where the

100.5
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Figure 5 TGA and derivative results of as-received AIN are
obtained by heating AIN from 50 to 900 °C, and a peak on the
derivative curve at 190 °C is related to the dehydration process of
hydrolysed AIN on the surface.
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grafted organic groups can increase the compatibility
between AIN and PP. In SEM images of the as-re-
ceived AIN in Fig. 2, aggregation with size > 20 um
is evident, and this is related to the hydrolytic
instability of AIN. Aggregations with size > 20 pm
can also be found in PP with 1 wt% of surface-treated
AIN (Fig. 6b), which indicates that the silane func-
tionalisation in this work could not be able to break
the aggregations of AIN. No spherical crystal struc-
ture can be observed from SEM in PP samples
(Fig. 6a), and this is related to the quenching process,
which restricts the growth of the crystalline. Also, the
presence of filler will obscure the surface structure of
composite materials. Therefore, XRD analysis of the
selected samples was conducted, since it is a pow-
erful tool to identify the morphology of the polymer
materials.

The XRD patterns of as-received AIN, neat PP and
their composites are shown in Fig. 7. The diffraction
pattern of the neat PP shows typical peaks at 14.2°,
16.6 °,18.5°, 21.0°, 21.8°, 25.5° and 28.5° correspond to
the (110), (040), (130), (111), (131) + (041), (060) and
(220) crystal planes of the a-crystals (monoclinic), and
the same peaks are also shown in PP/nano-AIN
composites; besides, MPS-10 samples present the f-
crystal (trigonal) peaks at 20 of 16.0° and 21.0° cor-
responding to the planes of (300) and (301), respec-
tively. The different results of MPS from others may
be due to its methacrylate groups on nanoparticle
surface. It is reported polar groups like methacrylate
could facilitate more nucleating effect than non-polar
ones, e.g. octyl (C8) [5]. This may also be the reason
why (111) + (301) and (131 + 041) planes of MPS-10
are independent from each other, whereas those of
C8E-10 and C8M-10 are merged because smaller
nucleating ability could limit the dimension of crys-
tallites during the quenching process and broadens
the corresponding peaks. Moreover, as N-10 contains
non-treated AIN, which has poor dispersion, it could
provide more space for the growth of crystallites [5],
resulting in narrower peaks and similarly as
observed in C8M/C8E with less filler loadings. The
broadened peaks in the quenched neat PP could be
attributed to the lack of the nucleating effect and
resultant smaller size of crystals during quenching.
Besides, the intensity of peaks assigned to AIN
increases, while the filler loading concentration rises
in the composites. A peak between 40° and 45° is
evident in all samples, including the as-received PP.
This is consistent with works with iPP [36, 37], but
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Figure 6 SEM micrographs (a)
showing the morphology and
AIN dispersion of
representative samples: a PP,
b C8M-1, ¢ N-10, d MPS-10,
e C8M-10, f and g C8E-10.

few attempts to explain the source of this peak. We
suggest that this peak can be related to the (100) and
(101) planes of carbon-based impurity in the as-re-
ceived iPP. The crystallinity of each system was
derived from the XRD patterns, and the results are
shown in Table 1. A calculation method used in [38]
was applied. The addition of nano-AIN shows a
limited ability to alter the crystallinity of PP, although
an insignificant decrease (4%) can be found when
increasing the loading of C8M-treated AIN from 1 to

@ Springer
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(b)

10 wt%. This was related to the hindrance effect on
the growth of crystalline by the introduction of AIN
[20]. The results of crystallinity are consistent with
our previous work, where differential scanning
calorimetry (DSC) was applied to PP/nano-AIN
composites and on obvious change can be found in
crystallinity when nano-AIN was introduced [5].
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Figure 7 XRD patterns of
PP/nano-AIN composites
indicating the o-crystals can be

*(111)+%(301)

*(131)+(041)

observed in all samples, and
the formation of B-crystal is b
evident in PP with MPS-
treated AIN. XRD patterns of
the as-received AIN and PP are
also included as a reference.

> *(060)
7 %(220)

Intensity (a.u.)
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Table 1 Crystallinity of selected samples derived from XRD
patterns and a calculation method used in [38] was applied

Samples Crystallinity (%) Samples Crystallinity (%)
As-received PP 39 C8M-5 40
N-10 40 C8M-10 38
C8M-1 42 C8E-10 38
C8M-2.5 40 MPS-10 41

Water absorption behaviour of PP/nano-AIN
composites

In Fig. 8, the weight increase in PP and composite
samples after immersion in water for 9 days is pre-
sented, from which can be observed that the weight
increase in all samples reaches almost saturation in
6 days or less. The weight of pure PP as reference
shows, as expected, no dependence on water immer-
sion due to its non-polar carbon chain structure, which
has a very weak ability to absorb water. This along with
the increase in water uptake with increased AIN
loading (Fig. 8a) suggests that the weight increase in
PP/nano-AIN composites is solely related to the
incorporation of nano-AIN and water absorption onto
its surfaces. Although all PP/nano-AIN composites
show an increase in mass after immersing in water, the
silane functionalisation has a significant effect on
altering the issue of water absorption (Fig. 8b—d).

It is a surprising observation that there is no sig-
nificant difference between samples treated with
different SCA, especially for samples treated with
polar (MPS) and non-polar (C8M, C8E) silanes. This
indicates that the methacrylate group has less ability

70 80

2 Theta

to absorb water than the -OH groups left on the
surfaces of the non-treated AIN, or that the interac-
tion with PP somehow alters the ability of the
methacrylate group to absorb water. When compared
to PE/nano-AIN composites as reported in earlier
research [11], where PE with 10 wt% of AIN only has
an uptake of water less than 0.1% of the total weight
after immersing in water for 14 days, the higher
weight increase for the non-treated samples (0.29%,
Fig. 8) in the present work is likely related to the
smaller particle size and thus the increased surface
area (Fig.3). It is worth noting that the weight
increase in most PP/nano-AIN composites reaches
almost saturation after only one day, with no further
significant increase in weight after 24 h. This might
be related to the thickness of the water shell around
nanoparticles: as Lau et al. [19] suggested, a thicker
shell can gradually be formed surrounding a
nanosilica particle during a long period (more than
14 days) after the water immersion, and a loss peak
was found to move to the high-frequency range,
while moisture uptake increases, which has also been
numerically proved by Qiang et al. [12]. This will be
explained in the results of dielectric response below.

Results and discussion—dielectric
properties

Complex permittivity

The real (¢') and imaginary (¢”’) permittivities of PP
and a selection of PP/nano-AIN composites in dry
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Figure 8 The weight increase in PP and composite samples after immersion in de-ionised water for 9 days at 20 °C: a PP and PP with
non-treated AIN, b PP with C8M-treated AIN, ¢ PP with C8E-treated AIN and d PP with MPS-treated AIN.

condition are plotted in Fig. 9. Filler loadings of 1, 2.5
and 5 wt% of the samples with SCA treatment were
omitted for brevity, as they show identical results to
their non-treated counterparts. The real permittivity
shows an increase with the growth of the AIN load-
ing ratio. However, PP/nano-AIN composites with
different nanoparticle surface chemistry show little
effect on the real permittivity, when considering the
measurement uncertainties that arise from the sam-
ple thickness measurement, which can have up to &+
0.1 (¢') from multiple tests. The real permittivity of
each sample (Fig. 9a) is a flat line throughout the
tested frequency range at room temperature, due to
the non-polar nature of PP. This also results in neat
PP having a very low loss under an AC electric field.
The imaginary permittivity (Fig. 9b) falls near to the
minimum sensitivity of the instrument (10~ in the
case of non-filled PP and composites with a low
loading ratio (< 5 wt%). PP/nano-AIN composites

@ Springer

filled with 10 wt% of AIN exhibit a slight upturn at
low frequencies, but no significant difference is
observed due to changing the nanoparticle surface
chemistry under these dry conditions.

The real and imaginary permittivities of samples
immersed in water for 9 days are shown in Fig. 10.
From the real permittivity results in Fig. 10a—d, all
PP/nano-AIN composites show an increase in the
value of ¢ compared to the dry samples and obvious
upturns at low frequency can be observed for sam-
ples with 5 and 10 wt% non-treated AIN (Fig. 10a).
When considering the magnitude of the upturns of
N-10-W, it is evident that it shows higher values than
10 wt% AIN/PE composites in our previous work
[11], where N-10-W gains more water (0.29%) than
that of 10 wt% AIN/PE (0.1%) after the curve reaches
an almost saturation. Shaw et al. [39] highlighted an
upturn with a similar ¢ feature but with a signifi-
cantly higher magnitude after immersing 5 wt%
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Figure 9 Complex permittivity of dry samples measured at
20 °C: a real part, b imaginary part, and dash line shows the
minimum sensitivity of the instrument (10™%). Filler loadings of 1,

nano-clay/PP/EVA composites into a non-polar sol-
vent, xylene, where the observed upturn has a low
correlation with the reorientation of the polar mole-
cules like water. Thus, we suggest that in this case,
these upturns are likely to be caused by the interfacial
polarisation and/or the polarisation effect due to
water molecules. Although similar trends at low
frequencies can also be seen in samples with silane-
treated AIN (Fig. 10b—d), the magnitudes are signifi-
cantly reduced with the help of the silane treatment,
especially for samples treated with non-polar silanes,
C8M and CS8E. It is not surprising that notably higher
values of ¢ are observed in MPS-10-W (Fig. 10d) than
in any of its C8M and C8E functionalised counter-
parts; polar surface functional groups are the main
reason.

Unlike the clearly visible loss peaks at high fre-
quencies (10°-10° Hz) in imaginary permittivity,
which result from water uptake [11, 13, 20], most
samples show a monotonic upturn at low frequency
in Fig. 11. Significant upturns can be seen for non-
treated AIN (Fig. 11a), and peaks are located in the
low-frequency range (< 50 Hz). The relaxation fre-
quency is related to the thickness of the water shell
and the mobility of the resulting water clusters
[11-13]; PP/nano-AIN composites show a low water
absorption ability, e.g. N-10-W can only gain 0.29% of
weight, while a 10 wt% non-treated nanosilica/PE
composite shows more than 1.6% weight increase
and relaxation peaks at 10°~10° Hz can be observed
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2.5 and 5 wt% of the samples with SCA treatment were omitted
for brevity, as they show identical results to their non-treated
counterparts.

[19]. As a result, much of the water is located close to
the core of the AIN nanoparticles here and the
resulting decrease in mobility shifts the relaxation
peak to low frequencies. As the loading ratio
increases, the mobility of the water shells will be
restricted by its overlapping, which will result in the
relaxation peak shifted to a lower frequency as
observed in Fig. 11a [40].

Consistent with the real permittivity, the C8M- and
C8E-treated samples show identical results in the
imaginary part (Fig. 11b, ¢). An increase in the mag-
nitude of ¢” with the AIN loading can be seen, but the
relaxation peaks are now expected existing at much
lower frequencies < 0.1 Hz compared to the non-
treated systems. The C8 silane treatment can displace
a great amount -OH on the AIN surface and therefore
less is available to trap water on the nanoparticle
surface; this is evinced by the water measurements
shown in Fig. 8b, ¢, and the associated relaxations are
shifted to lower frequencies. Nevertheless, the water
absorption results clearly show that the octyl silane-
treated PP/nano-AIN composites can still absorb
some water, and one possible explanation for this is
the displacement of -OH is incomplete by C8 silane
treatment. Alternatively, in addition to the hydroxyl
group from the AI-OH on the AIN surface, polar sites
other than the AI-OH, e.g. the Si-OH from the silane
treatment (Fig. 1a) and surface AI-NH,, can also
contribute to the weight gain of samples during water
immersion [5, 41]. Besides, identical results provided

@ Springer
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Figure 10 The real permittivity of wet samples (after 9 days water immersion) measured at 20 °C: a PP and non-treated samples, b C8M-

treated samples, ¢ C8E-treated samples and d MPS-treated samples.

by C8M- and C8E-treated composites indicate that
the assumption of the thick SCA layer introducing
more hydrophilic sites (Fig. 1a, outstretched Si-OH)
is not the determining factor in the change of the
dielectric response [5].

MPS-treated samples show higher imaginary per-
mittivity than the C8-treated samples with the same
loading ratios (Fig. 11d), and this is related to the
presence of the methacrylate group. The increase in
the slope of the imaginary curves of MPS-10-W
indicates a relaxation feature at lower frequencies.
While these might be revealed by performing mea-
surements at elevated temperatures, this was not
performed in current work, as it would result in loss
of absorbed water, therefore negating comparability

@ Springer

with results at lower temperatures. Nevertheless, a
similar relaxation feature can be observed in our
previous work, where dry samples were tested at
90 °C [5].

AC breakdown strength

AC breakdown strength of dry and wet (immersed
for 9 days) samples with 5 and 10 wt% of filler
loading is shown in Fig. 12, and two-parameter
Weibull scale and shape parameters of all samples
are listed in Table 2. The breakdown strength of non-
filled PP (Fig. 12a) is not dependent on water
immersion due to its non-polar structure; consistent
with this is the parallel observation of no weight gain
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Figure 11 The imaginary permittivity of wet samples (after 9 days water immersion) measured at 20 °C: a PP and non-treated samples,
b C8M-treated samples, ¢ C8E-treated samples and d MPS-treated samples.

after water immersion (Fig. 8a). No obvious increase
in AC breakdown strength can be achieved after
incorporating nano-AIN into PP under any condi-
tions of water immersion or surface treatment.
Instead, all PP/nano-AIN composites, regardless of
surface treatment method, show a monotonic
decreasing trend with increased AIN loading. Con-
sistent results were also reported where non-treated
and C8E-treated AIN were added into PE and PP,
respectively [11, 42].

For dry samples, different silane treatments can
help to slightly enhance the AC breakdown strength,
relative to counterparts employing non-treated AIN.
MPS-treated samples show higher AC breakdown
strength than the C8 samples, and this can be related

to the presence of B-crystal in MPS samples (Fig. 7)
[43]. After 9-day water immersion, a significant
(~ 35 kV/mm) reduction in the AC breakdown of
non-treated systems can be observed (Fig. 12a), while
C8M and C8E (Fig. 12b, c) exhibit much less of a
decrease (~ 20 kV/mm) when compared to the non-
filled PP. Ayoob et al. [16] reported that a 30 wt%
BN/PE sample did not show an obvious reduction in
AC breakdown strength after 14 days of water
immersion (0.08% weight gain) which is similar to
both sets of C8-treated samples here. Although wet
MPS-treated samples (Fig. 12d) show a reduction in
AC breakdown strength relative to their dry coun-
terparts, they still show a value consistent with the
wet C8-treated samples. This could be related to the

@ Springer
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Figure 12 AC breakdown strength of dry and wet samples (0, 5 and 10 wt%) tested at 20 °C and 50 Hz, a PP and non-treated samples,
b PP and C8M treated samples, ¢ PP and C8E treated samples, d PP and MPS treated samples.

same level of water uptake, as shown in Fig. 8, sug-
gesting that AC breakdown tests are a less sensitive
probe of dielectric properties than dielectric spec-
troscopy; in the latter data sets (Fig. 11), MPS samples
exhibited a higher dielectric loss relative to their C8
silane-treated counterparts.

Conclusions

The hydrolytic instability of AIN and the resulting
sensitivity of the particle surface chemistry, and
subsequently the morphology, to humidity are dis-
cussed. This rigorous study using SEM, TEM, XRD
and TGA of the as-received AIN verified the above-

@ Springer

mentioned sensitivity to humidity, as well as the AIN
nanoscale, and the presence of the y-alumina is
evident.

The influence of AIN surface chemistry (treated
with different modifiers) on the crystal phases, water
absorption kinetics, complex dielectric response and
AC breakdown strength of polypropylene/AIN
under “dry” and “wet” sample conditioning has been
examined in this work.

It is noteworthy that the introduction of MPS-
treated AIN can induce the formation of the B-crystal
(trigonal) from XRD patterns. In contrast, the incor-
poration of non-treated and C8-treated systems
shows no ability in changing the crystal phase of the



Table 2 AC breakdown
strength and Weibull Filler Filler loading o, kV/mm, Dry B-Dry o, kV/mm, Wet B-Wet
Ei;a;:ztfyrsazz zjvleiaéziziions Non-filled 0 176.5 20.2 177.1 14.8
Non-treated 1 172.3 14.4 166.0 9.2
2.5 165.0 124 165.2 15.8
5 162.8 23.9 156.2 17.4
10 153.0 25.3 141.8 11.1
C8M 1 171.0 20.6 179.1 18.3
2.5 169.4 27.2 170.5 14.4
5 167.6 20.3 168.9 19.6
10 161.9 13.3 157.9 14.5
C8E 1 170.1 143 170.3 114
2.5 169.0 17.8 166.4 17.1
5 163.7 13.1 162.2 17.9
10 162.4 15.7 156.5 124
MPS 1 177.8 21.3 178.4 13.2
2.5 178.1 19.5 166.2 73
5 175.0 15.1 159.6 9.3
10 168.3 16.4 156.0 8.4

non-filled PP. From the AC breakdown strength of
the dry samples, it is suggested the higher values of
the MPS-treated samples compared to composites
with non-treated or C8-treated AIN are related to the
presence of the B-crystal. But overall, from SEM
results, the derived crystallinity from XRD patterns
and the dielectric properties under dry conditions, it
can be concluded that the influence of the filler sur-
face chemistry on the morphology of PP, and its
resulting effect on the dielectric properties of
PP/nano-AIN composites, is insignificant.

In contrast, the filler surface chemistry shows a
significant impact on the dielectric properties after
samples were immersed in water. Composites
employing non-treated AIN tend to absorb more
water during water immersion tests due to a higher
density of surface hydroxyl sites. This issue can be
effectively minimised with the help of surface mod-
ification, especially with silanes with non-polar
organofunctional groups, C8. Benefiting from the
improved hydrophobicity, the silane-treated samples
show a significantly higher ability to retain permit-
tivity and AC breakdown strength than their non-
treated counterparts following water immersion.
Although MPS-treated samples show an almost
identical hydrophobicity to the samples treated by
octyl silanes, it would be reasonable to believe that
the greater reduction in AC breakdown strength and
the higher dielectric loss after exposure to water are

coming from the presence of the polar methacrylate
groups in MPS-treated samples.

The present work demonstrates clearly the impor-
tance of the hydrophobicity of nanoscale filler or
similar sized additives used in HV insulation under
wet operating conditions and proves that surface
functionalisation is an effective approach to mitigate
the water absorption issue. As the dielectric proper-
ties of polymeric insulating materials are very sensi-
tive to the presence of water, the benefit of
introducing functional groups and the resulting
interaction between the additives and the PP matrix,
such as MPS-induced p-crystals, and the hence
increased AC breakdown strength, can be quickly
undone by absorbed water from a humid environ-
ment settling on said additives. A balance must be
found between the additional functionality required
by an additive and the hydrophobicity of said addi-
tives, especially for insulating materials that will be
subjected to high humidity environments during
operation.

Supplementary information
Fourier-transform infrared spectroscopy (FTIR) and

thermal gravimetric analysis (TGA) verification of the
treated AIN are omitted here because they can be
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found in previous work, where it is evident that the
silane functionalisation was successful [5, 26].

The real (¢)) and imaginary (¢”) permittivities of PP
and a selection of PP/nano-AIN composites under
dry condition are plotted in Fig. 9. Filler loadings of
1, 2.5 and 5 wt% of the samples with SCA treatment
were omitted for brevity, as they show identical
results to their non-treated counterparts.
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