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Good breakdown strength is an important feature for the selection of dielectric materials, espe-
cially in high-voltage engineering. Although nanocomposites have been shown to possess many
promising dielectric properties, the breakdown strength of nanocomposites is often found to be
negatively affected. Recently, imposing nonisothermal crystallization processes on polyethylene
blends has been demonstrated to be favorable for breakdown strength improvements of dielectric
materials. In an attempt to increase nanocomposites’ voltage rating, this work reports on the
effects of nonisothermal crystallization (fast, moderate and slow crystallizations) on the structure
and dielectric properties of a polyethylene blend (PE) composed of 80% low density polyethylene
and 20% high density polyethylene, added with silicon dioxide (SiO,) and silicon nitride (SizNy)
nanofillers. Through breakdown testing, the breakdown performance of SizN,-based nano-
composites was better than SiOs-based nanocomposites. Since nanofiller dispersion within both
nanocomposite systems was comparable, the enhanced breakdown performance of Si3N,-based
nanocomposites is attributed to the surface chemistry of Si3sN, containing less hydroxyl groups
than SiO,. Furthermore, the breakdown strength of SiO,-based nanocomposites and SizN,-based
nanocomposites improved, with the DC breakdown strength increasing by at least 12% when
both the nanocomposites were subjected to moderate crystallization rather than fast and slow
crystallizations. This is attributed to changes in the underlying molecular conformation of PE in
addition to water-related effects. These results suggest that apart from changes in the nanofiller
surface chemistry, changes in the underlying molecular conformation of polymers are also im-
portant to improve the breakdown performance of nanocomposites.
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1. Introduction

Investigations of polymer nanocomposites as high
voltage dielectric materials have increased tremen-
dously over the last two decades. Since the intro-
duction of the concept of dielectric nanocomposites,
various nanocomposite materials have been ex-
plored, and these materials have been shown to
possess promising dielectric properties such as those
related to permittivity, partial discharge, space
charge and breakdown strength.'™* For example,
Nelson et al.” discovered mitigated space charge
accumulation and enhanced charge decay in epoxy/
titania nanocomposites, which could lead to im-
proved breakdown strength of the nanocomposites.
Meanwhile, Okozumi et al.® found that the volume
resistivity and the breakdown strength of polyeth-
ylene nanocomposites increased with the addition of
magnesium oxide nanofiller. These improved di-
electric behaviors of nanocomposites have often
been attributed to the appropriate use and good
dispersion of nanoparticles, in addition to favorable
nanoparticle/polymer interactions.”® These are
much related to the presence of the interface within
nanocomposites.”

In any dielectric, breakdown strength is an im-
portant dielectric parameter that determines the
maximum electric field magnitude that the dielec-
tric can withstand without failure. It is commonly
expressed by the maximum voltage before failure
divided by the thickness of the dielectric. Although
the breakdown strength of polymers can be im-
proved with the addition of nanoparticles to poly-
mers, the breakdown properties can otherwise
become inferior if interfacial mechanisms within
nanocomposites are not properly dealt with. For
example, reduced breakdown strength of polyeth-
ylene was reported with the addition of silicon di-
oxide (SiO,), silicon nitride (Si3N,), and aluminum
nitride (AIN) nanoparticles to polyethylene under
ambient conditions.' This is mainly caused by the
presence of moisture on the surface of nanofillers,
which subsequently resides on the interface of
nanocomposites, thus leading to inferior dielectric
properties.' "2 Meanwhile, the breakdown strength
can also decrease with increasing amounts of nano-
particles due to nanoparticles agglomeration
effects.!? 1> These negative breakdown effects indi-
cate that the addition of nanoparticles to polymers
may not always enhance the breakdown strength of
the materials, and that fundamental challenges

regarding the breakdown behaviors of nanocompo-
sites need to be addressed.

According to Green and Vaughan,'® dielectric
mechanisms of nanocomposites require exploration
into various factors, which include nanoparticle
dispersion, nanoparticle/polymer  interactions,
interactions between nanoparticles, properties of
the base polymer, and molecular conformations.
Significantly, an in-depth understanding of the un-
derlying physics and chemistry governing changes
in dielectric properties of nanocomposites needs to
be sought after. To date, many research works on
nanocomposites attempt to explain the mechanisms
of nanocomposites through the use of single poly-
mers as the matrices for nanocomposites. Never-
theless, Hosier et al.'”'® demonstrated that the use
of a polyethylene blend system had many advan-
tages over a single polymer system. The breakdown
strength of a polyethylene blend composed of 80%
low density polyethylene (LDPE) and 20% high
density polyethylene (HDPE) was reported to be
the highest when the material was isothermally
crystallized at 115°C.'" This was attributed to the
open banded spherulitic structures composed of
extensive isothermal lamellae (HDPE-rich phase)
that were separated from each other by regions of
quenched matrix (LDPE-rich phase). In addition,
recent research work indicated that the use of
polyethylene blend composed of 80% LDPE and
20% HDPE as the base polymer for nanocomposites
allowed the control of the underlying polymer
morphology.'??Y This enabled structural changes of
the base polymer to be readily detected, provided
that the material was appropriately crystallized.

It is noteworthy that crystallization is a process
by which, upon cooling, nuclei (crystalline), an or-
dered solid phase, are produced from a liquid melt,
wherein small regions of the tangled and random
molecular conformations become ordered and
aligned in the manner of chain-folded layers. There
are mainly two types of crystallizations, namely,
isothermal and nonisothermal crystallizations.
Generally, studies of crystallization are limited to
idealized conditions, in which external conditions
are constant. For example, in the work of Lau
et al.,'??" isothermal crystallization of the materials
was achieved by contacting the materials with an
external oil bath at fixed temperatures. In real
situations, however, nonisothermal crystallization
conditions are more common, in which the external
conditions (e.g., cooling rates) change continuously.
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This is of greater interest since industrial processes
proceed generally under nonisothermal conditions.
Moreover, according to Lorenzo and Silvestre,?! the
study of crystallization in dynamic conditions may
expand the general understanding of the crystalli-
zation behavior of polymers since many isothermal
methods are often restricted to narrow temperature
ranges.

In this regard, Green et al.?* considered a poly-
ethylene blend produced using nonisothermal crys-
tallization as a function of cooling rate. From the
analysis, a nonisothermal cooling rate range be-
tween 0.5°Cmin~! and 10°Cmin~! was estimated
to correspond to the isothermal temperature win-
dow between 113°C and 119°C, albeit that the
morphologies of the resulting materials were differ-
ent under nonisothermal and isothermal crystalli-
zation conditions. Morphological wise, at the
cooling rate of 0.1°Cmin~!, clear sheaf-like entities
can be observed; by 10°Cmin~!, the structure has
given way to a more granular morphology. Their
results showed that samples subjected to non-
isothermal crystallization were found to possess
higher breakdown strength compared to samples
not subjected to crystallization. Recently, Hosier
et al.*® found that the use of a nonisothermally
crystallized polyethylene blend resulted in higher
melting temperatures, reduced electrical conduc-
tivity, better space charge performance, increased
electrical breakdown strength and enhanced
thermo-mechanical stability compared to conven-
tionally crosslinked single polyethylene system.
These benefits, yielded from nonisothermal crystal-
lization of the material, indicate that more electrical
power can be transmitted through the same size of a
dielectric.

The aforementioned literature suggests that to
increase the voltage rating of a dielectric, the use of
nonisothermal crystallization processes in the pres-
ence of nanofillers may create unique properties
associated not only with the multiphase materials
(polyethylene blend), but also with the interface
resulted from nanoinclusions. This work therefore
aimed to explore the underlying physics and chem-
istry governing changes in dielectric properties of
nanocomposites through nonisothermal crystalliza-
tion processes of silicon-based polyethylene nano-
composites. A polyethylene blend, which enables
the control of the material morphology through
thermal treatment and possesses desirable break-
down properties that is independent of nucleation

The Role of Silicon-Based Nanofillers and Polymer Crystallization

effects caused by nanofillers,'’ was selected as the
base matrix. Meanwhile, silicon-based nanofillers,
namely, silicon dioxide (SiO) and silicon nitride
(SizNy) were chosen as the nanofillers. The rationale
behind the choice of SiO, and SizNy, is that SizNy
generally contains less water molecules than SiO,,
where water-related effects seen in SiOs-based
nanocomposites are less pronounced in SizN,-based
nanocomposites,’* such that nonisothermal crys-
tallization processes of the two nanocomposite sys-
tems could be effectively compared.

2. Experimental
2.1. Materials and sample preparation

The base polymer used was a polyethylene blend
(PE) composed of 80% LDPE (Titanlene
LDF200YZ) and 20% HDPE (Titanzex HI2000),
sourced from Lotte Chemical. The nanofillers used
were SiO, nanopowder (20nm) and SizN, nano-
powder (15-30 nm), sourced from NanoAmor.

By using a Brabender mixer, PE was mixed with
the desired amount (1 wt.% and 5 wt.%) of SiO5 and
SizsN, at a temperature of 160°C and a rotational
speed of 45rpm for 10min. Thin film samples
(100 pm thick) were produced by melt-pressing
through a hydraulic laboratory press at 160°C, with
the samples sandwiched between two opposing
Melinex films and metal plates. Later, each thin film
sample was crystallized nonisothermally under fast,
moderate and slow crystallizations.

After crystallization, the thin film samples were
carefully removed from the Melinex films for char-
acterization purposes. For convenience, the nota-
tion P/F-A/C is used to indicate the prepared
samples, where P corresponds to the polymer,
F represents the filler, A indicates the amount of
filler, and C signifies the cooling condition, as shown
in Table 1.

2.2. Characterization

The cooling rate of experimentally crystallized
samples under fast, moderate and slow crystal-
lizations was determined using a Fluke 52II digital
thermometer. A Perkin Elmer differential scanning
calorimeter (DSC) with Pyris software was used to
characterize the thermal behavior of the experi-
mentally crystallized samples. For each measure-
ment, a 5 mg sample was used, placed in a sealed
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Table 1. Sample designation.

Sample designation Polymer Filler Amount Cooling

(P/F-A/C) (P) (F) (A)  condition (C)
PE/SiO,-1/F PE Si0y 1wt % Fast
PE/SiOy-5/F PE Si0y 5wt % Fast
PE/SizN,-1/F PE  SiN, 1wt.% Fast
PE/SigN,-5/F PE  Si,N, 5wt.% Fast
PE/SiO,-1/M PE Si0;  1wt.%  Moderate
PE/Si0,-5/M PE Si0,  5wt.% Moderate
PE/Si3N,-1/M PE  Si3N; 1wt% Moderate
PE/Si3N,-5/M PE  Si3N; 5wt.%  Moderate
PE/Si0,-1/S PE  Si0, 1wt.% Slow
PE/Si0,-5/S PE Si0y, 5wt % Slow
PE/Si;N,-1/S PE SN, 1wt.% Slow
PE/SisN,-5/S PE  Si,N, 5wt.% Slow

aluminum pan. The measurement was carried out
under nitrogen atmosphere with a temperature
range from 30°C to 160°C at 10°C min ! scan rate.
Overall, an accuracy of +1°C in temperature and
+3% in enthalpy was estimated based upon re-
peated measurements from a similar set of samples.

The melting enthalpy for each material was an-
alyzed and converted into the percentage of LDPE
or HDPE present in nanocomposites that was in-
volved in each phase transition.”” The degree of
crystallinity (x) of each material was then obtained
by dividing the enthalpy normalized by weight with
the enthalpy of 100% crystalline material, taken as
293 J g~ ! for polyethylene,?%*" as follows:

Y= A 100, (1)
where AH is the melting enthalpy of the sample,
AH, is the value of enthalpy corresponding to the
melting of a 100% crystalline material and wy is the
weight fraction of the crystallizable material.

A Perkin Elmer Spectrum One spectrometer with
a standard temperature-stabilized mid-infrared tri-
glycine sulfate (MIRTGS) detector was used to
collect the Fourier transform infrared (FTIR)
spectra of SiO, and SisN4 nanopowders. The FTIR
spectra of SiO,-based nanocomposites and SizNy-
based nanocomposites were also collected using the
same instrument. The spectrum for each data was
collected from 400 cm ! to 4000 cm ! over 16 scans
at 4 cm~! resolution.

The morphology of the samples was character-
ized using JEOL JSM-6390 LV and Hitachi
TM3000 Tabletop scanning electron microscopes
(SEM). An accelerating voltage of 15kV was used.

Prior to SEM, the samples were fractured under
liquid nitrogen and sputter coated with gold or
platinum.

Electrical breakdown testing was conducted in
line with ASTM D149, by placing each sample be-
tween two 6.3mm diameter steel ball electrodes
immersed in mineral oil. For AC breakdown testing,
a step voltage of 1kV every 20s was applied until
breakdown occurred. For DC breakdown testing, a
step voltage of 2kV every 20s was applied until
breakdown occurred. Fifteen breakdown tests were
conducted on each type of samples. The resulting
data were analyzed using two-parameter Weibull
statistics®>?%:

Plo)=1-ew |-(1) ﬂ @)

«

where P(z) is the cumulative failure probability at
E, E is the experimental electric field (kVmm™1),
« is the scale parameter (kV mm~™!) representing
the breakdown strength at 63.2% probability and
[ is the shape parameter reflecting the data
distribution.

3. Results and Discussion

3.1. Cooling rates and melting behaviors

The representative data for measuring the cooling
rates of nanocomposites containing SiO, and SizNy4
are shown in Figs. 1(a) (fast crystallization), 1(b)
(moderate crystallization) and 1(c) (slow crystalli-
zation). Under a linear temperature-time relation-
ship, the cooling rates of the experimentally
crystallized samples under fast, moderate, and slow
crystallizations were approximately 80°C min~!
(1.28°Cs71), 15°Cmin~! (0.25°Cs~!) and
1°Cmin~! (0.02°Cs™1), respectively.

Figure 2 shows the representative melting ther-
mograms of nanocomposites containing 1wt.% of
SiO, and SizNy; similar melting thermograms were
obtained from nanocomposites containing 5 wt.% of
SiO, and SizNy, hence not shown for brevity. The
lower peak melting temperature (denoted as 7T},;) at
about 107°C is close to the melting temperature of
the LDPE and is therefore associated with lamellae
composed mainly of branched molecules. Mean-
while, the upper peak melting temperature (denoted
as T,,5) at about 126°C is close to the melting
temperature of the HDPE and is therefore associ-
ated with lamellae composed mainly of linear HDPE
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Fig. 1. Experimentally measured cooling rates under (a) fast,
(b) moderate, (c) slow crystallization conditions.

molecules. These melting behaviors reflect that of a
polyethylene blend, and are in line with the pub-
lished literature.!”:%:30:31

As the cooling rate increased, an additional peak
melting temperature (denoted as T}, ) appeared and
became more pronounced; the melting features
of T, and T,,, generally remained unchanged.

The Role of Silicon-Based Nanofillers and Polymer Crystallization
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Fig. 2. Melting thermograms of nanocomposites containing
1wt.% of SiO, and SizNy, when subjected to fast, moderate and
slow crystallizations.

The multiple melting peaks associated with T, and
T, can be related to molecular fractionation, co-
crystallization, and dynamic reorganization of
crystals.!”?! The peak of T,,, was about 122°C
under fast crystallization, and increased to 125°C
under moderate crystallization; T, was not present
under slow crystallization.

Table 2 summarizes the melting temperatures for
all nanocomposites under fast, moderate and slow
crystallizations. From these thermal analyses, there
were no appreciable differences between PE/SiO,
and PE/Si3sN, nanocomposites. The similar melting

Table 2. Melting temperature data obtained from DSC.

Melting temperature, T,

Sample Tml (OC) Tm2 (DC) Tmz (OC)
PE/SiO,-1/F 107 127 122
PE/Si0,-5/F 108 127 123
PE/SizN,-1/F 107 126 122
PE/Si;N,-5/F 107 126 120
PE/Si0,-1/M 107 127 125
PE/Si0,-5/M 108 126 125
PE/Si;N,-1/M 108 127 125
PE/Si;N,-5/M 107 127 125
PE/SiO,-1/S 108 128 —
PE/Si0,-5/S 108 127 —
PE/Si;N,-1/S 108 127 —
PE/Si;N,-5/S 108 127 —
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behaviors of the two nanocomposite systems indi-
cate that for any given crystallization condition, the
thickness of the lamellae was similar irrespective of
the type and amount of nanofillers.

3.2. Crystallinity analysis

Table 3 summarizes the data for the melting en-
thalpy (AH) and degree of crystallinity (y) of
nanocomposites containing 1wt.% and 5wt.% of
SiO, and SizN,. Since the base matrix was composed
of a blend of LDPE and HDPE, and the DSC
thermal traces were largely divided into these two
phases, with one phase dominated by T,,; (repre-
senting the LDPE-rich phase) while the other phase
dominated by T,,, and/or T,,, (representing the
HDPE-rich phase), the crystallinity of the materials
was therefore analyzed based on the LDPE-rich
phase and the HDPE-rich phase.

For all the materials, the crystallinity of the
LDPE-rich phase appears similar when taking into
account the uncertainties in the analysis. Therefore,
crystallizing the materials under fast, moderate and
slow crystallizations did not affect the crystallinity
of the LDPE-rich phase.

Although it appears that under each crystalliza-
tion condition, the crystallinity of the HDPE-rich
phase of PE/Si3N, nanocomposites was higher than
PE/SiO, nanocomposites, these differences lie
within the uncertainties of the analysis, hence not
reproducible. Rather, crystallinity analysis of the
HDPE-rich phase among samples under fast, mod-
erate and slow crystallizations reveals appreciable

Table 3. Crystallinity of LDPE-rich phase and HDPE-rich
phase.

LDPE-rich phase HDPE-rich phase

Sample AH (Jg) x (%) AHJg') x (%)
PE/SiOy-1/F 14.3 6.2 25.2 43.4
PE/Si02—5/F 15.2 6.8 24.2 43.5
PE/Si3N4-l/F 13.9 6.0 26.9 46.4
PE/SizN,-5/F 11.8 5.3 27.0 48.6
PE/SiOy-1/M 14.6 6.3 26.6 45.9
PE/SiO,-5/M 15.7 7.0 25.8 46.3
PE/SizN,-1/M 14.3 6.2 27.9 48.2
PE/Si3N4—5/M 11.9 5.3 28.4 51.0
PE/SiO5-1/S 14.2 6.1 24.8 42.7
PE/Si0,-5/S 14.8 6.7 23.9 42,9
PE/Si3N4—1/S 14.2 6.1 26.8 46.2
PE/SisN,-5/S 11.7 5.2 27.3 49.0

— -A—- PE/SiO,-1
— A—- PE/Si;N,-1

— E—- PE/Si0,-5
— -@—- PE/SisN,-5
55
54 -
53
52 -
51 - oM nsroczoooooos

50 - RIS .
49 - -

48 A A
47 - —— ~-<

46 = ~B. T
45 - AL TN

44
43 A g
42
41 -
40

Crystallinity y (%)

Fast Moderate Slow

Crystallization Condition

Fig. 3. Crystallinity of HDPE-rich phase for nanocomposites
under fast, moderate and slow crystallizations.

differences, where the crystallinity was the highest
under moderate crystallization compared to slow
and fast crystallizations. This trend is largely re-
producible for each material; the crystallinity of the
materials under fast and slow crystallizations was
largely indistinguishable. This is better illustrated
in Fig. 3. This suggests that the use of different
nonisothermal crystallization conditions had a no-
table effect on the melting behaviors of the materials
(where the aforementioned “double peak” feature
became more pronounced with increased cooling
rates), thus affecting the crystallization kinetics and
the underlying lamellar structure of the base PE.

3.3. Chemical structure

Figure 4 shows the FTIR spectra of the SiO5 and
Si3sN; nanopowders. For the SiO, nanopowder,
characteristic absorption bands were observed at
1088 cm~!, 800 cm ! and 470 cm !, and they belong
to Si—-O bonds.?? Meanwhile, characteristic absorp-
tion bands at 1084cm™!, 960cm~! and 470 cm™!
were observed for the SizN,; nanopowder, which
depict the Si-O and Si-N bonds.**** Additionally,
both the SiO, and SisN,; nanopowders show a
characteristic absorption band at 3400 cm !, which
can be attributed to surface hydroxyl groups and
associated water molecules on the surface of the
nanopowders.'” Of note, the intensity at 3400 cm !
was much less for SisN, than SiO,, indicating that
the presence of water was much less on SizNy
nanopowder. Since SiO, is prone to water
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Fig. 4. FTIR spectra of SiOy and SizN, nanopowders.

adsorption, surface hydroxyl groups tend to be
present on the surface of SiO5 when exposed to air or
water surroundings. Indeed, available literature!%*
shows that SiOs adsorbs a significant amount of
water even when stored under ambient conditions,
suggesting that water can readily be partitioned to
polar SiO, surfaces; SisN, adsorbs little water
compared to SiO, under ambient conditions.
Therefore, the water adsorption effects are much
less pronounced for SizN, compared to SiOs.
Figure 5 shows the FTIR spectra of nano-
composites containing 1wt.% and 5wt.% of SiO,

PE/SiO,-1

e

PE/SiO,-5

3400

PE/SizNy-1
N

TN p

Transmittance (%)

1084 960

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 5. FTIR spectra of nanocomposites containing 1wt.%
and 5wt.% of SiO, and SizN, under fast, moderate and slow
crystallizations.
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and Si3N, under fast, moderate and slow crystal-
lizations. Of note, the absorption bands at 2840—
2928 cm !, 1465 cm ! and 720 cm ! are typical for
polyethylene.?® By adding 1wt.% of SiO, to PE,
three additional absorption bands representing SiO,
nanopowder (as discussed in Fig. 4) can be observed
at 1088 cm~!, 800 cm~! and 470 cm~!. By increas-
ing the amount of SiO, to 5 wt.%, these absorption
bands became more pronounced. Meanwhile, adding
1wt.% of SisN4 to PE resulted in three absorption
bands at 1084 cm ™!, 960 cm ! and 470 cm ! repre-
senting SisN, nanopowder (as discussed in Fig. 4),
and these absorption bands became more pro-
nounced at 5wt.% SizsNy. Again, a comparison of
the FTIR spectra of PE/SiOy nanocomposites and
PE/SizN, nanocomposites at 3400 cm ! indicates
that surface hydroxyl groups and associated water
molecules were indeed more apparent in SiOs-based
nanocomposites than in SizNy-based nanocompo-
sites. Nevertheless, imposing different crystalliza-
tion conditions on the nanocomposites did not result
in notable changes on the chemical structure of the
materials.

3.4. SEM morphology

Figure 6 shows the SEM micrographs of SiOs-based
nanocomposites. SiO, nanoparticles of less than
100 nm can be observed from SEM micrographs of
PE/SiOo-1/F, PE/SiO5-1/M and PE/SiO5-1/S
(examples were circled in Figs. 6(a)-6(c), respec-
tively). Increasing the SiO, content to 5wt.%
resulted in more numbers of fine particles in PE/
Si05-5/F, PE/SiOo-5/M and PE/SiO5-5/S, as
circled in Figs. 6(d)-6(f), respectively. While the
lamellar structure of the base PE can be observed in
all micrographs (arrowed), it is somehow difficult to
distinguish the lamellar network of the base PE
subjected to fast, moderate and slow crystallizations
due to the presence of nanoparticles and image
artefacts caused by the fracture surface of the
samples, as explained elsewhere.?”**

Meanwhile, the presence of 1 wt.% of SizN, of less
than 100nm can be observed in Figs. 7(a)-7(c)
(examples were circled) for samples prepared under
fast, moderate, and slow crystallizations, respec-
tively. Increasing the amount of SizN, to 5wt.%
resulted in the presence of more numbers of particle
as shown in Figs. 7(d)-7(f) (examples were circled),
respectively. By analyzing Figs. 6 and 7, changes on
the underlying morphology of the base PE under
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PE/SI0-1/M 8

PE/5i0,-5/8

()

Fig. 6. Morphology of nanocomposites containing 1wt.% of
SiO, under (a) fast, (b) moderate, (c) slow crystallizations and
nanocomposites containing 5wt.% of SiOsunder (d) fast, (e)
moderate, (f) slow crystallizations.

fast, moderate and slow crystallizations became
better observed. First, fast crystallization of the
materials led to featureless lamellar structure of
the materials (see the arrowed regions in
Figs. 6(a), 6(d), 7(a) and 7(d)). Such a feature is
somehow similar to that of a quenched polymer
sample, where the texture of a quenched sample is
often shown as a featureless region and less revealing
under SEM and sometimes even under transmission
electron microscopy.'!”'® Second, moderate crystal-
lization of the materials caused the lamellar
arrangement to become granular-like (see the
arrowed regions in Figs. 6(b), 6(e), 7(b) and 7(e)).
Lastly, slow crystallization of the materials led to
coarser, sheaf-like lamellar arrangement (see the
arrowed regions in Figs. 6(c), 6(f), 7(c) and 7(f)).
The granular-like morphology and sheaf-like

PE/SIN1/F

Fig. 7. Morphology of nanocomposites containing 1wt.% of
SizN, under (a) fast, (b) moderate, (c) slow crystallizations and
nanocomposites containing 5wt.% of SizN, under (d) fast, (e)
moderate, (f) slow crystallizations.

morphology are comparable to the work as reported
in the literature.?” It is noteworthy that single la-
mellar crystals and fine size nanoparticles were not
well revealed in this work, where the lamellar tex-
tures and the fine particles tend to obscure each
other. While the use of the permanganic etching
technique®” can be pursued such that the crystalline
phase of the PE can be well distinguished from its
amorphous phase, previous work?’*> suggests that
revealing the complete lamellar and nanoparticle
size distributions within a polyethylene blend
nanocomposite system is challenging.

Of note, agglomeration of nanoparticles could
not be completely avoided in this work, and this is
illustrated through a representative SEM micro-
graph of nanocomposites containing 5wt.% of
SizNy in Fig. 7(e). Similar issue was also found for
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SiO4-based nanocomposites (not shown for brevity).
It is well known that nanoparticles commonly appear
as agglomerates rather than isolated particles in
nanocomposites, and agglomeration effects become
more apparent with increasing amounts of nano-
particles.’” Of note, visual examination of a number
of SEM micrographs of the nanocomposites suggests
that the dispersion of an equivalent amount of SiO,
and SisNy4 nanofillers in PE was comparable.

3.5. Electrical breakdown strength

Figure 8(a) shows the AC breakdown strength of
SiOy-based nanocomposites under fast, moderate
and slow crystallizations. The highest AC break-
down strength (163kV mm™!) was achieved with
the material moderately crystallized (PE/SiOy-1/
M). Increasing the amount of SiOy to 5wt.% gen-
erally reduced the AC breakdown strength of the
similar nanocomposite system [see Fig. 8(b)]. Nev-
ertheless, the AC breakdown strength of the mate-
rials, when moderately crystallized (PE/SiO2-5/M),
was again the highest (132kV mm~!) compared to
the same materials subjected to fast and slow crys-
tallizations. Under the respective crystallization
conditions, the AC breakdown strength of PE/
SisN, nanocomposites was comparable to that of
PE/SiO; nanocomposites under equivalent nano-
filler loading levels. Prior work suggests that dif-
ferent types of nanofillers were less influential under
AC fields.*! Of note, the AC breakdown strength of
SizN,-based nanocomposites was, again, the highest
under moderate crystallization under 1wt.% and
5wt.% of SizN, loading levels.

Since the influence of crystallization was less
pronounced under AC breakdown, this work sug-
gests that morphological changes of the polymer
caused by crystallization were of secondary impor-
tance for the investigated nanocomposite systems
under AC field, as also highlighted elsewhere.*®%?
While changes in a single component polymer’s
morphology can have a direct effect on macroscopic
properties of the polymer, variations in a polymer
blend’s morphology are less directly translated into
changes in the macroscopic properties of a polymer
blend-based nanocomposite system.'’

Under DC field, adding 1wt.% and 5wt.% of
SisN, to PE resulted in higher DC breakdown
strength compared to adding equivalent amounts of
SiO, to PE under the respective fast, moderate and
slow crystallizations [compare Figs. 9(c) and 9(d)

The Role of Silicon-Based Nanofillers and Polymer Crystallization

with Figs. 9(a) and9(b), respectively]. The in-
creased DC breakdown strength of SizNy-based
nanocomposites can be attributed to reduced sur-
face hydroxyl groups and associated water mole-
cules in the nanocomposites compared to SiO»-
based nanocomposites, as demonstrated through
FTIR. Water was therefore having less pronounced
effects in SizN4-based nanocomposites than in SiO»-
based nanocomposites. In fact, the current com-
parison between the DC breakdown strength of
SisN,-based nanocomposites and SiO,-based nano-
composites reinforces one of the authors’ previous
assertion that water is the main mechanism af-
fecting the DC breakdown performances of these
two nanocomposite systems®?; similar findings
comparing the DC breakdown strength of PE/SiO,
nanocomposites and PE/Si3N, nanocomposites
have also been reported elsewhere.?” This is because
the interface within nanocomposites depends
largely on the interfacial layer of nanoparticles, and
this is closely associated with water molecules
governing the surface chemistry of the nano-
particles. Meanwhile, the dispersion state of SiO,
and SizN, nanofillers in PE was less influential in
DC breakdown since the dispersion state of an
equivalent amount of SiO, and SizN, was compa-
rable in this work.

Again, the DC breakdown strength of both the
SiOs-based nanocomposites and SisNy-based nano-
composites, when subjected to moderate crystalli-
zation, was the highest compared to fast and slow
crystallizations, under 1 wt.% and 5 wt.% of nano-
filler loading levels [see Figs. 9(a)-9(d)]. These DC
breakdown data suggest that changes in crystalli-
zation conditions had a more direct consequence
under DC field. To correlate the crystallization,
structure and breakdown properties of the materi-
als, the following inferences are made.

SEM morphology of this work suggests granular-
like lamellar structure for all moderately crystallized
materials. Since water was present in both SiOq-
based nanocomposites and SisN,-based nano-
composites, interfacial water  accumulation
mechanisms within the materials can therefore be
affected by the granular-like arrangement of the
lamellar network. As such, mitigation of water-re-
lated effects under moderate crystallization was
likely, and this in turn resulted in an enhancement
of the DC breakdown performance of the materials.
Although a sheaflike lamellar structure has
been previously reported to favor breakdown

2050097-9
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improvements in a polyethylene blend,?” the current
results suggest that this was not applicable for the
investigated material systems. In fact, the litera-
suggests that although the breakdown

ture?
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strength of a material can be enhanced under slower
crystallizations, the breakdown strength can other-
wise be deteriorated when subjected to extremely
as a consequence of the
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development of a coarser crystal morphology during
extremely slow crystallization.*

In addition, analysis of crystallinity shows that
changes in the melting traces of the HDPE-rich phase
were crucial as far as the DC breakdown strength is

concerned. The crystallinity of the nanocomposites
under fast and slow crystallizations was largely in-
distinguishable, and so was the breakdown strength.
However, each moderately crystallized sample pos-
sessed the highest crystallinity compared to the
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respective sample subjected to fast and slow crys-
tallizations. Since the breakdown strength of all the
materials was also the highest under moderate crys-
tallization, this can be attributed to high crystallinity
of the materials under moderate crystallization.
According to the literature,** higher crystallinity of a
material can be caused by the presence of increased
crystalline regions with well-ordered molecules of the
polymer. The crystalline regions, which in turn
determines the crystallinity, can also influence water-
related interactions within the material — water
molecules commonly aggregate in the amorphous
region, but not in the crystalline region*> — that will
subsequently affect the material’s breakdown
strength. Therefore, the current results suggest that
increased crystalline regions of the moderately crys-
tallized nanocomposites led to well-ordered molecu-
lar network (granular-like lamellar structure),
whereby the breakdown path became harder to
penetrate through the crystalline regions. This
resulted in higher breakdown strength of the mod-
erately crystallized nanocomposites.

4. Conclusions

In this work, polyethylene blend nanocomposites
containing 1wt.% and 5wt.% of SiO, and SizN,
nanofillers was successfully formulated under three
nonisothermal crystallization processes, namely,
fast (80°C min~!), moderate (15°C min~!) and slow
(1°Cmin—1) crystallizations. These different nano-
composites and crystallization conditions had dif-
ferent effects on the breakdown performance of the
materials. Specifically, nanocomposites containing
Si3sN, had higher DC breakdown strength than
nanocomposites containing equivalent amounts of
Si0O,. Since nanofiller dispersion within both nano-
composite systems was comparable, the enhanced
DC breakdown performance of SizNy-based nano-
composites is attributed to changes in the surface
chemistry of the silicon-based nanoparticles, where
SizN, has fewer surface hydroxyl groups than SiOs.
Meanwhile, moderately crystallized SiOs-based
nanocomposites and SizNs-based nanocomposites
possessed the highest DC breakdown strength than
equivalent nanocomposites subjected to fast and
slow crystallizations. This is attributed to changes
in the underlying molecular conformation of PE
leading to granular-like lamellar structure and in-
creased crystallinity of the moderately crystallized
materials, whereby water-related effects became

mitigated and that it was more difficult for the
breakdown path to penetrate through the well-or-
dered crystalline region. While engineering surface
chemistries of nanofillers, through the removal of
surface hydroxyl groups, is critical in enhancing the
breakdown performance of nanocomposites, the
current work suggests that changes in the underly-
ing molecular conformation of polymers as a con-
sequence of moderate crystallization are also
important to improve the breakdown performance
of nanocomposites. Significantly, nanocomposites
with a higher voltage rating for any given insulation
thickness can be achieved through appropriate
nonisothermal crystallization processes of the base
polymer.
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