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Abstract

In many applications in electronic, power and high voltage engineering, there is a need to improve the
electrical properties of existing insulation systems and/or to develop novel insulation materials with
properties more suitable with the changing requirements, particularly in the electrotechnical area.
During the last few decades, a considerable attention has been given to the possible use of polymeric
nanocomposites systems, usually a non-conductive polymer containing nanometric inorganic fillers, as a
replacement to the neat polymers offering better electrical and thermal properties. There is almost
nowadays a consensus among the scientific community that such property enhancements can only be
achieved when the nano-fillers present a reasonably good size dispersion and spatial distribution within
the host polymer. However, due to nano-fillers’ strong tendency to agglomerate and their generally poor
compatibility with commonly-used polymers, to reach optimal dispersions has been found challenging in
most cases. In order to improve the polymer/particles compatibility and therefore to avoid
agglomeration and poor dispersion problems, polyhedral oligomeric silsesquioxanes (POSS) appears to
be a filler of choice since they are by nature nanoscaled molecules bearing built-in functionalities which
can be selected according to the chemical nature of the host polymer. This chapter summarizes the
investigations that were reported so far on the electrical properties of epoxy/POSS, PE/POSS and
PP/POSS systems. The general conclusion is that in the case of polyolefin/POSS composites, nanoscale
dispersion was found to be hard to reach despite the selection alkyl-type POSS and the dielectric
properties were not found to be strongly improved while in the case of epoxy/POSS systems, the
selection of appropriate POSS compounds and a carefully chosen resin/additive/hardener ratio allow
nanoscale dispersion accompanied with noticeable improvements of the dielectric properties.
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X.1: Introduction to dielectric properties of polymeric systems

Dielectric properties of polymers usually refers to polymer and their composites exhibiting very low
conductivity (< 102 S/m) under moderate electrical field and temperature conditions, which is the case
for the overwhelming majority of natural and synthetic polymers. This means that when a step voltage is
applied across such material, a decaying current will be monitored without reaching a steady state level
before hours with, often, this steady state level being lower than the sensitivity of the measuring



electrometer or amperemeter. Such typical curve is shown in Figure la for cable-grade cross-linked
polyethylene (XLPE). In the more general case where an arbitrary electrical field function is applied
across the material, the observed current density (in 1D) is related to the material conductivity and its
dielectric response function according to:

J(t):aE(t)+gO§ E(t)+T f(r)E(t—-7r)dr (1)

where J(t) is the current density, E(t) is the applied electrical field, o the conductivity and f(t) the
dielectric response function. A more complete description of the above equation and its implications can
be found in number of well-known textbooks (see [1-3] for example, as these books are recent enough
to not be plagued by the use of the Gaussian (cgs) system of units that was popular in older books on the
theory of electric polarization and dielectrics). When an harmonic electrical field is applied, the use of
the complex representation and the assumption of linearity allow simplifying equation (1). The relative
complex dielectric permittivity is then related to the dielectric response function with:

&' (w)=¢,'(0) - jgr"(a))=T f (t)exp(— jot)dt +1 (2)

where the negative sign between the real and the imaginary part is the usual convention in electrical
engineering (the current leading the voltage for a capacitive load). This expression does not include the
contribution of the direct conduction to the imaginary part of the permittivity. In practice, since this
contribution cannot be separated from the contribution from dielectric losses due to relaxation when a
frequency-domain measurement is conducted, a a/we, term should be added to the imaginary part of
equation (2).

Polar polymer will exhibit a frequency-depend complex permittivity according to their relaxation
mechanisms that are conventionally labelled o, B, ... as a function of their appearance from the highest
to the lowest temperature. This appearance is characterized by a maximum value of the imaginary
permittivity at a frequency corresponding to the reciprocal of the relaxation time. A good example of
such typical relaxation mechanisms for an amorphous polymer is depicted in Figure 1b. When a second
phase, more usually inorganic or sometimes organic (for polymer blends, for example), is mixed with a
nonconductive polymer forming a two-phase composite material, an additional relaxation mechanism is
observed most of the time. This is essentially a result of the difference in the materials’ conductivity, the
inorganic phase being more conductive than the organic phase, leading to accumulation of charge
carriers at the phases’ boundary and accordingly this mechanism is called interfacial polarization or
Maxwell-Wagnar-Sillars (MWS) polarization. A similar mechanism, but at the macroscopic level, can
occur near the electrodes, particularly when ionic conduction occurs, and accordingly is called electrode
polarization as shown in Figure 1b.

For applications of polymeric systems as insulating material under moderate to high electrical field, one
of the most critical dielectric properties are obviously the dielectric breakdown strength and the
dielectric endurance. The breakdown strength usually refers to the highest electrical field that can be



withstood before breakdown when the voltage, either AC or DC, across the insulating material is
increased linearly, as defined in the ASTM D149 or the IEC Publication 60243-1 standards. A typical setup
used for this type of measurement is illustrated in Figure 2a. Since the experimental value of a
breakdown field bears a statistical nature, the data from a set of breakdown tests on a given material is
normally treated with statistical methods. These statistical methods are reviewed in details in the IEEE
Std-930 [4]. Figure 2b is a typical example of a so-called Weibull plot of breakdown tests on four
different materials, SEBS and SEBS-based composites containing 5, 10 and 20 wt% of zinc oxide.
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Figure 1: a) Contribution of the dielectric response function and the conductivity to the measured
current as a function of time across XLPE after a voltage step; b) imaginary permittivity of epoxy as a
function of frequency and temperature showing several relaxation mechanisms.
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Figure 2: a) Typical dielectric breakdown measurement setup (© 2018 IEEE, reprinted, with permission,
from [5]) and b) typical results for SEBS/ZnO composites, showing the Weibull plots as well as the
statistical shape and scale parameters of the Weibull function. The curve lines are the 95% confidence
bounds (reprinted from [6], copyright 2018, with permission from Elsevier).

X.2: PE/POSS and PP/POSS systems

Various types of polyolefin-compatible POSS with favorable solubility parameters have been investigated
as possible fillers to enhance the dielectric properties of either polyethylene or polypropylene. Figure 3
illustrates the chemical structure of some of the cage-structured POSS molecules that are possible
candidates to be used for the fabrication of PE or PP-based composites. These three POSS compounds,
namely octamethyl-POSS (OmPOSS, Fig 3a), octaisobutyl-POSS (QibPOSS, Fig. 3b) and octaisooctyl-POSS
(OioPOSS, Fig 3c), bear in common alkyl-type radical groups that are expected to provide an adequate
compatibility with an olefin host polymer. Accordingly, they have been investigated by several authors
[7-18] as a potential enhancement-additive to polyethylene or polypropylene. OmPQOSS and OibPQOSS are
crystalline solids with densities of respectively 1.5 g/cm?® and 1.13 g/cm3, and are commercially available
in the form of a white powder (Fig. 3d), while OioPOSS is a viscous liquid having a density of 1.01 g/cm3
[19].
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Figure 3: (a) OmPOSS, (b) OibPOSS, and (c) OioPOSS cage structures (reprinted from [12], copyright 2018,
with permission from Elsevier) and (d) photo of commercially available OibPOSS powder (reprinted from
[13]).

X.2.1 Compounding techniques and microstructure

The most natural and industrially scalable mean to compound solid, or liquid, fillers with either PE or PP
is melt compounding using either an internal mixer or an extruder. Other compounding routes such as
chemical blending and/or mechanical alloying have also been reported [9, 13, 14, 17]. Regardless of the
chosen compounding technique, nanoscale dispersion of POSS, which basically means that all POSS
molecules are separated from each other and uniformly dispersed within the host polymer, have been
found very difficult to achieve in PP and particularly in PE, despite the apparent compatibility between
the radical groups and the matrix.

In the case of PP matrices, the quality of the dispersion has been reported to increase with the increase
of the length of the alkyl groups. SEM and TEM micrographs of PP/POSS composites prepared by melt
mixing and containing either 3 or 10 wt% of POSS were reported in [7]. Fig. 4 illustrates the fracture
surface SEM micrographs of PP/OmPOSS (4a) and PP/OioPOSS (4b) composites, where 10 to 20 pum
OmPOSS agglomerates are visible in Fig. 4a while no agglomerate were observed for 3wt% PP/QioPOSS
composites as shown in Fig. 4b. Takala and co-authors [8] reported similar results with somewhat
smaller aggregates when PP/OmPOSS composites were compounded with a twin screw extruder rather
than a mixer.



Figure 4: PP/OmPOSS (a) and PP/QioPOSS (b) SEM micrographs in each case containing 3 wt% of POSS
(reprinted from [7], copyright 2018, with permission from Elsevier).

In the case of PE, good dispersion of POSS has been found even more difficult than in the case of PP. An
extensive study on the effect of processing parameters and processing techniques on the microstructure
of PE/POSS composites has been conducted by Guo and coauthors [11-18]. Figure 5 illustrates the SEM
micrographs of Ultra High Molecular Weight Polyethylene (UHMWPE)/QibPOSS composites compounded
by mechanical alloying. More details on this fabrication technique can be found in the literature [13, 20].
Microscale agglomerates were observed both at 1 wt% and 5 wt% loadings. The use of chemical blending
to fabricate PE/POSS composites was investigated in [9, 14, 17]. Submicrometric dispersion (~500 nm)
was claimed in [9] as well as submicrometric and micrometric agglomerates in [14] when xylene
dissolution was used for either OmPQOSS, OibPOSS or OioPOSS. POSS was found to crystallize in the case
of OmPOSS and OibPOSS and to form droplets in the case of the liquid-type OioPOSS upon precipitation
of the solution as seen in Figs 6a, b and c respectively. However, when OibPOSS was treated by high-
energy ball milling prior to chemical compounding with LDPE, an improved dispersion was reached [17]
and that improved microstructure was found to lead to a significant enhancement of the dielectric

properties [17], as shown in Fig. 13.

Figure 5: SEM images of (a) UHMWPE, (b) UHMWPE/QibPOSS (99/1), and (c) UHMWPE/QibPQSS (95/5)
(reproduced from [13])



Figure 6: SEM images of (a) LDPE/OmPOSS , (b) LDPE/QibPOSS and (c) LDPE/OioPOSS compounded by
chemical blending and in each case containing 1 wt% of POSS (© 2018 IEEE, reprinted, with permission,
from [14]).

Solid OmPOSS and OibPOSS were also found to be hardly dispersed at nanoscale when melt
compounding was used as the fabrication technique for PE-based composites. However, at low
concentration, a nanoscale dispersion of OioPOSS was observed for LDPE composites prepared by twin
screw extrusion. Fig. 7 is particularly good illustration of how the increase of the length of the alkyl
groups increases the dispersion with the agglomerates changing from microsize (Fig. 7a) to submicrosize

(Fig .7b) and finally to nanosize (Fig. 7c) as the length of the POSS alkyl groups increases [12].

Figure 7: SEM images of (a) LDPE/OmPQOSS, (b) LDPE/OibPOSS and (c) LDPE/QioPOSS compounded by
melt blending (extrusion) and in each case containing 1 wt% of POSS (reprinted from [12], copyright
2018, with permission from Elsevier).

X.2.2. Breakdown strength and erosion resistance.

Data on the dielectric breakdown strength of PP/POSS or PE/POSS composites are mainly available for
AC breakdown strength with the measurements conducted according to the short-term procedure
described in the ASTM standard and with the use of an experimental setup similar to the one illustrated
in Fig. 2a. The three main contributions regarding the data available in the literature are from Huang et al
[9], Takala et al [8] and Guo et al [11] with the most complete set of data being provided by Guo and



coauthors who reported extensive investigations of the breakdown strength of LDPE/POSS composites as
a function processing and microstructure. These results were somewhat disappointing as POSS was
found to be barely able to improve the matrix dielectric breakdown strength and in fact in most of the
cases a decrease was found, particularly when the microstructure exhibited microsize agglomerates,
while in the best cases the dielectric breakdown strength of PE/POSS composites was similar or just
slightly better to that of PE. Fabrication was found to significantly influence the breakdown strength
through change in the filler dispersion, with good filler dispersions and relatively small POSS aggregates
leading to the best results. Typical results (for an undisclosed type of POSS [9]) are illustrated in Fig. 8
showing a gradual decrease of breakdown strength as the concentration of POSS is increased with the
almost inevitable simultaneous increase of agglomeration. Similarly, results reported by Takala et al for
PP/OmPOSS composites didn’t show any improvement of the AC breakdown strength of PP up to 10 wt%
of loading. However, a slight improvement was observed by the same authors in the case of PP/OioPOSS
composites for concentrations between 2 and 10 wt%.
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Figure 9: Weibull plots of the dielectric strength for LDPE and LDPE/PQOSS. The numerical values are the
electrical field at percentile 63.2% of the Weibull cumulative probability function (this value is commonly
referred as the material breakdown strength). Reprinted from [9], copyright 2018, with permission from
Elsevier.
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Figure 10: AC breakdown strength of PP/POSS composites as a function of POSS content: a) PP/OmPOSS,
and b) PP/OioP0OSS. © 2018 IEEE, reprinted, with permission, from [8].

Much more detail results were reported by Guo and coauthors in a series of paper [12-18], with [17]
summarizing the main findings for the case of LDPE/OibPOSS composites. Figures 11 and 12 illustrate the
variation of the AC breakdown strength of LDPE-based composites as a function of type and the amount
of POSS when the composites were fabricated by chemical blending (Fig. 11) and melt compounding (Fig.
12). In all these data, the only case where a slight improvement of the ACBD was observed was for 1 wt%
LDPE/QioPOSS composites either produced by chemical blending or extrusion. This was also the cases for
which the best dispersion was observed as shown in Figs 6¢ (chemical blending) and 7c (melt blending).
Despite an exhaustive investigation on various compounding methods, only micro-composites, not nano-
composites, were obtained in the case of the two solid POSS, OmPOSS and OibPOSS. However, when a
reasonable, without any large agglomerates, dispersion of the POSS inclusions was achieved, the ACBD
strength was maintained or did not suffer from a significant decrease. Fig. 13 illustrates the case
mentioned in the previous section of LDPE/QibPOSS composites compounded by chemical blending. At 5
wt%, large agglomerates were observed leading to a marked decrease of the ACBD (Fig. 13a). When ball-
milling was used prior to chemical blending, the agglomerates were reduced in size and the dielectric
strength was maintained as shown in Fig. 13b.
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Figure 11: AC breakdown strength of PE/POSS composites compounded by chemical blending. 1oPOS
stands for Octaisooctyl-POSS. © 2018 IEEE, reprinted, with permission, from [14].
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Figure 12: Weibull plot and Weibull parameters for the AC breakdown strength of PE/POSS composites
compounded by melt blending. LDPE50 and LDPE200 mean LDPE that was extruded at 50 and 200 rpm
respectively. 10 means octaisooctyl-POSS and the number at the end of the label is the weight
concentration of POSS. Reprinted from [12], copyright 2018, with permission from Elsevier.
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Figure 13: AC breakdown strength of LDPE and LDPE/QibPOSS composites containing 1 and 5 wt% of
POSS and compounded by chemical blending: a) without ball-milling prior to the chemical blending and
b) with ball-milling prior to the chemical blending. The scale (o) and shape () parameter of the Weibull
best fits are inserted in the figures. © 2018 IEEE, reprinted, with permission, from [17].

X.2.3. Dielectric response

Similarly to PP or PE, alkyl-type POSS are non-polar and non-conductive in nature and accordingly their
inclusion in a polyolefin matrix is not expected to increase significantly the material dielectric losses or its
conductivity. Low loss-materials like PE an PP are characterized by nearly frequency-independent losses
over several decades, typically between sub-audio and microwaves frequencies, where the dielectric
losses reach very low values, in the vicinity of 10, and does not vary by more than one or two decades
for the whole measurable frequency range. A very good text describing such behavior can be found in
one of the classic textbooks of the dielectric literature (see chapter 4 of [21]). Fig. 14 illustrates, for the
temperature range from 20° to 80°C, the typical spectrum of the real and imaginary parts of the relative
permittivity of LDPE as measured by a modern frequency-domain dielectric spectrometer. The dielectric
losses stay very low for the whole frequency range, often lower than the sensitivity of the measurement
equipment which led to negative values for the intermediate frequency range (not plotted in the log-log
graph). The real part of the dielectric constant is frequency independent and its value decreases with
temperature as predicted by the Clausius-Mossotti equation [1-2]. At room temperature, the inclusion of
either type of POSS hardly affects the dielectric response of PE, at less up to 5 wt%. Fig. 15 shows the
frequency-domain dielectric response of various PE/POSS composites at room temperature. In every
case, with the exception of the LDPE/QioPOSS at very low frequency, the dielectric losses for the whole
frequency range remained very low, in fact at the limit the sensitivity of the measuring equipment. As
the dielectric constant of POSS is higher than the one of LDPE, a slight increase of the dielectric constant
of the composites can be expected. The dielectric constant of LDPE/OmPQOSS and LDPE/QibPQOSS was
indeed found to increase compared to the neat polymer but it wasn’t the case for LDPE/OioPQOSS. The
lowering, to a value lower than either the base polymer or the nanoparticle introduced into the matrix,
of the dielectric constant when a nearly nano-dispersion of the inclusions is reached, although in



complete contradiction of the usual mixing laws, has been reported several times for various
polymer/filler systems [22, 23]. Consequently, the fact that the system for which the best dispersion is
observed, the LDPE/QioPOSS composites, shows the lowest dielectric constant seems to be in good
agreement with the literature on the dielectric properties of nanocomposites. Using a different and less
sensitive equipment, Huang et al [9] found similar results, measuring either an increase or a decrease of
the dielectric constant for LDPE/POSS composites depending on the microstructure, and low dielectric
losses in all cases.

Another impact of the state of dispersion of the POSS aggregates on the composite dielectric response
can be observed at higher temperature as it can be seen in Fig. 16. The cases presented in this figure are
5 wt% LDPE/OmPOSS exhibiting agglomerates of dozens of microns and 5% LDPE/OioPOSS having a
much finer dispersion. In the latter case, a noticeable increase of the low frequency losses, the so low-
frequency dispersion (see chapter 5 of [21]), due to charge fluctuations was observed at high
temperature. This is related to the fact that nanoscale dispersion leads to lower percolation thresholds
compared with microscale counterpart, which allows the onset of leakage current through the sample. A
similar effect was observed in the case of zinc oxide containing dielectrics [24].
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Figure 14: Relative real permittivity (a) and relative imaginary permittivity (b) as a function of frequency
and temperature for LDPE. © 2018 IEEE, adapted, with permission, from [15].
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and the number at the end of the label is the weight concentration of POSS. Reprinted from [12],
copyright 2018, with permission from Elsevier.
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Figure 16: Dielectric response and microstructure (SEM images of microtomed surfaces) of 5 wt%
LDPE/OmPOSS (a) and 5 wt% LDPE/QioPOSS (b). In both cases the compounding was conducted by melt-
mixing. © 2018 IEEE, reprinted, with permission, from [15] and [16].

X.3: Epoxy/POSS systems
X.3.1 Classification, processing and additives

Epoxy resins (ER) are a common sight in polymer engineering. They typically consist of two components:
the resin with at least one epoxide group within its molecular structure, and a hardener which interacts
with the resin during a thermally accelerated curing process [25]. At the end of the curing process they
combined to a thermosetting material in a shape governed by a mold, usually made of stainless steel or
similar metals. This process results in a complex 3D structure, which is made even more elaborate due to
the use of a number of additives and stabilizers that can be found in commercially available epoxy resins.
Without these additives the polymer would degrade quickly due to oxidation, UV radiation and other
influences, and added accelerants ensure that the curing time is in a range that allows timely
manufacturing of mass market products. Additionally, release agents are often used at the interface
between metallic mold and curing polymer, to ensure the complete product can be ejected without
excessive use of mechanical forces. All these additives are trade secrets of the individual polymer
suppliers, and information on them is rarely disclosed. This is compounded by the fact that ER
classifications are not always distinctly clear in literature.



A broad classification of ER can be made based on the synthesis method used [26, 27]. Many engineering
ER are based on variations of dyiglycidyl ether of bisphenol-A and novolac, depending on the operating
temperatures the product needs to withstand. Much research is done on the former, mostly due to a
combination of easy availability, cost, potting times and convenient processing temperatures. These can
then be combined with a multitude of available hardeners, with amine or anhydrite based systems being
very common. All these elements need to be kept in mind when analyzing the response of ER as a result
of adding additional elements like POSS into this mix, since the additives of one specific type of ER might
interact with POSS in unpredictable ways. POSS can be considered a subset of reactive diluents.

Diluents are additives that have traditionally been used to control viscosity for easier processing, without
major changes to the behavior of the cured ER system [27, 28]. Non-reactive diluents include solvents
like toluene, acetone, phenols among others, which cannot react with and therefore bond to the forming
network, and are assumed to have negligible influence on the final properties of the ER [26, 29]. Due to
the low boiling and flash points of such non-reactive diluents, they are assumed to leave the polymer
matrix during degassing and curing, even though work has been published that showed some potential
effects of diluents on properties of ER based composites, but without giving explanation of the potential
causes of said effects [30]. Further studies have shown that it is very likely that trace elements of non-
reactive diluents can remain in such systems, which might affect dielectric properties [31, 32].

More interesting in the context of this work are reactive diluents. These are solvents or chemicals that
can become part of the ER network during the curing process, and therefore have the potential to
directly affect physical properties of the ER system. These can contain an epoxy themselves, or be non-
epoxy-based, like phenols, lactone compounds, divinyl ethers, polyols, lauric acid or polyurethanes [33-
36]. Epoxy based reactive diluents are chemicals with one or more epoxide groups as part of their
molecular structure, with most POSS used falling in the category of polyepoxies [37], compared to
monoepoxies like glycidyl hexadecyl ether, which would have only a single epoxy group [38]. Although
there are monoepoxide POSS variations available, they tend to be outperformed by their polyepoxy
alternatives, not just in terms of dielectric properties [39]. The subsequent sections will focus on
measured effects on a number of dielectric parameters as a result of the use of POSS as an additive to
ER.

X.3.2 Breakdown Strength and Erosion Resistance

While there is a wealth of literature regarding thermal and mechanical properties of POSS modified
epoxies, surprisingly little work has been done on the electrical properties. One of the first publications
focusing on the dielectric properties was by Horwath et al in 2005, where they showed a five times
increase of time to failure when subjected to corona, compared to unmodified epoxy [40]. They were,
like many others afterwards, considering POSS as the smallest possible silica-type nanoparticle, instead
of treating them as molecules. Hence there was an attempt on explaining the results using the same
theories as established for nanodielectrics at the time [41]. It took almost eight years until these early
results were independently confirmed by other research groups [42, 43]. Further work followed, all
results showing a significant impact of POSS on the corona resistance of ER [37, 44]. In the case of
polyepoxy POSS containing only three reactive groups, microsize agglomerates were found to occur



when the load was increased above 2.5 wt% and at the same time the corona resistance was found to
decrease from an optimal value at low concentration, as illustrated in Fig. 17 and discussed in more
details in [44]. When polyepoxy POSS containing eight reactive groups was used instead, it was possible
to maintained a dispersion of the POSS particles at nanosize level up to 10 wt% and the erosion
resistance was found to continuously increase with the load level as illustrated in Fig. 18 and discussed in
more details in [37]. While the fact that additional load content leads to diminishing returns when
agglomerates start to form was not surprising, that the best performing ER composites were those with
the lowest amount of additives was. But these results are a clear indication that the amount of assumed
“nanoparticles” have little effect on the corona resistance, and that the change to the ER structure is the
main driver for the observed improvements. This is in line with observations on the effect of POSS as
flame retardant additive in ER, where the improved resistance to thermal decomposition is attributed to
restrictions in the degree of freedom of chain motions as direct result of increased POSS content [45,
46].
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Figure 17: Evaluation of resistance to electrical discharge by comparison of eroded sample volume after
30 hours under corona exposure for ER containing POSS with three reactive groups. Values of eroded
volume and SEM pictures are reprinted, with permission, from [48] and [44], respectively (© 2018 IEEE).
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volume and SEM pictures are reprinted, with permission, from [42] and [37], respectively (© 2018 IEEE).

An important measure for electrical applications is the electrical field an insulating polymer can
withstand without long term damage. Methods of assessing this are AC, DC and impulse voltage
breakdown tests. Even though the value of short-term breakdown data for practical engineering
purposes is debatable, due to the simplicity of the test it is a popular technique, and for material
designers it is very useful to gauge if changes to the material lead to improvements compared to the
reference material they started with. The investigations on POSS-modified ER show no significant change
in breakdown data for most research groups that measured them [43, 47], while others showed that
there is the tendency of POSS-ER to have improved breakdown strength [48]. For data shown with no
change in breakdown strength, the authors did not confirm how they adjusted the epoxy-hardener ratio
to account for the additional epoxides in the ER system. The materials sections in [43, 47] do indicate the
epoxy-hardener ratio was not adjusted, which would of course mean the resulting samples would not
have been mixed with the stoichiometric ratio, which in turn could have affected the breakdown
strength negatively. Looking at the Weibull parameters available for samples where the stoichiometry
was considered [42, 48], an increase can be observed not only of the scale, but also the shape
parameter. This is particularly interesting, since that would indicate a material which has a more reliable



long term performance, which is in line with the corona resistance results above. Actually, quite similar
results than in the case of corona resistance were reported [37, 44] for the AC breakdown strength as
measured by the short-term procedure. Indeed, as illustrated in Fig. 19, the breakdown strength was
found to initially increase at low concentration and then to decrease when agglomeration started to
occur while it was found to remain at a higher value than the neat polymer when the eight reactive
groups POSS was used up to 20 wt%. However, since there is no experimental long term data regarding
withstand voltage available at the time of writing, these results need to be considered carefully. The
correct mixture of resin, hardener and POSS needs to be considered, since it has been shown that
changes of the ratio away from the stoichiometric ratio do affect the breakdown strength significantly
[38].
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Figure 19: AC breakdown strength for ER/POSS composites for two different type of POSS. The
breakdown strength of the unload neat epoxy was 214 + 5.0 kV/mm. The absolute values of breakdown
strength have to be considered carefully as they are dependent on many experimental parameters
(reported in [37, 44]). The error bars are the 90% confidence bounds calculated according to [4].

X.3.3 Glass Transition Temperature of POSS/Epoxy Resins



The glass transition temperature in epoxies is linked with the structure of the cross-linked 3D network
established during curing. Accordingly, the measurement of the T; as function of POSS content is a good
indicator if there are widespread changes to the amorphous structure of the polymer, which might help
explaining the observed dielectric behavior. The glass transition temperature established via DMA
indicates an increase with increased POSS content up to about 10%, with a slower increase after this
threshold [49]. Zhang et al relate this behavior to two separate causes: the increase of rigid silica-like
structure to replace soft polymer chains, which require increased energy to move, thus increasing Tg;
secondly the increased amount of potentially unreacted POSS once the additive content is too high,
leading to diminishing returns with increased amounts of POSS. Villanueva et al found similar increase of
Tg up until 10% when measuring with DSC, but a drastic drop of the glass transition temperature once
they exceeded this amount when a short curing cycle was used [50]. With a long curing cycle, a
monotonic decrease of the T, as function of POSS content was observed in the same study, along with
increased activation energies for all POSS samples when compared to reference ER systems.
Complementary to these results, Takala et al used DSC to establish T, in their composites with a long
curing cycle, and noticed a reduction in line with results discussed above [47]. Samples investigated by
other groups have not seen any significant change of T, which was there attributed to the correct
stoichiometry [42, 44].

X.4.4 Dielectric Response

The dielectric response of fully-cured ER features a main relaxation peak related to the glass transition
(o) and a sub-glassy secondary relaxation peak (3) as well as contributions from charge carriers at low
frequencies/high temperatures as illustrated in Fig. 1b. When the dispersion of POSS remains at the
nanoscale level, the inclusion of POSS does not change significantly the epoxy dielectric response even
for concentration as high as 20 wt% as illustrated in Fig. 20a. However, as soon as microsize
agglomeration occurs, an additional relaxation mechanism, originating from the accumulation charge
carriers at the agglomerates/polymer boundaries, is observed as illustrated in Fig. 20b. At high
temperature, the addition of POSS was found to slightly increase the losses due to low-frequency
dispersion while it did not affect significantly the behavior of the a relaxation process except for high
loads (~20 wt%) for which cases the glass temperature was also found to be affected [37].

a’) TgE il b) Interfacial loss peaks for ePOSS 5wi%

+ (3P 2 Sut%h 4 and EPO.$13_1D‘;.'1'}1|
10" =GP Swilh 10— 7
+ GP 10wt% “
*-GP 20wt%

—neal epoxy
-+-eP0SS Twit%
~+ePOSS 2.5wt%

; 107 --ePOSS 5Wt%
] 0 +ePOSS 10w1%
107, , = . . =
10" 10° 10 10° 10t 10° 10° w0 1" 10" 100 10t 100 10t 10t 10°

10°
Frequency in Hz Frequency in Hz



Figure 20: Imaginary part of the complex permittivity at 20°C for neat epoxy (NE) and its POSS
composites with a) eight reactive groups and b) three reactive groups. a) and b) are reprinted, with
permission, from [37] and [44], respectively (© 2018 IEEE).

X.5: Conclusions

A number of favorable results reported in the literature related to the dielectric properties of polymeric
nanocomposites [51, 52] were also observed in the case of POSS-based composites. One of them, the
resistance to erosion due the exposure to corona discharge, is probably the most significant
improvement as it was found to be sharply enhanced both in the cases of PE/POSS and ER/POSS
composites. This is quite significant as this parameter is probably more related to the long term
performance of high voltage insulation systems since many degradation processes, such as electrical
treeing, involve the action of partial discharges. In the case of ER/POSS composites, the short-term AC
breakdown strength was also found to be noticeably improved as long as the dispersion of the POSS
particles remains at the nanoscale level. This was possible up to 20 wt% when POSS with eight reactive
groups was used and when a carefully attention was paid to keep the right resin/hardener stoichiometric
ratio taking into account the additive’s reactive groups. In the case of PE/POSS composites, whatever the
type of POSS or the processing technique, nanoscale dispersion was found to be very difficult to reach,
being reported only in the case of POSS with longest alkyl groups (OioPOSS) at low concentration. This
case also coincides with the case for which the most favorable results were reported.

The dielectric response of PE/POSS and ER/POSS composites remained essentially unchanged most of
the time when compared with the neat polymer. In the case of PE-based composites, when nanoscale
dispersion was obtained, low-frequency dispersion due to charge fluctuation was observed at
temperature above 30°C. All the other cases were characterized by only a slight increase of the dielectric
constant with no significant changes of the dielectric losses. For ER/POSS composites, agglomeration of
the POSS molecules was found to lead to an interfacial relaxation process located between the a and 8
processes. When nanoscale dispersion was reached, no change in the dielectric response was observed
for the ER/POSS composites as compared with the neat polymer. As a concluding remark, both in the
case of PE and ER, actually more particularly in the case of ER, as long as a reasonable dispersion is
achieved, POSS has shown the potential to enhance the polymer dielectric properties in the context of its
usage as an insulating material.
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