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ABSTRACT

Insulating material in outdoor insulation may beesed directly to the environment and be
subject to various stresses like humidity, leakageents, electrical surface discharges, UV
radiation and acid exposure. Usually, micro-sizearganic fillers are used to improve the
resistance of polymeric insulating material to ssttesses. For a promising silicone base
material the effect of submicron fillers of diffetetypes, sizes and amounts is studied on
electrical, mechanical and chemical properties. idathlly, the mechanism of action of

fillers is explained by models based on their imbé&on with the base material.



ZUSAMMENFASSUNG

Isolierwerkstoffe fur Freiluftanwendungen sind Uniemflissen wie Feuchtigkeit,
Kriechstromen, Oberflachenentladungen, Sauren s&WieStrahlung ausgesetzt. Um die
Bestandigkeit polymerer Isolierwerkstoffe zu vedsra, werden Ublicherweise anorganische
mikroskalige Fullstoffe verwendet. Fur ein ausgeiashSilikonpolymer und verschiedene
Fullstoffarten wird in der Arbeit der Einfluss vdartikelgroRe und Fullstoffanteil auf die
elektrischen, mechanischen und chemischen Eigefteohaintersucht. Mit Hilfe von
Modellen, die von einer Wechselwirkung der Fullsahit dem Basismaterial ausgehen, wird

der Wirkmechanismus der Fllstoffe beschrieben.



RESUMO

Os isolamentos elétricos de uso externo sdo tigogansubmetidos a intempéries e a uma
série de esforcos como umidade, correntes de fdgscargas superficiais e radiacao
ultravioleta. Normalmente, preenchimentos inorgasicem escala micrométrica sao

empregados para melhorar a resisténcia dos isotamanesses fatores. Visando a melhor
gualidade dos materiais baseados em silicone, it efe preenchimentos submicrométricos

de diversos tipos, tamanhos e quantidades € estwadgropriedades elétricas, mecanicas e
guimicas. Adicionalmente, 0 mecanismo de acao dgzsEnchimentos € explicado através

de modelos baseados na interacdo do preenchin@mto material base.
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1 INTRODUCTION

Electrical outdoor insulation is an essential phnergy systems, directly influencing
their efficiency and reliability. Historically, et&rical insulators have been traditionally
composed of glass or porcelain; nevertheless, swere their introduction in overhead
transmission lines in the 1980s, polymeric insukatare gaining ground over their ceramic

counterparts.

The advantages of polymeric insulation includeirthenproved contamination
performance, lower susceptibility to vandalism,htigveight, easy handling and reduced
installation and maintenance costs [1-3]. Advers@glymeric insulation possesses low
erosion performance and mechanical strength [4h6]fact, in the early days of this
technology, its use for outdoor insulation was omligide feasible by the discovery, in the
1950s, that alumina trihydrate (ATH) increases tilaeking and erosion resistance of such
material ([7] apud [8]).

Field experience with polymeric insulators asseclawvith the advances in polymer
technology allowed an improvement of overall mateperformance. Initial compositions
included ethylene propylene rubber (EPR) [9], whics later added to silicone rubber (SIR).
In the late 1980s ethylene propylene diene mono(B&DM) was introduced, taking
advantage of technology improvements in EPDM mailte{B].

Early experience with SIR included room tempematwlcanizing (RTV)-SIR, later
replaced by high temperature vulcanizing (HTV)-Stich had a higher tear resistance of
the weathersheds [10]. Among the several choicg®lgmeric housing materials for outdoor
insulation, nowadays SIR is recognized as the sugs¢rior and popular material [4], and as a

result stands out with an expanding field of resle@nd applications.

Adequate material development and compound formonl can provide higher
general performance to polymeric insulators [11Jefs and additives are blended with the
basic polymer not only to enhance performance, dlsib to reduce costs and facilitate
processing [6,12]. The fillers that are typicalljn@oyed in the insulation industry are

examined in the next section.
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1.1A REVIEW OF CONVENTIONAL FILLERS

Fillers are usually applied in polymer composifidn improve specific properties. As
such, ATH is extensively used to improve trackimgl @&rosion resistance to SIR [12-13],
while silica (SiQ) might be used to improve elasticity, tear resisga and tensile
strength [12].

Standard grade fillers and additives usually naede added in high amounts to
improve a desired property (up to 80% by weighthef formulation [4]). This might, on the
other hand, affect other properties negatively., eigspite being a major flame retardant, high

amounts of ATH are known to be detrimental to meatsd properties [14-15].

NELSON et al. [16] verified substantial benefitsttwthe use of titanium dioxide
(TiOy) in an epoxy matrix, particularly with regard tmprovements in voltage endurance.
KIM et al. [17] studied the effects of ATH filleniRTV-SIR coatings, and affirmed that even
though the filler imparts tracking and erosion stsnce, the diffusion rate of silicone fluid to
the surface decreases with increasing filler lelFalthermore, DENG et al. [18] showed that

the amount of silicone fluid in the surface alsordases with increasing filler size.

FANG et al. [12] analyzed the electrical and meatel properties of silicone rubber
blends with different levels of ATH and differenilica fillers. The results showed that
between the 4 silica types tested, fumed silicardmried more on hardness, tensile strength,
elongation and tear strength. Regarding ATH, thbas state that at least 100 phr (parts per
hundred parts of rubber) are necessary to pasacdlwed plane test, however further increase
of ATH level after 70 phr already leads to decredasechanical properties.

Still on the subject of optimum loading level, aating to KUMAGAI et al. [19], the
critical level of ATH filler in HTV-SIR is 40 wt%:with less than that amount, frequent
occurrence of high temperature spots are founcatse tracking and erosion, while highly
filled HTV-SIR (> 40 wt% ATH) allow no erosion wheexposed to such high temperature

spots.
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1.2THE INTRODUCTION OF NANOFILLERS

The definition of nanomaterials is still debatbdt these are generally accepted to be
materials with at least one dimension under the rii0range. Fillers which suit this
requirement are, therefore, named nanofillers. Sthitdrs present themselves a viable
alternative to the standard grade ones, due todhmaratively more extensive filler/polymer
interface (i.e. larger chemical and physical intBom with the polymer matrix) and the
emerging of mesoscopic properties that belong eeitb the atomic nor the macroscopic

frame.

In this manner, nanofillers are capable of reaghine desired improvements in
polymer performance in considerably lower amoutdgss(than 10%), so avoiding the usual
drawbacks of standard grade fillers [15,20-23]. Blafprisingly, the field of nanotechnology
has been ever increasing in the last couple of ds;aand nanofillers are being widely
researched [15-16,20-35].

It was reported, for example, that nano-sized raagm hydroxide performs better
than conventional ATH in RTV in terms of eroded msyadepth, width and length of
erosion [24]. Another research shows that the reduilame retardation of an RTV-layered
silicate nanocomposite can be obtained with an amodfiller equivalent to only one tenth
of the conventionally required ATH quantity, witlhet upside of not degrading other
properties like loss factor or permittivity [20].

HAN et al. [15] studied the effects of nanosilicaethylene-vinyl acetate copolymer
(EVA)-ATH composites, concluding that by partiallgplacing ATH by nanosilica, better
thermal stability, tracking and erosion resistanita&ne retardancy and tensile properties
could be obtained. KOZAKO et al. [21] showed thatypmide nanocomposites are more

resistant to partial discharges than pure polyarardelyamide-microfiller composites.

Notwithstanding these encouraging studies, a {acgée application of nanofillers is
mainly limited by factors such as their superiorstso[25], difficulty to attain proper
dispersion [26-28], the requirement of special tyapgecautions for their handling [20] and

lack of comprehensive understanding of their opamat
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Concerning the comparison of nanofillers amongsiriselves, MAITY et al. [35]
showed that the inclusion of nano-aluminium oxiteA(;Os) and nano-titanium dioxide
(n-TiOy) In epoxy resin increases the resistance of théemaé to surface degradation.
RAMIREZ et al. [29] compared n-AD; with different types of nanosilica, and found tht
fumed nanosilica imparts better heat resistanc8IB than natural nanosilica or n-8k.
However REED [30] stated that the use of n-SiOpolyethylene (PE), polycarbonate (PC) or
polyetherimide (PEI) often results in degraded @n-neproducible electrical and mechanical

properties.

RAETZKE et al. [31] studied the erosion behavibboth nano and micro-sized SIO
and AbLO:s fillers in HTV-SIR, concluding that, between themSiO, provided better erosion
resistance, lowest loss factor and relative pemntitt Further, in [32] the authors compared
two different types of n-Si©regarding their resistance to high voltage ar@and tracking
and erosion; the results showed that precipitatadosilica improves both properties
especially at 5wt%, while fumed nanosilica doed eahance any of the properties

significantly.

A review chart of relevant research in this fidid{ing the typically employed micro
and nanofillers associated to the base materialgtaninvestigated properties is presented in
Table 1.
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Table 1.Chart review of typical fillers, base material andestigated properties.

Filler Type Base Material Investigated Properties Rference
HTV-SIR Tracking and erosion resistance [19,36-37]
Leakage current under salt fog [17-18]
RTV-SIR Surface roughness and LMW [18]
diffusion from bulk to surface
ATH RTV-SIR coating Leakage current under salt fog [38]
HCR-SIR Tracking and erosion resistance [37]
Arcing resistance and Tracking and [39]
. Erosion Resistance
Silicone rubber —
Hydrophobicity and surface [40]
roughness
Magnes_lum Silicone rubber Tracking and erosion resistance ] [41
hydroxide
Nano-sized
magnesium RTV-SIR Tracking and erosion resistance [24]
hydroxide
EPDM Mechanical properties [41]
Nano-sized HTV-SIR Arcing resistance [31]
aluminium | Polymethylmethacrylate Mechanical properties [42]
oxide . Erosion resistance and mechanical
Silicone rubber . [29]
properties
Epoxy Tracking and erosion resistance [43-44]
EVA-ATH Mechanlcal_ properties an_d [15]
thermogravimetric analysis
i Arcing resistance [31-32,45]
HTV-SIR Tracking and erosion resistance [32]
Polyethylene Dielectric breakdown strength and 23]
voltage endurance
Nano-sized Polyimide Partial discharge resistance [23]
s_lllcpn RTV-SIR Hydrophobl_cny an_d tracking and [46]
dioxide erosion resistance
] . Hydrophobicity, surface roughness
RTV-SIR coating and tracking and erosion resistance [47]
Arcing resistance and tracking and (48]
. erosion resistance
Silicone rubber . . -
Erosion resistance and mechanical [29]
properties
Silicone rubber coating Leakage current and ESDD 9] [4
Nano-sized Epox Dielectric breakdown strength [16,50-51]
titanium poxy Resistance to surface discharges [35]
dioxide Low density Dielectric relaxation [52]
polyethylene
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1.3MOTIVATION

The ability of polymeric insulators to resist plogd and chemical degradation due to
voltage stress, heat, rain, salt fog, pollution altchviolet radiation is still the focus of a gtea
deal of research. The previous section presentedoaerview of the state of the art of
polymeric insulation for outdoor applications, widn emphasis on the application of
inorganic fillers for improvement of electrical prerties. Advances in nanotechnology urged
its application in this field, and many models areailable to try to elucidate how the

performance improvements in nanocomposites ardegla@lthough it still remains unclear.

A brief review of research regarding nanofillerasaprovided, where it is possible to
see that studies are focused on the influence eifsp fillers on a very limited set of
properties, while scattered over quite a few baaternals, which makes the cross-referencing

of data implausible. With that in mind, the followji questions are raised:

 Are the available models capable of explaining thechanism of action of
nanofillers? Is the effect of aggregates and aggtates accounted for? How
significant are they?

* The formulation of compounds is a very intricateqass, where the improvement of a
set of properties usually happens at the expensetloérs. Which are these
compromises and concessions?

* What is the influence of filler chemical compositiand size? Is surface treatment
relevant?

e Can standard grade ATH be fully removed from sileaubber compositions and

substituted by nanofillers while maintaining an ieglent performance?

Hence, the current work proposes the investigatbnfillers ranging from the
nanoscale to the standard grade microfillers, loodividually and combined, in respect to a
wide range of electric, chemical, thermal and maada properties, building an extensive set
of data in the hope of obtaining clues to the meidma of action of submicron fillers and
their effect on a sizeable set of properties. athbe checked against available theoretical
models, to analyze whether changes in materialgutigs are reasonably explained by them.
Conclusions will be drawn as to whether an optimiiller type and loading level can be

determined to reach specific properties.
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The current work was developed between 2011 athd a0theTechnische Universitét
Munchenand LAPP Insulators in Wunsiedel, Germany. Matenatrix consisted of HTV
and fillers of interest included ATH, silica, tifan alumina and boehmite; investigated
properties included resistance to high voltagengreind tracking and erosion, degree and loss
of hydrophobicity, resistance to acid and UV strasssile strength and tear resistance.
Material and methods are further detailed in Chapteesults are presented in Chapter 3 and
thoroughly discussed in Chapter 4; pertinent cagichs are drawn in Chapter 5, followed by

acknowledgements and a list of relevant bibliogyaph
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2 MATERIAL AND METHODS

2.1MATERIAL

The investigated material consists of high temjpeeavulcanized silicone rubber
(HTV) compounds. Initially, the fillers listed inable 2 were mixed to a low viscosity
dimethylsiloxane methyl vinyl gum at 17 wt% to puosg masterbatches. These masterbatches
were then mixed to the base material to producepooimds with nanofiller loading level
ranging from 0 to 3 wt% (S1, S2 and A2) or 0 tot8wT1, A1 and A3). The first base
material consists of pure HTV silicone rubber, whihe second one consists of HTV silicone

rubber containing standard grade ATH (mean parside of 1.2 um) at 52 wt%.

Table 2. Description of the six submicron-scale fillersdsad.

Filler Description
S1 | Hydrophilic fumed silicon dioxide with mean pelg size of 7 nm
S2 | Hydrophobic fumed silicon dioxide, octylsilarreated, with mean particle size |of
12 nm
T1 | Hydrophilic fumed titanium dioxide with mean pele size of 20 nm
Al | Hydrophilic fumed aluminium oxide with mean pele size in the range of 7-20 nm
A2 | Aluminium hydroxide with mean particle size diGnm
A3 | Aluminium oxide hydroxide (boehmite) with meaarficle size of 350 nm

All mixing was performed in an industrial sigmadté kneader. Compounds were then
pressed in steel moulds and vulcanized, for a dnoksg agent activated by pressure and
temperature was used. Three basic sample desigespnauced to fit each of the performed
tests parameters: 120 x 50 x 6 mm slabs, 140 x2Mm and 140 x 120 x 2 mm plates.
Other relevant material data, such as the roughonéstie samples and the quality of

dispersion of the fillers, are discussed in the iognehapters.
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2.2METHODS

In order to characterize and evaluate materiale nhethods are proposed in this
chapter: initially, surface roughness and fillesp#rsion are investigated to assure their
uniformity. Then tests are chosen taking into aotdkie physical parameters which are more
important for polymeric material applied in outdansulation according to [53]: degree and
loss of hydrophobicity are investigated with cohtangle measurements and the dynamic
drop test; their resistance to pollution initiateatface discharges is studied via IEC 61621
and |IEC 60587; mechanical properties via 1SO 34ntl #50O 37; thermal stability with
thermogravimetric analysis, and a new methodolsgyeiveloped to investigate the effects of

UV and acid exposure.

2.2.1 Surface Roughness

The mean roughness depBy)(is to be determined using a laser profilometemfithe
company Nanofocus (uScan AF2000) with vertical measent range of 1.5 mm and
resolution of 25 nm (vertical) and 1 um (horizoptalhe parameteR; is calculated by
measuring the vertical distance from the higheakpe the lowest value within five sampling
lengths, then averaging these distances. A morailei@étdescription of the parameter is

available in [54] and the experimental procedurgeiscribed in [55].

2.2.2 Filler Dispersion Analysis

In order to evaluate particle dispersion in tHe@ne matrix, a high resolution field
emission scanning electron microscope (FE-SEM) lsetused (Zeiss Supra 40 VP). Samples
are prepared using the cryogenic fracturing teamiqvhere they are placed in liquid
nitrogen for 15 minutes to allow cooling and arésequently cryogenically sliced. Samples
are then gold coated for the microscopy analysizer@y-dispersive X-ray spectroscopy
(EDX) analyses will also performed to identify thikeemical element composition of local

domains.
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2.2.3 High Voltage Arcing

In the high-voltage low-current arc discharged {66], said arcs are ignited on a
3 mm thick sample by two needle type electrodesqule6.35 mm apart from each other as
displayed in Figure 1. The applied stress is enddrevery 60 s by slowly increasing the
duration and the value of the current pulses, ¥alg the sequence of Table 3. Samples falil if
either the arc disappears, which means currenibvegirfg in the material, or if the sample
caches fire. The maximal test duration is 420 d,the time between the beginning of the test

and the extinction of the arc is defined as thangrtme.

Figure 1. Arrangement of the high-voltage, low-current aisctarges test [56].

Table 3. Sequence of the stages of the high-voltage, laventiarc discharges test.

Stage| Current (mA)| Current pulse length (cycles of 1|Beginning and end of stage (in|s)

1/8 10 1/8 on, 7/8 s off 0-60

1/4 10 1/4 on, 3/4 s off 60 — 120
1/2 10 1/2 on, 1/2 s off 120 - 180
10 10 constantly on 180 — 240
20 20 constantly on 240 — 300
30 30 constantly on 300 - 360
40 40 constantly on 360 — 420
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2.2.4 Tracking and Erosion

The test method for evaluating resistance to tngcind erosion as described in [57].
In this test 6 mm thick samples are placed at ajieaof 45 to the horizontal plane with
electrodes placed 50 mm apart (Figure 2). Testgelvaries between 2.5-4.5 kV (rms), and
a contaminant with 398.cm conductivity flows over the sample with a rattween 0.15
and 9.6 ml/min, depending on the test voltage. ddr@aminant contains a non-ionic wetting
agent, which causes the tested material, here fting to (temporarily) lose its
hydrophobicity, so that the contaminant flows iooatinuous path over the surface, forming a

stream.

Filter-paper pad under
the top electrode Tr—

Testspecimen —____

Figure 2. Electrode arrangement of the tracking and erosn[57].

The test has a maximum duration of 6 h, and a kamsaid to fail if tracks longer
than 25 mm are formed, erosion breaks throughdh®gke, or a maximum current of 60 mA
(rms) is detected at any time for longer than Brsesion is defined as the loss of material by
leakage current or electrical discharges, whilekisaare partially conducting paths created by

localized deterioration of the surface of an insotamaterial.

According to IEC 60587, a material is said to th& test if one or more out of 5 of its
samples fail. Besides the pass/fail criteria, treximum erosion depth should be reported.
Other parameters might also help in classifying enchparing material, and are frequently
determined, such as the eroded mass, eroded vaacth&acking length [37,58-59]. Eroded
mass is measured using an analytical scale wittigooa of 0.1 mg, while erosion depth and
tracking length are measured with a vernier caligigh accuracy of 0.01 mm and a depth

gauge probe with a 0.5 mm diameter.
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2.2.5 Contact Angle Measurement

The IEC/TS 62073 [60] describes the available wdghfor the measurement of
wettability of composite insulators, among them tbatact angle method. The static contact
angle is measured at the edge of a droplet inioalélhe solid surface on a horizontal plane
(Figure 3).

Air
Liquid

f

|

Solid
Figure 3. Definition of the static contact angles) [60].

In addition to the static contact angle, two dyimaoontact angles are defined in an
inclined solid surface: the angle formed at théd@®f the droplet at its lowest part in relation
to the surface is named the advancing contact angjlige the angle inside the droplet at its

highest part in relation to the surface is the degagcontact angle.

The advancing contact angle can also be deterntipediding water to a droplet on a
horizontal surface (dynamic sessile drop methad}hat case, it corresponds to the angle at
the exact moment when the liquid front advancegufé 4). Likewise, the receding contact
angle is the one measured at the moment whendhgl lfront recedes, when withdrawing

water from the droplet.

Figure 4. Advancing 6é,) and recedingg) contact angles on a horizontal surface determined

by the dynamic sessile drop method [61].
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The three previously defined contact angles caruderl to evaluate de degree of
hydrophobicity on the surface of isolating materiahd they hold the following relation
among themselvesi,> os> o;. Additionally, it has been verified [62] that frothe three
contact angles the receding contact angle correspbast to the electrical performance of

wetted surfaces.

The static and dynamic contact angles are detednwith the help of the optical

contact angle measuring instrument Dataphysics QEA

2.2.6 Dynamic Drop Test

The Dynamic Drop Test (DDT) is proposed to evauhe loss of hydrophobicity due
to pollution and simultaneous electrical stress].[@Be test setup consists of flat material
samples tilted by 60to the horizontal plane with two electrodes sefgakaby 50 mm
(Figure 5). A fluid with conductivity of 1.5 mS/crdrips over the sample in individual
droplets, at the rate of 12 drops/minute, untiluarent of 2 mA (rms) is detected for more

than 2 s or the maximum duration of 24 h is readbétl

®

1 energised electrode
(&)| 2 grounded electrode

@ 3 sample
4 peristaltic pump
5 peristaltic pump
@ & container with fresh electrolyte
7 container with used electrolyte

8 connection for high voltage
9 connection for grounding

@

Figure 5. Arrangement of the dynamic drop test [64].
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2.2.7 Mechanical Tests

Mechanical tests are performed using a universsiting machine following
ISO 37 [65] and ISO 34-1 [66] guidelines. Tensiteesgth is the maximum stress that a
material withstands while being stretched befoesking. In this test, 2 mm thick dumb-bell
shaped specimens (Figure 6) are submitted to tensitl fracture. The tensile strength value,
measured as a force per unit of area, correspantietforce before breaking divided by the

cross sectional area of the test sample.

i / \/j
7 P S N

Figure 6. Shape of samples for the tensile strength teft} ded tear resistance test (right).

Tear resistance is a measure of how a materistsate growth of cuts when under
tension. In this test 2 mm thick crescent shap@dpes are nicked (razor cut) in one of the
sides (Figure 6), perpendicular to the applied dpsn that as they are elongated the nick
extends, until complete tearing occurs. Tear rasc is measured as a force per unit of
length, and corresponds to the force before brgakimided by the thickness of the test

sample.

2.2.8 Acid and UV Exposure

One major source of degradation of polymeric iasah is ultraviolet light, which is
emitted not only by sunlight, but also corona desdes and dry-band activity. It can cause
cracking, chalking, discoloration and loss of hyahobicity [67]. Another cause of
degradation of outdoor insulation is acid attackjol can lead to exposure of the rod and
further brittle fracture [68].

Sulfuric and nitric acid are constituents of acah, and might also be generated in
service due to pollution (e.g. industrial pollutiohthe combustion of fossil fuels), corona
discharges, ozone and moisture, water droplet esram partial discharges in water filled
cracks [69].
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In the absence of reference tests or standarda ewa@uating the influence of acid
and ultraviolet exposure, a new method is developgeere samples are submitted to 168 h (7
days) of medium to long wavelength (UVA and UVB}raviolet radiation, while being
sprayed once a day with a solution of 0.1%56; (sulfuric acid). The sprayer is a typical
garden spray bottle, which is squeezed once onsauble, from a distance of around 17 cm.

The ultraviolet source is a 300 W incandescent lafaped 17 cm from the samples.

2.2.9 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a techniquat thllows the investigation of the
thermal stability of material by monitoring the \aion of their mass as temperature increases
(or decreases). It is to be performed using a NMbBtZSTA 449 Jupiter Simultaneous
TGA-DSC Analyzer. Samples of 30 mg were tested itrogen atmosphere, temperature
ranging from 38C to 500C at a rate of 10 K/min.
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3 RESULTS

Data contained in each graphic represent the maae of all measurements and their
respective 95% confidence interval (Cl), exceptha Dynamic Drop Test results, where it
was found that the probability distribution funcetithat best represents data is the Weibull
distribution. Hence, in this particular case, ttf846quantile and its respective 95% CI are
displayed. It is also worth pointing out that, iach graphic, individual plots were slightly
shifted horizontally to avoid overlapping and faatle interpretation. Nevertheless loading
levels always correspond to the closest truncatesger (i.e. 0, 1, 2, 3 or 5wt%), unless
otherwise specified.

3.1SURFACE ROUGHNESS

The surface roughness of the samples was detatrmnarder to ensure that possible
variations on their surface profile do not causscidipancies in the results of the proposed
tests. The parameters used in these measuremends dollows: resolution of 5 um over a
5 mm line, resulting in a 1,000 point array. Resoftmean roughness depRy, are presented

in Figures 7 and 8.
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Figure 7. Surface roughned$®, of samples without ATH depending on nanopartiilied

level (mean values and 95% CI of n = 8 samples).
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Figure 8. Surface roughned$® of samples containing ATH depending on nanoparfiting

level (mean values and 95% CI of n = 8 samples).
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3.2FILLER DISPERSION ANALYSIS

Initial microscopies were performed with an umfill reference sampleO{ without
standard grade ATH), and the morphology of the ispexc at 50,000 x magnification is
shown in Figure 9.

Y ;i M A
100 nm 3 Apr2013 Signal A = SE2 EHT =12.00 kV
H Photo No. = 1292 Mag = 50.00 KX WD = 64 mm

Figure 9. Morphology of reference speciméi without standard grade ATH taken by
FE-SEM with a magnification of 50,000 x.

It can be seen in Figure 9 that the tested siicemmple, to which neither standard
grade ATH nor any other filler was added, alreadggesses “highly dispersed silica” in an
amount believed to be between 10 wt% and 15 wt%dmrcecise information is not divulged
by supplier).

Secondly, a detailed analysis of specinsdnr3wt%without standard grade ATH and
results are shown in Figures 10 and 11.
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Figure 10.FE-SEM and EDX analysis of specim@h-3wt%without standard grade ATH.
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I.Spektrum 1

i) Spektrum 1

0s 1 15 2 25 3 35 4 45 5 55 B 65 7
Ekalenbereich 558 cts Cursor 2377 (12 cig)

Figure 11.FE-SEM and EDX analysis of specim@h-3wt%without standard grade ATH.

EDX analysis of the micro-particle domain in FigutO indicates the presence of
atoms of cobalt (Co) and aluminium (Al), which akements routinely used in pigment
masterbatches. A further EDX analysis of the domairFigure 11, on the other hand,
identified uniquely C, O, Au and Si, indicating tlieese are indeed the investigated silicon

dioxide patrticles.

Further microscopies were performed at 50,000 )gnifi@ation to analyse filler

dispersion, and an illustrative example of thessh®vn in Figure 12.
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Figure 12. Morphology of specimeB2-3wt%without standard grade ATH taken by FE-SEM

with a magnification of 50,000 x.

Filler seems properly dispersed, although aggesgat single particles can be found
in Figure 12, with an average diameter of 40 nnmesEhresults will be revisited and discussed

in the next chapter.
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3.3HIGH VOLTAGE ARCING

Resistance to high voltage arcing was evaluatedrdimg to IEC 61621. Samples
were rinsed using isopropanol followed by distillgdter, and left to rest for at least 24 hin a
controlled environment with temperature of (23 ¥2)and humidity of (50 +5)%. Ten
samples of each composition were tested, measliEing30 x 6 mm. Results are presented in
Figures 13 and 14.

Additional compositions containing standard gra&iEH and alternative nanofiller
loadings (namely, 0.25 wt%, 0.50 wt% and 0.75 wiR&re submitted to the high voltage
arcing test. This made the results in Figure 1dotne extent clustered in the range between O
and 1 wt%. For this reason, a new plot highlightinig specific area is presented in Figure
15.
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Figure 13.Time to end of the high voltage arcing test of positions without standard grade
ATH depending on nanopatrticle filling level (meaadwes and 95% CI of n = 10 samples).
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Figure 14.Time to end of the high voltage arcing test of positions containing standard
grade ATH depending on nanoparticle filling levelgan values and 95% CI of
n = 10 samples).
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Figure 15.Time to end of the high voltage arcing test of positions containing standard
grade ATH depending on nanoparticle filling lewale@an values and 95% CI of
n = 10 samples). Magnification of the area betw@and 1 wt%.
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3.4TRACKING AND EROSION

Tracking and erosion resistance was evaluatedr@iogpto IEC 60587. Five samples
of each composition (120 x 50 x 6 mm) were rinseohgi isopropanol followed by distilled
water. Samples were stored for at least 24 h beé&sting in a controlled environment with
temperature of (23 + & and humidity of (50 + 5)%. Compositions withotérslard grade
ATH were tested at 2.5 kV, whereas compositions WTH were tested at 3.5 kV. Material
was evaluated by means of eroded mass (FigureadL& @, tracking length (Figures 18 and
19) and erosion depth (Figures 20 and 21).

The two different voltage levels were requireddaese compositions without standard
grade ATH have such a lower erosion performance t@npositions containing it, that
initial trials performed with the reference sam@@®) without ATH at 3.5 kV led to failure of
all five samples either by perforation or by reattthe maximum current. On the other hand,
a test executed at 2.5 kV with matefi@l containing ATH proved it to be too low to lead to
any visible degradation.

Following the aforementioned choice of parametalis;ompositions were effectively
submitted to 6 hours of stress, i.e. at no poietrtftaximum current criterion was reached.
Nevertheless the compositiond-5wt% and A3-5wt% containing ATH failed to attend the

25 mm maximum tracking length criterion, as showirigure 19.
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Figure 16. Eroded mass in the tracking and erosion testsak\2 for compositions without
standard grade ATH depending on nanoparticle dllevel (mean values and 95% CI of

n =5 samples).

Not displayed in Figure 16 due to their exceedirfiggh eroded mass and Cl values
are compositionsAl1-3wt% (167.3+£191.7 mg),Al-5wt% (89.1+155.4 mg) andl'1-5wt%
(130.7£248.9 mg). The problem is grounded on thallsnumber of specimens, even though
in agreement with standard requirements (e.g. mahtaf-3wt% individual measurements:
13.2 mg, 5.1 mg, 6.5 mg, 377.9 mg, 433.9 mQ).

Negative values as those found in Figure 16, whae evident physical
impossibilities, originate from the fact that thermal distribution is symmetric about its
mean value, and highly dispersed data (as thatiomeat in the previous paragraph) might
lead to a 95% confidence interval larger than tleam
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Figure 17.Eroded mass in the tracking and erosion testak\3.for compositions containing
standard grade ATH depending on nanoparticle dllevel (mean values and 95% CI of

n =5 samples).

Not displayed in Figure 17 due to their exceedingigh eroded mass are the two
compositions which failed the te3t1-5wt%(1974.6 mg) ané3-5wt%(1306.8 mg).

38



£
£ —t—S1
=
£ -2
B
5 e T1
£ e A1
S
g - XK= A2
[

—0— A3

Loading level in wt%

Figure 18. Tracking length in the tracking and erosion tést.8 kV for compositions without
standard grade ATH depending on nanoparticle dllevel (mean values and 95% CI of

n =5 samples).
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Figure 19.Tracking length in the tracking and erosion t¢s.8 kV for compositions
containing standard grade ATH depending on nangpafilling level (mean values and

95% CI of n = 5 samples).
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Figure 20. Erosion depth in the tracking and erosion te& akV for compositions without
standard grade ATH depending on nanoparticle dllevel (mean values and 95% CI of
n =5 samples).
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Figure 21.Erosion depth in the tracking and erosion te8t@kV for compositions
containing standard grade ATH depending on nanigpafilling level (mean values and 95%

Cl of n =5 samples).

Not displayed in Figure 21 due to their exceediriggh erosion depth are the two

compositions which failed the te3ti-5wt%(4.80 mm) andA\3-5wt%(5.05 mm).
40



3.5CONTACT ANGLE MEASUREMENT

Measurements of the static, advancing and recezmintact angles were performed in
the various HTV compositions and are presentedguarEs 22 to 27.
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Figure 22. Static contact angles of compositions without Adépending on nanoparticle
filling level (mean values and 95% CI of n = 8 sdesj
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Figure 23. Static contact angles of compositions containifigdAlepending on nanoparticle

filling level (mean values and 95% CI of n = 8 sdesj
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Figure 24. Advancing contact angles of compositions withotliHAdepending on

nanoparticle filling level (mean values and 95%0€h = 8 samples).
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Figure 25. Advancing contact angles of compositions contg®iH depending on

nanoparticle filling level (mean values and 95%0€h = 8 samples).
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Figure 26.Receding contact angles of compositions withouHATEpending on nanoparticle

filling level (mean values and 95% CI of n = 8 sdesp.
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Figure 27.Receding contact angles of compositions contaiAing depending on

nanoparticle filling level (mean values and 95%0€h = 8 samples).
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3.6DYNAMIC DROP TEST

Retention of hydrophobicity was evaluated throtigéh Dynamic Drop Test (DDT).
Samples were cleaned with isopropanol and distilater and stored under room conditions
for at least 24 h before testing. Eight samplesazh material were tested.

Different parameters were chosen because intt@lstwith all compositions at the
same voltage level lead to clusters either in tiveet or the upper limits (i.e. 0 and 24 h) and
no statistical difference among filler types or amis could be observed. For example, at
4 kV all compositions tested without standard grAdél reached the maximum test duration
of 24h (1440 min. When the voltage level was raised to 5kV, oe tither hand, all
compositions tested containing ATH failed in thestfil5 min of test.

Therefore, compositions without standard grade Ali¢de tested at the voltage level
of 5 kV (Figure 28) and compositions containingnsi@d grade ATH were tested at 4 kV
(Figure 29). Despite the different test parametirs,superior performance of compositions
without ATH is noticeable, for even with the highesltage level, time to end of test of
compositions is still higher.
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Figure 28.Time to end of the DDT at 5 kV for compositionghvaut standard grade ATH
depending on nanoparticle filling level (63% qubnénd 95% CI of n = 8 samples).
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Figure 29.Time to end of the DDT at 4 kV for compositionswtining standard grade ATH
depending on nanoparticle filling level (63% qubnéind 95% CI of n = 8 samples).
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3.7MECHANICAL TESTS

Mechanical tests were performed according to 13@r& ISO 34-1. Results of tensile
strength measurements are shown in Figures 30 andor3 compositions without and
containing ATH, respectively, and tear resistan@asarements are shown in Figures 32 and
33.
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Figure 30. Tensile strength of compositions without standgattie ATH depending on
nanoparticle filling level (mean values and 95%0€h = 3 samples).

5,8
5,3
£
=48 —t—S1
c
< el S2
& 4,3
2 e T1
=)
[7,]
2338 - —e—Al
(7]
S - H= A2
[t
3,3 - —0— A3
2,8 T T T T T

o
=
N
w
IS
wn

Loading level in wt%

Figure 31.Tensile strength of compositions containing AThbeleding on nanoparticle

filling level (mean values and 95% CI of n = 3 sdesp.
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Figure 32.Tear resistance of compositions without standeadeATH depending on
nanopatrticle filling level (mean values and 95%0€Ch = 3 samples).
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Figure 33. Tear resistance of compositions containing ATHeshejing on nanoparticle filling

level (mean values and 95% CI of n = 3 samples).
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3.8 ACID AND UV EXPOSURE

Only one sample of each material was tested inuttraviolet and acid stress test.
Samples were inspected visually, both by nakedaggkby means of an optical microscope.
The evaluation and classification of samples ierafore, qualitative rather than quantitative.

Pictures of the samples after the test are presémieigures 34 to 43.

Figure 34.Reference sample®{) without standard grade ATH (120 x 50 mm) befard a
after UV and acid stress and containing ATH betord after UV and acid stress (from left to
right).

The ATH filled sample in Figure 34 presents snaaltl protuberant spots, which can
be scraped; they result from accumulation and mandeof residues of the acid spray. The
spots on the unfilled sample, on the other hand,nar deposit; they are the result of the
discoloration of the surface of the sample dudéoacid attack and ultraviolet exposure.

The sample without ATH is softer than the one awmmhg it, and after the UV and
acid stress it suffered a much more severe hardeofirthe surface, becoming brittle and
displaying streaks and grooves on the surfacedhanot be seen in the sample containing
ATH. The lateral profile of the samples without AT$lalso altered, i.e. at the end of the test
the sample is concave. That effect is much redicédde sample containing standard grade
ATH.
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Figure 35.Samples of filler S1 without standard grade ATEQX 50 mm) at 1 wt% and
3 wt% and containing ATH at 1 wt% and 3 wt% (froeift ko right) after UV and acid stress.

The 1 wt% sample without ATH in Figure 35 is cogtply covered with discoloration
spots, while the 3 wt% composition displays thepese and longest grooves on the surface.
The two samples containing S1 and ATH (Figure Bty do not deviate considerably from
the reference sample in Figure 34, except for #ut that spots are somewhat smaller, but
also higher in number throughout the surface ostraple.

Figure 36.Samples of filler S2 without standard grade ATBQX 50 mm) at 1 wt% and
3 wt% and containing ATH at 1 wt% and 3 wt% (froeift ko right) after UV and acid stress.

In samples filled with hydrophobic silica S2 (Figu36), even though some grooves
can be found in the surface of the two samplesowithATH, those are definitely not as deep

or extensive as those found in sanple3%
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Figure 37.Samples of filler T1 without standard grade ATRR{Xx 50 mm) at 1 wt% (left),
3 wt% (middle) and 5 wt% (right) after UV and asitess.

Figure 38. Samples of filler T1 containing standard grade A(IA0 x 50 mm) at 1 wt%
(left), 3 wt% (middle) and 5 wt% (right) after U\hd acid stress.

Samples filled with titanium dioxide T1 withoutasdard grade ATH (Figure 37)
present several small scratches on the surfacéhése are all short and shallow.

Figure 39.Samples of filler A1 without standard grade ATR2Q1x 50 mm) at 1 wt% (left),
3 wt% (middle) and 5 wt% (right) after UV and asitess.
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The samples in Figure 39 are severely attacked. pditern of the white spots is

particularly different than the other compositiotise spots are much smaller and present

Figure 40.Samples of filler A1 containing standard grade A(IA0 x 50 mm) at 1 wt%
(left), 3 wt% (middle) and 5 wt% (right) after U\hd acid stress.

much sharper edges.

Figure 41.Samples of filler A2 without standard grade ATR2@1x 50 mm) at 1 wt% and
3 wt% and containing ATH at 1 wt% and 3 wt% (froeift ko right) after UV and acid stress.

Figure 42.Samples of filler A3 without standard grade ATR2Q1x 50 mm) at 1 wt% (left),

3 wt% (middle) and 5 wt% (right) after UV and asitess.
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Samples filled with aluminium oxide hydroxide A3eavery severely damaged,
particularly the 1 wt% sample in Figure 42. Thecdlseration spots are not any more
restricted to the spots were the acid drops wereadrated, but spread over the whole
surface, connecting adjacent spots in such a way ttie sample is almost completely

discolored.

Act 3% +

Figure 43. Samples of filler A3 containing standard grade A{IA0 x 50 mm) at 1 wt%
(left), 3 wt% (middle) and 5 wt% (right) after U\hd acid stress.
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3.9THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric analyses were performed with tlelowing parameters
temperature range from ZDto 500C at a rate of 10 Knin in nitrogen atmosphere; avere

sample mass of 3hg. Results of the test are shown in Fis 44 to 55.
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Figure 44. Thermogravimetric analysis siliconecompositions containing filler Swithout

standard grade ATH depeng on nanoparticle loading le\.
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Figure 45. Thermogravimetric analysis siliconecompositions containing filler Sand with

standard grade ATH depeng on nanoparticle loading le\.
53



TG %
100.00 { -~
98.00 82-1%
82-3%
96.00 1
94.00 1
92.00 1
90.00 1
88.00 1
T T T T T T T T T
50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0
) Temperatur /°C
Hauptansicht 201403-1010:34  Hutzer: wunderlichm
[#] G exat Datei Datum Versuchs-1D Probhe Masse/ing Segment Bereich A [ Korr.
[1]1 ETA 409 PCIPG re0sFnob-dsy | 201220522 |22302012Ch  [RE05-3% ohne ATH 2980 10 F0M0.0iKIMInKWE00  |MITROGEM-— / MTROGEMN -/ MITROGEM—- ozo
[21 STA 409PCIPG |01 ngh-dsy 2M20521  [222W2012Ch  |Referenceohne ATH  (31.03 " A0.0MIMINYE00 | MITROGEN--- i MITROGEN -- [ KITROGEMN-- |020
[3] ETA 409 PCIPG re0s-1-.ngh-dsv 2012-06-21 24401201 2Ch 242 .35 101 30M0.06KIMINWE00  |MITROGEM-— / MTROGEN -/ MITROGEM—- 0zo

Erzeugt mit MET Z50H Protens SoRware

Figure 46. Thermogravimetric analysis siliconecompositions containing filler2 without

standard grade ATH depeng on nanoparticle loading le\.
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Figure 47. Thermogravimetric analysis siliconecompositions containing filler2 and with

standard grade ATIdependig on nanopatrticle loading le\.
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. Thermogravimetric analysis siliconecompositions containing filleT1 without

standard grade ATH depeng on nanoparticle loading le\.
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Figure 49. Thermogravimetric analysis siliconecompositions containing filleT1 and with

standard grade ATH depeng on nanopatrticle loading le\.
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Figure 50. Thermogravimetric analysis siliconecompositions containing filleA1 without

standard grade ATH depeng on nanoparticle loading le\.
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Figure 51. Thermogravimetric analysis siliconecompositions containing filleA1 and with

standard grade ATH depeng on nanopatrticle loading le\.

56



TG %
100.00 o v
98.00 1
96.00 1
94.00 1
92.00 1
90.00 1
88.00 1
86.00 1
84.00 1
T T T T T T T T T
50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0
_ Temperatur /°C
Hauptansicht 201403-10 10:41  Nutzer: wunderlichm
[#] G exat Datei Datum VersuchsID  Probe ment  Bereich Korr.
[11 ETA 409PCIPG | Apy-ATH3% 148v-2013Chngb-dey | 2012-11-11 | 1480201 2Ch [Apy-ATH-2% 3162 m 30 0.0GIMINGS00 | MITROG EME— ¢ MITROG EM— [ MITRO GEM~- |020
[21 5TA 409PCIPG | Hngh-dsv 2M2-05-21 |2220/2012Ch [Reference chne ATH |31.05 mn 3001 0.00ImMIn® 500 | RITROG EN--- § NITROGER--- f MTRO GEN-- (020
[3] ETA 409PCIPG | Apy-ATH1% 148020130 hngk-dev [2013-11-11 | 1480/2013Ch [Am-ATH-1% 332 m 301 0.04IMINK 500 | MNITROG EME— M NITROG ENA— / NITRO GEM-—- | 020

Erzeugt miRNET Z50H Protens SoRware

Figure 52. Thermogravimetric analysis siliconecompositions containing filleA2 without

standard grade ATH depeng on nanoparticle loading le\.
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Figure 53. Thermogravimetric analysis siliconecompositions containing filleA2 and with

standard grade ATH depeng on nanopatrticle loading le\.
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Figure 54. Thermogravimetric analysis siliconecompositions containing filleA3 without

standard grade ATH depeng on nanoparticle loading le\.
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Figure 55. Thermogravimetric analysis siliconecompositions containing filleA3 and with

standard grade ATIdependig on nanopatrticle loading le\.
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4 DISCUSSION

4. 1DESCRIPTION OF THE INTERPHASE VOLUME MODEL

There are several models available to try to emplze influence of nanofillers, such
as the Intensity Model by LEWIS [70], the Multi-@Model by TANAKA [71], the Polymer
Chain Alignment Model by ANDRITSCH [72] and the émphase Volume Model by
RAETZKE [73]. The premise shared by these modetkas between a filler particle and the
matrix material there is a region with specific pedies inherent to neither of these; each
author naturally having studied a different seffibérs, base materials and properties, and

believing this region has a different numbers géfa and average thicknesses.

In comparison to the other theories, the Interph&slume Model takes a step further
defining a set of equations to determine the exalctme of the interphase, accounting for the
overlapping areas due to neighbor particles aar fitlading level increases. The assumptions
made by this model are that filler particles ardesal, have the same diameter, are
uniformly dispersed in the matrix material and ax@ach of them an interphase of constant
thickness is generated.

This interphase is relevant because it is belighadl in it, the structure of polymer
chains differs from the rest of the base mateaad] this might yield properties not observed
on the uninfluenced base material. These propewtidsreflect more on overall material

performance the greater the interphase volumerisidered to be.

RAETZKE’s model derives from the analysis of thasic element displayed in

Figure 56, a cube with edge length

Figure 56. Basic element of the Interphase Volume Model, Inyhiting the diagonal plane of

the cube [73].
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a, = d - *|=; where:
NED

d diameter of the filler particles;
p volume fraction of the filler;

i thickness of the interphase.

Considering the particle diameter is constant, the edge length of the cule
decreases as filler levplincreases. Agy decreases, the particles are brought closer tegeth
and the interphase surrounding neighboring pasti¢fled regions on Figure 56) start to
overlap. RAETZKE defined a set of equations to deiee the interphase content in four
different areas of consideration as straight limgnsents defined as follows:

2 . . — r .\ 3
If = (d +20) < ay, then:p; = p (1 +%) _ 1];
if (d+20)<ay<—=(d+2i), themp;=p [ 203 1 i Vi)
AR (1+3) —1-8(G+5-33) (2+

4id+3a024,

- 2V2 . . then:p; = [ N3 i 2

f 22(d +20) < ag < (d + 20), Pi=Pp 2 _g(lyi_ Y3

if == (d +2i) < ao < (d +2i) _(1+d) 1-8(3+--2) (2+
4id+3a02d—612+id—a02d22+4id+a0
a,

it ap < 2% (d +20), then:p; =1 —p.

Where: d diameter of the filler particles;

i thickness of the interphase;
ao edge length of the cube;
pi volume fraction of the interphase;
p volume fraction of the filler.
As seen above, in the model proposed by RAETZKEtle calculations are

performed considering the volume fraction of tHeefi(p). Whenever necessary, the mass

fraction of the filler,p,, is determined as follows:

P = Priller .
w pfiller"'pmatrix(l/p_l)'
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where:

Pw mass fraction of the filler;
Prilier density of the filler;

Pmatrix density of the matrix material,
p volume fraction of the filler.

According to the previous equations, considerinfjxad particle diameted, the
thicker the interphaskeis, the faster the highest interphase volumeashed as filler loading
level increases. For example: consider a partiate diameterd = 20 nm(Figure 57); at an
assumed interphase thickneéss20 nmthe highest interphase is reached at a fillerednof
5 vol%; an interphase thickness 30 nm though, leads to highest interphase content at
2 vol%.
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Figure 57.Interphase contemp depending on nanoparticle filling leyefor a particle with

diameterd = 20 nm considering different interphase thicknessges (
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In both cases, if the loading level is furtherrgased past the highest interphase
content, the interphase volume slowly decreases,tlfe entire polymer matrix already
consists of interphase, and a further additionlier fwould only reduce the overall amount of
base material.

If a constant interphase thickneisss now considered, and particle diameters
changed instead, the larger the filler particlethe higher the loading level at which the
peak in interphase volume occurs. Consider, formgte, the previous interphase thickness
i =30 nmon a particle with diameted = 20 nm where the highest interphase volume is
reached at 2 vol%. It can be seen in Figure 58 #mather particle with a diameter of
d = 30 nmunder the same conditions would in fact lead tghést interphase content at
5 vol%.
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Figure 58. Interphase contem depending on nanoparticle filling leyefor an interphase

thickness = 30 nm considering different particle diameted. (
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4.2THE EFFECT OF PARTICLE CLUSTERS IN THE PROPOSED MEID

Because of their high surface energy, nanopastitdad to agglomerate easily. The
proper dispersion of fillers has been the focua gfeat deal of research [28,74-75], although
the existence of agglomerates was not considereahynof the models discussed in the
previous section. Aiming to determine if and howytimight affect the interphase content, the
Interphase Volume Model has been expanded to atdoumparticle clusters. Cluster is a
general denomination used in this work to refegrimups of particles that may be gathered in
the form of aggregates (chemically bonded primaaytigles) or agglomerates (aggregates
gathered by weaker surface forces). These termbBtroginterchanged throughout the work,

since these clusters are considered as a wholgjel#se exact nature of the bonding.

The assumptions regarding particle clusters areséime as those previously made for
regular filler particles in the model proposed AE ZKE, i.e. perfectly dispersed spherical
particles with the same diameter. The clusters dafined by two parameters: their size
(diameterd) and amountd), defined as the volume fraction of these clusterglation to the

total filler content.

Assume that the interphase content by volupeadf a material containing primary
particles and clusters in the total amountpofp = Pprimary particlest Peiustery 1S defined as a
function of filler content (), particle diameters df and interphase thickness),(
Pi = f(P, Gorimary particles Custers 1), Which is unknown. The influence of the primaryrtjmdes

and clusters can be analyzed individually and thgrerimposed (Figure 59).

In this scenario, the total interphase conteieigrmined by adding up the interphase
content generated by the single particles alonesifasvn in Figure 59b) and the interphase
content produced by the clusters (Figure 59a). @pjgroximation does not account for the
overlapping of interphases generated by clustetdrdaarphases generated by single particles.
In other words, certain areas where single pagtieed clusters are close enough might
belong to the interphase of both particles; in théividual analysis, these sections are

computed in both equations, leading to a totakpitase content higher than the real amount.

The error in this approximation will be quantifieder, but it can already be advanced
that: a) it increases with filler content and clusamount (a high value of either of these
means more interphase overlap); and b) it cannaidieer than the interphase contribution of
clusters alone (the size of the intersection betmie® groups cannot be higher than the size

of the smallest group).
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Figure 59. Dispersion of a filler content of 0.2 vol% consigtof single particlesd(= 10 nn)
and clustersd = 40 nn) in an amount o& = 20% per volume: a) distribution of particle

clusters; b) distribution of single particles; apsrimposed representation.

In the II‘ldIVIdua| anaIySiS:)dusters: a.p and pprimarypartides: (1-8.)[:1 the UnknOWI’l

funCtlon p| = f(p, q_)rimary partides Cl:|u5ters |) can be apprOXImated as:

where:
bi-

p:

a.

fi(a - p):

fz((l —a)- P)5

pi = fi(a"p) +f2((1 —a) 'p);

total interphase content;

total filler content;

volume fraction of clusters (in relation teettotal filler content);
interphase content determined as a functiaiustters alone

fi (a- p) = [ (Pctusters: Actusters: 1)
interphase determined as a function of primanyigles alone

fz((l - a) ’ p) = f(pprimary particles» dprimary particles’ i);
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If a=0, p; = f(p), and the functiorf,(p) suits the original model proposed by
RAETZKE, where all filler particles in the matrixea primary particles (Figure 59b). If
a = 100% all particles in the matrix are clusters, and= f; (p). In this scenario, the function
fi(p) can again be determined by the original model gged by RAETZKE, if only the
particle size is the diameter of the clusters (F@gaBa). These two situations are illustrated in
Figure 60, assuming a primary particle diametet@hm and clusters of 40 nm (determined
from the FE-SEM microscopies described in Secti@i2).
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Figure 60. Interphase contemp depending on filler loading levelfor a particle with
diameterd = 10 nmand clusters of 40 nm (both with interphase30 nm)

considering increasing cluster amourak (

Notice that the horizontal axis in Figure 60 (armlevant figures afterwards)
representing the filler loading level is represdnte percentage by volump)( The reason is
that when the horizontal and vertical axes are esq&d in the same dimensionless quantity
(vol%) it is easier to grasp how the amount of eacterial relates to the whole compound
and to each other. That is, it is clearer, for epl@mnobserving the green curve in Figure 60
(a=100%, that if 5% filler generates 70% interphase contdhe other 25% of the
compound consists of uninfluenced base materialithat if 8% filler generates 92%
interphase, the highest interphase content has tea@hed (and uninfluenced base material

content amounts to 0).
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Also displayed in Figure 60 is the curve for astén amount = 50% meaning that
half of the volume of the filler is in the form pfimary particlesd = 10 nn), and the other

half as clustersd(= 40 nn). In this scenarip; = f1(1/2 p)+ f2(1/2 p). The functionf; (p),

which governs the influence of particle clustersresponds to the curva =100% in

Figure 60, ang\, (p) corresponds to the curae= 0.

The determination of the curva =50% is broken into sections, to facilitate

understanding. Individual calculations in key psiate made below:

1. Filler loading level of 0.5%: This means that 0.25% of material consists of h0 n
filler particles and 0.25% consists of 40 nm clustdhe blue curve in Figure 60 gives
us the coordinates (0.25, 80.3). This means tlaintlividual contribution of 10 nm
particles in an amount of 0.25% is of 80.3% intag®h content. Analogously, the
green curve gives us the coordinates (0.25, 3.7@aning that the individual
contribution of the 40 nm clusters in an amountOd?5% is of 3.7% interphase
content. Adding these values, the interphase combera total filler loading level of
0.5% (0.25% single particles + 0.25% clusters) 4868(80.3% + 3.7%). Thus, the
point (0.5, 84) of the red curve is determined.

2. Filler loading level of 0.64%: This means that 0.32% of material consists of 0 n
filler particles and 0.32% consists of 40 nm clustdhe curve of the 10 nm particle
gives us (0.32, 95) and that of the 40 nm clusteesgus (0.32, 4). Therefore, the
interphase content for a filler loading level 064% is 99% (95 + 4), giving us the
point (0.64, 99) of the red curve. Notice that tpwint is critical: at 0.64% filler
content, the total amount of matrix material is3836 (100% - 0.64%), which is equal
to the interphase content, ignoring round-off esrdrhis means that at this point all
matrix material consists of interphase, and this,nhaximum interphase content and
the corresponding filler amount are determined.

3. Filler loading level of 10%: This means that 5% of material consists of 10 tier f
particles and 5% consists of 40 nm clusters. Natesils, there is no need to account
for each patrticle’s individual contribution, for@athe maximum interphase volume is
reached, the total amount of interphase equalarti@int of matrix material, which is
merely the total volume of the compound minus tlealt amount of filler
(100% - 10%). That is how the point (10, 90) isrfdulndeed, this analysis is valid for

any filler amount past the previously determindtical filler content of 0.64%.
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Accordingly, performing these calculations for tlvbole range of filler content, the
interphase contem depending on filler loading levelfor a cluster amount of 50% is found.
For any other cluster amount the process is anakg@md in this manner Figure 61 is plotted.
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Figure 61.Interphase contemp depending on filler loading levelfor a particle with
diameterd = 10 nmand clusters of 40 nm (both with interphase30 nm)

considering increasing cluster amourap (

Even at extremely high cluster amounts (e.g. 8@k@,amount of primary particles,
small as it may, is still enough to provoke extregffects in the interphase content. If primary
particles were neglected (meaniag 100% light blue curve) the total interphase content at
1% would be 14%. Considering them, though=(80% light green curve), the total
interphase content at 1% is 80%. The contributibthe 0.8% cluster (80% of 1%) is 12%
interphase content, while the 0.2% primary partedatent (20% of 1%) alone leads to 68%
interphase.

At this point the matter of the error in this mbdan be better explained. It was
mentioned that the error consists in not accourfonghe overlapping of interphases between
single particles and clusters. If one assumesttieivhole interphase content generated by
clusters consists of overlap (worst case scenahi®),means that this interphase was already
accounted for in the single particle’s calculataord therefore cannot be recounted in the total

content.
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It was shown in the previous page that when80% at 1% total filler content the
contribution of clusters was 12% interphase cont&ht maximum error in this scenario,
though, would occur at an exact filler content &226, when the contribution of clusters is
15% interphase content, while single particles roate with roughly 84% interphase
content. One must notice, though, that this estonaif 15% is the maximum error possible,

considered only because it could not be determamadiytically.

This maximum error is in fact reduced as the va@umction of clustersg, decreases:
it is 9% fora = 70% (this highest point is hit whep = 0.96%). For any aggregate content
equal to or lower than 60%, the maximum error iernphase estimation is lower than 6%,
which validates the proposed method as an accustienation of interphase content,

particularly for lower cluster amounts.

Now, it was said that the clusters are definedviny parametersa(andd), and only
one of them was altered in the previous simulati¢ims cluster amourd. In order to verify
the influence of larger cluster diameters, new &tmns were performed with a cluster size
of 400 nm, this being a very extreme case, whegeeggtes and agglomerates are 40 times

larger than the primary particle size. Resultsstu@vn in Figure 62.

The major difference when such large clusterscarssidered is that their contribution
to the total interphase content is minimal, whishvéry clear observing the light blue curve
(a=100% in Figure 62, where the clusters are singulagponsible to the total interphase
content. This lesser contribution of clusters inwe® the precision of the method: the

maximum error, even a = 90% is only 1.5%.
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Figure 62.Interphase contemp depending on filler loading levelfor a particle with
diameterd = 10 nmand clusters of 400 nm (both with interphase30 nm)

considering increasing cluster amourap (

Now, taking into account single particle diametdrderphase thicknesses, cluster
diameters and cluster amounts corresponding tartierial used in the current work, the
following considerations are made: a) it was prasip determined from the available
microscopies that cluster diameters are no lafdggm 80 nm; b) precise volume fractions of
clusters could not be determined from availabledbtit assuming they are limited to less
thana = 60% which seems reasonable, the loading level in lwhie peak in interphase
content occurs (which is our greatest interesthis tvork) varies less than 0.42 wt% in

relation to the reference curve £ 0, when clusters are ignored).

In fact, for a cluster amount af= 40% this shift in the filler loading level is limited
to 0.29 wt%. Taking into account these very low gines, especially when contrasted with the
discrete steps taken in filler content during matereparation (which are usually of 1 wt%),
in the next sections the Interphase Volume Modé#llvei applied disregarding the presence of
particle clusters, which greatly simplifies the lgses of data with little impairment of

precision.
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4.3SURFACE ROUGHNESS

As observed in Figures 7 and 8 (Page 29), medacguroughness values range from
R,=1.6um to R,=2.7um, except for the material filed with standard grad
ATH andS1-3wt% which reache&, = 3.5um. All the samples were produced on the same
plates, and the range of variation is consideredllstherefore surface roughness is uniform.
Regarding materiab1-3wt% + ATH its performance throughout the tests is in acoocd
with the general trend observed in the other coimtipas, so its discrepancy is considered

irrelevant.

4.4FILLER DISPERSION ANALYSIS

Field emission scanning electron microscopies sttt even though aggregates of
particles are seen, larger agglomerates are natdfo8ince aggregates (being chemically
bonded) are not segregated by the application earsliorces, and therefore cannot be

improved by better dispersion techniques, dispargiality is considered satisfactory.

4.5HIGH VOLTAGE ARCING

In the high voltage arcing test, compositions withstandard grade ATH (Figure 13,
Page 34) display a peak in performance at 1 wt¥aabfiller (except for A2), which slowly
decreases up to 5 wt%. Compositions containing AdrHthe other hand (Figure 14) perform
rather stably between 0 and 3 wt%, showing a sedeseent at 5 wt%. Examination of the
zoomed area between 0 and 1 wt% (Figure 15) shopesak of performance for filler S1 at
0.75 wt% and S2 at 0.50 wt%. Variations of filldis, A2 and A3 in this interval are rather

minor, especially taking into account the confidemtervals.

It is assumed that the highest interphase volumenhterial in Figure 13 is reached at
around 1 wt%, leading to the highest time to entesf. Simulations of interphase content of
the base material without standard grade ATH adegrdo the model proposed by
RAETZKE are illustrated in Figures 63 and 64, ftlefs S1 and S2, respectively.
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Figure 63.Interphase content depending on filling level afdh the base material without
standard grade ATH for different assumed interphiais&nessesi).
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Figure 64.Interphase content depending on filling level 8fdh the base material without

standard grade ATH for different assumed interphiais&nessesi).
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An assumed interphase thickness between 15 nn2@mah for filler S1 (Figure 63)
would lead to highest interphase content at 1 weer S2, on the other hand, fulfills the
same condition for an interphase thickness of 30(Rigure 64). Hydrophobic silica S2 is
surface treated to provide better interaction betwiler and matrix, which can validate the

assumption of a larger interphase thickness flar{#$2 than for S1.

Simulations of interphase volume for the aforenoer@d fillers on the base material
containing standard grade ATH are shown in Fig®&sand 66. It can be seen that an
assumed interphase slightly larger than 15 nm fiter fS1 would lead to the highest
interphase content at 0.75 wt%, while the previpasisumed interphase thickness of 30 nm
for filler S2 leads to highest interphase content Osb wt%. These assumptions fit
satisfactorily the assumptions made in the prevmaragraph as well as the measurements of

time to end of the high voltage arcing test on FeguL4 and 15.
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Figure 65. Interphase content depending on filling level dfd the base material containing
standard grade ATH for different assumed interphiais&nessesi).
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Figure 66. Interphase content depending on filling level afd the base material containing

standard grade ATH for different assumed interphiais&nessesi).

Regarding fillers T1, A2 and A3, which do not depa distinct peak in performance
between 0 and 3 wt%, the following must be congidethe interphase volume simulation for
filler T1 corresponds, in fact, to the previouskgmlayed Figure 57 (Page 61). In that case,
any interphase thickness smaller than 25 nm woeddl Ito a straight line between 0 and
3 wt%, with no local maximum in this interval. Tlo¢her fillers, which have a diameter at
least one order of magnitude greater, would presstierphase volumes monotonically

increasing at even slower rates (straight lineh wihaller slope angles).

4.6 TRACKING AND EROSION

Primarily it is imperative to mention that the widonfidence intervals and the
overlapping of different sets of data related @ titacking and erosion test makes the analysis
of these results challenging, for it cannot alwWaggroven that different sets of data belong in
fact to different statistical populations. With tha mind, tracking and erosion data is

analyzed as a whole, comparing the different pararmemeasured to each other, and

generally trying to identify variation trends.
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Eroded mass of compositions without ATH (Figure BRége 37) generally decreased
with increasing nanoparticles loading level up wt%. The greater reduction is observed at
1 wt%, and further variation is rather small. Tisidargely true for material containing fillers
S1, S2 and A3. For the other fillers, high erodeakssnvalues were occasionally obtained,
though the associated confidence intervals areeghegly high. So high in fact that most of
this data is not displayed in the graphics to awwershadowing relevant data.

At 1 wt% two out of the six compositions displayeidher than average mass losses
(T1-1wt% and A2-1wt%), although at 3 wt% the eroded masses are as $othase of the
other fillers at the same amount. At 3 wt% the oatypical measurement is that of Al
(167.3+191.7 mg), which also happens to performrlgoat 5 wit% (89.1+155.4 mg). The
only material with a good performance at 5 wt% we (3.3+1.5 mg). It is worthwhile
mentioning that despite the occasionally high edodeasses, none of these compositions
failed the tracking and erosion test. Compositicnstaining ATH (Figure 17) display a

noticeably reduced eroded mass at 1 wt% and 3 wift,an increase at 5 wt%.

Erosion depth measurements of compositions withadtcontaining ATH (Figure 20
and Figure 21, respectively) correlate thoroughblyhie measurements of eroded mass, so that
the analysis in the previous paragraphs remain®. treegarding tracking length
measurements, compositions without ATH (FigureHaB)e all very similar results, in spite of
filler type or loading level, with the exception filfer S1 that presented smaller than average
tracking lengths. Compositions containing ATH (Figul9) display steadily increasing
tracking length with loading level; slowly up ton@%, but much greater at 5 wt%.

With regard to the possible correlation of datatamed in this section with that of the
previous one, and its compatibility with the Intease Volume Model: a) the resistance to
erosion of compositions without standard grade A3 Highest at 1 wt%, in accordance with
the considerations made in Section 4.5; and bpaith compositions containing standard
grade ATH were not thoroughly studied in the logdiange of O to 1 wt%, measurements at
1 wt% and 3 wt% still only improve marginally (coanpd to'0’), with a sharp decline of the
property in question at 5 wt%, which is in agreemeith the results and assumptions of the

previous section.
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4.7CONTACT ANGLE MEASUREMENT

Static contact angles of compositions without A{Fgure 22, Page 41) increase
steadily with nanoparticle filler level, except foydrophilic silica S2. Filler A3 also presents
an atypical reduction of the static contact andlel at%, but it is regularized at further
loading levels. Compositions containing ATH (Fig@&), on the other hand, display a steady
decrease of the static contact angle with incrgakiading level. Filler Al displays a lower
than average static contact angle at 1 wt%. Advancontact angles for compositions with
and without ATH (Figures 24 and 25, respectivelgjrelate well to static contact angle

measurements.

Receding contact angles for compositions witholiHAFigure 26) slowly decrease
with increasing loading level up to 3 wt%, with imerease at 5 wt% that takes it back to the
range of the unfilled material. The receding contagyles of compositions containing ATH
(Figure 27) steadily increase with loading levelatbtrial filled with filler S2 displays
particularly low receding contact angle values. Seheesults will be revisited in the next

section.

No mention to the Interphase Volume Model was madhis section, nor will it be in
the next ones. That is on account of the fact thase tests are a measure of surface

properties, while the studied model accounts fdk aterial properties.
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4.8DYNAMIC DROP TEST

Time to end of Dynamic Drop Test (DDT) for comgmsis without ATH (Figure 28,
Page 44) decreases significantly for compositimmaining 1 wt% and 3 wt% of nanofillers,
but normalize at 5 wt%. In compositions containkigH (Figure 29), filler S2 once again
provoked a reduction in time to end of test, altjiodiller S1 improved performance at both

loading levels.

Dynamic drop test data was used for correlatioalyses with contact angle
measurements. The correlation coefficient betweach eset of contact angles and the
equivalent DDT result is presented in Table 4. Btwndardized coefficient varies between -1
and +1 (if the variables are inversely or diregilpportional, respectively), being close to

zero if variables are unrelated.

Table 4.Correlation factors among contact angle measuresvaerd time to end of DDT.

Formulatlo%orrelaﬂon Factor | Static CA | Advancing CA | Receding CA
S1, without standard grade ATH 0.778 0.969 0.999
S1, containing standard grade ATH| -0.768 -0.662 0.933
Al, without standard grade ATH 0.131 0.332 0.989
S2, without standard grade ATH 0.828 0.880 0.921
S2, containing standard grade ATH| 0.963 0.951 0.926

The work of HOFMANN [62] was previously mentiondor the discovery of the
correlation between the receding contact angle taedelectrical performance of wetted
surfaces. Furthermore, data on Table 4 shows heatdceding contact angle holds a very
high correlation (at least 92.1%) with the evalomatof retention of hydrophobicity by the
Dynamic Drop Test, with the advantage of being mieds time-consuming (less than 5
minutes, against up to 24 h of the DDT) and yieddnesults with intrinsically narrower

confidence intervals (e.g. comparison of Figurea2d 29, with the same sampling size).

Comparing time to end of DDT and contact angleadaith high voltage arcing
(IEC 61621) and tracking and erosion (IEC 60588ults, it is noticeable that the lower
loading levels of 1 wt% and 3 wt% have better higltage arcing and tracking and erosion
resistance, though usually presenting poor hydrbigitg, while the higher loading level of
5 wt%, which presented the worst performance on 6621 and IEC 60587 in fact displays
the best time to end of DDT.
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Furthermore, material filled with S2 and ATH, witceding contact angles below
average (Figure 27) and performance below the eeber material in the dynamic drop test
(Figure 29), presents the best time to end of thlk Woltage arcing test. This compromise in
the formulation of silicone rubbers between hydaphity maintenance and erosion

performance has been well documented [4-5,17-18716-

It is believed that the addition of fillers affedtydrophobicity negatively on silicone
elastomers because they slow the process of nograti low molecular weight silicone
chains (LMW) from bulk to surface. It is worth memting that the work of JAHN [13] also
detected decline in loss of hydrophobicity withresing filler content (ATH) in the tracking
wheel and dynamic drop tests, which was attribtieethe presence of grains of the filler on

the surface of the material, which are hydrophilic.

Nevertheless in the same work JAHN [13] found ioyements in hydrophobicity
recovery (through measurement of the dynamic comagles after exposure to corona) and
hydrophobicity transfer (measuring the dynamic aohtingles on a pollution layer made of
silica). The author theorizes that these benefésdaie to the ionic behavior of ATH, which
produces a change in the chemical equilibrium efgblymer, promoting a breakage of the

silicone chains and releasing additional LMW conmmtsi

4. 9MECHANICAL TESTS

Comparison of the mechanical properties of contjpos without ATH (Figures 30
and 32) with the compositions containing ATH (Figsil31 and 33) clearly show the lesser
performance of the latter, as discussed in Chaptéthe detrimental effects of ATH to
mechanical properties). The addition of the natesBl however, do not deteriorate either
tensile strength or tear resistance at 1 wt% amd%@ although at 5 wt% consistently

weakened properties are seen.
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4.10 ACID AND UV EXPOSURE

Comparison of samples without standard grade Am#l @ntaining it clearly shows
that such filler improves the resistance to acid &V stress. ATH filled samples only
presented acid residues on the surface, while ceitnpaos without it suffered from
discoloration, hardening and cracking, which inragienal conditions might lead to humidity

infiltration and exposure of the rod.

Regarding the addition of the nanofillers, the déovilling levels of 1 wt% and 3 wt%
perform better than 5 wt%. Moreover, titanium daifilled samples display the best
resistance to acid and UV stress, while samplesifivith S1 and A3 presented the weakest

performances.

411 THERMOGRAVIMETRIC ANALYSIS

A distinct trend can be observed comparing thentbgravimetric analyses of
compositions without ATH and compositions with ATkh the latter, the addition of
nanofillers usually leads to a delayed degradadiaset; and the higher the loading level, the
better the performance (e.g. Figure 49, Page 5Bhwihg the applied fillers intrinsically
have better resistance to thermal degradation thiéinone rubber and taking into
consideration the very high standard grade ATH eant52 wt%) in addition to the 1 wt% to
5 wt% of nanofillers, the results of compositiorentaining ATH are anticipated, and in
accordance with [12,32,78].

However, in the compositions without ATH, additiohnanofillers actually lowers the
temperature onset, proportionately with the loadewg! (e.g. Figure 50). No explanation can
be provided for the negative impact of nanofillersthe compositions without standard grade
ATH, especially since the addition of nanofillenrssuch compaositions was shown to provide
better performance in the high voltage arcing aadking and erosion tests, presumably due

to an improvement in thermal resistance.

78



Nevertheless, a lower temperature onset due toatthtion of fillers has been
observed with nanoscale titanium dioxide in epcesin [79] as well as with silica in PDMS
elastomers [80], and it is agreed not to be ancatdin of a poor material composition.
Moreover, the degradation process under air ambgah atmosphere is known to differ
[19,81-82], and therefore if any conclusion is ®drawn about the thermal stability of the
currently researched material, results of highagst arcing and tracking and erosion carry

more weight when confronted with conflicting result

79



5 CONCLUSIONS

With the aim of determining the effect of diffetdfiller types, sizes, amounts and
dispersion quality on silicone elastomers, in thark six fillers in the submicron scale were
added to a pure high temperature vulcanized (HT\pse rubber matrix as well as standard
grade alumina trihydrate (ATH) filled HTV. Thesebsuicron scale fillers were added in
loading levels up to 5 wt% and their influence wasestigated on electric, chemical, thermal

an mechanical properties.

Results of the tests according to IEC 61621 (higliage arcing) and IEC 60587
(tracking and erosion) were successfully explaibgdhe Interphase Volume Model, which
suggests that changes in material properties éatedeto the interphase content. The model
was expanded to account for the occurrence ofghartlusters, being able to accurately
estimate interphase content for particle clusteowarts lower than 60%; additionally, in this
range, it was found that the influence of clustnsthe peak of interphase content can be

neglected.

Lower loading levels were found to improve hightage arcing and tracking and
erosion with the lowest compromise of tensile sitentear resistance and acid and UV
resistance. In fact, at 1 wt% tensile strength t&al resistance were actually improved (5%
and 6.5%, respectively). At 3 wt% tensile strengts reduced by 5.2% and tear strength 6%.
The highest loading level of 5 wt% on the otherchbed to better hydrophobicity (evaluated

via Dynamic Drop Test and contact angle measureshent

Regarding the influence of standard grade ATH, positions containing it displayed
144% higher time to end of the high voltage ardasi, with better tracking and erosion, acid
and UV resistance. Nonetheless, mechanical pregentere reduced (tensile strength: 59.2%;

tear strength: 22.6%), and hydrophobicity was atsnpromised.

Although improvements could be seen when addingpfilers to pure HTV, their
exclusive application (as a substitute for ATHh& realistic, since minimum requirements
for outdoor insulating materials were not (or weaeely) fulfilled. The minimum time to end
of test of 180 s in IEC 61621, for example, wasyaehched for five out of six compositions
at 1 wt% (Figure 13), and unachieved for all maleat 3 wt% and 5 wt%. Therefore, the
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application of standard grade ATH still seems caiti and the combination of nanofillers and

ATH is rather recommended.

Concerning the comparison of the submicron fillalsong themselves, results are
graphically summarized in Figure 67 for the composs without ATH and in Figure 68 for
compositions containing it. Each material is grademn 1 to 5, with the higher values
representing the best performances. In regardetinfluence of surface treatment, octylsilane
treated silica S2 performs better than S1, espgaidden associated to ATH, but that cannot
be exclusively attributed to the chemical compositisince particle size is also different in

the two fillers.

Compositions filled with titanium dioxide (T1) ekt the best overall performance;
compositions containing silica (S1 and S2) disphasry good electrical properties,
particularly the hydrophobic silica S2; materidlefi with aluminium oxide Al show very
good mechanical properties; material filled withebmite A3 possess particularly good
hydrophobicity, and finally, material filled with ZAhas an average performance in all tests,

not standing out in any particular one.

High Voltage Arcing

Tracking & Erosion
e S1

=52
wfe=—T1
Al

= of(= A2

=0 A3

Tensile Strength®& ydrophobicity

Acid & UV Exposure

Figure 67.Radar chart summarizing properties of compositigitisout standard grade ATH.
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High Voltage Arcing

Tear Resistance Tracking & Erosion

=——1S51
== S2
=fe—T1
A

= of(= A2

=0 A3

Tensile Strength Hydrophobicity

Figure 68.Radar chart summarizing properties of compositamgaining standard grade
ATH.
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