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ABSTRAK: Pelebat polinet senakil onetina oteh u'ihi etertt;k di selurun dL)n;a.
Perkenbangan yang hebat dalan penggunaan penebal berpolinet adalah disebabkan oleh
kebaikannya yang banyak jika dibandingkan dengan penebal.penebat porselain dan kaca.
Kedas keia ini nenjelaskan kelakuan jejakan pemukan elektik dan hakisan daipada
bahan fornulasi baru ternaplastik elastaner (TPE).dengan aras kandungan alunina
trihydrate (ATH) yang berlainan. GeEh asli yang dicampu*,an dengan polelhylena
betkelunpalan rcndah linat paoa nisbah betat yaig betla;nan lelah dig,Jnakan spbagai
palmer asas dadpada bahan TPE. Satu ujian jejakan elektrik dan hakisan mengikut lEC
587 atau ASTM D23A3 @bh dilakukan untuk nengkajiciri-ciri arus bacat ke alas pemukaan
bahan dibawah keadaan pencenaran basah danlegasan elektdk.Analisa nanobgitelah
dilaksanakan untuk nenghubungkan sifal-sifat jejakan peniukaan dengan nadalagi
pernukaansebelun dan selepas ujian jejakan. Cii-citi tetlenlu discas elektrikmenyumbang
kepada fenoneha jejakan. Keputusan eksperinen menunjukkan canpurcn yang
nengandungi bedainan ans AfH nenpengaruhi dengan keEE sfat-sifal jejakan penukaah
dan hakisan. Kandungan deipada 50 pph ATH telah didapati nempebaiki rintangan jejakan
pemul,aan dan hakisan sebatian.

ABSTFIACT: Polymeric insulalors are increasingli being accepied by eleclric utilities
worldwicje. The ircmendo!s growlh in lhe applicalion ot polymeric jnaulaiors is due 1o their
substantial advanlages compared to porcelajn and glass lnsulalors. This paper desc bes
lhe eleclrical surface tracking and erosion behaviour oi newly Jormulaled lhemoplastic
elasiomer (TPE) nraterials with dii{erenl Jevels oi alumjira tihydraie (ATH) content. Natural
rubbers blended wilh linear ow-densiiy poJyelhylene (LLDP E) a1 diiierenl weight tatios were
used as base polymerofthe TPE malerials.An eleclfical lidcking and erosion iestacaordlng
io IEC 587 or ASTL D2303 was conducled io sludy ihe characlerislics of leakage currenl
on lhe nraler ial  sur lace under wel-conlaminaied and electr ical  s lress condi l ions,
Morphological analysis was carr;ed out to relale the sudace lracking properties with the
surlace morphology before and afler theaaDking 1esi. Cenain characterislics ollhe electribal
discharge contribuled to the lracking phenomenon. Exp€ mental resulls showed lhe blends
fiiled with diiierenl levels ol ATH signiijcanily influenced ihe surface lrachng and erosion
propedies. ATH conienl ol 50 pph was iound io improve the sudace lracking and erosion
fes'srance o{ the corrpoJrds.

KEYWORDS: Tlacking, leakagecurrent, polymer, insulalor,surface moFhology-
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INTRODUCTION

Composite polymeric insulalors (Pls) are increasingly belng accepled by eleclric LJiiljtles

\ryorldwide. During the pasl five decades, Pls are widely used in place ol tradiiional porcelain

and glass tor hlgh voltage ins!laiing applications in eleclrical power syslems (Kikuchi el al,

1999). The l_e'ne.ldors grot,!,ln in the appl'cations oi Pls is due 1o lheir advantages such as

lightweight, higher mechanical strengih lo weight ratio' low sudace energy, resisiance lo

vandalism and better periormance in ihe presence ofwel contaminated conditions (["lackevich,

1997). Polyme c ouidoor jnsulators such as silicone rubber (SR), eihylene propylene r!bber

(EPR) and eihylene vinyl aceiate (EVA) filled with si ca and alumioa trihydrale (ATH) Illers

are currenlly used in high voltage engineering (Hackarn, 1999). The use of such fillers has

been proven to improvethe sudace tracking and erosion properties ot most Pls in high vollage

appljcations (sundhar et a/, 1992; l,4ackevich and simmons, 1997)

Despite lhe factthaithe existing polymeric nlalerials have been proven to beviable, research

and developrnentlor newiormulation oi thermoplastic elallomer (TPE) malerialis stillbeing

conducied in order'lo make ihem noie eompetitive No single base po'ymer alohe has allthe

necessary properljes ior high voltage insulating nraterial. During service, insulalion maierials

are subjected lo environmental and electfical siresses, which lead 10 their degladaiion -

Appropriale formulations ot selected polymer materials otler allenaiives for high vollage

aDDl:carions ir the'LIUIe

Environmental and eleclrical aging slresses on Pls in service cause their pedormance to

deieriorate, lt is well known thai eleclrical lracking.has been lhe mosicommon cause ol insulation

iallure. Tracking is developed ircm the electrical slrlace dischalge activiiy due lo the ll6w o{

leakage cufient iLC) on the energised insulalol siiriace under wet-contaminaled condiijons-

Arcs crealed lrom this sudace discharge phenomenon burn the insulator malerial and cleale

ihe carbonised traak. ln oder to minlmise lhe degradatron process by the surtace_lracking
phenomenon, suilablefillers are added 10 the base polylner material ln high voltage polymeric

maierials, iheATH lillerc;mpad high electical tracking hnd firc retardance as wellas reintorced

the physical strength (Hackam, 1998). Previous works have shown thal compounds {llled wlth

optimum amouni of liilers couid enhance the resislance loJracking (Kim elal, 1992: Xuguang'
2000), improve mechanical perionnance (Beszlercey etal, 1999) arld reduce flammability as
well (Yeh elal., 1995). ATH plays an imponanl fole in improving sudace tlacking dnd erosion

resistance, lt reduces the polymer content, which then decreases thermal decomposition ploducts

caused by endolhellnic dehydalon (Kumagaiand Yoshimura, 2001).

This paper reponsthe inJluence olATHfillers on theiracking pedormanceol newlyiormulaled

TPE materials. The effecls of acceleraled aging irom envilonmenlal and electrical slresses
are sludied by measu ng the LC on the materialsuriace. Asurface iracking and elosiontest

based on lEC 587 or ASTM D2303 lest procedures is conducled to evaluaie resistance lo
lrackinq and erosion of elecllical insulating rnatelials used under severe ambient condiiions.
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EXPERIMENTAL SET'UP AND TEST PBOCEDUEES

Materia ls Prepa ratio n

Three diflereni weight ratios ol base polymer wiih djifereni loadings of ATH were used
lhroughoutthis stldy. The LLDPE injeciion mouJding grade with specjfic mellllow index oi 50
g/10 min, manufaciured by lrian (M) Sdn Bhd and natural rubber (NR) of SMR-CV grade,
obtained irom Fubber Research Insiitule ol A4alaysia (RRIM) were used as base polymet
Powder grade ATH iiller produced by BDH Lld was used. This filler was mixed wilh the base
poiymer io improve electrical suface tracking and erosion resisiance. Table I shows ihe
iormulation ol lhe compounds lor lhe tracking iest.

The NR and LLDFE wiih ATH were blended in a Brabander Plasii-Coder at 160"C ior 13
minules al a rolor speed ol40 lpm. Samples oJ lhe blends were then compression-rnoulded
into slab shapes ol dimension 120 x 50 x 6 mm in an elect cally heated hydraulic press at
160'C. The rolalnroJ dirg l i ie was'5' ' ] inures al a p essJ'e ol 100-120 !g cm-.

Table l. l\4aterial composition ol polymeric insulaiors

Base Polymer Fatio (%) ' ATH
(pph or base polyhe.)

NR LLOPE

F4PElA5O
F4PEiAIOO
B4PEIA150

80 20

0

50
100
150

F3PE2AO
F3PE?A50
B3PEzAJOO
B3PE2AI5O

60 4A

0
50
100
't50

F2PE3AO
B2PE3A50
R2PE3A1OO
n2PE34i50

60

. .0
. . .  50

100
150

Hardweat Sel-up and Plocedures

The syslem lo' eva lL ating the sL/acelraclirg ano eros'on 'esisiance oi solid polyrrer insL aring
malerialisshown in Figure 1. The test is basedon IEC 587orASTM 02303 standard methods
and popularly known as Inclined-Plane Tracking (JPT)test.
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'"" tEnsc.iver

FIgurc 1. Expe/nenla/ sel'tp lor gurface |tacking lesl

A 1.0 kVA. O-20 kv high voltage iransJormer was used to supply a h'gh voltage siress acrcss

the sample. The samplewas wet'conlaminaied by acontinuousflow oilhe.conlaminant solution

atthe top ot the sample ihrough a PVC tube A 0 1olo by mass ol ammonium chloride soluUon

wiihanon-ionicweltingageniwasusedasaconiamina electrolyte The llow oi the eleciro !'le

was controlled al ihe requked value by using a peristaliic pump The sample was mo0nied

with the ilal lesi surlace on the underside, ai an angle of 45q irom lhe hodzontal wilh the

stainless steelelectfodes 50 mm aparl Eight layers oi filterpaperwere ciamped belweenthe
proper flow of ih'e contaminanl

High voltaga
DNlomer

^ 
-f f,--rl

!::.i. 1 v E*"'it_l

hgF \o'age eleclrode ard f ie sampe in o'de' lo g

eleclrclyte. The deiails of the tesl ale descdbed in tlle standard procedures (lEC 587' 1984

ASTM D2303, 1990). Basicallyihe lest is su conducted when the eifeclive scintilialion

is obserued, which means lhe exislence

ihe ground electrode.

The lest was conducled ior 5 hours under conlaminaled and wet conditions. A 2.5 kV lest

voltage wjlh elecirolyie flow-rale ol 0.15 nrl/min was used ihroughout the expeinrent The

reslsliviiy oi lhe contaminant solution was mainlained behteen 370 - 400 O-cm Thelestset-

up was placed inside a Faraday cage lo avoid any ollside noise or disturbance thai couid

aflecl the tesi measurernenl. All the high voltage equipment and the cage were propedy

grounded lor safeiy pulpose. Sudace lracking was monitoted by measuring the sudace LC

thal flows on the nralerial su.face An on-line LC moniloring system is developed lo monilo'

ihe progress otlhe 1esl. Fordata analysis, a LabVlEW prcglammewas w.itten 10 communicale

wjth the analog to digilal converier (ADC) to sorl out the LC signal alrd display it on the
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comDuier screen- In otderlo caplure a fullscreen ol lhe LC waveiorm patterns, the sampling

raie oi data acquisiljon was sei to 2440 samples per second.

Morphological  Study

The surlace morphology ol the compound was invesiigated by using a scanning electron

microscope {SEM) of rnodel JEOL JSM-5610. Belore scanning, the samples were sputler'

coaled with plaiinum to minimise charging eilect. A20 mAsputtering current and 70 seconds

coar ingl i rewasusedlooblaina6nr l i l - l f  ic^resso{deposiedprat inun Treeeclrongul

of the SE[4was energised at T0 kV in orderlo avoid possible damage to ihe maierialsurface

if a higher vollage is !sed. The micrograPh of the compound sudace wqs recorded al 200

magn ficaiions lor clearer otrservation.

FESULTS AND DISCUSSION

The sudacetracking and erosion propediesotlhe insulating maierialarevery much relaled lo

the developmeni of LC. The levels and ihe characteristics oithe LC signilicanlly influenae the

carbon tracksdevelopmertfrom the electrical discharge activity Forthis leason ' the obseNalion

on LCwastaken into co nsideratioh when analysing lhe s! rface iraeking and erosion properties'

The LC properiies could Provide useiul information ih at deiermine the periormance ol polymer
'rsLlal i_g mare/als.

Eflect ot ATH on LC development

FioLre 2 shows the box-ploi of LC data tor each composition, which was recorded ever.,

m;uie untjlthe end ollhe experiment. The rms value of LC wilhin the box'plol shows thai the

data lies between the firsl and third quartile oi a setoi data collected. For allbjend lornulations,

a range of 2-6 mA oi LC was observed throug ho ut the experiment The same resulls are also

lound in the case ol sllicone rubbeii polyethylene viny.! acelate androly-oletin (chang and

Mazeika, 2000: Goflrr elal1997)lThe low'levelol measured L! in--icales thal lhe compounds

of NF/LLDPE have a mechanism 10 sLlppressthe LCdevelopment ltls likeTy the blends have

acqJired gooo hydropaobic;ty due 10 ife owet I C {low

Figufe 2 shows lhai at 50 pph ATH loading lor each compound the sudace tracking and

erosion Droperlies improved in relation to the lowesl LC value but staded to decrease in the

tracking rcsistance at higher levels otATH Concentlaljons loweror greaterthan 50 pphATH

will both decrease the suriace lracking and efosion capability Another study on EPDM

compound has also shown lhatwjih the presence ol40-80 pphATH,lhe erosion of thesurlace

sarnple is minimised (Costa elal, 1991). Xuguang etal (2000) has reported thal lhe capabilit,

ol tracking and erosion reslstance othigh lemperature vu lcani2ed silicone rubber js optimised

wiif approxiTalely 50 pph ATH iiller conleli
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a)

o 50 i00 150

ATH @nlenl (PPh)

Cornpound ot 80% NB and 20% LLDPE (B4PE1)

b) Compound of 60% NR and 40% LLDPE (F3PE2)

aTH coalenl {PPh}

c) Compound oi 40% NR and 60% LLDPE (F2PE3)

Figu.e 2. leakage curehl nagn/lude of b/ends a/ diferenl concenlrat/ans o/ATH
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TheATH iiller plays an imporlant role in improving surface tracking by allowing an endolhermic

reactjon lhat rcsulls in the rebade oi waier vapour when heated by a discharge arc. The

leleased waier vapour then cools lhe surface,lhus limiting the therlial degradation and prevents

the formatjon oi a coninuous carbon track (Kumagai etal' 1998i Kumagai & Yoshimure

2oo1). At very high levels ol ATH, lhe tllerc are difficult to blend and produce a unilofin

dispersion. This resulls in a rcugher suriace, which leads {o an increase in ihe surface LC

onl. the liller does not oive sulficienl orolecrion[y 'eanwhi le wi lh smal l  a_1ourl  olAl  H (< 5u pL .
againsl damage du'jng sudace discnalge a4d llack:ng activity

Morphologlcal  AnalYsis

To sludy l'le blends compat bilily ulder olile'erl leve's o'ATJ conlenis as we l as r'le etject ol

lhe surfacetracking phenonenaon suface ciegradalion' thesurface rnicrographs of 60% NR

and 40% LLDPE cofirpounds are selected lor discussion Figure 3(a) and Figule 4(a) exhibit

the slriace mophologi {or the vkgin compounds wiihout and filled with low level oi ATH

respectively, while Figure 6{a) shows the sudace morphology of ihe compound wilh high

conlent of ATH loading. The eiiects ol electricalsurface tlacking on s!rface degradalion are

shown in Figur'e 3(b), Figure 4(b), Figure 5(b) and Figure 6(b).

The irspection of the micrographs of virgin compounds wiih no ATH (Figure 3(a) and lhe

compo!ndwiih iower content ol ATH (Figure 4(a))reveals lhailhe NR and LLDPE componenis

are compalible and wellmixed. The exislence oi tiny holes in.the compound of Figure 4(a) is

due to the air traps iormed during the moulding process The compatibility ol NB/LLDPEban

be improved if suiiable additives such as liquid naiural rubber (Dahlan etat,2000) and

crosslinking ageni of dlcumyl peroxlde Fanralianakul& Udonrkichdecha, 2001) ale used.ll is

also obseNed ihal lor compounds filled with low arld moderate arnount oi ATH as shown in

Figure 4ia) and Figure 5{a), the basic components in the compound are homogeneously

dispersed and only small agglomerales ol lhe tillers occur' This shows that the interaction

betweenlillers and the polymer malrix i5 silong as wellas passessing good adhesbi.r properly

Howevef ior compounds with higher content oi ATH lillers (FigLlre 6(a) the maleflalsudace

was rolgher dlre lo dilficuliy in dispersjng il unilolmly in the compound, where lhe parlicles oJ

ATH filler appeared on the su ace. The ATfl fi ler used in this compound seetled lo be irregulat

in sjze. Sone padicles diameler reached !p to 100 pm and lhese bigger size padicles could

have decreased lhe surlacelracking and erosion resistance and conlributed io a less smooth

surlace. Previous works have shown that lhe size of ATH particles play an importanl role on

sudace tracking properties. lt is {ound thal lhe ATH parlicies sizes of 4.5-13 Pm offered the

besl electdcaltracking properties and resisted fajlure overthe longesi Period otlime (Deng

eral .  1995).
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a) Belore iesl - b)'Ai{er test

Figwe 3. SEM microglaph of comppund B3PE2 t"//lh ATH ol 0 pp.h

a) Beiore lesl b)Alterlest

Figute 5. SEM mlbrcglaph of conpound F3PE2 wilh ATH ol 100 pph
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Ettect ot.qra rtter on ne ttectica/ fiack/1E and Ercsion Praped/es
ot Naiutu/ Rubbel LLDPE Alends uhdet Wet Contaninaled Condlians

Figure 7. Sutace norpho/agy after tackiqg lest lar dtfelenl compaund formulatlons

Du rg r1e e.eclr ical  d 'scna'ge actvr ly,  rhe lempe'alule o'a therma spot was'ou1d Io oe

more than 200"C {Kumagai& Yoshimura,200l)- This high leriperature is sufiicient to melt or

dissolie lhe base polyrner especially on the'NR componenl, which is known to have a lower

melling lemperalure. ll is beljeved that most ofthe ihermal deconrposilion Producis arederived

a) Beiofelesl - b) Aiter t6st

Figure 6, SEM mic/agtuph of campound E3PE2 wlh ATH af 150 pph

When lhe compounds are subjected 1o high voliage stress, the surface slruclure is darnaged
due ro dry-bard arcinq. -he SFIM'r:c ograpt s oi  F:gure 3Lbl,  Tigi 'e 1/o,.  Fqu'e 5lb arc
Figure 6(b) show lhat the malerial surface is:porous and Sorne cracRs appear. The degree oi
surtace damage depends on ihe leveiof LC aswellasthe iharacledslics of eleclrical discharge.
By corpai-rg lhe dille'enr g oJos oi base poryner weigl_l rdio. ;l is obse^, ed lnal Lhe corpo- lo
wilh 40% NR and 60% LLDPE (B2PE3) showdd the lowesl range ol LC flow. Physical inspectibn
on the maierial suriace also showed less damage on sample F2PE3 compared 10 the othel
iormulalions (R4PE1 and F3PE2). The compounds wjlh higher LLDPE to NR conienl.ratio
(40% NF./ 60% LLDPE) exhibit mlnor cracking, whereas compounda wiih less LLDPE lcj NR
conrenl raio (80?. NB 2O?.L-DPEa.d60"/"NR/409"LLDPF)e)peie- lceo-na_o'clackrg
as shown bytheir sudace mophology in Figure 7

b)
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irom the degradalion of NB component rather than LLDPE component. This shows that ihe
use o{ higher conlent LLDPE of lire-retardant grade, incorporated wilh the optimised content
oi ATH filler could improve the surlace lracking and erosion properties oilhe blends.

.

Characteristics of LC Waveform Patterns

When rhe insLlal ing mele' ia l  :s wei.  a res sr ive LC l lows wh'ch :s general ly mary o de.s o-
nagri lude higher than the capaci l ive currenl oJ a ory i rsulator.  The LC €suns in non-Jr ' tor,r l
heating o{ he coilaminaled layer ll_at evenruarly caLses ory-ban_o ro oe iormed at the .arrow
sections where the LC densiiy is highest. Thevoltage across the insulAtorappeara acrcss ihe
high resistivity dry'band and can resull in a bfeakdown oi the air above the dry-band. The
eleclrical dlscharges will cause the high thermal spols 10 be deveioped at ihe arc root ihus
leading to graduaierosion of the lnsulalor suriace. These repeated discharges burn the insulatol
sudace lo creale carbonised regions, ieierred lo as"suiace trackingi'.

Likewise the LC level, the elecl.ical discharge characlerisiics also affect the degradation of
lhe sample. These discharge charactedsiics can be identilied lrom the inspecl on oi the LC
wayeiorm oaflern, Analys:s ol I C rnroLgn obseruaiol o'diferert waveshaoes and lreque'rLy
spectrum characterislic could lndlcate the condition of lhe insulalor surface during_the tesl.
Femando & Gubanski(1999) and Suda (2001) have classifibd the transilion olLCwaveforms
into diflerent stages when describing the discharge characieristics. They also discussed the
poss:ole causes o' lh:s LC benavioJ'ard i ls 'e 'at ion 10 sulace nydrophobic; ty.

During ihel€st,lhe diuerentslages ol ihe LC behaviour are identiiied based on the waveiorm
pallerns, as illlsvaied in Figure 8, Fjgure I and Figufe 10. When a weak dry-band activity or
the parlial Josi o1 hydrophobicily occur, lhe LC wavetorm has a dislodion al the crests oi the
wavelorm. Smallspikes obsewed althe peak olihe waveloam areduelothe coaona elieci as
depicied in Figure 8(a). The frequency specirurn ol the waveiom in Figure 8(b) indicates-
slighl increase in the harmonic conrponenls with a tolal harmonic djstortion (THD1a|8.A4/..
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discharoe activity can raise rhe lemoeralure Io cause degradation,

Figure 10, LC waielom and frcquency specn)m during continuous locatdischarges

The waveform pattern in Figure 9(a) indicates lhe existence ofSeveralrandom shortdischarges.
These discharges are less energelrc and Tove rapid.y lrom one localior rc anorher local'on
whhout causing any degradatior. Tf e non.syFrelrical patlet n shows all harno ric co mpolenls
as €vealed in Figure 9(b) !./ith a reco rded THD al 109.48%. 1^ lhe presence of intermittent,
slrcng as well as conlinlous local arc, lhe recoded LC wavelorm is silown in Figure 10(a)
wiih a IHD of 57.5%. The slable and gontinuous discharge resLilts in lhe waveiorm patlein
that is symmetric and cortains odd harmonic cornponents as depicted in Figurc 10{b). During
this phenomenon, ilwas obsGjrved thai ih e electrical discharge slay rooted in a particular spot
much ronger an-d injtialed degradaion oi ihe nsulati'lg sampJe. Th:s localiseo and pers'slenl

CONCLUSION

The 6leclrical iracking and erosion ploperties of natural rubber-linear 10w densiiy poteihylene
blends tilled with diifereni levels ofATH wereinvesligated by analysing leakagecurrenl under
the incljned-plane lracking lesi rnelhod. Experimental results showed thai surface tracking
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depends on the presence oi ATH liller and blend lomulations. Based on ihe cofilposilions
investlgated, il is iound that 50 pph oi ATH otiers the opljmum sudace tracking and erosion
resjslance. The role ol ATH jn ihe leakage curreni supplession mechanjsm was discussed in
relaiion to the endothermic reaction. Suriace morphology ol the compounds shows ihai the
degree oi suriacedamage is relaled to lheleveloi leakage curre nt as well as the characteristics
ol the electricaldischarges. The electrical discharge aclivily aso contribuled io the varjatjon
ol the electrical tracking and erosion proierlies of the blends and this obseruation can be
ideltiliea kom lfe LC waveior- panerr.
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