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RATCHAPHON RAWONGHAD:CHARACTERISTICS OF AGING
DETERIORATION OF SILICONERUBBER FOR OUTDOOR
POLYMERINSULATORS UNDERACCELERATED AGEING TEST.
THESIS ADVISOR: ASST. PROF. BOONRUANG MARUNGSRI, D.Eng.,

202PP.

AGING DETERIORATION/SILICONE RUBBER/POLYMER INSULATORS

IACCELERATED AGEING TEST

This thesis studied about characteristics of aging deterioration of silicone
rubber. The accelerated aging test usingelectric field consisted ofvertical corona
discharged and parallel corona discharged. The study will be performed in different
environments such as no fog, clean fogand salt fog conditions, adapted from IEC6119
standard.8 types of polymer rubber sheets(A to H) were used in thisexperiment. After
the test, all specimens of vertical corona discharged test had less physical and
chemical changed than those of parallel corona discharged test.Specimen A (that had
no additives and not treatment with silica fume)was the most aging deterioration.
Especially in salt fog test,Specimen Awas found a lot of tracking and erosion on the
entire surface. Hydrophobicity property(IEC/TS 62073 standard) of Specimen Awas
theleast HC levelwhileSpecimen H (that adds most of additivesand had treatment with
silica fume)was at HC1 to HC2 which was better than other specimens. Analysis of
chemical changed using ATR-FTIRtechnique (attenuated total reflectance-Fourier
transforms infrared spectrometer) found that Si-O-Si and Si-CHszhad been changed

mostly at Specimen A while Specimen H had least changed.



This meant that Specimen H was aging slower than the other specimens. The
results showed thatin the salt fog test, parallel coronadischarged testhad been more
affected on specimen’s surface than other tests. Specimens that hadno additives added
had been aging faster thanother specimens,then finally loosed its dielectric
property. Therefore theadditives were very necessary in polymer insulation. In
addition,the energized endof the specimen was foundtracking and erosion more than
the other side. This indicated that polymer insulators that had high additives and had

well treatment with silica fume could be expected and extendedthe life cycle.
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nszua lihasduniedarnrsasaumazanlsuanszuans lvalisuavun gunsal
9 v Aa ¥ o " 83w 0o q ¥ ' v o & Y

Yosnunaaasluszuudimiienazanisasesn mlinsaelingaszinadaiugnirenuiu
[ v

ainnmdrgasiulandaiimsnendeau i lameaemiionu (overhead line) Naeoda

11996 (transmission line) HAEAIBTZVUI MUY (distribution line) a‘"ﬂymzmmgﬂﬁ’aﬂamuwa

£l

a 4 [ A
ﬁ!,llf’]'ill,ﬁﬂ\iﬂ\igﬂﬂ 3.1

~ Y a 4
5ﬂﬂ3.1aﬂﬂjﬂﬂu31‘lwaalu@3

U

UNE http://pti-sa.com.co/en/arp)
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1. L!,ﬂugﬂﬁ}jﬂ (fiber reinforced plastic core : FRP core) eg'maclmmuﬂmwmgﬂﬁ’w
a A . o 1Y 4 < 4 1w
2. WwNNeaNAAg (metal fittings) Jognadosmuiie Inilugarouaony Tvan

I { @ ~
3. 1lngndne (weather sheds) iunuaury liunugndrelianyuzmiieuiln

a

=} Y [ a 49! g 1

anuassan i llfluasunumafaduvesrsaiiuaziuenloais q luanzilses
dy 9y a 4 o ya A 4 J . . A A J
JouveagnalenuIuNeaNes 0191 1HINAATWITIVINA I (partial - discharge)HTOATHITY
IRz eI (local discharges) daraliasafiilfhunugndraiiamsdonaesedruzu ms
a A A . Aa a 1 . A I Y ]
INATBITOYNUTEANN (tracking) LAZMINARNINNTOU (erosion)titeiun151e3il FRP core
MINANNIZUIARONAIN ) HAZINOINNTZoZNTZIA5 (leakage distance) 19 1AAIWE1IATIATW

Y o Y =2 d 9 o A o w 1 1 9
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33.1 g1a¥alau

Aaa o I 1 AQ a Y = Y zi’ =
81953 laugnihwdudrunduilngndle axlilassadniugiumunives
aa ~ a < % 4
Turanae1eda Inune Ina lawia ly@onau (polydimethylsiloxane:PDMS) #9041l5znouya
Y . v I o 4 .
gluTuanaves PDMS 1sznouaisazaanvel Siny O 1uIasananuuiIaratd(main

I 1 o [ {
chain) t1az il CH, 1w T9914(side chain) NUBzABNYDY Si fandasluglinz.3

4 N
T T
CH,—Si—{ 0 —Si— O (—Si — CH,
| | |
CH, CH, CH,
_ R

319 3.3 Taseadraluanaved PDMS

=} v W 1] Yya 1 aa % dy d‘a
NINMIGEEIINUeE Inasav0INqY CH,luannzinaiFseduuFooniig
Y 2 o ya aa I a ¥ A [ @ .
AMuuu 1N 19AIve9Ea Inuill uAnnureatinay wanuRuszued Si-0 Tuluanaved
[ % 1 1 @ Y] a o a 4
PDMS  3A1152310 444k)/molBITAININNIINEINIUN UL YDIDUNI ENOAINDS (organic
@ [ ] o I~ 1A 4
polymers) A081415U C-C (356kJ/mol) 1138 C-0 (339 k¥/mol) i1 laNuadesnIdunTdne
a s A 1T adg aan 5 9 ' o Y v
AWBILUBININAIDIEN IATIUNAIAVDIDZABY Si (1.8) UBINIDZABNYDY O (3.5) 1 1HHUse
o I 4 I
si-0 gnlwarlsgIdidulassadunyInnaudezaouves si ulszguinuazezaonues
I = I o I @ AAA =
o uilszgau Teslianuussvosmatluiuszilszanm 37% uazthuiuszialinianuanos
@ 3 o aa A 1
ar0laseas19voaiuse leaonau (siloxane bond) 39¥11¥e19%a laulinmauianimuae
Y ' < A o < 3w s =
anudeutazanzeima ae1e lsnauiiosnniuse ledenmuiuiusenianuaessnn
Y I - 1
HANTENVYDINITALALIVATLEZ VN UTE TsAonu(1.6x10 "m) TANWEININAINTLELUBY
o 4 4 -10 @ <} . oy SA 1
WUSZMITUBU-AITUOU (1.54x10"'m) azyuvoIWUse lyqonisu(O - Si - 0) (140°) AlAT
] a2 A ° 2 o A
WINNINURI TNAHAU(C — C — C) (109°) (Ono, Y., 2003) WonvnHwasaunlslumsnyu
WUB Si— 0 (<0.5 kJ/mol) I ipemnilonfieuifisununasnunldlumswyuvesiuse C
kg o o I ]
— C (15.4 kJ/mol) W30WUFZ C — O (11.31 kI/mohd v Inwuse ladenauwnyuldie deme
Y
aa I o
Hlnssadeluanavessnda lnuduilunuumnaei(helical structure) Taotsznoudoiuse Si

o Q/ & S 9 dy 1 Iya Aaa
— O09MUIU 6 ‘wu‘ﬁﬂuwmmmﬂamiﬂsqamuuumzmNa“lwmmawaiﬂumamqm"lﬂ

9 2 A waAa %,’ A = [ KX A :)
938 CH, "]NllﬂiuZ‘ﬁJ‘]J@]W’J‘VTEJﬂu"Iﬁl.!LLaglJWE’INWULL'NGNN’J@]W(Clarson, S.J., 1993)
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Y [ ' o ya =) wad o o Y
9110 1338519890819 11iRIv09 PDMS Haaiautiandiagilsenauaie
1.1595en I Tuanaved CH,M
A 1 o <]
2. awamnso lumsganguyesiuse laaonian
< @ <
3.AMWUAWTVOINUT Tardonia
S A o a J @ <3
4. mstiquaniaiuiuse loeotinunaiwvesiuse lvdenau
@ wa A 1 9 Y I U o o A o 9 aa = A
AnBaLANLANNa1II AUV PDMS Hudrudidgyn 1vesda laulgaauiia
A o Y o Y a J o [ Y 9 v
nvnzawlumsiunlsihgndrenuiunedwesdrmsuldluszou Wihws ige gaauiia
9 Y
maiuliasae 1
wa I ad A Ao . . .
1.ﬂmﬁwmmﬂmﬂu"lﬂmaﬂmﬂm (good dielectric properties)
2.UANUNUMUABINADAN1IZOINA (excellent resistance to weathering)
Y
3. ﬂmﬁwmmmzmuwaﬂmﬁu (hydrophobic surface properties)
4iadesninganieanuiounas ludeslaenisilfnsernueondiau (hgh
thermal and oxidative stability)
aa A o Y A ) .
g19FA 1AUNFIUNITNI TATIATIUVIFBNYIN 130 XPDMS (crosslinked
i o I I Aaa {1 4
ppMS) Miunlditlunuiumeuenluszuy lufhus sguiluedd Tauiidunszuiumsison
] a aa o S
Y214 (crosslinked) @15oute’ld 2 BUVMWATTUIUMIHAR AD 819FA TauTan ludn

4

mw@,ﬁqq (high temperature vulcanization silicone rubber : HTV SiR) HazeFa laudant ludg

Do O

a

Y
mqmwguﬁ'm (room temperature vulcanization silicone rubber: RTV SiR) uﬂﬂmﬂﬂué}’! 893
MIIANTTIANLAY (additives)ioindszand anuaz a13aaau(fillers)ad 11/ 1u XPDMS tite
o A A [ A =\ aa YA 9 ~
mmsmuniedSulgenaantianiimeniniaz maniivesw19aa lnuliteoignis 1daui
1 Y
UL NUADANIZUIAGDY TAATITU(Clarson, S. J., 1993)
Y

lumsdfudysnuauiamsauanldaau Sadiarsi@mad laSuussons
Fa IaunolSuljenaantianismonin TagamnsainuAIANUAULSIAN(tensile strength)fil
ANBAGUUDITAA(modulus)AIAMUNUNTUABNTANUIA (tear strength)liATAIAWATUNI
M51dead (abrasion resistance) Y090 NFA 1AU IFUMTAUHIAUFAN(fumed  silica)Aduia 11
MBAIDANINYINUNT Ina(rheologica)¥o3819Fa Iau saul)desmsianegiurlas laasa
(alumina trihydrate, ALO,-3H,0 : ATH) ftdudn lioiuanununiuaesoes oo udoanIn
ma I (electrical tracking) uagtamuaNuasalumsnuusaau luih Tas ATH szuan
(] A o vy a a A 1 o A a 2
andlu ALO, 1oz H,0 iegnhld3ounigumgliinganin 200°C 1110991nMNAYUYY H,0
I Aaan 9 = o Y a aa <3 = o Y 4
Wulfisewvugannuioudsilieimauinausouuensnda Inuduas Fahlderinna

1 1 a3 { A 4 o Aaan {0
TWfhanaslddruarsaniu(coupling agents) 1Huarsidudn lihivorhilfasemmaniinge
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MuANUE I luMITanesEHINaITAANLAY polymer matrix MITARANATLHINETAD
a ) Y aa = v 9 dé’ o Y A 1
iAuaz polymer matrixi 1o 194 Inutiguauiane IWihavunaz i ldmanu-ganguyos

v

v Y
AQUAZAINNAULTIAURNNINTY

d' a Y Y o % a d
3.4 ﬂa"lnmi&aﬂumqﬂumm\imaiﬂummmgnﬂJﬂﬂu’mwaamm
4 a 14 o
wegndlenuiunedawesgminnlsnuluszunIihussge meldaniwermauaz
) ' 3 2 0qdUa = wa 1 v
amwinadeutuuaN 9 Wunanu nnmldiRamsnlasualadluguauiaas o vesgnoie
a 4 ] = A " Y A 9 a d o a A J
auuneawesegananiaes lulaiioningndrenuiunedmeshianasounsd Tasms
~ wa 1 1 3’, I A 1 a a
nasundasgauaniianie o maniueindumsldsunlaanianienin 15y n1sInaRI-
1 Aa Aa o I Y A ~ 1 o a
n3oU MInaTosTeerndean muan) msasunlasnaunl (FUMILANAIVDINDA-
4 H ' ]
103 (de-polymerization)) H30n151Ua8ULLaIN14 physicochemical (151 MTtAsuasueg
A g A I { v A o 1
auantaveaiaw tudu) msndsuntasvartivzh ldgdymnmsdumaimaihuay
a P Y o A a1 U dyd 1
nanavesneawesnlgnauiu malasuulasluszezovoguaniinaig o wailizenn
4 .
N3N (aging)
{3 Ay { : a I3 4
Jymadunnannigalumsideueiguesgniienuiuneamwesnae NMsdounoy
a v y . L A a A £y o Y by v
YOIHIGNHIINUIY (surface deterioration) FalotnavLLaIz i InaNua s lumsioany
Y Y )
msunsnguvesi lUdwnugndlevesgnilenuiuanas uenvninaveIMsdoND 0OV
Aa 9 aa A = 4 Y v 3 ' ! Y
HIgNa28RUIUENFA IAUIUBIIINNATeIATFITINasaA1IzuIndaNd U udIus a1
wvaAa %’ A Aan 1 Iya aa = %,' an| d %,' A
AaATANINIAIAUYD1ITA Inuanad aana IHAIveIe N a lauloni uaziduing
o PN { 3 o o 4
anuih Tdhgumeznan mafiawunnde vhldlinszuass uaz@aansannuauuis (dry band
. Aa 9 a o aan Aa a é’ 9 A a
arc discharge) NAIv0IgNRIoRUIUNOANDS URnsemaunlinernnayuld iesainnsiia
@ = s Y Aa 9 a SR o 1 A Aa
nszuAsMaAzATNTINNUDDLTINRIvegNEIeRLIUNe A T ligmsiTounssvesin
Y 9y .
Qﬂmﬂamuiﬂﬂﬂigﬂaumﬂ (Kim, S., 1994)
1. MFINALENAI (scission) LAZ/HID MIIAATON 18958 HI1INU(interchange) VDIAY
Icﬁﬁﬁ}N(CH3 groups) w30 e lynan (Si-0 groups) Y93 PDMS
2. m3tna'lalas laFa(hydrolysis) voaea 4913 ¥i3e anel41ianues PDMS
3. M5LNABNTHIATU(oxidation) VB8 U149 HTOMIIAAMSIFONUIII VB T
Nanuod PDMS
a aan a o a an a ds@’ YA Aaa 4
TagmsinalnsereenFesuuuAIvee19Ea Inuamsonatu laieliaamima

9| a da! AAa Y Y A a = 9 A
hl"l/‘h/‘hlﬂﬂ"llu‘lflW’Jﬂmﬁl@lﬁﬂn%L!’Jﬂﬁﬂll‘l/m@’é)ﬂ%i]u “INﬂ'HJﬁﬂﬁ‘i’Ji]ﬁ’f@‘Uhlﬂﬁﬂﬂﬂﬁ!ﬂjaElu!lﬁﬂﬁﬁ

4 { A aa aan a o o a ]
ﬂlﬂ@@ﬁﬂﬂﬁgﬂﬂﬂﬂl@\‘i“ﬁW@w]a§1uﬁ HIU09819%8 1A WaﬂlﬂﬂﬂaﬂiﬂW@@ﬂ“ﬁ!ﬂ‘]ﬂu ﬂ?ﬁlﬁjlﬂﬂﬂtjil
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< a 1 (5
ulé’lﬂi’f)ﬂclm(hydroxyl groups ; Si-CH,OH) ﬂquE]i(i’fJﬂulG]fﬁ}(peroxides groups; Si-CH,00H)
ﬂ@:uvlclfa1uﬁla(silanol groups; Si-OH) !Laziﬂi\‘Iﬁ%)N!,L"U‘]Jﬂﬁﬁilc?fam(silica-like (SiOx) structure)
I { aa ) o a [
WuTaseadainmiunedwsnouuoaFanouds R UTENUAT AU NFRUNINN I TDIDLADY
(SiO3LLa$/1ﬁE} Si0,) (Kim, S. H., 1994; Smith, P. S., 1992; Toth, A., 2003 and Bognar, A. 1993)

a dg@l 9 = 1 dy o Y A %’ d' a aa
manevuvedIassai umaalimariimlvgaaniaeninauye W1 Inuanadainau

] =3 4 {a % o I 1

Y94 DelmanWU A UV 9INHAY0IAATITINHIAINT0AANUTY CH,-0 uaznaleiungu
lwa1uea (Delman, A. D., 1969)

A ¥ A a aa f o Y Y I =
ﬂmﬁnu@]ﬂﬂ@u']ﬂuﬂlﬂ\iW'JﬂWQmﬁIﬂuﬁWNWiﬂﬂuﬂﬁUNWqﬂ ﬂ'llﬂuﬂ'l'i@;fﬂllﬁflllﬂﬂ

g

e

o 2 g a A J Y Aa @ I Y @ Ay @
G]f')ﬂ‘i'l')“]ﬂl;ﬂl!ﬂﬁﬁﬂﬂﬂ'ﬁLﬂﬂﬂﬁﬂf'ﬁﬂllﬂﬂllﬂﬂﬂN'J u,azvlu@m’ﬂuﬂ Lﬂumu 58@1‘]Jﬂ'151/\|u§5]'3"11’f]\3

A ¥ A é‘ "o = J Aa ' a 4 Aq 9
AUFVUANIAUIAUIUDIN VYU IAVBIAFHITINAY FIUNFUVBINOALNDST LaZIa1N bF 1UnT

q U

Y
= (2 a

a A A % A %’ A 1 A o %’ v Aaa
AUAT 81953 TauninsudvesgaantiareaiauIsnuNURaNLI9 Qe uFa Iy
A g Y aa Aa A I Y A o A 3 A Aa
milovuadiegamiag na lnfernduldIdlunmsaudrvesamantidveainauvesiaes
#a 1Au019132noUAIB(Owen, M. J., 1988)
[ v @ 1 1 a J I a 4
1. MyvnizeenInulndveanguiiia(methyl groups)tagnguadond lad(de-oxidized
groups)
2. M3naouNves PDMS 17a 1uianas (low molecular weight PDMS : LMW PDMS)

& 3 da 3
mﬂmamwuiu”lﬂwmwuaﬂ

3 A

1 i v v Y

WenasamsHudivesguantianeatiiay wuvuadredaniMinaruuung
A = ¢ Aa Y A A v a 9 [
11090 1NHAYOR T TINAI dTAMIUMTIATOUNYI LMW PDMS llgaraunu uams

?xja Y aa 1<} A A v a 9 9

UANYOITFUARITAMNAWITINNANNEINT0 TumMsadey LMW PDMS lildsmauuula
9 ] ) A ~ A 1a 9 A (] o dy @
Arorunu manaouives LMW PDMS 1 ligimunudoinilunaloandnlumsudives

wa % A 1 1 Y I o w =y Aa
Auananeaigy ua luawnsoven laiga Inuiluliadinavelsuie LMW PDMS ifd

aa 4 a o a 4
VYDY19FA IAUIIID991N LMW PDMS 1HA1nMSUANAIVEINDRINDS (de-polymerization) Tu
190 1AL

dy A a aa Y a s A Y

UBNINUMIITONDDEUDIHIBNTA Iau T ugnarenuIuneawe sl INANToU
a 9 A a dy A A J Aa . 1 Y A a ds! a A 4
(AAINANNTBUNNAVILBNAARITINHI Kim  WUINANUTOUNNAVUYULINAATHIT IO
URINHIGNEIERUIUGNEA TAUD19g9D4 3000°C TusznNUNAMSITONN08VOINIBNTA A
iosnnanwiou i ldimeamsuandatevesdie Tsnan uaz MIFONIIN MILANAIVDIAY
Tag1a wazmsonvnaluaeTgvanTuanaves PDMS ldA10193a8 Inugadoguaniia

Y 4 1 1 2 1

wealnau (Kim, S. H., 1992) aaumsuandaieuosdie lavanludielaTuanaves PDMS

a o

H a a a J a X
nnanusoungurgiigeildine landnTod Inwes(cyclic oligomers) 1AAYU(Cherney, E.

@
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A A A Y Y Y Aa a
A.,1996; Hackam, R., 1999) LiJf]iJﬂTﬁlﬁﬂiJ@Tq‘ﬂNﬂ'J’lﬂJﬁ'fJUﬂ181@]ﬁﬂ'lﬂgllﬂﬂﬁ@u‘ﬂﬂﬂﬂﬂ“mﬁ]u
a 4 I~} 1 1 a ] [
ﬂTiLﬂﬂfﬂ3L%ﬂﬂm3’lﬁmﬂimﬁaﬂﬂl%ulﬂuﬂ')1ﬂ13lﬂﬂﬂ'l'illﬁﬂﬁﬁ'lﬂ"llf]\?ﬁ"lﬁlicﬁﬁﬁﬂ (Kim, ], 1999)

a

Tag Doyle 31891471 MILToUDIgNNANUToUNUHYNFI q TuoIMAvee19Fa Tau 124

Y a g’.: a . AAa A A 9y a
Glﬁlﬂﬂ“b’l!ﬂ’llﬂﬂ%(brlttle surface layer) WNHIUDIINNAUDINITIFDUUINAIYDDNHLAN

(oxidative crosslinking) (Doyle, C. D., 1958)

35 todulumsidenerguesnuaumsdalauiilivhgndaeninuwednied
351 anwlilih
Taoma ldnvazgUuuvaun o 1diu 2 wiia Ao sl
afuauouniform  fieldazaundh liaiuaue (on-uniform  fieldyeruTvfhasiialai
athiauetinteenidu 2 nuuite nuy bimduaueidniteuslightly non-uniform fieldaziyy
hiasiuawege (highly non-uniform  field) v fhazifhumuy lnuduegiudnuazves

ad ) v o
alanInsa (71978 99UaeD19, 2547)

Oo— O— O—U
u j— Outl. u d;
Lo Faaani) Lo
f) U) )

[

1 3.48@n Insadlansazau lihuuuaegfu (@ dadazern, 2547)
) e Iihaiwaue
) gy i lasiiavedniios

a) e Ildh liedwawegs

@ v aa Y 1 { ] @ ! '
aflounssauldnudian InsaanyuzaegNneeglueimansgli 4 wun
v A o a T o 1w v a3 1 o
ussuih ldiaamsnand iy Sasidaszes d, duag dIdmdunawamssauliih
d' o Y a J Iy YN 1 a = 1 [ Y
nhldnawsnandaunsaian laie auruuaazsiaaziinanuaanudaeusaau Tih

Tilganedaarlasamile daulvaiilusana viear lasdszuanindmivuanioszydion
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= 9 Aa X = " ad A
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=

d A 4 49! v A ~ FY 1 ad 2 1 Ao 1
aMnnnseathsn (spark) VuiunnaNnuaisagun IWihszriedanInsa Saamnmvuam
& A 2 ' v A W
vila lagtlsenamaznszuanuvuseau lunungula

= 1

av dhuoy liadwaue Ao anueseaduin Irlihuaazgaiinuanaisnu

4
[ -Y) 19} 1 v %

3 o } o J 3 3 [l ]
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saniavesoan Insantauy Wi lumitaveunnietios

12 4

1 :) < o H [
au i dainavednitsenia ldnunsain it lalsul ae lulaamse
o Y . a ! 4 1 A 1 a S =
1114111 (pre-discharge) 1NANOUILTNAII NA1IAE NoumaInAI s IngNlinszud Tna
] a d [ [ H a J o {
szr1190ran Insaae vazanvazauy T ludnsnasuuilas Tasmawsnainunn
anuas eaau Iihgadmnnunany

v
1 o G

daulunsaiau i higduauegennunioaguinliihgegaszeglu
a Ja a d Aaa 9 A 1 A 1 a
vinalndiidanInsaniimndesnga iy areuvan ilonnuszezrieesn luniy
ag 1 1 <3 1
sianInsa manuaseaduin lihasawedsiasy faninanuaseaauliihgegall
122 1A Yy J v 1 Aa 1A 49!
AneAIngatdINa I nA1Ies liRauaina Ta Tsunauy

a g

a AAa I a A ~ 9| J a A A
vsnanmsan Insadluuinuiianuaioa lihgege druusnudugi
Y
woen MazlianuassaauuliihanaaazTalsunluma aziiulureaineenaszmning
Aa g a A P ] d A (= 4 1 o a da! ] ] d'
ouan Insameaaysan liauysal Sennaanisuediu dsingmsaionanaliuedaaoiiio
A g ' = o Yt A Y o Yo ad 2o YR
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e | dwnids | v Fud 1 Fudi 2 Fui 3 mae
Sansad Sansai Sansai
1 2 3 1 2 3 1 2 3

A 1 1004 | 98.5 | 98.4 | 985 | 985 | 984 | 98.4 | 985 | 985 | 98.6 | 98.5
2 98.3 984 | 984 | 984 | 98.4 | 983 98.5 | 984 | 98.5 98.4

3 98.5 | 98.4 | 984 | 983 | 984 | 98.4 | 983 | 983 | 984 | 984

4 99.3 994 | 993 99.5 994 | 994 | 993 | 994 | 99.3 99.4

5 99.1 | 99.1 | 99.1 | 99.1 | 99.1 | 992 | 992 | 99.3 | 99.3 | 99.1

B 1 104.1 | 107.4 | 107.3 | 107.4 | 107.3 | 107.3 | 107.4 | 107.3 | 107.5 | 107.4 | 107.4
2 106.8 | 106.9 | 106.9 | 107.0 | 107.0 | 106.9 | 106.8 | 106.9 | 106.8 | 106.9

3 107.3 | 107.3 | 107.4 | 107.4 | 107.4 | 107.3 | 107.3 | 107.3 | 107.4 | 107.3

4 107.4 | 107.5 | 107.5 | 107.4 | 107.5 | 107.4 | 107.5 | 107.5 | 107.5 | 107.5

5 107.5 | 107.4 | 107.4 | 107.5 | 107.4 | 107.4 | 107.3 | 107.3 | 107.4 | 107.4

C 1 103.4 | 107.2 | 107.3 | 107.2 | 107.1 | 107.1 | 107.2 | 107.2 | 107.1 | 107.1 | 107.2
2 107.2 | 107.1 | 107.2 | 107.2 | 107.2 | 107.2 | 107.1 | 107.1 | 107.2 | 107.1

3 107.3 | 107.2 | 107.3 | 107.3 | 107.2 | 107.2 | 107.3 | 107.3 | 107.4 | 107.3

4 106.9 | 106.8 | 106.8 | 106.8 | 106.7 | 106.7 | 106.7 | 106.8 | 106.8 | 106.8

5 107.5 | 107.6 | 107.6 | 107.6 | 107.6 | 107.5 | 107.5 | 107.5 | 107.6 | 107.6

D 1 106.0 | 104.1 | 104.2 | 104.1 | 104.0 | 104.2 | 104.3 | 104.0 | 104.1 | 104.1 | 104.1
2 104.4 | 104.2 | 014.3 | 1044 | 1043 | 104.3 | 104.4 | 1042 | 104.4 | 104.4

3 104.1 | 104.0 | 104.0 | 103.9 | 103.9 | 104.0 | 104.1 | 104.0 | 104.0 | 104.0

4 103.8 | 103.9 | 103.9 | 103.7 | 103.7 | 103.7 | 103.8 | 103.8 | 103.9 | 103.8

5 104.1 | 104.2 | 104.2 | 104.1 | 104.1 | 104.1 | 104.0 | 104.1 | 104.0 | 104.1
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e | awnue | v Fud 1 Fudi 2 Fui 3 mag
Sansai Sansai Sansai
1 2 3 1 2 3 1 2 3

E 1 105.6 | 105.0 | 105.0 | 105.1 | 105.1 | 105.0 | 105.1 | 105.1 | 105.1 | 105.2 | 105.1
2 104.8 | 104.7 | 104.8 | 1049 | 104.7 | 104.7 | 104.8 | 104.8 | 104.7 | 104.8

3 105.2 | 105.1 | 105.1 | 105.2 | 105.2 | 105.3 | 105.3 | 105.3 | 105.1 | 105.3

4 1053 | 1053 | 105.1 | 105.2 | 105.1 | 105.2 | 105.3 | 105.2 | 105.2 | 105.2

5 105.4 | 105.5 | 105.2 | 105.2 | 105.3 | 105.3 | 1054 | 1054 | 1053 | 105.4

F 1 105.3 | 104.1 | 104.0 | 104.2 | 104.0 | 104.2 | 104.1 | 103.9 | 103.9 | 104.0 | 104.1
2 1043 | 1044 | 1044 | 104.5 | 104.4 | 1043 | 1043 | 1043 | 104.4 | 104.4

3 103.7 | 103.7 | 103.6 | 103.8 | 103.8 | 103.8 | 103.7 | 103.8 | 103.7 | 103.8

4 104.1 | 1042 | 104.1 | 104.0 | 104.0 | 104.1 | 1042 | 1042 | 104.1 | 104.1

5 104.1 | 104.1 | 104.1 | 1042 | 104.1 | 104.2 | 104.2 | 1042 | 1043 | 104.2

G 1 107.2 | 105.1 | 105.1 | 105.0 | 105.0 | 105.0 | 104.9 | 104.9 | 105.0 | 105.1 | 105.0
2 104.7 | 104.6 | 104.7 | 104.8 | 104.8 | 104.8 | 104.7 | 104.7 | 104.7 | 104.8

3 105.1 | 105.1 | 105.2 | 105.1 | 105.1 | 105.0 | 105.0 | 105.0 | 105.1 | 105.1

4 1053 | 1052 | 1052 | 105.1 | 105.1 | 105.1 | 105.1 | 105.2 | 105.1 | 105.2

5 104.8 | 104.9 | 104.8 | 104.8 | 104.7 | 104.7 | 104.8 | 104.8 | 104.9 | 104.9

H 1 108.5 | 106.0 | 106.1 | 106.1 | 106.0 | 106.0 | 106.0 | 105.9 | 105.9 | 105.9 | 106.0
2 1063 | 1062 | 106.2 | 106.1 | 106.1 | 106.2 | 106.2 | 106.1 | 016.2 | 106.2

3 106.1 | 106.1 | 106.1 | 106.0 | 106.1 | 106.0 | 106.0 | 106.1 | 106.0 | 106.1

4 106.1 | 106.1 | 106.0 | 106.0 | 105.9 | 106.0 | 106.0 | 106.0 | 106.1 | 106.0

5 105.6 | 105.6 | 105.5 | 105.7 | 105.6 | 105.6 | 105.7 | 105.7 | 105.8 | 105.7
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e | awnue | v Fuii 1 Fuii 2 Fuii 3 mag
Sansai Sansai Sansai
1 2 3 1 2 3 1 2 3

A 1 1004 | 929 | 928 | 92.9 | 929 | 929 | 928 | 929 | 929 | 928 | 92.9
2 91.1 91.2 91.2 91.2 91.3 91.3 91.2 91.1 91.2 91.2

3 964 | 964 | 963 | 962 | 962 | 963 | 963 | 963 | 962 | 96.3

B 1 104.1 | 100.5 | 100.4 | 100.5 | 100.5 | 100.5 | 100.5 | 100.4 | 100.5 | 100.4 | 100.5
2 104.8 | 104.8 | 104.8 | 104.7 | 104.8 | 104.7 | 104.7 | 104.6 | 104.6 | 104.8

3 100.6 | 100.6 | 100.6 | 100.5 | 100.5 | 100.6 | 100.4 | 100.4 | 100.5 | 100.6

C 1 1034 | 941 | 942 | 94.1 | 941 | 941 | 942 | 940 | 94.0 | 940 | 94.1
2 96.6 96.7 96.7 96.8 96.9 96.8 96.8 96.8 96.9 96.8

3 96.8 | 96.7 | 96.7 | 96.7 | 96.8 | 96.7 | 96.7 | 96.6 | 96.7 | 96.7

D 1 106.0 | 109.5 | 109.5 | 109.5 | 109.5 | 109.4 | 109.4 | 109.3 | 109.4 | 109.3 | 109.5
2 105.4 | 105.4 | 1053 | 105.5 | 105.5 | 105.4 | 105.5 | 105.5 | 105.5 | 105.5

3 92.2 92.3 92.3 92.4 92.4 92.4 92.4 92.2 92.3 92.4

E 1 105.6 | 107.4 | 107.4 | 107.4 | 107.3 | 107.4 | 107.3 | 107.4 | 107.5 | 107.4 | 107.4
2 98.6 98.6 98.7 98.7 98.7 98.8 98.7 98.7 98.8 98.7

3 109.4 | 109.5 | 109.5 | 109.5 | 109.4 | 109.5 | 109.4 | 109.4 | 109.3 | 109.5

F 1 105.3 | 98.1 98.1 98.2 98.3 98.3 98.2 98.1 98.2 | 98.2 98.2
2 100.0 | 100.1 | 100.1 | 100.3 | 100.4 | 100.4 | 100.4 | 100.4 | 100.3 | 100.3

3 99.9 | 100.0 | 99.9 99.9 99.9 | 100.0 | 99.7 99.8 99.8 99.9

G 1 1072 | 96.5 | 96.5 | 964 | 964 | 96.4 | 964 | 963 | 963 | 96.4 | 96.4
2 106.8 | 106.9 | 106.9 | 107.0 | 106.9 | 106.9 | 106.8 | 106.8 | 106.7 | 106.9

3 98.9 | 99.0 | 98.9 | 99.0 | 99.0 | 99.0 | 99.0 | 99.2 | 99.1 | 99.0

H 1 108.5 | 103.3 | 103.3 | 103.2 | 103.2 | 103.3 | 103.1 | 103.2 | 103.4 | 103.4 | 103.3
2 99.5 99.5 99.4 99.4 99.5 99.4 99.3 99.4 99.4 99.4

3 102.1 | 102.3 | 1023 | 102.2 | 102.1 | 102.2 | 102.3 | 102.2 | 102.3 | 102.2
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e | awnue | v Fuii 1 Fuii 2 Fuii 3 mag
Sansai Sansai Sansai
1 2 3 1 2 3 1 2 3

A 1 100.4 | 882 | 883 | 88.3 | 88.3 | 882 | 882 | 88.1 | 88.1 | 88.0 | 88.2
2 88.1 | 883 | 88.3 | 883 | 882 | 88.3 | 882 | 882 | 88.1 | 883

3 87.7 87.7 87.8 87.8 87.9 87.9 88.0 88.0 87.9 87.9

4 87.9 | 88.0 | 88.0 | 88.0 | 88.1 | 88.1 | 87.9 | 88.0 | 87.9 | 88.0

5 883 | 882 | 88.1 | 88.1 | 88.1 | 88.1 | 882 | 88.2 | 88.3 | 882

B 1 104.1 | 100.4 | 100.5 | 100.5 | 100.5 | 100.4 | 100.5 | 100.4 | 100.4 | 100.3 | 100.5
2 100.4 | 100.4 | 1004 | 100.5 | 100.5 | 100.4 | 100.3 | 100.3 | 100.2 | 100.4

3 100.3 | 100.4 | 100.3 | 100.4 | 100.5 | 100.5 | 100.3 | 100.4 | 100.4 | 100.4

4 100.4 | 100.4 | 100.5 | 100.5 | 100.5 | 100.4 | 100.3 | 100.5 | 100.3 | 100.5

5 100.6 | 100.5 | 100.6 | 100.5 | 100.6 | 100.6 | 100.4 | 100.4 | 100.5 | 100.6

C 1 103.4 | 101.3 | 101.3 | 101.4 | 101.3 | 101.3 | 101.4 | 101.5 | 101.4 | 101.5 | 101.4
2 101.5 | 101.4 | 101.5 | 101.3 | 101.4 | 101.4 | 101.4 | 101.5 | 101.5 | 101.5

3 101.5 | 101.5 | 101.4 | 101.5 | 101.6 | 101.6 | 101.6 | 101.5 | 101.6 | 101.6

4 101.3 | 101.2 | 101.3 | 101.3 | 101.3 | 101.4 | 101.3 | 101.4 | 101.4 | 101.3

5 100.7 | 100.8 | 100.8 | 100.9 | 100.8 | 100.9 | 100.9 | 100.8 | 100.9 | 100.9

D 1 106.0 | 100.5 | 100.6 | 100.6 | 100.7 | 100.8 | 100.8 | 100.7 | 100.7 | 100.6 | 100.7
2 100.5 | 100.4 | 100.4 | 100.6 | 100.6 | 100.5 | 100.5 | 100.6 | 100.4 | 100.5

3 100.8 | 100.9 | 100.9 | 100.8 | 100.8 | 100.7 | 100.7 | 100.9 | 100.8 | 100.9

4 100.7 | 100.6 | 100.7 | 100.6 | 100.5 | 100.6 | 100.6 | 100.5 | 100.5 | 100.6

5 100.6 | 100.5 | 100.5 | 100.6 | 100.7 | 100.6 | 100.5 | 100.6 | 100.5 | 100.6
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e | awnue | v Fud 1 Fudi 2 Fui 3 mag
Sansai Sansai Sansai
1 2 3 1 2 3 1 2 3

E 1 105.6 | 945 | 946 | 945 | 946 | 944 | 944 | 945 | 946 | 946 | 946
2 94.6 | 945 | 946 | 945 | 946 | 945 | 945 | 944 | 945 | 946

3 94.4 94.4 94.5 94.5 94.5 94.4 94.6 94.6 94.6 94.5

4 950 | 950 | 95.1 | 950 | 95.1 | 949 | 944 | 949 | 949 | 950

5 94.1 | 942 | 94.1 | 941 | 942 | 942 | 943 | 944 | 944 | 942

F 1 105.3 | 97.7 97.8 97.8 97.7 97.7 97.6 97.6 97.7 97.8 97.8
2 974 | 975 | 975 | 97.6 | 975 | 975 | 975 | 976 | 97.5 | 975

3 97.8 | 97.7 | 97.7 | 97.7 | 97.8 | 97.7 | 97.7 | 976 | 976 | 977

4 98.0 | 98.1 | 98.0 | 97.9 | 97.9 | 98.0 | 98.0 | 979 | 98.0 | 98.0

5 97.6 | 975 | 975 | 975 | 974 | 974 | 975 | 976 | 974 | 975

G 1 107.2 | 99.0 99.1 99.1 99.0 98.9 98.9 98.8 98.9 98.8 98.9
2 98.8 | 98.8 | 989 | 989 | 988 | 989 | 988 | 98.7 | 98.7 | 9838

3 98.3 98.4 98.3 98.4 98.5 98.4 98.5 98.6 98.5 98.4

4 984 | 984 | 985 | 985 | 984 | 985 | 98.6 | 98.6 | 98.6 | 98.6

5 98.9 99.0 99.0 99.1 99.0 99.0 98.9 99.0 98.9 99.0

H 1 108.5 | 101.2 | 1013 | 101.2 | 101.2 | 101.3 | 101.4 | 101.4 | 101.3 | 101.3 | 101.3
2 101.4 | 1013 | 101.3 | 101.2 | 101.2 | 101.1 | 101.1 | 101.2 | 101.2 | 101.2

3 101.4 | 101.2 | 101.3 | 101.4 | 101.5 | 101.5 | 101.3 | 101.3 | 101.2 | 101.4

4 101.4 | 101.4 | 101.5 | 101.2 | 101.2 | 101.3 | 101.5 | 101.5 | 101.4 | 101.4

5 101.5 | 101.6 | 101.6 | 101.4 | 101.4 | 101.5 | 101.6 | 101.5 | 101.6 | 101.5
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e | ewrus | v Fuii 1 Fudi 2 FUN 3 mae
Sansad Sansai Sansai
1 2 3 1 2 3 1 2 3

A 1 100.4 | 31.0 | 31.1 | 31.1 | 31.2 | 31.1 | 31.2 | 31.2 | 31.3 | 31.2 31.1
2 394 | 393 | 394 | 394 | 394 | 395|395 | 394 | 394 394

3 376 | 37.6 | 37.6 | 37.6 | 37.6 | 37.6 | 37.6 | 37.6 | 37.6 37.6

B 1 104.1 | 59.3 | 59.2 | 59.1 | 59.3 | 59.2 | 59.2 | 59.6 | 59.5 | 59.5 59.4
2 59.3 | 593 | 59.4 | 59.4 | 593 | 59.4 | 59.1 | 59.2 | 59.2 59.4

3 472 | 473 | 472 | 473 | 472 | 472 | 474 | 473 | 47.4 47.2

C 1 103.4 | 64.0 | 64.0 | 64.1 | 643 | 643 | 642 | 64.1 | 64.1 | 64.2 64.1
2 70.8 | 70.8 | 70.9 | 70.8 | 70.7 | 70.8 | 70.7 | 70.8 | 70.7 70.8

3 740 | 73.9 | 3.9 | 741 | 740 | 740 | 741 | 742 | 741 74.0

D 1 106.0 | 79.0 | 79.1 | 79.0 | 79.3 | 79.3 | 79.2 | 794 | 79.3 | 79.3 79.2
2 773 | 722 | 773 | 722 | 773 | 773 | 773 | 773 | 77.3 773

3 722 | 721 | 72.1 | 722 | 723 | 722 | 723 | 723 | 72.3 72.2

E 1 105.6 | 76.8 | 76.8 | 76.8 | 76.8 | 76.8 | 76.8 | 76.8 | 76.8 | 76.8 76.8
2 755 | 755 | 756 | 75.7 | 75.6 | 75.7 | 75.7 | 75.6 | 75.6 75.7

3 72.8 | 729 | 729 | 72.7 | 72.8 | 72.7 | 73.1 | 73.0 | 73.0 72.9

F 1 1053 | 71.6 | 71.6 | 71.5 | 71.5 | 71.4 | 71.4 | 71.3 | 71.3 | 71.4 71.5
2 7231723 | 723 | 723 | 723 | 723 | 723 | 723 | 72.3 723

3 759 | 759 | 759 | 759 | 75.9 | 759 | 75.9 | 759 | 75.9 75.9

G 1 1072 | 73.9 | 73.8 | 738 | 73.9 | 73.9 | 73.9 | 73.8 | 73.7 | 73.7 73.8
2 78.5 | 78.6 | 78.6 | 78.5 | 78.5 | 78.6 | 78.7 | 78.6 | 78.7 78.6

3 762 | 762 | 762 | 762 | 762 | 762 | 762 | 762 | 76.2 76.2

H 1 108.5 | 72.0 | 72.1 | 72.0 | 71.9 | 71.8 | 71.8 | 71.9 | 71.9 | 72.0 71.9
2 869 | 87.0 | 87.0 | 87.0 | 86.8 | 86.9 | 86.7 | 86.7 | 86.6 86.8

3 85.6 | 85.7 | 85.6 | 859 | 85.8 | 85.8 | 85.6 | 85.7 | 85.7 85.8
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e | dwrus | v Fuii 1 Fudi 2 FUN 3 mae
Sansai Sansai Sansai
1 2 3 1 2 3 1 2 3

A 1 100.4 | 91.4 | 91.4 | 913 [ 91.2 | 912 | 91.1 [ 91.3 | 91.2 | 912 91.3
2 91.5 | 91.4 | 91.5 | 91.3 | 91.3 | 91.5 | 91.5 | 91.6 | 91.6 91.4

3 912 | 912 [ 913 | 914 | 914 | 91.5 | 91.2 | 91.3 | 91.1 91.2

4 914 | 913 | 913 | 91.6 | 91.5 | 91.5 | 91.7 | 91.7 | 91.6 91.5

5 914 | 913 | 914 | 91.1 | 91.2 | 912 | 91.3 | 91.1 | 91.3 91.2

B 1 104.1 | 97.6 | 97.7 | 97.8 | 97.7 | 97.6 | 97.6 | 97.6 | 97.7 | 97.8 97.7
2 97.6 | 97.7 | 97.8 | 97.6 | 97.6 | 97.7 | 97.8 | 97.7 | 97.7 97.7

3 97.6 | 97.6 | 97.7 | 97.5 | 97.7 | 97.5 | 97.5 | 97.5 | 97.6 97.5

4 97.9 | 97.7 | 97.8 | 97.8 | 97.9 | 97.7 | 97.8 | 97.7 | 97.8 97.8

5 97.8 1 97.8 | 979 | 979 | 97.8 | 979 | 97.7 | 97.7 | 97.8 97.9

C 1 103.4 | 96.4 | 96.5 | 96.5 | 96.4 | 96.3 | 96.4 | 96.3 | 96.3 | 96.4 96.4
2 96.5 | 96.4 | 96.5 | 96.3 | 96.4 | 96.3 | 96.5 | 96.4 | 96.5 96.5

3 96.5 | 96.4 | 96.5 | 96.4 | 96.5 | 96.5 | 96.4 | 96.3 | 96.3 96.5

4 96.3 | 96.3 | 96.4 | 96.2 | 96.2 | 963 | 96.3 | 96.4 | 96.4 96.3

5 96.3 | 96.2 | 96.2 | 96.2 | 96.3 | 96.2 | 96.1 | 96.2 | 96.1 96.2

D 1 106.0 | 98.8 | 98.8 | 98.8 | 98.9 | 98.8 | 98.8 | 98.8 | 98.7 | 98.7 98.8
2 98.6 | 98.5 | 98.5 | 98.4 | 98.5 | 98.4 | 98.3 | 98.4 | 98.4 98.5

3 98.5 | 98.4 | 98.5 | 98.7 | 98.7 | 98.7 | 98.7 | 98.6 | 98.7 98.7

4 98.7 | 98.7 | 98.8 | 98.9 | 98.9 | 98.7 | 98.9 | 98.8 | 98.8 98.9

5 98.4 | 984 | 98.5 | 985 | 98.6 | 98.6 | 984 | 984 | 98.5 98.5
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e | dwriug | Tni Fudi 1 Fudi 2 Fui 3 mae
Sansad Sansai Sansai
1 2 3 1 2 3 1 2 3

E 1 105.6 | 97.8 | 979 | 979 | 98.0 | 98.0 | 979 | 98.0 | 979 | 979 | 979
2 97.8 | 97.8 | 97.9 | 97.8 | 979 | 979 | 98.0 | 979 | 98.0 | 979

3 98.0 | 98.0 | 98.1 98.1 98.1 98.0 | 98.0 | 98.0 | 979 98.1

4 97.9 | 97.8 | 978 | 979 | 978 | 978 | 978 | 97.7 | 978 | 97.8

5 98.1 | 98.1 | 98.0 | 97.9 | 98.0 | 97.9 | 98.0 | 98.0 | 98.1 98.0

F 1 1053 | 97.6 | 97.7 | 97.7 | 97.8 | 97.8 | 979 | 97.8 | 97.8 | 97.9 97.8
2 98.0 | 98.0 | 97.9 | 98.1 | 98.1 | 98.0 | 98.0 | 979 | 979 | 98.0

3 97.9 | 979 | 97.8 | 980 | 979 | 97.9 | 98.0 | 97.8 | 97.8 97.9

4 97.8 | 97.7 | 97.8 | 97.8 | 97.7 | 978 | 97.6 | 977 | 976 | 977

5 97.8 | 97.7 | 97.7 | 97.7 | 97.8 | 97.7 | 97.8 | 97.8 | 979 97.8

G 1 107.2 | 99.0 | 99.0 | 99.0 | 99.1 99.1 99.1 99.1 99.2 | 99.2 99.1
2 994 | 993 | 993 | 99.2 | 993 | 993 | 99.4 | 99.4 | 994 | 99.4

3 99.1 99.0 | 99.1 99.1 99.2 | 99.2 | 99.2 | 99.2 | 99.1 99.2

4 98.9 | 99.0 | 99.0 | 99.0 | 99.0 | 99.0 | 99.0 | 99.0 | 99.1 99.0

5 99.1 99.0 | 99.1 99.2 | 99.2 | 99.1 99.2 | 99.1 99.2 99.2

H 1 108.5 | 101.2 | 101.2 | 101.3 | 101.4 | 101.4 | 101.3 | 101.5 | 101.5 | 101.3 | 101.4
2 101.8 | 101.8 [ 101.7 | 101.4 | 101.4 | 101.5 | 101.6 | 101.6 | 101.4 | 101.5

3 101.4 | 101.3 | 101.4 | 101.4 | 101.4 | 101.5 | 101.6 | 101.5 | 101.4 | 101.4

4 101.6 | 101.6 | 101.3 | 101.5 | 101.6 | 101.5 | 101.4 | 101.4 | 101.5 | 101.6

5 101.4 | 101.3 | 101.5 | 101.4 | 101.3 | 101.3 | 101.1 | 101.2 | 101.0 101.2
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e | ewrus | v Fuii 1 Fudi 2 Fudi 3 mae
Sansad Sansai Sansai
1 2 3 1 2 3 1 2 3

A 1 1004 | 273 | 272 | 272 | 27.4 | 274 | 273 | 273 | 274 | 274 | 274
2 30.1 | 30.0 | 30.0 | 30.2 | 30.2 | 30.2 | 30.3 | 30.2 | 30.2 30.2

3 27.9 | 278 | 27.8 | 28.0 | 27.9 | 279 | 27.8 | 279 | 278 | 279

B 1 104.1 | 30.4 | 30.5 | 30.4 | 30.3 | 30.4 | 30.4 | 30.5 | 30.5 | 30.4 30.5
2 28.0 | 28.1 | 28.1 | 28.0 | 27.9 | 28.0 | 27.9 | 279 | 279 | 280

3 30.1 | 30.2 | 30.2 | 30.3 | 30.2 | 30.2 | 30.1 | 30.1 | 30.2 30.2

C 1 1034 | 272 | 27.1 | 271 | 273 | 272 | 273 | 272 | 272 | 271 | 273
2 211 | 212 | 212 | 213 [ 213 | 213 | 214 | 213 | 214 | 213

3 254 | 254 | 253 | 252 [ 252|253 | 253 | 253 | 254 | 253

D 1 106.0 | 34.2 | 342 | 34.1 | 34.0 | 34.1 | 34.0 | 34.1 | 34.1 | 34.1 34.1
2 36.5 | 36.4 | 36.4 | 36.6 | 36.5 | 36.6 | 36.5 | 36.6 | 365 | 36.6

3 429 | 43.0 | 429 | 429 | 429 | 43.0 | 429 | 42.8 | 429 42.9

E 1 105.6 | 53.5 | 53.5 | 53.6 | 53.7 | 53.7 | 53.8 | 53.6 | 53.6 | 53.7 | 53.6
2 523 | 522 | 523 | 524 | 524 | 52,5 | 52.3 | 523 | 52.2 52.3

3 45.6 | 455 | 455 | 457 | 45.6 | 457 | 45.7 | 458 | 45.7 | 457

F 1 105.3 | 37.5 | 37.6 | 37.6 | 37.5 | 37.6 | 37.5 | 374 | 374 | 373 37.6
2 413|414 | 414 | 415 | 414 | 415 | 414 | 415 | 415 | 415

3 53.5 | 53.5 | 535 | 535 | 53.4 | 534 | 53.5 | 53.6 | 53.5 | 53.5

G 1 107.2 | 68.6 | 68.7 | 68.7 | 68.6 | 68.6 | 68.7 | 68.8 | 689 | 689 | 68.7
2 576 | 57.6 | 57.7 | 57.8 | 57.8 | 57.9 | 57.9 | 578 | 57.8 | 57.8

3 780 | 779 | 77.9 | 779 | 77.8 | 779 | 77.8 | 778 | 77.7 | 779

H 1 108.5 | 55.5 | 55.6 | 55.6 | 55.9 | 558 | 55.8 | 558 | 55.9 | 56.1 | 55.9
2 68.1 | 682 | 68.2 | 68.5 | 685 | 684 | 68.1 | 68.1 | 68.0 68.2

3 69.1 | 69.1 | 69.0 | 68.7 | 68.8 | 68.8 | 69.1 | 68.9 | 689 | 68.9
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Abstract

This paper presents experimental results on aging deterioration of silicone rubber housing
material for outdoor polymer insulators under corona discharge conditions. Eight types of
high temperature vulcanized (HTV) silicone rubber having different amounts of alumina
trihydrate (ATH) with and without surface treatment were used as test specimen. Two types
of electrode configuration for corona discharge generation, point-point and point-plane
electrodes were used. Point-point electrode was used for generate corona discharge parallel
with specimen surface and point-plane electrode was used for generate corona discharge
perpendicular with specimen surface. Aging test was continuously conducted for 1000 hrs.
under 10.5 kV AC. Clean fog was injected for 8 hrs. and was stopped for 16 hrs. every day
during test. After aging test, severe surface aging was observed on tested specimen under
point-point electrode when comparing with and point-plane electrode. In spite of with and
without surface treatment, degree of surface aging decreases with increasing amount content

of ATH. Chemical analysis results confirmed the experimental results.

Keyword: Aging Deterioration, Silicone Rubber, Housing Material, Polymer Insulator,

Corona Discharge
1. Introduction

Recently, polymer insulators show better performances over conventional type insulator such
as porcelain and glass types. However, due to it made of polymeric material, ageing
deterioration is most concerned about among various performances of polymer insulators. So,
accelerate aging test has been widely performed on silicone rubber (cross linked PDMS) with
difference additive. To improve the property of silicone rubber, alumina trihydrate (Al,O;
*3H,0: ATH) will be filled as the additive into polymer to reduce surface tracking and
erosion. ATH additive can increase hydrophobic property that affects degradation of polymer
msulator [1-3]. For increase the strength on polymer surface, silica fume will be treatment on
the surface so polymer will not been tearing apart so easy [4].

For long time in services, Aging deterioration is most concerned about among various
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performances of polymer insulators. Electrical discharge activities on insulator surface,
corona and dry band arc discharges, can initiated surface deterioration. Accelerate aging
test is widely used to evaluate anti-tracking and anti-aging of silicone rubber surface[5-8].

In this study. in order to comparing the eftect of electrical field on polymer surface, two
conditions of corona discharge, point-point and point-plane electrodes, were used. Accelerate
aging test in this paper is adapted from salt fog ageing test based on IEC 61109

specifications.

2. Experimental

2.1 Specimens

Eight types of silicone rubber sheet having 2 mm in thickness made of high temperature
vulcanized silicone rubber (HTV) with/without alumina trihydrate (ATH) content and
with/without surface treatments, were used in this studied. Details of specimen illustrated in
Table 1 and Fig. 1.

In case of corona discharge perpendicular with specimen surface, specimen dimensions
are 3 cm in width and 7 em in length, as shown in Fig. 2. In case of corona discharge parallel
with specimen surface, specimens having 3 cm in width and 19 cm in length attached with

metal electrodes on the both ends were used. as shown in Fig. 3.

Table 1: Characteristic of specimens

Silicone Rubber Types A B C D E F G H
ATH(%Wt) 0 50 100 150 50 100 150
Surface Treatment x X % X / / / /
" x : Without surface treatment 7/

Fig. 1 Eight type of specimens. Fig. 2 Specimen for perpendicular corona discharge.

Fig. 3 Specimen for parallel corona discharge.
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2.2 Test Arrangement and Test Methods
Fog chamber having 9.6 m® in volume was used. All specimens were installed in the test
chamber, as shown in Fig. 4. Test arrangement is illustrated in Fig. 5. Test was conducted by

test conditions, as shown in Table 2.

‘
!

=
i’mum ik m

High Voltage
Vertical corona discharge m

Fig. 4 Specimens Installation Fig. 5 Test Arrangement

Table 2 Test Conditions

Test Conditions

Test chamber 4m’

Test voltage AC 10.5 kV Continuously Applied
Fog generate Ultrasonic Humidifier

Fog injection rate 0.5 Vhr/m’

Test sequence( in 24 hours) | fog injected for 8 hours and stopped for 16 hours

Timing (1 cycle) 1000 hr.

3. Experimental Results and Discussion

3.1 Visual observation

After ageing test for 1000 hrs., visual observation was conducted to analyse the physical
change on specimen surface. In case of perpendicular corona discharges, no discharge
activity was observed on specimen surface during test cycle. Any significant surface
damaged was not observed on all tested specimen surfaces. In case of parallel corona
discharge, many discharge activities were observed on specimen surface during test cycle.
Significant surface damaged was not observed on all tested specimen surfaces. Severe surface
damaged was observed on specimen surface near the tip of electrode. Surface tracking was
observed along surface between the two electrodes. Tested specimens are shown in Fig. 6 and

Fig. 7. Severer surface damaged was observed on the specimen without surface treatment
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when comparing the specimen without surface treatment. In addition, severer surface

damaged was observed on the specimen with lower amount of ATH content when comparing

the specimen with higher amount of ATH content.

Figure 6: Specimens under vertical corona  Figure 7: Specimens under parallel corona

discharge test. discharge test.

3.2 Hydrophobicity

One of the properties that indicated aging of insulator was hydrophobic property. Surface
hydrophobicity was classified based on STRI classification guide and IEC/TS 62073 [9-10].
Surface hydrophobicity of all new specimens is shown in Fig. 9.

After tested, surface hydrophobicity levels are shown in Fig. 10 and Fig. 11. The
measurement results are shown in Table III. Under perpendicular corona discharge, no change
in hydrophobicity was measured. In case of under parallel corona discharge, significant
reduction in hydrophobicity was measured.

Fig. 9 New specimens

B C D E F G

| |

Fig. 10 Tested specimens under for perpendicular corona discharge
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Fig. 11 Tested specimens under parallel corona discharge

Table 3 Reduction of Hydrophobicity

Hydrophobicity Classification
Type New Point-plane corona Point-point corona
Specimen Energized End Middle Ground End

A HC1 HC1 HC6 H6 HC6
B HC1 HC1 HCS HC4 HC4
C HC1 HC1 HCS HC4 HC3
D HC1 HC1 HC4 HC3 HC3
E HC1 HC1 HC4 HC4 HC3
F HC1 HC1 HC4 HC3 HC4
G HC1 HC1 HC3 HC3 HC2
H HC1 HC1 HC2 HC3 HC3

3.3. Chemical Analysis Results

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) is
chemical analysis technique use to determine the change of chemical bonds in tested
specimen. The absorption used frequency at 400-4000 cm™ (Mid-IR spectra). IR spectra are
expressed in wave numbers versus their intensities [4]. In this study, main chain (Si-O bond)
at wave number 1007 em™ and side chain (Si-CH; bond) at wave number 1259 cm™ were
analysed. The reduction of Si-O bond and Si-CH; bond indicates surface deterioration.
Surface of tested specimen was cleaned by ethyl alcohol to remove surface contaminant
before chemical analyse. ATR-FTIR spectra of new specimen are illustrated in Fig.12. By the
same analysis technique, ATR- FTIR spectra of tested specimen illustrated in Fig. 13 — Fig.
15, respectively. As analysis results illustrated in Table 4, reduction of chemical bond
confirmed visual observation results. Larger reduction of chemical bonds was measure from
tested specimens under perpendicular corona discharge when comparing tested specimens
under parallel corona discharge. In case of perpendicular corona discharge, no significant
reduction of chemical bonds was measured from all specimens even with/without surface
treatment. In case of parallel corona discharge, significant reduction of chemical bonds was

measure. Larger reduction of chemical bonds was measured from tested specimen without
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surface treatment when comparing tested specimen with surface treatment. Largest reduction
of chemical bonds was measured from the tested specimen without ATH content and surface
treatment. Although having the same ATH content, large reduction of chemical bonds was

measured from tested specimen with surface treatment.
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Fig. 12 New Specimens
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Table 4 Surface analysis by ATR-FTIR

Specimen | Chemical New perpendicular Under parallel corona discharge
Type Bond Specimen | corona discharge | Energized end Middle Ground end
A Si-CHjs 100% 76.5% 41.3% 34.6% 34.9%
Si-O 100% 75.8% 30.2% 26.5% 23.9%
B Si-CH; 100% 84.1% 60.4% 50.3% 47.9%
Si-0 100% 93.6% 40.1% 36.3%
C Si-CH; 100% 79.6% 53.7% 49.2%
Si-0 100% 94.1% 41.7% 36.1%
D Si-CH; 100% 83.8% 76.3% 59.3%
Si-0 100% 91.5% 52.5% 40.7%
E Si-CH; 100% 76.6% 56.9% 62.7%
$i-0 100% 76.7% 43.8% 45.4%
F Si-CH; 100% 84.9% 71.5% 65.0%
Si-O 100% 89.5% 57.5% 52.8%
G Si-CH; 100% 83.0% 97.9% 67.8%
$i-0 100% 90.4% 82.9% 53.8%
H Si-CH; 100% 79.5% 96.1% 97.8%
Si-0 100% 89.7% 92.0% 77.9%
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4. Conclusion
Artificial fog ageing test based on IEC 61109 of silicone rubber housing material for outdoor
polymer insulators was conducted. The following conclusions were given.
(1) Different arrangement of electric field stress caused different degree of surface
damaged.
(1)  Severer surface damaged was observed on the specimen without surface treatment
when comparing the specimen without surface treatment.
(ii1) Severer surface damaged was observed on the specimen with lower amount of
ATH content when comparing the specimen with higher amount of ATH content.
(iv) Chemical analysis results confirm that the amount of ATH filler and surface
treatment are effective to improve the anti-erosion performance and can delay the

reduction of hydrophobicity of silicone rubber.
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1 Scope

STRI Guide 92/1
Page 1

HYDROPHOBICITY CLASSIFICATION

GUIDE

The superior electrical performance of composite insulators and coated
insulators stems from the hydrophobicity (water-repellency) of their
surfaces. The hydrophobicity will change with time due to exposure to the
outdoor environment and partial discharges (corona).

Seven classes of the hydrophobicity (HC 1-7) have been defined. HC 1
corresponds to a completely hydrophobic (water-repellent) surface and HC
7 to a completely hydrophilic (easily wetted) swface.

These classes provide a coarse value of the wetting status and are
particulary suitable for a fast and easy check of insulators in the field.

2 Test equipment

The only equipment needed is a common spray bottle which can produce a
fine mist (fig. 1). The spray bottle is filled with tap water. The water shall
not contain any chemicals, as detergents, tensides, solvents.

Complementary equipment which could facilitate the judgement are a
magnification glass, a lamp, and a measuring-tape.

Fig 1 Example of a suitable spray bottle for the test.
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3  Test procedure

The test area should be 50-100 cn?. If this requirement could not be met it
should be noted in the test report.

Squeeze 1-2 times per second from a distance of 25 +10 cm. The spraying
shall continue for 20-30 seconds. The judgement of the hydrophobicity
class shall be performed within 10 seconds after the spraying has been
finished.

4  Criteria

The actual wetting appearance on the insulator has to be identified with one
of the seven hydrophobicity classes (HC), which is a value between 1 and

7. The criteria for the different classes are given in table 1. Typical photos

of surfaces with different wetting properties are shown on page 4.

Also the contact angle (8) between the water drops and the surface must be
taken into account. The contact angle is defined in fig. 2. There exist two
different contact angles. the advancing contact angle (6,) and the receding
contact angle (8;). A drop exhibits these angles on an inclined surface

(fig. 2).
The receding angle is the most important when the wetting properties of an

insulator shall be evaluated. The inclination angle of the swface affects the
6, (appendix A). but will not be corrected for in the test report.

LIQuID
]

SOLID

AIR

Fig 2 Definition of contact angles.
a. horizontal plane
b. inclined plane
6, = advancing angle
6, = receding angle
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Table 1 Criteria for the hydrophobicity classification (HC).

HC Description

1 Only discrete droplets are formed.
0,.~ 80° or larger for the majority of droplets.

2 Only discrete droplets are formed.
50° < 8,.< 80° for the majority of droplets.

3 Only discrete droplets are formed.
20° < 6,.< 50° for the majority of droplets. Usually they are
no longer circular.

4 Both discrete droplets and wetted traces from the water
runnels are observed (i.e. 8, = 0°). Completely wetted
areas < 2 cm’. Together they cover < 90% of the tested area.

5 Some completely wetted areas > 2 cm®, which cover < 90%
of the tested area.

6 Wetted areas cover > 90%, i.e. small unwetted areas (spots/
traces) are still observed.

7 Continuous water film over the whole tested area.




184

HCS
Fig 3
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HC6

Typical examples of surfaces with HC from 1 to 6

(natural size).
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5  Testreport
The test report shall include the following information:

1. General information
» Location, station, line
« Date and time of the judgement
= Weather conditions (temperature, wind, precipitation)
* Performed by

2. Test object
* Type of insulator
= Identity (item no., position)
= Voltage
= Date of installation or application of coating (type of coating)
* Mounting angle (vertical, horizontal, inclined x deg)

3. Hydrophobicity class
+ HC for different positions: along the insulator ! (shed no.),

along the surface within each shed sequence (top. bottom. core,

large shed, small shed, etc.)
» Differences (if any) around the insulator circumference

An example of a test report design is given in appendix B.

6 Comments

The hydrophobicity classification could be difficult to perform in high
winds. If such difficulties, or other, are present this should be noted in the
test report.

The test report form could preferably be drawn in advance and fastened on
a plate for an easier recording during the examination.

1. For long insulators may only some selected sheds from the upper, middle and lower part of the insulator are
examined.
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APPENDIX A

CONTACT ANGLE HYSTERESIS

Real surfaces are usually rough or compositionally heterogeneous. A liquid
drop resting on such a surface may reside in the stable equilibrium (the
lowest energy state), or in a metastable equilibrium (energy trough
separated from neighbouring states by energy barriers). The equilibrium
contact angle 8, corresponds to the lowest energy state for a system. On an
ideally smooth and compositionally homogeneous surface. the equilibrium
contact angle is the intrinsic contact angle 8. The infrinsic contact angle
is related to the various interfacial tensions by the Young equation,

V€088 = Ysp— Vs (Eq. AD)

where ;- is the surface tension of the liquid in equilibrium with its
saturated vapour, g is the surface tension of the solid in equilibrium with
the saturated vapour of the liquid, and yg; the interfacial tension between
the solid and the liquid.

The equilibrium contact angle on a rough surface, or on a heterogeneous
surface, are often not observed experimentally. Instead, the system often
resides in a metastable state, exhibiting a metastable contact angle. In this
case, advancing and receding angles are different, known as hysteresis. The
difference 6, - 6, is the extent of hysteresis. The contact angle hysteresis
increases with increasing surface roughness and heterogeneity.

Consider a liquid drop having a steady contact angle on a horizontal plane
surface. If the surface is ideally smooth and homogeneous, addition of a
small volume of the liquid to the drop will cause the drop front to advance,
and the same contact angle will re-establish. Subtraction of a small volume
of the liquid from the drop will cause the drop front to recede, but the same
contact angle will again re-establish.

On the other hand, if the surface is rough or heterogeneous, addition of
liquid will make the drop to grow without moving its periphery, and the
contact angle becomes larger. When sufficient liquid is added, the drop will
suddenly advance with a jerk. The angle at the onset of this sudden advance
is the maximum advancing contact angle. Removal of the liquid will make
the drop become flatter without moving its periphery, and the contact angle
will become smaller. When enough liquid is removed, the drop front will
suddenly retract (if not 6,=0). The angle at the onset of this sudden
retraction is the minimum receding contact angle. In the laboratory, the
hydrophaobicity can be investigated by adding and subtracting liquid from
a drop resting on a horizontal surface and measure the maximum advancing
and minimum receding angles.
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Both the advancing and the receding angles can be seen in one drop when
the surface is tilted. The contact angles are related to the tilt angle by

mgsino. = Ly(cos®, —cos0,) (Eq. A2)

where m is the drop mass, g the gravitational acceleration, o the tilt angle,
L the drop length, and vy the liquid surface tension. The 6, and 6, at which
the drop just starts to roll down the tilted plate are the maximum advancing
angle and the minimum receding angle, respectively. However, if there is
no hysteresis, the drop will roll down at the slightest tilt of the surface.

Reference

S.. Wu: “Polymer Interface and Adhesion”, Marcel Dekker, Inc.. New York
and Basel, 1982.
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APPENDIX B

EXAMPLE OF A TEST REPORT FORM

LOCATION: «o.eeeeceeeceeeee et e
Type of insulator: -.....cccocovvieeeevreeecren

Mounting angle: ......oooureeeee e e

........................ (415 1101 U

Date of installation: .........ccceoveeeveeiceie e

Hydrophobicity Classification (HC)

eereeeern DALES e, TIMES

System VOItage: ...cooveeveeeeeiee e

Position

Shed (no.)
T B C

Shed no. 1

14

Weather conditions: temperature .................

Comments:

IsSued DY: .o

Wind ..o, PIECIPIATION ..o
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GUIDANCE ON THE MEASUREMENT OF WETTABILITY
OF INSULATOR SURFACES

1 Scope and object

The methods described in this technical specification can be used for the measurement of the
wettability of the shed and housing material of composite insulators for overhead lines,
substations and equipment or ceramic insulators covered or not covered by a coating. The
obtained value represents the wettability at the time of the measurement.

The object of this standard is to describe three methods that can be used to determine the
wettability of insulators. The determination of the ability of water to wet the surface of insulators
may be useful to evaluate the condition of the surface of insulators in service, or as part of
the insulator testing in the laboratory.

2 Terms and definitions
For the purposes of this document, the following definitions apply.

2.1
wettability
ability of a surface to be wetted by a liquid (e.g. water)

2.2
hydrophobicity and hydrophilicity

2.21

hydrophobicity

low level of wettability by water of a surface. A hydrophobic surface has a low surface tension
and thus is water-repellent

2.2.2

hydrophilicity

high level of wettability by water of a surface. A hydrophilic surface has a high surface tension
and thus is wetted by water (in the form of a film)
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surface tension

interface tension

region of finite thickness (usually less than 0,1 pm) in which the composition and energy vary
continuously from one bulk phase to the other. The pressure (force field) in the interfacial zone
has a gradient perpendicular to the interfacial boundary. A net energy is required to create an
interface (surface) by transporting the matter from the bulk phase to the interfacial (surface)
zone. The reversible work required to create a unit interfacial (surface) area is the surface
tension and is defined thermodynamically as follows:

(%)

M rpn
where
is the surface (interfacial) tension or surface energy;
is the Gibbs free energy of the total system;
is the surface (interfacial) area;

is the temperature;

b T - S T

is the pressure;
1 is the total number of moles of matter in the system.

The surface tension () is usually expressed in mN/m (1 mN/m = 1 dyn/em).

2.4

static contact angle

when a drop of liquid rests on the surface of a solid, and a gas is in contact with both, the
forces acting at the interfaces must be in balance. These forces are due to surface tensions
acting in the direction of the respective surfaces. From Figure 1 it follows that:

YaL €058 =Ygs — Va1

where

8, is the static contact angle of the edge of the drop with the solid surface,
YL is the surface tension of the gas-liquid interface,
Ygs is the surface tension of the gas-solid interface, and

YgL is the surface tension of the solid-liquid interface.

NOTE The above equation (Young's equation) is only valid for ideal and smooth surfaces.

-
Solid ¥sL ¥es

IEC 1755003

Figure 1 — Definition of the static contact angle

The right side of the above equation (the difference between the surface tensions of the gas-
solid and the solid-liquid interfaces) is defined as the surface tension of the solid surface. It is
not a fundamental property of the surface but depends on the interaction between the solid and
a particular environment.
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When the gas is air saturated with vapour of the liquid, yg will be the surface tension of the
liguid. If the contact angle is 0°, the liquid is said to just wet the surface of the solid, and in this
particular case (since cos 86, = 1), the surface tension of the solid will be equal to the surface
tension of the liquid.

2.5

advancing and receding contact angle

droplet on an inclined solid surface exhibits two different angles. The advancing contact angle
(6,) is the angle inside the water droplet between the solid surface and the droplet surface at

the lower part of the droplet on the inclined surface (see Figure 2).

The receding contact angle (6,) of a droplet on an inclined surface is the angle inside the
droplet between the solid surface and the droplet surface at the droplet rear (highest part on
the inclined surface). If the receding contact angle is zero, a completely wetted trace of water is
formed as the drop moves along the solid inclined surface (see Figure 2).

The general physical relation between the advancing and receding contact angle and the static
contact angle definedin2.4 is: 8, < 8,< @,

s~ a

IEC 1756/03

Figure 2 — Definition of the advancing angle (6,) and the receding angle (&,)
inside a liquid drop resting on an inclined solid surface

2.6

wettability class

wc

hydrophobicity class

specific level of the scale used in the spray method (Method C)

NOTE Seven (7) classes, WC/1 to WC/7, have been defined. WC/1 corresponds to the most hydrophobic surface
and WC/7 to the most hydrophilic surface.

3 Methods for measurement of wetting properties

Three methods for wettability measurement, differing in accuracy, simplicity, size of measured
surface area and applicability, are described in this standard and are as follows:

a) the contact angle method;
b) the surface tension method;

c) the spray method.

Guidance relative to the specific use of the three methods is found in Annex A.
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4 Method A — Contact angle method

4.1 General

The contact angle method is a measurement that involves the evaluation of the contact angle
formed between the edge of a single droplet of water and the surface of a solid material. If
done on a horizontal surface, the advancing and receding contact angles can be measured by
adding water to or withdrawing water from the droplet.

The contact angles depend strongly on the surface roughness and contact angles measured on
polluted surfaces may differ significantly from contact angles measured on smooth, clean and
planar surfaces.

4.2 Equipment

Different commercial equipment for measuring the contact angle is available. Simple
measurements are made using a magnifying device with a graduated reticle (goniometer) fixed
on a frame with a syringe for application of the droplet on the test specimen. Another method
involves magnifying the droplet using a light projector (behind the droplet) and projecting an
image of the droplet onto a graduated background. Some equipment includes camera, display
and computer for analysis of the measurements.

4.3 Measurement procedure
4.3.1 General recommendations
General recommendations include:

a) the receding contact angle (6, ) reflects the wetting properties of an insulatoer more than the
advancing contact angle (6, ) and the static contact angle (6, );

b) it is often necessary to cut out a test specimen from the insulator under investigation. The
test specimen selected should be as planar as possible and the size should allow for the
application of at least three droplets on separate surface areas adjacent to each other. The
surface to be measured should not be touched and the specimen should be carefully stored
until the measurement has been performed. The measurement should be performed as
soon as possible;

c) the water used should not contain impurities affecting the water surface tension (e.g.
tensides, solvents, oil residues, etc.). De-ionized water is suitable;

d) the volume of water in the droplet is not very critical. Volumes in the range 5 pl to 50 ul may
be used. 50 pl is the recommended volume. For rough surfaces, a larger droplet volume
may be needed. To limit a possible influence of the water droplet volume, the volume
should be kept as constant as possible when comparing different specimens;

e) the measurement of the contact angles should be performed as soon as possible (within a
minute) after the application of the droplet on the surface. This is especially important when
the ambient temperature is high and the relative humidity is low, which increases the rate of
evaporation of the droplet. If the measurement is performed in a chamber with saturated
water vapour, it eliminates the influence of evaporation.

NOTE Small droplet volumes have the advantage that the contact angle is less influenced by gravity. On the other

hand, for rough surfaces and other surfaces that could have high advancing contact angles and low receding

angles, a too small droplet volume makes the measurement of the dynamic contact angles very difficult. A small
droplet volume will also be more sensitive to evaporation, which could affect the measurement. The optimal droplet
volume may thus be dependent on type of surface and ambient temperature and humidity
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4.3.2 Static contact angle measurements

The measurement of the static contact angle (8,) can be performed by applying a water
droplet to the horizontal surface of a test specimen, using a pipette or a syringe with a scale.

4.3.3 Dynamic contact angle measurements

The measurement of the receding contact angle (6, ) can be performed on a horizontal plane
by withdrawing water from the droplet by using a syringe with a scale (see Figure 3). 6, is the
angle at the moment when the liquid front recedes. Measurement of 8, should be performed on

both projected sides of the droplet. At least three measurements on droplets applied on
adjacent areas on the test specimen shall be performed. If three droplets are applied, this
gives a total of six values.

Air

)

IEC 1757/03

Figure 3 — Measurements of the advancing angle (8,) and the
receding angle (6, ) by adding or withdrawing water from a droplet

It is recommended to keep the capillary pipette of the syringe immersed in the droplet during
the entire measurement in order to avoid vibrations and distortions of the droplet that otherwise
may affect the result.

There exist other methods to measure the dynamic contact angles. Examples of such methods
are given in Annex B.

NOTE Prior to the measurement of g the advancing contact angle (g,) may be measured by adding water to the
droplet. g,is the angle at the moment when the water droplet front starts to advance on the surface.

4.4 Evaluation

To obtain a good indication of the wettability of the whole insulator, several contact angle
measurements should be performed on different areas along and around the insulator. Low or
zero receding angles on all measured areas indicate an easily wetted insulator, especially if
also the advancing angles are low or zero. On the contrary, high receding (and advancing)
angles indicate that the insulator is hydrophobic. Measurement on a single spot of the insulator
surface is only valid for that location and is not sufficient to draw conclusions on the wettability
of the whole insulator.

5 Method B — Surface tension method

5.1 General

The determination of the surface tension of an insulator surface is based on the phenomenon
that drops of a series of organic liquid mixtures, with gradually increasing surface tension, have
different ability to wet the insulator surface. Any trace of surface-active impurities in the liquid
reagents or on the surface may affect the results. It is, therefore, important that the surface to
be tested should not be touched or rubbed, that all equipment is clean and that reagent purity
is carefully controlled.
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This method is an extension of IEC 60674-21, which is used for the determination of the
surface tension of polyethylene and polypropylene films. In particular this method implies
the adoption of a larger number of liquids to cover a wider range of surface tension, which is
needed to perform measurements on both hydrophobic and hydrophilic insulators. There may
be restrictions in using this method on polluted insulator surfaces (see Annex A).

5.2 Safety precautions

The organic liquids used as reagents may affect health if not used properly. Formamide
(HCONH;) may cause skin irritation and is particularly dangerous in direct contact with eyes.
Ethylene-glycolmonoethyl-ether (CH3;0CH,CH;OH) (or ethyl cellosolve) is a highly flammable
solvent. Both formamide and ethyl cellosolve are toxic. Adequate safety precautions should be
adopted, e.g. safety goggles should be worn and there should be adequate ventilation when
handling these liquids and performing the measurements.

5.3 Equipment and reagents
5.3.1 Preparation of reagents

Tables C.1, C.2 and C.3 of Annex C are used for the preparation of the required mixtures. For
surface tension outside the range 30 mN/m to 56 mN/m, reference is made to mixtures in
Tables C.2 and C.3 of Annex C. Commercially available marker pens already prepared with
solutions of different surface tension may be an alternative to making own mixtures.

5.3.2 Equipment
Three different applicators are available to apply the reagent solutions on the insulator surface:

a) cotton-tipped wooden applicators;

b) small soft paintbrushes fixed into the caps of the bottles with the reagents;

c) commercially available marker pens already prepared with solutions of different surface
tension.

For applicators a) and b), additional equipment is required:

* two graduated bottles of 50 ml;

s other bottles, 100 ml with caps and labels. The bottles should be cleaned with chrome-
sulfuric acid and rinsed with distilled water.

NOTE 1 If desired, add dye (e.g. Victoria Pure Blue BO at a maximum concentration of 0,03 %) to each of the
different reagent mixtures. The dye used should be of such a colour as to make drops clearly visible on the surface
of the organic material considered. Furthermore, the dye must be of such a chemical composition that it will not
measurably affect the wetting tension of the liquid mixtures.

NOTE 2 It is recommended that the surface tension of the liquid mixture be checked weekly. Any surface tension
method applied in the laboratory is suitable. Although the shown liquid mixtures are relatively stable, exposure to
temperatures above 30 °C and a relative humidity in excess of 70 % should be avoided.

5.4 Measurement procedure

Wet the extreme tip of the cotton applicator (if cotton applicators are used) with one of the
reagent mixtures or remove the soft paintbrush fixed into the cap of the bottle with the reagent.
Use only a minimum amount of liquid as an excess of reagent may affect the result.

The same measurement procedure is then used with any of the three applicators.

1 IEC 60674-2:1988, Specification for plastic films for electrical purposes — Part 2: Methods of tesf.
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Spread the liquid lightly over an area of approximately 5 cm? (25 mm of diameter) of the
insulator surface at the selected location. Note the time required for the continuous liquid
coverage formed on the surface to break up into droplets. If the continuous liquid coverage
holds for more than 2 s, proceed to a higher surface tension mixture, but if the continuous
liquid coverage breaks into droplets in less than 2 s proceed to a lower surface tension
mixture. For each application of a new reagent mixture, a new adjacent surface should be
selected to avoid contamination from the previously applied reagent. If measurements on the
same surface area are desirable and possible without disturbance, the surface may be gently
cleaned with a dry cloth (without the use of any detergent) to remove the remaining reagent
previously applied. If cleaning is not performed, it is recommended to start with the lower
surface tension mixtures and progressively continue to higher surface tension mixtures to
minimize erroneous results due to contamination from the previously applied reagent mixture.
When a cotton applicator is used, a clean, new applicator shall be used each time to avoid
contamination of the solution. If the soft paintbrushes fixed into the caps are used, the brush
may be cleaned in a small volume of the reagent before it is re-inserted into the reagent bottle
again.

Proceed in the direction indicated above continually repeating the prescribed steps until it is
possible to select the right mixture according to the evaluation in 5.5.

5.5 Evaluation

The mixture is considered as wetting the insulator surface when it remains intact as a
continuous coverage of the liquid for at least 2 s. Shrinkage of the periphery of the continuous
liguid coverage does not indicate lack of wetting. Only breaking into droplets within 2 s
indicates lack of wetting. Severe peripheral shrinking may be caused when too much liquid is
placed upon the surface. The surface tension of the applied mixture (in mN/m), which remains
intact during 2 s as close as possible, is called the surface tension of the measured insulator
surface.

6 Method C — The spray method

6.1 General

The spray method is based on the wetting response that an insulator surface gives after
exposure to a fine water mist for a short period. The wettability after the mist exposure is
evaluated.

6.2 Equipment

The equipment needed is a device that can produce a fine mist, such as a common spray
bottle. The spray bottle is filled with water. The water shall not contain any impurities, which
could influence the surface tension of the water, such as detergents, solvents, etc.

NOTE 1 Additional equipment which may facilitate the measurement include a magnification glass (for an easier
judgement of droplet shape) and a lamp.

NOTE 2 Tap water of high quality does usually not contain impurities that significantly influence the surface
tension of the water. Tap water of high quality could thus be used for the measurement. If there are any
uncertainties about the water quality, de-ionized water or distilled water should be used.

6.3 Measurement procedure

The test area should preferably be approximately 50 cm? to 100 cm?. The ratio between the
length and width of the test area should not be larger than 1:3. If this requirement cannot be
met, this should be noted in the measurement report. Apply the mist from a distance of 25 cm
110 cm. The surface shall be exposed to the mist for a period of 20 s to 30 s. Typically, the
amount of water sprayed during the 20 s to 30 s should be within 10 ml to 30 ml. The
measurements of the wettability shall be performed within 10 s after the spraying has been
completed.
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The measurement should be performed in such a way that a clear picture of the variation of the
wettability along and around the insulator is obtained.

NOTE 1 For long insulators only some selected sheds from the upper, middle and lower part of the insulator may
be examined.

NOTE 2 The measurement might be difficult to perform in high winds. If such difficulties are present it may be
necessary to perform the spraying from a shorter distance than 25 cm+ 10 cm. This should be noted in the
measurement report, together with any other possible deviations from given recommendations, e.g. smaller
test area.

6.4 Evaluation

The appearance on the insulator surface after mist exposure has to be identified with one of
the seven wettability (hydrophobicity) classes (WC), which is a value between 1 and 7. The
criteria for the different WCs are given in Table 1. Typical photos of surfaces with different
WCs are shown in Annex D.

A surface with the WC value 1 is the most hydrophobic surface and a surface with the WC
value 7 is the most hydrophilic surface.

Two visual criteria are used to judge the WC value:

a) the shape of droplets;
b) the percentage part of the surface which is wetted.

NOTE The uncertainty in the visual evaluation is usually not larger than +1 wettability class.

Table 1 — Criteria for the determination of wettability class (WC)

WwcC Description

1 Only discrete droplets are formed. Their shape when viewed
perpendicular to the surface is practically circular.

This corresponds to g = 80" or larger for the droplets.

2 Only discrete droplets are formed. The major part of the surface is
covered by droplets with a shape, as seen perpendicular to the
surface, still reqular but deviates from circular form.

This corresponds to 50° < g, < 80® for the majority of droplets.

3 Only discrete droplets are formed. The major part of the surface is
covered by droplets with an irregular shape.

This corresponds to 20° < g < 50° for the majority of droplets.

4 Both discrete droplets and wetted traces from the water runnels or
water film are observed (i.e. g = 0° for some of the droplets).

Less than 10 % of the observed area is covered by water runnels or
film.

5 Both discrete droplets and wetted traces from the water runnels or
water film are observed (i.e. g = 0° for some of the droplets).

More than 10 % but less than 90 % of the observed area is covered by
water runnels or film.

] More than 90 % but less than 100 % of the observed area is covered
by water runnels or film (i.e. small non-wetted areas/spots/traces are
still observed).

7 Continuous water film is formed over the whole-observed area.
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7 Documentation

The measurement report should include the following information:

a) General information
1) location, station, line or laboratory conditions;
2) method used (A, B or C);

3) date and time of the measurement and sample collection date and droplet volume for
method A;

4) weather conditions (temperature, wind, precipitation);
5) who performed the test.

b) Test object
6) type of insulator or apparatus;
7) insulator material and shed profile;
8) identity (item No., position in substation or tower No.);
9) voltage class, arcing distance, creepage distance;
10) date of installation or application of coating (type of coating);
11)installation position (vertical, horizontal, angle);
12)information on the pollution state of the insulator.

c) Result

The results of the measurement performed at different positions should be documented,
e.g. along the insulator (shed No.), along the surface within each shed sequence (top,
bottom, large shed, small shed, trunk, etc.), and differences (if any) around the insulator
circumference should be noted.
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Annex A
(normative)

Guidelines regarding the applicability and comments

on the limitations of the different methods described
in this technical specification

General

The suitability of each method and its applicability depends not only on its associated
procedure but also on the specific case to be evaluated. All three methods are well suited for
wettability measurements in the laboratory. In the field, it may be difficult to use method A.
Method B can be used without too much difficulty while Method C can readily be used. Some
considerations relevant to each method are outlined below:

a) Method A : Contact angle measurement

gives an accurate value of the wettability of the area measured,
is more accurately performed in the laboratory than in the field,
the measurement is easily performed on practically flat surfaces,

if aging has affected the surface morphology, i.e. presence of cracks, fissures of filler,
the measurement may be adversely affected, and

requires many measurements if a complete evaluation of the insulator surface is
required.

b) Method B : Surface tension measurement

gives an accurate value of the wettability of the area measured provided the spatial
variation in the wettability is compatible with the area required for the measurement,

is fairly easy to perform,
requires certain safety precautions,
may be difficult to use if the surface is covered with a layer of loosely adhering pollution,

may be affected by interaction between certain types of surface pollution and the
measuring agents may occur, and

requires many measurements if a complete evaluation of the insulator surface is
required.

c) Method C : Spray method

gives a global assessment of the wettability of the insulator surface and its variation
along and around the insulator,

is easy to perform and requires simple equipment,
depends on subjective visual examination of the surface,
can be used to evaluate bare and polluted surfaces, and

may be affected by an interaction between certain types of surface pollution and the
spray water (i.e. modification of the equivalent salt deposit density (ESDD) level of
the surface contaminant applied for laboratory pollution tests).
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A.2 Typical results obtained with the three methods

Typical results obtained with the three methods are as follows:

a) Hydrophobic surface (not wettable)
— high value of receding contact angle (> 80°),
— low value of surface tension (< 30 mN/m),
— low WC value (WC =1 or WC =2).
b) Intermediate surface (semi-wettable)
— intermediate value of receding contact angle (10° to 80°),
— intermediate value of surface tension (30 mN/m to 60 mN/m),
— intermediate WC value (WC= 3 to WC = 5).
c) Hydrophilic surface (wettable)
— low value of receding contact angle (< 10°),
— high value of surface tension (> 60 mN/m),
— high WC value (WC =60or WC =7).
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