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Amayopevetal 1 avtiypa@n, amobnikevon kat Stavopn Ttng mapovoag epyaciag €
OAOKANPOU 1M TUNHATOG QUTNG, YA EUTOPIKO okomo. Emitpemerar n avatumwon,
amofnkevon Kal Slaevour] yla oKOTIO pn KEPSOOKOTIKO EKTALSEVTIKNG, 1) EPEVVNTIKNG
@UONG, VIO TNV TPOUTIOHEST VA AVAPEPETAL 1] TINYT TTPOEAEVONG KL VL SLaTnpelTaL TO
Tapov pvupa. Epompata mou ag@opolv 1N xpnomn g epyaciag ywor KepSooKOTIKO
OKOTIO TIPETIEL VO ATTELOVVOVTAL TTPOG TOV oLYYpa@Ea. OL aTOYPELS KOl TA CUUTIEPATUATA
IOV TIEPLEXOVTAL OE UTO TO EYYPUPO €KPPALOLV TOV oLUYYpPaAPEA Kol SeV TIPETEL VX
epunvevBel OtL avtimpoowmevovy TIG emionueg Béoelg touv EBvikoy Metoofiov
[ToAvteyvelov.



«Kt av eloat 0to okali To mpwTo, Tpémel
vaoal VTEPHPAVOS K’ EVTUXLOUEVOG.
Eéw mov épBaceg, Alyo dev eivai-
TOOO0 IOV EKAUES, UEYAAN Soéa.

Kt auto axoun to okaAl To Ipwto
TOAU A0 TOV KOLVO TOV KOGUO ATTEXEL
Ei¢ T0 okaAl yia va matioeis Touto
TIPETEL UE TO SIKAlwUA 00V vaoat
TOALTNG €1 TWV LOEWV TNV TTOAL

Kai 6Uokodo atnv moAL ekeivny eivau
KQlL OTTAVLO VA OE TIOALTOYPAPTIGOVV.
Ztnv ayopd ¢ Bpiokeis NouobBétag
OV OV YEAX KAVEVAS TUXOSLWKTNG.
Eéw mov épBaceg, Alyo dev eivai-
TOOO0 IOV EKAUES, UEYAAN SOéa.»

K. I1. Kafapng

2TOUC YOVEIC OV
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Evyapiotieg

H mapovoa Simiwuatikny epyacia mpayuatomoutjOnke otov touséa YyYniwv
Tacewv tov IoAvteyveiov Tov Movdayov, ota TAalol@ TOU TPOYPAUUATOS
avtaidayns @oitntwv Epdouovs. Oa nbsda va evyapiotiiow Oepud tov
KaOnynti pov kvpto lwdavvny Xta@démovio yia thv evkaipla mov Uov é5woe va
OUUUETAOXW OTN EPEVVNTIKY] OUAOA TOU OUYKEKPLUEVOV TOUER, OTTWC ETTIONGC KAl
tov KaOnyntn Josef Kindersberger yia tnv kaBodnynon mov pov mapeiys, kabwg
KaL yla@ TV EVYEVEIX UE TNV OTOlX QVTIUETWTILOE OTMOLAONTOTE amopla Kal
dvokolia pov. EmmAéov, Oa nbsia va svyapiotriow tov emiPAémovia Uov
Thomas Wendel yix tqv moAU kaln kat €moitkodounTiky UG ovvepyaoia, N
omola peta amd moAU kOmo, moAAd Teyvika mpoPfAuata kat moAAn SovAeld,
Epepe  Ta  emBuunta amoteAéouata, T omold Ba umopEoovv va
XPNoUominBovV Kat yia TEPAUTEPW EPEVVA.

Oa 10sda emions va mw éva TEPAGTIO EVYAPLOTW OTOUG YOVEIC UOU Kal TOV

Pacbwva, Tov OAa aUTA TA XPOVIA TLOTEVOUY OE UEVA Kal UE oTNPL{ovV O€ O,TL
Kat av emirééw. O kabBévag ue tov Sikd Tov uovadiko kal LSLAlTePO TPOTO.
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MepiAnym

H xpnion tov ovvexolg pevpatog (DC) avti Tov evalaooouevov (AC) yia Tn HETAPOPA TG
NAEKTPLKNG evEPYelag, emekteivetal otabepd. Ou outieg TG emA0YNG Tou ZuveXOUG
Pevpatog YymAng Taong (HVDC) avti tov Evadacodpevou Pebpatog, yio pio cuykekpLuévn
TePIMTWON €val TOAAEG Kal oUVOETEG. MeplKA ATTO TA TAEOVEKTNUATA TNG UETAPOPAS
evépyelag pecw HVDC ewval ta mapoakdtw:

*  OWKOVOULKMTEPN KAL TILO LKAVOTIOWTIKY LETAPOPAE NAEKTPLKIG EVEPYELNG OE UEYAAES
QATIOOTAOELG.

e ZUvdeom aocVyxpovwy SIKTUWV 1] SIKTUWV HE SLPOPETIKEG GUYVOTITES.

*  AuvaTtoTnTa EAEYYXOUEVNG TTAPOXTG PEVUATOG KAL TIPOG TIG V0 KATeLOVVOELG.

* EmokePipdémta SiKTOoU yla KOVTIVI] 1] HOKPUVI] Tapaywyn PEVUATOS OoTO
QVOVEWOLLES TINYES EVEPYELXG.

*  'EXeyyxog aépyov 1ox00G¢ Kol KAAUTEPT TTOLOTNTA NAEKTPLKNG EVEPYELAG.

Avto mov emetpede v evpeia xpnon HVDC eivar n peydAn texvoAoyikn mpoodog oTov
TOHEQ TWV NAEKTPOVIKWY LoxVOG (Kuplwg 0Toug peTatpoTels), Kabws kat 1 eE€AEN Twv
HLOVWTIK®WV VALK®WV WOTE VO AVTEXOLV aApKETA VPMAQ emimeda Tdong.

Ol otepeol MAEKTPIKOL HOVWTEG €(OUV EUPELX XPNOT OTNV NAEKTPLKN KAl NAEKTPOVIK)
Bopnyavia. ISwaitepa n xpron TV MOAVPEPWV HOVWOTWV €wval otabepd aviavopevn. Tig
TeAeVTAlEG SEKAETIEG EXOUV YXPNOLUOTIOMNOEl EVPEWG AGYW TWV APLOTWV NAEKTPIKWV Kal
UNXOVIK@OV 80T Twv Toug. Exouv eupela e@appoyr], KUHXLVOPEV] ATO KOAWSL KoL
NAEKTPLKEG CUOKEVEG, LEXPL TN HikponAekTpovikn [[ED-84]. e ap@oTtepeg TN HETAPOPE KoL
™ Slovoun NAEKTPLKNG EVEPYELAG, TA TMAEOVEKTIHATA TWV TOAVHEPWV EVAVTL TWV QATO
TPOCGEAGVT] 1] YUAAV®WV HOVWTWY, £XOUV O0ONYNOEL OTNV TPOOSEVTIKN AMOS0XT TWV
MPOWTWV. MEPIKA A0 AUTA TA TAEOVEKTIHATA ELVAL Ol KAAEG LVOPOPORBLKES LBLOTNTEG TNG
EMLPAVELRG TOUG, TO MIKPO Pdpog, M HeEYAAN unxoavikn avtoxn toug kAm [MAC-97].
EmumpooBeta, ol moAvpepels HovwTEG Bewpeltal 0TL E(OVV PEYXAVUTEPT avTioTAon TAONG
KATW Ao cuvONKeG LOAVVOTG EVAVTL TWV ATIO TIOPCEAGVT 1] YUAAWVWV povwTtwyv [MAE-98].
H xpnon Ttwv TOAUVHEPWV HOVWTWV YA E0WTEPIKEG KAl EEWTEPIKEG HOVWOELS OTN
TeXVoAOYld TNG NAEKTPLKNG EVEPYELAG EXEL EQPAPUOYN O€ KaAwSK, (UyoUS CUOTNUATWY
NAekTplknG evépyelag (bushings), peTAOYMUATIOTEG, AEPLOPOVWUEVOUS SLAKOTITEG (gas-
insulated switchgears) k.a. [BAER-10].

Aoyw g avdavipevng ntnong yia HVDC cvotuata Taykoopiws, oL EMOEEIKEG PNTIVES
XPNOLULOTOLOVVTAL OA0 KOL CUXVOTEPA WG OTEPEX MOVWTIKA ot efomAlopovg HVDC. H
Stactaclodoynon twv HVDC cuokevwv amaltel T yvwon Twv KATAVOU®V TOU NAEKTPLKOU
medlov, oV €EAPTWVTAL ATTO TNV AYWYIHOTNTA TWV HOVWTIKWV TIOU XPNOLHOTIOI0vVTaAL O
QUTA TA CVOTHHATA. AESOUEVOL OTL T XWPLKN KATAVOUN TOU oLveEXOVGS pevpatog, ota HVDC
ovoTnpata, eval eva medio aywyloTTag, TPOCSLOPL{OUEVO KAL ATIO TNV AYWYLLOTNTA
TWV EUTEPLEXOUEVWV HOVWTWY, 1] CUUTEPLPOPA TOUG TIPETEL va SlepeuvnBel KATw aTo
petaaAAopeves cLUVONKEG.

H DC aywywdmmta ewvat evalodntn o MOAAEG TTapapEéTPOLS oTws 1 Beppokpacia, to
miedlo,  vypaocia, oL cuvONKeg TEPLBAAAOVTIKNG pUTIAVOT G KATL. ETiTA£0V, 1) avATtTLEN VEWVY
TIOAVUEP WV VAIKWV PE BEATIWUEVT) ATTOS00T) KATW ATIO NAEKTPLKN TAOT GUVEXOVG PEVUATOG
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Kal Tautoxpovn BOepuikn SiEyepon, amaltel evéoAexn €pevva TV  LSLOTNTWV TOU
kaBopilouv TV €yxuon @OPEWV ATO AYWYOUS, T UETAPOPA TWV POPEWV ATO TO KUPLO
CWUX TOU HOVWTLKOU VALKOV, KL TNV Tay(S€VoTn TV POPEWV GTOV OYKO TOU HOVWTLKOU
VAKOVU. 'Opwg, A0yw NG TOAVTAOKNG @UONG TWV TOAVHEPWV HOVWTIK®OV VAK®WV, ML
AETITOUEPNG KATAVONOT) TWV OEPEALWSWV NAEKTPIKWV LSLOTITWV TOUG KAL TOU TPOTIOV TOU
oL @Opelg SnuUloVPYOUVTAL KAl HETAPEPOVTAL HECH OTH VAKKA QUTE, €val amoAvTa
ATAPALTN TN YL TNV LEAAOVTIKY TIPOOSO OE TIPAKTIKEG EQAPLOYES.

AvVTiKelpeVO TG TTAPOVCAG HEAETNG, ELVAL 1 EPELVA TNG XWPLKT AYWYLLOTNTA SELYUATWV
eMO&eLKNG pNTivng, epmotiopevwy pe Al03 (fillers). H xwpikn aywypotnta eéetaletal wg
ouvvaptnon TG Oeppokpaciag kKot TOL TNAEKTpKOU Tmedlov. EmmpooBitwg Ba
TPOooTABNooVE VA TIPOGSLOPICOVIE TOUG UNYXAVIOHOUG AYWYLLOTNTAG TIOU KUPLAXPYOUV
OTNV MNAEKTPIKY] OCUUTEPLPOPA KL TOV TPOTIO TOU Ol QOpPElG Snuovpyovvtal Kal
UETAPEPOVTUL LECK OTO EEETALOUEVO VALKO.

[l ) Slepeivnom TG XWPLKNG AYWYLHOTNTAG TOU VALKOV, TIPAYHATOTOWONKav HETPTOELS
TOU PEVHATOG AYWYLHOTNTAG oVp@wva pe Tov kavoviopd VDE 0303-30, pe evpog
nAektpkoL mediov 1 ewg 12 KV/mm kat Ogppokpacieg 40 kat 80 °C.

Ag€elg kAeSla: Tuveyxeg peAvpa VPMANG TAGNG, TOAUMEPT] HOVWTIKA VALK,
EMOEEIKEG PNTIVEG, METPNOELS PEVUATOC AYWYLHOTNTAG, XWPLKY AYWYLHOTNTA,
Oeppokpaocia, NAekTPLKO TES 0.



Summary

The use of DC over AC voltage for the transmission of power is increasing steadily. The
reasons for choosing High Voltage Direct Current (HVDC) instead of AC to transmit power
in certain transmission applications are often numerous and complex. Some of the
advantages of HVDC transmission are listed below:

* Economical and most efficient transmission of electrical power over long distances,
using fewer lines

* Connecting asynchronous grids or grids with different frequencies

* Control of the reactive power, which supports the network stability and power quality

* Offering grid access for onshore and offshore power generation from renewable energy
sources.

At the same time, the use of polymeric insulating materials for HVDC purposes is also
steadily growing. Their advantages, compared to porcelain and glass insulators have led to
the increased acceptance of the first ones. Some of these advantages are: good hydrophobic
surface properties, low weight, high mechanical strength, higher withstand voltage under
contaminated conditions etc. [MAC-97], [MAE-98]. The application of polymeric insulating
materials in internal and external insulations of power engineering is considered for
cables, bushings, transformers, gas-insulated systems and insulators [BAER-10]. In
addition, the increasing demand on solid insulation for HVDC applications, has led to the
introduction of composite insulating materials, where the use of functional fillers improve
their electrical and other properties.

Research is focusing on the development of new polymeric insulating materials with
improved performance under DC electrical stress and thermal excitation. And since the DC
field distribution in HVDC insulation is a resistive field, the electrical conductivity, and in
particular the volume conductivity of the insulators included has to be investigated in
detail. However, an exact theoretical understanding of DC conduction in solid polymer
insulation materials is currently impossible due to the underlying physical complexity of
these materials [KAO-04], [TEY-05], as their structure consists of highly disordered,
entangled, polymer chains [PHI-78]. Hence, the investigation of the volume conductivity
requires a thorough investigation of the properties governing the charge injection,
transport and trapping in these materials.

In the framework of this thesis, the volume conductivity of Al,03 - filled epoxy resin is
investigated as a function of temperature and electric field. For the study of the volume
conductivity a conduction current measurement setup is used, and conduction current
measurements are performed according to VDE 0303-30 (international norm: IEC 93) on
plaque specimens of the material. The investigated fields are 1 to 12 kV/mm, and the
investigated temperatures are 40 and 80 °C. The results are used in order to find the charge
generation and transport mechanisms in the material, in the investigated field and
temperature range.
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In Chapter 2, a basic theoretical backgroung is given, containing information on the
structure and applications of epoxy resins, the dielectric and electric response of insulating
materials, the factors influencing DC conductivity (emphasizing on the temperature
dependence), and the method of conduction current measurements on insulating materials.

In Chapter 3, the way carriers are generated, injected, and transported through polymeric
insulating materials is discussed. In addition, the significant influence of the space charge
accumulation on the investigation of volume conductivity is explained and conduction
theories developed through the years are indicated.

In Chapter 4, experimental results from previous investigations concerning conduction
current measurements on polymeric insulating materials, filled and unfilled, are presented,
and the nature of the current density - electric field characteristic is analyzed.

In Chapter 5, the results from the conduction current measurements on the Al;03 - filled
epoxy resin specimens are shown. Good information and conclusions are drawn from the
measurements.

In Chapter 5, the Thermally Stimulated Currents theory is presented as well as results from
measurements on the investigated material.

Key words: High Voltage Direct Voltage (HVDC), polymeric insulating materials,
epoxy resins, conduction current measurements, volume conductivity, temperature,
electric filled.
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Eloaywyn:

Emoésikéc pnTivec katL e@apuoysc

Kabwg 1o e€etaldpevo VAkO elval emoeltkn pntivn, epumAovtiopévn pe  Al203 , ewal
amapaitnto va yvwpllovpe Tt MUK ocVVOEo TV EMOEEIKWOV PNTIVOV KABWG Kal TIg
BaolkéG TOUG EPAPUOYEG OTOV TOUEX TWV VYNMAWYV TACEWV KAl UETAPOPAS NAEKTPLKNG
Loxvocg.

Xnukt) cVvvOeon

Ye avtiBeon pe TOAAEG AAAEG KATNYOPlEG TOAVUEPWV, OTMWG TO TOoAvalBuvAaivio, TO
TOAUTIPOTIVAIVIO, KAT,, Ol ETOEEIKEG PNTIVEG ATMOTEAOVV Ml TIEPLOOTEPO AVTLOETIKN
Katnyoplo pnTVeV TOC0 OTIG XMULKESG, 000 KAl 0TI PUOLKEG LOLOTNTEG TOUG. OL emoelkeég
PNTIVEG ATOTEAOVV HLX OLKOYEVELA BEPLOTTAACTIKWVY TTIOAVUEPWYV, OTNV oTola V0 oToLYElX
avapetyvoovtal, He mBavn Snuovpyla evog vaiwdoug mpoldvtog oe Bepuoxkpacia
Swuatiov, To 0Tolo £XEL KAAEG NAEKTPOUOVWTIKEG LOLOTNTES LE VPNAN aSLATEPATOTNTA OTO
vepo [DIS92].

o, g
HO-@-(I: —@—OH cuz—o-@—$—@-o—cuz

(a) (b)

(a) Bisphenol A, from [DOM-12]
(b) Diepoxide structure with Bisphenol A, from [DIS-92]

IxMual

O1 emogelkég pNTIVES EVUL XMIUKEG CUVOECELG ATTOTEAOVIEVES ATIO TOVAGYLOTOV EVA GTOLXElO
™G opadag twv emoielkwv (eméfu-opada) KoL amo eva oToXElD TNG OMASAG TwV
v8pofuAiwv. H emddu-opdda ewal pa yé@upa amoTteA0VPEVT] ATIO VX ATOMO 0EUYOVOU
EVWUEVO pe pe SVo aAAa dtopa ndn ovvdedepéva petadl Toug KaTA Kamolo Tpomo. Otav Ta
Vo TapaTAvw ATOopa €Al ATOpA AVOpAKQ, TOTE €XOVUE VX KAVOUUE HE TIG TPLUEPELS
aAvoideg an) 1,2 emogu-ouddes. H tpiuepng aAvoida ewvat actabng Kot cuvakoAovBa eToLun
va avTidpdoel pe TV VOPOEUALKT opdda. Mia ko Hop@N €Vl AUTH TNG SLETOEELSIKNG
ovvBeong (Zxnua 1). H okAnpuvon ewal emiong evag onpavtikog Tapdyoviag oTnv
mepimtwon twv emofeldikwv pntvwv. Ou emoeikés pntiveg mpwv TN Swadikaocia Tng
OKAT|PUVOTG ELVAL OE PEVOTI HOPPT] KoL SEV EXOVV KAUULA TIPAKTIKN NAEKTPIKN WSLotnta. H
Stadikaoia TG oKANPULVONG €Vl 1| avTidpaon HETAEL TNG €MOLEKNG OpASAG KAl €VOG
XNUWKOU  Tapdyovta  (KAAOUUEVOL  E€TIONG  KOL  OKANPUVTIKO). XAV  OKANPUVTIKE
xpnowomolovvtat  o&€a 1  aAKAAIKE OKANPUVTIKA Tov  oynpatifouv ouvvBEoelg
TpSLAoTATWY SIKTUWYV, UE ATIOTEAECUA TNV HETATPOT] TWV PEVOTWV PNTLVWV OE OTEPEX
VA& [LAU-05].
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EQ@appoy£g T®V EMOEEIK®WV PNTLVOV

OL emoelkég pnTiveg XPMOLUOTIOLOVVTAL GE TOAAOUG Kol SLA@OPOUS KAASOUG OTIwG 1)
OEPOVAUTINYLKY), 1 XTPLKY, T MNAEKTPoAOylQ, T KATAOKELAOTIKN OpacTnploOTTA, 1
Bopunyavia twv abAntikwv edwv kAt [DOM-12]. Ztn Brounxavia tng MAEKTPLIKNG
EVEPYELAG, CUYKEKPLUUEVQ, OL ETTOEELKEG PN TIVEG, XPTOLULOTIOLOVVTAL EVPEWS AV LOVWTIKO
VALKO, A0yw TwV EAPETIKWV SINAEKTPIKWOV LSLOTNTWVY TOUG, TNV VPNAN UNYXAVIKT avToxm
Kal TV kKaAn avtiotaon otn SidBpwon [DAK-74]. Xpnowwomolovvtal cav mepBANpata o€
aywyovs KabBwg Kal ot epappoyss (uywv (bushings), akpodekTwy, HETACYMUATIOTWOVY,
KOl WG LOVWTIKA CLUOTNUATWY TOTOBETN oG, VTTOOTNPLENG Kol SlakoTTwv Siktuvwv [DAK-
74], [DAK-72].

AMN pla onuavTiKy €QapUoy TWV EMOEEIKWY PNTVWV otn petagopd HDVC, ewvatl ota

QEPLOPLOVWUEVA CUCTIHATA KOl CUYKEKPLUHEVA OTIG XEPLOUOVWUEVES YPUUUEG LETAPOPAS,
Gas Insulated Lines (GILs). Mia mpayupatikn GIL Tapovoidletal 6to Zxnua 2:

= insulating-gas
(made of aluminium, {mixture e.g.

coated only in case ’ 20%SF6 / 80%N2)

of directly buried
installation)

Ixnua 2: Gas Insulated Line (GIL) of Siemens with all parts indicated

Ot GILs ewat p@x  KoA  eVOAAXKTIKY  yl@  HETA@OP& VLYMANG TAOMG, OTav
TEPLBAAAOVTOAOYIKOL 1) KATAOKEVAOTIKOL TIEPLOPLOPOL ATIAYOPEVOUV TN XP1OT EVAEPLWYV
ypappwv petaopag. H GIL amotedeitar amo Suo  OUOKEVIPOUG OULVSESEUEVOUG
oWANVWTOUG aywyous. O e0wTEPIKOG aywyods otnplletal e HOVWTEG pnTivng OV TOV
OUYKPATOUV OTO KEVTPO TOU €{WTEPLKOV aywyoU. ['la va e§ac@aAlTEL TNV AVTIHETWTILON
TEPLBAAAOVTOAOYIKWV KOl TEXVIKWV TEPLOPLOUWY, oL ypappés GIL yepilovrar pe €va
HOVWTIKO pelypa agplwv, Kuplwg alwTou Kal VoG LKPOoL TTocooTol ea@Bboplovyou Belov
(SF6) [SIE-12]. Ot GILs pmopoUv va tomofetnBovv dvw 6To £80Oog, LEGA OE TOUVEA 1) KOl
va elval Bappeves am’ vBelag KATW ATO TN Y1), AVAAOYQA UE TIG EKAGTOTE ATIALTIOELG.

OL XpNOLLOTIOLOVEVEG OV OTEPER LOVWTIKA ETOEELIKEG PNTIVEG OE AUTEG TIG EPAPUOYES B
TPEMEL VA VAL AQVOEKTIKEG O0TO LoYUPO MAEKTPIKO Tedio, KaBwG Kol TIG €KAOTOTE
BepLoKPAOIaKEG HETABOAEG. ZUVETIWG EVAL OTUAVTIKO VA UTIOPOVNE Vo TIpofAéPoupe TV
KOATAVOUN] TOU MAEKTPKOU TESIOU KoL TN XWPLKN AYWYLHOTNTA TOU VAIKOU KATW oTO
OLYKEKPLUUEVEG oLVONKEG TteS 0V Kal Beppokpaciag.

AINAEKTPLKN ATTOKPLON UOVWTLKOU UALKOU OE OUVEYN TAON
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Apéows HeTd TV EQapUoyn oLVEXOVG TAONS
0 €va HOVWTIKO VAkO, éva Tmedio
HETATOTIIONG eTIKpATEl, kKaBopllopevo amo
v TN OXETIKI] EMTPEMTOTNTA & TOV VALKOV. To
PEVLA IOV HETPATAL OPEIAETAL KUPLWG OTIG
Sadikaoieg TOAwONG OV Aapufdvouy xwpa.
Y1Tn ouvvéxel, To pEVHX AVTO EBIVEL WOTIOV
va @tdoel pa otabepn T, mn omoia
kaBoplleTal amod T YXWPLKN AYWYLHOTNTA
0 _— st Tovu VAkoU. H tumk amdékplon Tov
HLOVWTLKOU PA{VETAL 6TO oXNHA 3.

To pevpa va @BAoEL 0 HIX KATAOTOOT
otabepng €vtaong efaptdtar amd
Bepuokpacia, kKabBwg ot pnyaviopol
ToAwoNG eEapTwvtal amd 1N Beppokpacia.
[Telpapatikd amoteAéopata €xouvv Seiel
OTL, T.X. YW T KOWA TOAUVUEPT OO0V
XPNOLULOTIOLOVVTAL OOV NAEKTPLKOL LOVWTES
(omwg moAvatBuAaivio, TOAUTPOTUVAXLVLO,
emoleldikég  pntiveg), 1 amokatdoTaom
ouvONkwv otabepol kabeoTWTOG, WHTMOPEL
Vo amaLtoel v mapélevorn wpwv [MON-
11].

. . O ovvoAwko OVOC TIOU QTIOLTELTOL WOTE
Transient Relatively 5 XPOVOS
Region

Steady Region

Yxnua 3: Typical DC current response of insulation to
a step voltage application,
from [DAK-06]

DC Aywywuotnta

H nAektpikn aywylpotnta pmopel va mpokAnbel peow g kiviiong NAEKTpoviwy, oTwv 1
WOvTwv. Le kaBe mepimTwon, eva pemov onueio ekkivinong ywx culntnon mg Stadikaoiog
™G AYWYLLOTNTAG, KaBopileTal amo v e§lowon:

K= Xiqiltie = Nefle€ + npune + nypy (Zywe) E&.1

OTIOV 1] AYWYLHOTNTA K ATIOTEAELTAL ATIO TNV AYWYIHOTTA TWV NAEKTPOVIWY, TWV OTIWV Kol
TWV WOVIWV Kol OVAAVETOL OE TPELG TAPAYOVTIEG: TO (POPTIO TOU mMAEKTpoviov e,
OUYKEVTIPWOT N KAL TNV KWNTIKOTNTA TV Qopéwv U. To 00évog Twv ovtwv ewatl Zw. H
KWNTIKOTNTA (1) Xapaktnpilel v eukoAia pe v omola ot popeis Ba kivnBovV katw amo
™V emidpacn Tou e@appoopévou NAeKTplkoL mediov E kal ek@pdletat ouvnbws wg n
TaxVnTa ava povada mediov (m?2V-1s71),

Ye mepimtwon amovciag nAektpikoy mediov, oL @opels @aivovtal cav va Kivoluvtal
AKAVOVIOTA G€ OAEG TIG KATELOUVOELS, pe peon undevikn tayvta (v). H mapovoia evog
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miedlov Ba 061y on o€ Kivomn TwV POPEWV LE ONUAVTIKY TaXxVTNTA, Kata T StievBuvon tou
medlov 1 avtiBeTa amo auTo, KATL TO 0Ttolo eEaPTATAL ATIO TO TIPACO O TWV YOopEwV [BLY-
05]. H xtvnTikdTNTA, OIS KAL 1] CUYKEVTPWOT] TWV POPEWY, EIVAL CUVAPTNOELS TOL Tiediov,
™m¢ Oeppokpaociag, kKot Twv TEPPAAAOVTIKOV ouVONKWY. XUVeEmMwS , oL Bewpleg
AYWYLOTNTAS TEVOUV vV €ENYNO0VY TTWG oL HETABANTEG n Kol u Ttpocsdlopifovtal amo
Hoplakn Sopun Kal TwG €{apTWVTAL A0 TAPAYOVTIES OTIwG elval 1 Bepuokpacia Kol To
nAektpko medio [BLY-05].

H DC aywywomta Swapeital oe dvo Katnyopleg: Tn xwplkny Kol Ty em@avelakrn. H
XWPLKN aywyoTTa oplletal wg 1 aywypotnta SlpHecsou evog KUBOV TOU HOVWTIKOV
VALKOU EVW 1 ETLPAVELOKT AYWYIHOTNTA OPIleTAl WG N NAEKTPLK avtioTaon UEow TNG
emupavelag Tov VAkoL [Keithley-01]. 2tnv mapovoa epyacio O aoxoAnBovpe povo pe tnv
TPWTT A0 AVTEG.

H xopwn ayoylémta Twv VAIK®OV vl pia W8LOTNTH oV EKTEIVETAL O €va PUEYAAO
e0pog, OTWG @aivetal oto ZXNUA 4, KAl €{APTATAL ATIO TOUG TAPAKATW TAPAYOVTES
[LUT-11]:

* TONAekTPLKO TiES O

* 11 Oepuoxpaocia

*  TO XPOVO €EnAeKTpLOUOVL (TTOAWOTNG)

* TN OXETIKN VYpACiA TOV VALKOU

* TN OXETIKN VYpaoia Tov TtepBAAAOVTOG

*  TO VAWKO TOU NAgkTpodiov

*  TO T&X0G TOV VALKOU

* TN YMWKN KoL LOP@OAOYLKT Sopn (Tr.X. Yl TO VALKO TApwoNg, 1 @UOT TO
HEYEDOG KL 1) LOPPT] TOV)

*  TOUG TIEPLBAAAOVTOAOYLIKOUG TTAPAYOVTES OTIWG TNV ATUOCQALPLKT pUTIAVOT), TO
Badacovd vepd KATL
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Fig. 2.9: Chart of typical volume conductivities, showing the
wide range depending on the material, from [BLY-05]

[l va PETPOOVHE TN XWPLKN AYWYHOTNTA €VOG VALKOU, E€KTEAOUUE WUETPNOELS TOU
PEVLATOG Y WYLLOTNTAG.

Metpnosic psvuatoc aywynuotntac (VDE 0303-30)

[la tov TmpooSloplopd TNG XWwPLKNG aywYLOTNTAG, TOU UTO £PEVVA  VALKOU,
KATAOKEVAOTNKE Ul SLATAEN HETPNONG XWPLKNG aywylotntag. OL peTpnoelg €ywav
oVp@wva pe tov kavoviopo VDE 0303-03. H mapovoa egpyacia eotidletal kupiwg otnv
emibpaon ™G Beppokpaciag Kot Tov NAEKTPIKOV eSOV OTN XWPLIK] AYWYLLOTNTA TOU
VALKOU, CUVETIWG Ol LETPNOELS TOU PEVHATOG AYWYLIHOTNTAG, £YLVAV WG GCUVAPTIOT QUTWYV
TwV V0 TAPAUETPWV.

To e€etaldpevo LVAKO ewal emofeldikn pntivn epmlovtiopévn pe Al203. To moocooto
TANPwoNG 8ev eival yvwotd. ZUVOAIKA XPNOoLHoTIOmONKaV TEVTE KUKALKG TAaK(Sia, e
maxog Imm kat Stapetpo 8 cm. OAa ta Selypata eiyav tomoBetnOel otovg 100 °C ywx
TOVAd)lotov 1 nuépa mpwv xpnotlpomomBovv Kol eixav KaBoploTtel HE LOOTIPOTIOAVOAT.
EmumAgoy, mpv amd v e@apupoyn tmg tdong, ta mAakiSia elyav BpoaxukukAwbel, wote
evamopeivavta peOIATA VA UMV ETNPEACOVV T LETPTOMN).
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H Stapopewon tov epyactnpiov (oTtwg @awvetal oto Zynua 5) Bploketal oto Epyactmplo
YynAwv Tdoewv tov [ToAvteyveiov Tou Movayov Kol amoTeAeiTaL ATTO TA £ENG TUHATA:

Txnua 5: Test arrangement for Conduction Current Measurements on
Al;03-filled epoxy plaque specimen, in the laboratory of High Voltage
Engineering and Switchgear Technology of TUM, showing:
(1)The climate chamber, (2) The grounded cage, (3)The computer

OL8lxotaoels Twv NAEKTPOSIWV Kal Ta 0pyava HETPNONG, TIAPOVGLALOVTUL AVAAVTIKA OTO
Appendix A. Ta amoteAéopata TwVv HETPNOEWV Ttapovotdlovtal oto Appendix B. Mwa
TPWTI EIKOVA TWV ATOTEAECUATWV @aiveTal oto Zynua 6. 'a medio 1 kKV/mm,
XPNOLULOTIOONKAV TA ATTOTEAECUATA ATIO TTPONYOUEVT SIMAwpaTIK) epyacio [REM-12], 1
omola a@opd to (810 VALKO. Zto Zxnpa 6, BAETOVHE KaTAp)X S TN Sla@opd TToL UTTApP)XEL
OTNV TN TG aywYoTNTag 0tous 40 Kot 6toug 80 °C. ZUYKEKPLUEVQ, 1] AYWYLILOTTA TOU
VAoV 0Toug 80 °C elvat 26 ewg 48 opeg vPmAdtepn. I'auto KLOAAG Exel xpnopomolnbel
AoyaplOpIKOG AEOVaGg YIo TNV ATELKOVLIOT) TNG aywYHOTNTAS. ‘O00V aopd tnVv e§dptnon
™G AYWYHOTNTAS atd To NAekTPLko Ttedio, Ba pmopovoape va Tov e 0,TL Yl tedia amo 1
ewg 6 kKV/mm n aywypdtnta mapapével oxedov otabepn kot yia tig S0o Beppokpaocieg,
WSlaitepa AapBavovtag vTtoYPnV Kot To TUXAio CEAANX TWV PETPoEWV. XTa 12 KV/mm
QVTLOETWG, 1 AYWYLHOTNTA £Vl LPNAGTEPT Kal Yl TIG SV0 e€eTalOpevES Beppokpacieg,
MAWVOVTAG WG EXEL EMPEACTEL ATIO TNV AVENOT) TOL NAEKTPLIKOV TeSiov. Oa pmopoVoape
Vo TTOVPE O, TL T XWPLKT Y WYLLOTNTA TOV VALKOV, GOV GUVAPT 0N TOV NAekTpLkoL Ttediov,
XwpLlletatl oe V0 TEPLOYEG: TNV TIEPLOYT XUUNAOV NAEKTPLKOV TTES(OV KL TNV TIEPLOYN
VPNA0V NAEKTPLKOV TTESIOV. ZUPUP VA |LE TIPOTYOUUEVEG LEAETEG, OL VO AUTEG TIEPLOXES
xwpllovtal amo Eva NAekTpLko Ttedio ovopalopevo Kot ws “Katw@AL” (Ethreshold). H TU1 TOU

xiil



medlov avToV, oNUATOSOTEL TNV EVALOT) HLXG TIEPLOXTS AYWYLHOTNTAG VPMA0V TteSiov, 1
omola o@elAeTal o€ SLAPOPOUG UNXAVIOHOVGS Ay WYIHLOTNTAG.

[TponyoVueveg peAéTeg e0TLALOVY KUPIWG GTNV CUYKEVTPWOT) XWPLKOV (pOPTIOV 6TOV OYKO
TOU HOVWTLKOVU, A0 TO TESI0 “KATWPAL” KAl LETA, 1 oTtolxX EMNPEALEL TN OXEOT) PEVUATOG —
NAEKTPLKOV eSOV, KoL CUVETWG KAl TNG aywypnomtag. Ot Bswpleg aywyludTTOS OV
Exouv avantuxfel wg Twpa TapovoLaovTal AVOAVTIKA 0TO Ke@dAato 3.

Volume Conductivity at 40 & 80 °C
EP236 ; h=1 mm

10-12 —
L | ® 9=40°C
[ o ¥ =40 °C,[REM-12]
L | « w=80°C
o ¥ =80 °C,[REM-12]
I -
10 o * e !
T [
@,
€ |
10-14 =
[ % x
r +
SR
10715 | | | | L | J
0 2 4 6 8 10 12 14

E [KV/mm]

Fig. 5.4: Volume conductivity with respect to applied electric field, at 40 and 80 °C

MEow ™G HETPNONG TNG XWPLKNG AYWYLILOTNTAG, CUUTEPACUATO HTTOPOVV va §axBoUV YL
TOUG UNXOVIOHOUG AYWYLLOTNTAG IOV SIETOVV TO VALKO, KAB WG KoL yia T UOT) TwV
@opEwV. Tat aVAAVTIKA ATIOTEAECUATA TWV LETPTOEWV, KABWE KAL TO CUUTIEPATHATA Yl
TOUG UNXOVIOHOUG AYWYLLOTNTAG 0TO €EETA{OUEVO VALKO TIatpousLAlovTaL 6TO KEQAAALO 5.
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1. Introduction

1. Introduction

The use of DC over AC voltage for the transmission of power is increasing steadily. The
reasons for choosing High Voltage Direct Current (HVDC) instead of AC to transmit power
in certain transmission applications are often numerous and complex. Some of the
advantages of HVDC transmission are listed below:

* Economical and most efficient transmission of electrical power over long distances,
using fewer lines

* Connecting asynchronous grids or grids with different frequencies

* Control of the reactive power, which supports the network stability and power quality

* Offering grid access for onshore and offshore power generation from renewable energy
sources.

At the same time, the use of polymeric insulating materials for HVDC purposes is also
steadily growing. Their advantages, compared to porcelain and glass insulators have led to
the increased acceptance of the first ones. Some of these advantages are: good hydrophobic
surface properties, low weight, high mechanical strength, higher withstand voltage under
contaminated conditions etc. [MAC-97], [MAE-98]. The application of polymeric insulating
materials in internal and external insulations of power engineering is considered for
cables, bushings, transformers, gas-insulated systems and insulators [BAER-10]. In
addition, the increasing demand on solid insulation for HVDC applications, has led to the
introduction of composite insulating materials, where the use of functional fillers improve
their electrical and other properties.

Research is focusing on the development of new polymeric insulating materials with
improved performance under DC electrical stress and thermal excitation. And since the DC
field distribution in HVDC insulation is a resistive field, the electrical conductivity, and in
particular the volume conductivity of the insulators included has to be investigated in
detail. However, an exact theoretical understanding of DC conduction in solid polymer
insulation materials is currently impossible due to the underlying physical complexity of
these materials [KAO-04], [TEY-05], as their structure consists of highly disordered,
entangled, polymer chains [PHI-78]. Hence, the investigation of the volume conductivity
requires a thorough investigation of the properties governing the charge injection,
transport and trapping in these materials.

In the framework of this thesis, the volume conductivity of Al,03 - filled epoxy resin is
investigated as a function of temperature and electric field. For the study of the volume
conductivity a conduction current measurement setup is used, and conduction current
measurements are performed according to VDE 0303-30 (international norm: IEC 93) on
plaque specimens of the material. The investigated fields are 1 to 12 kV/mm, and the
investigated temperatures are 40 and 80 °C. The results are used in order to find the charge
generation and transport mechanisms in the material, in the investigated field and
temperature range.




1. Introduction

Thesis outline

In Chapter 2, a basic theoretical backgroung is given, containing information on the
structure and applications of epoxy resins, the dielectric and electric response of insulating
materials, the factors influencing DC conductivity (emphasizing on the temperature
dependence), and the method of conduction current measurements on insulating materials.

In Chapter 3, the way carriers are generated, injected, and transported through polymeric
insulating materials is discussed. In addition, the significant influence of the space charge
accumulation on the investigation of volume conductivity is explained and conduction
theories developed through the years are indicated.

In Chapter 4, experimental results from previous investigations concerning conduction
current measurements on polymeric insulating materials, filled and unfilled, are presented,
and the nature of the current density - electric field characteristic is analyzed.

In Chapter 5, the results from the conduction current measurements on the Al;03 - filled
epoxy resin specimens are shown. Good information and conclusions are drawn from the
measurements.

In Chapter 5, the Thermally Stimulated Currents theory is presented as well as results from
measurements on the investigated material.




2. Theoretical Background

2.1. Epoxy resins and applications
In this thesis, the material under investigation is Al>03 - filled epoxy resin. Thus, it is
important to be aware of the chemical structure of epoxy resins and their basic

applications in power engineering.

Chemical structure

Contrary to many other classes of polymers, such as polyethylene, polypropylene, etc.,
epoxy resins are a much more diverse class of resins, chemically and in their physical
properties. Epoxy resins are a family of thermoset polymers in which two components are
mixed to eventually form a glassy product at room temperature, which has good electrical
insulating properties and is highly impermeable to water [DIS-92]. Epoxy resins are
chemical compounds that consist of at least one epoxy and one hydroxyl group. The epoxy
group is a bridge consisting of an oxygen atom bonded to two other atoms already united
in some way. When the other two atoms are carbon, we deal with the three membered ring
a- or 1,2-epoxides.

o)
7. N
Fig. 2.1: Epoxy group, from [DOM-12]

The three membered ring is instable, and thus ready to react with the hydroxyl group. A
common configuration is that of the diepoxide structure shown in Fig. 2.2:

0] 0]
/ \ / \

Fig. 2.2: Diepoxide structure as a common configuration,
from [DIS-92]

In Fig. 2.2, R is the hydroxyl group, which is a phenol. In commercial epoxy resins, used in
high voltage insulation applications, R is almost exclusively bisphenol-A, as shown in
Fig. 2.3 [DOM-12].

GHs =
Ho—(O)—¢ —(O)—on o~ Oyt~ O)-o-cn

(a) (b)

Fig. 2.3 | (a) Bisphenol A, from [DOM-12]

(b) Diepoxide structure with Bisphenol A, from [DIS-92]
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The index n in Fig. 2.3(b) varies from 0 to 10, which is quite low for a polymeric chain.
Curing is necessary in case of epoxy resins. The epoxy resins before curing are liquid and
do not have any practical electrical properties. The curing process is the reaction between
the epoxy group and a curing agent (also called hardener). As hardeners, acids or alkaline
hardeners are used that form a three- dimensional network structure, and so the epoxy
resins are cured into solid materials [LAU-05]. An example of curing, using diamine
compounds is shown in Fig. 2.4:

OH CI)H
|
—R—CH—-CH; H,C—HC—R—
N 74
N—R'—N
7 N
—R—(IJH—CH2 H2C—H(|3—R—
OH OH

Fig. 2.4: Reaction of an epoxy resin with diamine compound
as hardener, from [DIS-92]

Applications of Epoxy resins

Epoxy resins are used in many different branches such as aerospace, medicine, electrical
and civil engineering, sports equipment, adhesives, etc. [DOM-12]. In the electric power
industry, in particular, epoxy resin has been widely used as an insulation material owing to
its excellent dielectric properties, high mechanical strength, and good erosion resistance
[DAK-74]. They are used as coatings for conductors as well as in applications of bushings,
cable terminations, instrument transformers, various post and support insulators, and
parts for circuit breakers [DAK-72], [DAK-74].

Another important application of epoxy resins in HVDC transmission is in Gas Insulated
Systems and in particular in Gas Insulated Lines (GILs), as solid insulation. A real GIL of
Siemens is shown in Fig. 2.5.

insulating-gas
(mixture e.g.
20%SF6 / 80%N2)

installation)

Fig. 2.5: Gas Insulated Line (GIL) of Siemens with all parts indicated, from Siemens
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GILs are a good alternative for high power transmission, when the environmental or
structural considerations rule out the use of overhead transmission lines. GILs consist of
two concentric conductive tubes; the inner conductor is resting on cast resin insulators,
which center it within the outer enclosure. To meet the environmental and technical
aspects, GILs are filled with an insulating gas mixture of mainly nitrogen and a smaller
percentage of SF; (sulphur hexafluoride) [SIE-12]. GILs can be laid aboveground, installed
in tunnels or buried directly in the soil, depending on the individual requirements. The
epoxy resin used as solid insulation in these applications has to withstand the electric field
applied. Thus, it is important to be able to foresee the electric field distribution and volume
conductivity of the material under specific field and temperature conditions.

Epoxy-based composites and applications

The use of either nano- or microfillers leads to the creation of nano- and microcomposite
insulating materials respectively. Nano and micro fillers are used in polymeric dielectric
materials for improving electrical and other properties, and their use in power engineering
is steadily increasing. In addition, the use of inorganic fillers reduces the cost of
components [DIS-92]. The most commonly used fillers are: silica oxide (SiO:), alumina
oxide (Alz203), zinc oxide (Zn0), magnesium oxide (MgQO), aluminum nitride (AIN), etc. The
effect of fillers on the volume conductivity of epoxy resin specimens is investigated in many
studies, like [AND-10], [MAC-01], etc. Some of these studies are presented analytically in
chapter 4. The effect of the fillers depends strongly on their nature, concentration in the
host material, shape, etc. In addition, the effect of pre-processing of the fillers is also
investigated in studies like [MAI-08], [PAT-08]. In general, fillers tend to either increase or
decrease the volume conductivity, depending on the above mentioned parameters and
mostly the applied electric field.

One example of epoxy-based composites is the dry-type bushing, which is used in
converter transformers of ultra HVDC transmission systems [NIN-13]. Another application
of epoxy composites is in field grading. Field grading, or stress control, refers to the
technique of reducing local enhancements of the electric field in various devices [KRE-95],
[QI-04]. Resistive field grading in particular, is based on the use of materials with
appropriate current-voltage characteristics. That means current-voltage characteristics
that reveal a non-linear relation above a certain value of the electric field [CHR-10]. The
fillers impart a strongly field dependent and non-linear conductivity to the host materials
and could thus be used as the means for the creation of resistive field grading materials.
Such materials can be used for the “absorption” of field enhancements during test
conditions, overvoltages, etc.

The use of functional fillers is also promising for the development of GILs. An advantage of
their use is indicated in [WIN-14]; according to this study, the aspired goals for the
composite insulators are improved electric field distribution, reduction of maximum
electric field stress (field grading), minimization of electric field inversion effects under the
impact of non-uniform temperature distribution and fast decay of charges from the
insulator surfaces.
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2.2. Dielectric and electrical response of insulating materials

The response of an insulating material when exposed to a DC voltage is different of that to
an AC voltage. The field distribution at AC is determined by the relative permittivity, or
dielectric constant, & of the material, which is not affected by temperature, or by field
strength. At DC, a dielectric displacement field is developed because of the permittivity,
which subsequently approaches a steady-state condition, determined by the conductivity k
of the material, which contrariwise depends strongly on temperature and electric field
[KRE-95].

2.2.1. Switching on a DC voltage U

When switching on a DC voltage U, the dielectric is stressed as if it were an AC voltage. A
capacitive current I, flows through the dielectric and the field is a displacement field
determined by the permittivity €, [KRE-95]. After hours, the current falls back to a small
steady-state leakage current. The electric field is a steady-state conduction field, which is
determined by the DC conductivity. The typical DC current response of insulation to a step
voltage application is shown in the Fig. 2.6.

The total time that the current needs to
reach a steady-state (constant) value is
Vv called electrification time  [PAT-08].
Experimental results have shown that, e.g.
for the most common polymers used as
electrical insulation (such as polyethylene,
polypropylene, epoxy resin), the onset of
steady state regime conditions may require
hours [MON-11], or in extreme cases even
weeks [KRE-95].

\  Transient Relatively

Region Steady Region The total current after the application of the
electric field can be given as follows
[LUT-11]:

i(t)=K-f(t) + Iy Eq. 2.1

l . where K is a constant dependent on the
0 —t electric field and temperature, f(t) the
dielectric response function of the material,
Fig. 2.6: Typical DC current response of and I t.he current Elit the steady-stat.e. When
insulation to a step voltage application, the applied voltage is removed, the discharge
from [DAK-06] current is usually a mirror image of the
charging one, but without the steady-state
current [DAS-97]. Thus, the total discharge

current is given by:

i(t)y=K-f(t) Eq.2.2
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2.2.2. Dielectric response function

Typical response functions are shown in Fig. 2.7:

Curie-von Schweidler

General

Log (Dielectric response function)

[
»

t=1 Log (Time)

Fig. 2.7: Different types of dielectric response
functions f(t) in time domain, from [FAR-03]

Each material has its own and unique dielectric response function [JON-83]. The most
common are the following:

e Debye function: f(t) = f—ge‘t/TD
D
* Curie-von Schweidler: f(t) = A-t™
A

@"+@"

The Debye function is commonly found in polar liquids, while the Curie-von Schweidler has
a universal character [JON-83] and is found to follow the dielectric response of many solid
materials [FAR-03]. An example of the suitability of the Curie-von Schweidler function on
filled and unfilled epoxy resins is indicated in the studies of [LOV-74], [GUI-06]. The
parameter nis between 0 and 1 for most dielectrics [GUO-83]. The General response
function represents a transition at ¢ = t between different processes (Fig. 2.7) and is also
often found in dielectrics, with parameter values: m > 1 >n > 0 [CIGRE-01]. For m = n,
the General response function gives the Curie-von Schweidler law.

* General response function: f(t) =

2.3. Polarization mechanisms

The transient phenomenon taking place before the current stabilizes at its steady state
value is called polarization current [KUE-10] or absorption current [KRE-95]. Every kind of
dielectric consists, at an atomic level, of negative and positive charges balancing each other
on the microscopic and macroscopic scale. As soon as a dielectric is exposed to an electric
field, the positive and negative charges become oriented and form different kind of dipoles.
This phenomenon, referred in the bibliography as the electric polarization, can be thought
of as charge redistribution in a material caused by an external electric field [KAO-04].
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During polarization, the relative displacement of the negative and positive charges of atoms
and molecules, the orientation of existing dipoles toward the direction of the field, or the
separation of mobile charge carriers at the interfaces of impurities or other defect
boundaries take place [KAO-04]. Due to chemical interactions between dissimilar atoms
forming molecules, permanent dipoles will be formed, which are usually randomly
oriented and distributed within the material, as long as no external field is applied
[ZAE-03].

A dielectric material is made up of atoms or molecules that possess one or more of five
major types of electric polarization, also shown in Fig. 2.8, from [KAO-04], [DAK-06]:

E . * Electronic or optical (@,): the electric
e s Electrons field causes deformation or translation of
es & T @G\ the originally symmetrical distribution of
Nucleusf; ®Ce» ©* Nucleus
e3 o+ . the electron clouds of atoms or
® e o molecules.
= a Electronic Polarization K' = n2 =¢',
& * Atomic or ionic (& ): the electric field
8 o+ +® . .
g causes the atoms or ions of a polymeric
-3 - . .
£ -® ® o- molecule to be displaced relative to each
E; o0- e other.
3 . . .
2 b Atomic Polarization * Orientational or molecular dipole (ay):
o . . . .
£ . . occurs only in materials consisting of
é? - *8 molecules or particles with a permanent
*@ - dipole moment. The electric field causes
ég the reorientation of the dipoles toward
¢ Molecular Dipole Polarization the direction of the field.

concentration of charge carriers
polarization due to the migration of
charge carriers to form space charges at
interfaces or grain boundaries becomes

Fig. 2.8: Principle types of Polarization, important.
from [DAK-06]

ol/}e * Interfacial or space charge (4,): occurs

when carrier injection is important. For

CMI4C) materials consisting of a high field
E— +

d lonic-Interfacial Polarization

The total polarizability of a material a comprises four components:
a=ae+a;+ay+ay Eq.2.3

Each type of polarization requires time to perform. In addition, some polarization
mechanisms are slow and some are fast. This is why the degree of the overall polarization
depends on the time variation of the electric field. After the polarization processes are
finished, a steady-state current called conduction current passes through the material. It is
important to note that the time needed for the current to reach the steady-state value (i.e.
the electrification time) varies with temperature, as polarization is a temperature

10
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dependent phenomenon. Lower temperatures require higher electrification times
[PAT-08].

2.4. DC Conductivity

Electrical conduction may occur through the movement of electrons, holes, or ions. In each
case, a suitable starting point for discussion of the conduction processes is the basic
equation [LUT-11]:

K= Miqilie = Nele€ + nppne + iy (Zye) Eq.2.4

where the conductivity k consists of the conductivity of electrons (e), holes (h) and ions (1),
and is resolved into three factors: the charge e, concentration n; and mobility y; of the
carriers. The valence of the ions is Z,,. The mobility (1) characterizes the ease with which
the charged species will move under the influence of the applied electric field E and is
usually expressed as a velocity per unit field (m?V ~1s~1). The mobility is the drift velocity
of the carriers, (v) per unit field, where (v) is defined as the average carrier velocity. In the
absence of an electric field, carriers are as likely to be travelling in any one direction as any
other and v averages to zero. In the presence of a field there will be a mean carrier velocity,
either in the direction of the field or in the opposite direction, depending on whether the
carrier has positive or negative charge on it, respectively [BLY-05]. Mobility is given as a
function of:

u=unV,T,AX) Eq.2.5

Where V is the voltage, T is temperature, A is the ambient condition, and X indicates
direction. The concentration of the carriers is thereafter dependent on the voltage, the
temperature and the ambient condition [DAS-97]. Thus, theories of conduction aim to
explain how n and u are determined by molecular structure and how they depend on such
factors as temperature and electric field [BLY-05].

The conductivity is divided into two categories: the volume conductivity and the surface
conductivity. The volume conductivity is defined as the electrical conductivity through a
cube of insulating material, while the surface conductivity is defined as the electrical
resistance of the surface of an insulating material [Keithley-01]. In this thesis only the first
one will be dealt with.

Volume conductivity of materials is measured in Siemens per meter (S/m) and is a
property which spans in a very wide range, as may be judged from Fig. 2.9. Volume
conductivity is dependent on the following factors [LUT-11]:

* Electric Field

* Temperature

* Electrification time

* Relative Humidity of the material

* Relative Humidity of the environment
* Electrode material

* Material thickness

11
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* Chemical and morphological structure (e.g. fillers: nature, size and shape)
* Environmental factors such as pollution, sea salt etc.

26 - .
>10 —t— = Superconductors (Metals, oxides, organic charge
transfer salt)
.
2 —
100 —— Silver
Copper
6 Bismuth
10 = Graphite Polyacetylene
3 Organic charge transfer
10 —— salts (300K)
o .
=~ 10 —t— <+ Genmanium
£ (trinsic) Carbon black
—C: 3 composites
S 10 —
z .
- « Silicon
= 6 (intrinsic)
S 100
=
=
8 }—— Organic molecular
1 0'9 —t e Soda glass solids
tton
(ca. 50%RH)
-12
10 © —f— =— Pyrex
«—— Nylon
-15
10 ——
«— Teflon
-18
10 1« Polyethylene
Dry fused quartz

Fig. 2.9: Chart of typical volume conductivities, showing the
wide range depending on the material, from [BLY-05]

In order to measure the volume conductivity of a material, conduction current
measurements are performed.

2.5. Conduction current measurements according to VDE 0303-30

The conduction current measurements are performed according to the method of test for
insulating materials for technical purposes VDE 0303-30 (international norm: IEC 93). The
specimens used in this thesis are flat plaques, and so the respective electrode setup will be
presented here. The volume conductivity is measured by applying a voltage potential (5)
across opposite sides of the insulator sample and measuring the resultant current through
the sample. The measurement technique is shown in Fig. 2.10 (a) and the geometry of the
electrodes in Fig. 2.10 (b). The sample is placed between two main electrodes: the top
electrode (1) and center electrode (2). The center electrode is connected in series with an
electrometer (4) that measures the value of the current flowing through the bulk of the
material. For the measurement of the volume conductivity, it is necessary to avoid the
currents flowing from one electrode to the other via surface path. This is accomplished by
means of the ring electrode (3), which is so placed with reference to the center electrode in
a distance g, that any surface leakage current is collected and led to the ground and not the
measuring instrument.

12
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Fig. 2.10 | (a) Test arrangement for the measurement of volume conductivity, showing the top
electrode (1), the center electrode (2), and the ring electrode (3), from [VDE-93]
(b) Electrode arrangement for the measurement of volume conductivity, from [VDE-93]

The typical response of the insulating material was shown analytically in paragraph 2.2.

Let i(t) be the detected current, V,,p1ieq the applied voltage and Igg the final conduction
current. According to the norm VDE 0303-30, the volume conductivity k is calculated as
follows:

1/A h
k=L=12_ Eq. 2.6
E V/h RyA

where k is the volume conductivity in S/m, h is the thickness of the specimen in m,
Ry = Vappliea /Iss is the resistivity in Q and A is the effective area of the measuring
electrode in m? given by:

™ (d1+9)°

4

A= Eq. 2.7
where d,, g are in m. The value of the calculated conductivity is accurate by + 10% for
resistivities lower than 1010 Q) and + 20% for higher resistivities. However, the accuracy
also depends strongly on the measuring instrument.

Before the application of voltage, the specimen is short-circuited until the value of the
current is very low. If the short-circuit current Ip before the application of the voltage is not
negligible compared to the steady-state current after the polarization, then it has to be
taken into account in the calculation of the resistance:

Rx = Vapplied /(Iss + IO) Eq' 2.8

The minus-sign is used when the sign of the short-circuit current has the same direction
with the conduction current. Otherwise, the plus-sign is used.

13
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2.6. Temperature dependence of the conductivity

In the framework of this Thesis, only the dependence of the conductivity on Electric field
and temperature is investigated. Through the years, many studies have investigated DC
volume conductivity and its dependence on electric field and temperature. The most often
used materials in these studies were polyethylene type (XLPE, LDPE or HDPE) and epoxy-
resin. Studies have also been made, in order to find empirical formulas for the DC
conductivity as a function of electrical field and temperature. Here we will focus on the
dependence of the ionic conductivity on temperature and the models that have been built
to describe it.

The presence of ions in insulating polymers is inevitable, and in addition, the mobility of
ions increases with the increase of temperature [SEA-82]. This leads to an increased ionic
conductivity that often exhibits an exponential dependence on the temperature. There are
two empirical equations developed in order to describe this relation; the Arrhenius and the
Vogel-Tammann-Fulcher Equation:

i.  Arrhenius Equation:

Ea
kgT

K = Ko exp {——=} Eq. 2.9

where k, is a pre-exponential factor proportional to the number of charge carriers, kg is
the Boltzmann constant in eV K1, T is the absolute temperature in K, and E, is the
activation energy. The activation energy is a measure of the dependence of the volume
conductivity on the temperature variation. The higher the activation energy, the bigger the
variation of the volume conductivity with temperature [FAS-05], [LUT-11]. At
temperatures below the glass transition temperature Tg, the conductivity obeys generally
an Arrhenius-type law.

ii.  Vogel-Tammann-Fulcher (VTF) Equation:

K =Aexp{— } Eq. 2.10

kg(T—Top)

where A is a pre-exponential factor, B a pseudo-activation energy related to the segmental
motions of the polymer, and T is called equilibrium glass transition temperature and is
usually 30-50 degrees below the glass transition temperature Ty [KNA-08]. Above T; the
conductivity usually follows the VTF equation. The VTH equation is not so common as the
Arrhenius, but it is however sometimes more suitable (e.g. in the study of [NIN-13] on pure
epoxy resin).

14



3. Charge generation and transport in polymers

Due to the underlying physical complexity of polymeric insulating materials, the charge
generation and transportation processes in these materials are still not fully understood
[KAO-04], [TEY-05]. The conduction currents in insulating polymers under DC fields may
be electronic or ionic or both and it may be difficult to determine their origins
unambiguously [DAS-97]. Furthermore, factors like temperature, electric field, thickness,
electrode material, fillers etc. are determinant for the conduction processes taking place
every time, while the generation of space charge makes it even more complex to determine
its conductivity. In this chapter, the significant influence of the space charge accumulation
is explained and conduction theories developed through the years are indicated.

3.1. Space charge accumulation

Another difference between AC and DC voltage, which is also a reason for the degradation
of polymer insulation under high DC stresses [CHO-08], is that at DC the space charge plays
an important role, as it has time to be formed. Consequently, the space charge distorts the
electric field distribution and makes the determination of the DC conductivity much more
complex [BAER-10].

Space charge is a surplus of electric charges distributed over a region of space rather than a
distinct point. Space charges are present when the rate of charge accumulation differs from
the rate of extraction. Charges may be attributed to electrons, holes, or ions depending on
the mechanism of charge transfer. Space charge accumulation occurs only when the total
current density J through a region of space is divergent. A divergence in the total current
density means that the flow of charged particles into a region of space is not equal to the
flow of charged particles coming out of that region. This difference between incoming and
outgoing charge leads to the space charge buildup inside that region [DIS-92].

A divergence in the current density J can be found in the following locations and conditions
[KRE-95]:

* Electrode-Insulation interface

* Insulation-Insulation interface

* (ase of temperature gradient

* (Case of material inhomogeneity

3.1.1. Electrode-Insulation interface

The buildup of space charge at an electrode-insulation interface is defined by the difference
of the current density AJ,; between two charge flows: the flow Jiy;(E, T), which is defined
by the charge injection and extraction process and the flow Jians(E,T) through the

dielectric, which is defined by the conduction or transport process in the bulk material (Fig.
3.1).
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This current density difference at the electrode-insulation material is represented by the
equation:
]inj(E» T) = Jirans(E,T) = A]inj(E’ T) Eq.3.1

The relation between injected and transmitted current determines the space charge that
will accumulate in the insulation, as well as its polarity compared to the adjacent electrode.

———> —
Jinj

Metal
< —>

Fig. 3.1: Space charge accumulation at the metal-insulator
interface, when the injected and transmitted currents differ.

The terms homo-charge and hetero-charge refer to the polarity of space charge compared
to the polarity of the adjacent electrode (Fig. 3.2). When the polarity of the space charge is
the same with the polarity of the adjacent electrode, we have the so called homo-charge. On
the other hand, when the polarity of the space charge is opposite to the polarity of the
adjacent electrode, we have the so called hetero-charge. Homo-charge results in an
enhanced electrical field in the material bulk, while the field at the interface between the
material and the electrode drops. In contrast to this, hetero-charge enhances the electrical
field at the electrode-insulation interface, while the field in the material bulk drops
[DIS-92].

v
v

(a) (b)

Fig. 3.2: | Field distribution in an insulator containing space charge regions extending from
the electrodes at x =0 and x = D.
(a) In the homocharge region the field is reduced and the injection is supressed
(b) in a heterocharge region the electrode field increases, from [DIS-92]
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Now, going back to Eq. 3.1, three different situations can occur at the interface:

Jini(E, T) = Jirans(E,T) : In this case we have an Ohmic interface and there is no
space charge accumulation. In other words, the amount of charges
injected/extracted from the electrodes is just enough to replace the charges that are
removed from/towards the interface by transport.

* Jinj(E,T) < Jirans(E,T) : In this case the electrode interface cannot convey the
charges as fast as the dielectric can conduct them. Thus, positive hetero-charge will
build up in front of the cathode and negative hetero-charge in front of the anode.
The hetero-charge increases the electric field in front of the electrode and hence the
injection current, while reducing the bulk field and the transport current. Eventually
a steady state situation is achieved when the two currents coincide.

* Jinj(E,T) > Jurans(E,T) : In this case the electrodes yield more charges than the
dielectric can dissipate. Therefore, negative homo-charge builds up in front of the
cathode and positive homo-charge in front of the anode. The homo-charge
decreases the electric field in front of the electrode and hence the injection current,
while increasing the bulk field and the transport current. Eventually a steady-state
situation is achieved when the two currents coincide.

3.1.2. Insulation-Insulation interface

Maxwell-Wagner Effect or Maxwell-Wagner Capacitor

The Maxwell-Wagner effect is referring to the charge buildup occurring in dielectrics that
are layered or inhomogeneous. In the following figure (Fig. 3.3) we can see two dielectrics
with permittivity &; and ¢,, and conductivity x; and k, respectively. The two dielectrics
have thicknesses d; and d,, and at t=0 a voltage U is applied [KRE-95].

1 &,k Ey d, _

Fig. 3.3: Maxwell capacitor to describe the phenomena at
the interface between dielectrics, from [KRE-95]
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3. Charge generation and transport in polymers

This two-layer capacitor (Fig. 3.3) is also referred in the bibliography as the Maxwell-
Wagner capacitor [WAG-24].

From the continuity equation at the surface between them we have [KRE-95], [LUT-11]:

i By (1) + 2050 4 28O e g () 4 22020 920 Eq. 3.2
By neglecting the slow polarization mechanisms:
Ky By () + 2218 =, By (1) + 20220 Eq.3.3

Further, for the applied voltage:

U= [ RE®dy = [ B dy + [

di+d;

Ez(t) dy = El(t) " d1 + Ez(t) - dz Eq.3.4

By using the Eq. 3.3 and eliminating the term E,(t), the solution of the differential Eq. 3.3 is
given by Eq. 3.5:

E, = L(l — exp (_Tt)) + m (—) Eq. 3.5

dyKkq + K10,

where 7 is the time constant and it is calculated according to the equation Eq. 3.6:

_ d2£1+d1£2

d20'1 + d10'2 Eq. 3.6
The growth of the surface charge ¢ is finally calculated with the use of the Eq. 3.7:
_ dp&1—dq&p N
0= T, U((1 exp( )) Eq. 3.7

As seen from the Eq. 3.7, the difference in permittivities and conductivities between the
two materials leads to a discontinuity in the electric field at the interface. As a result, a
difference in conduction current density occurs, which results in the formation of space
charge at the interface.
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3.1.3. Temperature gradient

As discussed in chapter 2, the electrical conductivity depends strongly on temperature, and
thus, any temperature gradient in the material will cause a conductivity gradient. As a

result, the permittivity to conductivity ratio i varies as well, and space charge p is
generated according to the equation [KRE-95]:

p=170C Eq.3.8
3.1.4. Material inhomogeneity

The introduction of material inhomogeneity in polymers is inevitable. Inhomogeneity can
occur either in the bulk of the insulator or at the insulator/electrode interface [DIS-92].
Typical inhomogeneities include [DIS-92]:

* Electrode aberrations penetrating the insulation or surface scratches, asperities and
depressions;

* Regions of free volume in the polymer due to morphological irregularities with sizes
typically less than ~10 nm, small voids due to movement of additives etc., and larger
voids generally due to imperfections in the manufacturing technique;

* Impurities in the insulation, including impurity particles, moisture and sites of
imperfect mixing and coagulation of fillers.

The inhomogeneity of materials is a factor that becomes more intensive regarding new
materials, where chemical or physical doping (by micro- and nano-fillers, like in the case
epoxy resins, as explained in chapter 2) are present, and can introduce great
inhomogeneity into the material. Fillers, for example, which have a different conductivity
and permittivity than the host material result in a large amount of boundaries in the
material. Space charge will accumulate at those boundaries [TEY-05].

3.2. Why is space charge related to the conductivity?

One would wonder why the study of DC conductivity is connected with the space charge
accumulation. At low electric fields the voltage-current relation tends to follow Ohm’s law
[DIS-92]. The steady-state current-field characteristic is linear expressed in mathematics
with the relation:

f = kE Eq. 3.9

where f and E are the current density and electric field in the insulation respectively and
is the electrical conductivity at the steady-state region and is constant.

However, at high fields, a space charge formation is indicated, which distorts the field
distribution and the conductivity of the material. This space charge builds a Poisson
electric field and the voltage-current relation is not Ohmic anymore, but it obeys a power
law [CHR-10].
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The Poisson field can be expressed as:
V-D=p Eq. 3.10
where p is the distribution of space charge.

The addition of expressions Eq. 3.9 and Eq. 3.10 reflects the characteristics of the DC
insulation material, so that it is necessary to consider Ohmic conductivity and space charge
in the calculation of the electric field [BOG-01]. As mentioned in chapter 2, the conductivity
is strongly dependent on the electric field. Thus, a non-Omhic behavior is also influencing
the DC conductivity.

In total, the formation of space charge influences the way carriers are transported through
the material and so it is taken into consideration when studying the transport mechanisms
in polymers and, consequently, the DC conductivity

3.3. The Band Theory applied in polymers

Electronic conduction in polymers differs in several important ways from the more familiar
kind in metals and semiconductors. That is not to say that they are separate subjects and,
indeed, the well-known band theory of atomic lattices has provided the essential basis of
concepts and language for the discussion of conduction in polymers [BLY-05]. In order to
understand trapping and microscopic space charge physics in polymer insulating materials
one should be aware of the band theory. Although the idealized band theory is not
applicable to an insulating polymer, it can be useful in giving a background for describing
and understanding the insulating properties of polymers.

The “idealized” Band Theory

All solids can be classified into three categories: conductors, semiconductors and
insulators, according to the availability of conduction electrons in their structures. The
band theory gives an explanation for the differences in electrical properties of these
materials and accounts for the availability, or not, of those conduction electrons.

Although individual atoms have certain permitted energy levels for their electrons, as
defined by quantum theory, when large groups of atoms are incorporated into a solid mass
these energy levels become reorganized in such a way to form bands of possible energy
levels. As the number of electrons in a solid mass increases, the discrete energy levels
become essentially continuous and form permitted energy level bands (see example with
polyethylene in Fig. 3.5). The two uppermost bands are considered and are known as
valence band and conduction band. Electrons fill the valence band from the lowest to the
highest energy level. The top of the valence band for a material is the highest level, which
would theoretically be filled by all the available electrons within an atom at T = 0 K
[KAS-01]. Whether a material is a metal, a semiconductor or an insulator will depend on
the band structure and the filling of the energy states within the bands. In insulators and
semiconductors the valence band is completely filled with electrons, and the conduction
band is empty. Concerning the conduction band, in insulators the electrons in the valence
band are separated by a large gap band (forbidden gap) from the conduction band, in
conductors like metals the valence band overlaps the conduction band, and in
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semiconductors there is a small enough gap between the valence and the conduction band
that thermal or other excitations can bridge (Fig. 3.4).

T

Forbidden gap

Valence Band Valence Band

Insulator Semiconductor Metal

Fig. 3.4: Conduction and valence bands for insulators, semiconductors and conductors.
Note the energy gaps in insulators and semiconductors, and how in a conductor there
is no gap, while the conduction and valence bands are overlapped, from [KAS-01]

The building of the band structure of polyethylene was analyzed by [TEY-05] and is shown
in Fig. 3.5. Going from methane to polyethylene leads to a correspondingly separation
between the orbital electrons and finally to the formation of discrete energy bands. From
this diagram, it can be seen that polyethylene is a large band gap material, which means
that there are no accessible energy levels for the charges between the top of the valence
band and the bottom of the conduction band [TEY-05]. The value of the forbidden band as
derived from calculation or an experimental measurement is of the order of 8.8 eV [LES-
73] meaning that we have a perfect insulator which would have an intrinsic conductivity of

10452 [COE-93].
m
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Fig. 3.5: Distribution of orbital levels going from methane to polyethylene.
CB and VB stand for conduction and valence bands respectively, from [HOF-91]
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However, such a conductivity value has never been measured, as the reality is much more
complex. Although the “idealized” band theory is a good starting point for the investigation
of the conduction processes, the microscopic structure of polymers is much more different.
The main statement, which explains the true value of the conductivity in polyethylene and
polymers, is the existence of trapping sites in these materials, which will be analyzed in the
next paragraph.

3.4. Trapping in polymers

Trapping is the fastening of charges at a fixed location in the material and is closely related
to the existence of either chemical or physical defects [TEY-05]. As mentioned in paragraph
3.1, polymers have complex structure, which contains defects. These structural defects are
responsible for the existence of intrinsic charge sources and hence, the measured
conductivity of those materials is much higher than the one derived from the “idealized”
band theory (Fig. 3.6).

CB

—_ o - o _\ Trapping

VB

Fig. 3.6: Representation of accessible localized states, i.e. traps, within the
forbidden gap of a disordered dielectric material, from [KAH-89]

A charge carrier that is trapped in a potential well can leave the trap when a sufficient
amount of thermal energy is acquired. The amount of energy needed to escape from a
certain trap is called the trap depth. The amount of time a charge carrier resides in a charge
trap is determined by the trap depth: the deeper the trap, the longer the time a carrier will
spend inside the trap (the chance of acquiring enough thermal energy is smaller for deeper
traps) [DIS-92].

The difference between physical and chemical defects is explained here [TEY-05]:

* Physical defects are referring to the different conformations of the molecules, like
amorphous and crystalline regions, and chain conformation. This has consequences
to the energy band diagram, introducing accessible, localized states for carriers in
the forbidden gap. These states are usually shallow traps (Fig.3.7) and assist charge
transport. Two reasons can be given for this. Either the localized states are in
thermal equilibrium with extended states of conduction and/or valence band:
transport can occur by thermal activation of carriers to a band, leading to the
concept of conduction through multiple trapping/detrapping steps. The term
“shallow trap” comes from this point of view, because charges move from trap to
trap, experiencing each time a transition to the extended states of the band. The
second situation makes reference to a large density of localized states in interaction
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(meaning that the wave functions of the traps overlap). In this situation, carriers can
tunnel from one level to another one without undergoing a transition to the
extended state. This is referred to as the phonon-assisted tunneling (also quoted as
the “hopping” mechanism and will be dealt with analytically later).

* Chemical defects are referring to the presence of one or several atoms that are not
part of the repeated unit that constitutes the backbone of the molecular chain like
branching, in-chain defects, residues, additives, by-products etc. Chemical disorder
introduces also physical disorder in its surroundings due to the difference in size
and position of the foreign atoms as regards the atoms constituting the polymer
itself. Because the electronic properties of the foreign atom can be different, it can
introduce additional energy levels in the forbidden gap, generally at a deeper level.
The chemical disorder is thought to control the space charge and these energy levels
are often named “deep traps” or “real traps” (Fig. 3.7).

energy
/ conduction band
Aallow )
trapping level
P deep for electrons
Ec ~ 9e
p deep trapping level
shallow for holes
\ valence band
>
density

Fig. 3.7: Representation of shallow and deep traps for electrons and holes
in a disordered dielectric material (Polyethylene), from [TEY-05]

The density of deep traps is much lower than the density of shallow traps. Furthermore, the
contribution of the deep traps to the conduction process is low, as opposed to shallow traps
that assist the conduction [MAZ-13], [BLY-05].

Another distinction of traps is associated with the type of carriers they accept. Traps for
electrons are called acceptors and traps for holes are called donors. Electrons or holes
travelling from the valence band to the conduction band may get trapped in such an energy
state [TEY-05].

Another type of trap called self-trap is also present in polymers. The electric field of an
electron can locally change the structure of the polymer molecular chain creating a local
drop in the potential (potential well). The electron thus traps itself. Self-traps are usually
deep. Hence, charge remains in such traps for many hours or even days [KRE-95].
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3.5. Charge generation and Injection at the electrodes
A release of carriers in the material is possible from two different sources [CHR-98]:

e (arriers can be generated intrinsically via a bulk instability
* (Carriers can enter due to injection at the electrodes

So, neglecting charge generation due to discharges in the environment of the insulation, as
well as any other irradiation source (photo-generation, X-rays, electron irradiation, etc.)
[TEY-05], we consider here the charge injection and in the next paragraph the transport
mechanisms that have been developed until now.

As discussed in paragraph 3.1, the nature of the electrode-insulation interface is complex.
That is because of the presence of physical, chemical and electrical defects such as: surface
roughness, imperfect contact, chemical impurities, donor-acceptor states, trap states etc.
[DIS-92]. The two electron-injection mechanisms described here are the Schottky effect
and the Fowler-Nordheim injection. Both are based on the very simple electron energy
diagram of the metal-insulator contact shown in Fig. 3.8.

X Conduction A
levels

vy | __ L —_ \ 4

Metal Insulator Metal Insulator

(a) (b)

Fig. 3.8: | Insulator in contact with a metal:
(a) In the absence of a field
(b) With applied field, from [MOT-40]

In Fig. 3.8, @ stands for the work function of the metal and is defined as the minimum
energy that has to be expended to remove an electron from the metal to the vacuum. So, in
Fig. 3.8, electrons must overcome a potential barrier to leave the metal and enter the
insulation. The height of the barrier depends on the interface. The theories were initially
developed for electron injection from a metal into a vacuum in which case the barrier
height was equal to the work function of the metal, @. In the case of metal-polymer
interface however, this barrier height and shape is modified by the local conditions
obtaining. In an ideal case the electrons would have to be excited into a conduction band in
the polymer, in which case the barrier height would be decreased by the electron affinity of
the polymer [DIS-92]. The electron affinity y is the energy required to bring an electron
from the vacuum to the conduction band [TEY-05].
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3.5.1. Schottky model approach: contact emission phenomenon

The Schottky effect (or field assisted thermionic injection) occurs when the presence of an
electric field modifies the emission current by lowering the potential barrier for thermionic
emission [RAJ-03]. In this case, the electrons are injected from an electrode into the
conduction band of the insulation material [DIS-92], [CAS-11].

The current density emitted due to the Schottky effect is expressed by [LEN-66]:

1
_B.E2
Js = AT? exp [— %‘ Eq.3.10
where:
* Aisthe Richardson-Dushman (in m?K) constant for thermionic emission given by:

_ 4memk?

A= 3

Eq.3.11

where m and e are the mass (in kg) and charge (in C) of an electron respectively, k is
the Boltzmann constant (in J/K), and h is Planck’s constant (in ] - s)).

* [ is the Schottky constant (in C - m) and is given by:

1
3 =

B =i Eq.3.12

ATTEYEo

where:

o &p: the permittivity of free space (g, = 8.854 F/m)
O &u:the relative permittivity at high frequencies
o q: the electronic charge (in C)

* @, is the height of the potential barrier at the metal-dielectric interface without any
applied field, or, more precisely, the difference in energy between the Fermi energy
in the cathode metal and the potential energy of a conduction electron in the
polymer.

* E. corresponds to the electrical state at the contact

For a plane-parallel electrode system, an ideal insulator would lead to a homogeneous field
distribution of the magnitude V /d where V is the applied voltage and d is the thickness of
the specimen. However, the accumulation of space charge leads to a different field value
near the electrodes and this effect has to be taken into account by a multiplying factor
[LEN-66].
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For this reason, a dimensionless constant y is used as follows:
14
E. = Yy Eq.3.14

In most experiments y turns out to be greater than 1, showing a concentration of the field
at the injecting electrode [LEN-66]. In the study of [CAS-11] it is indicated that y < 1 stands
for a contact with dominant homo-charge and y > 1 for a contact with dominant hetero-
charge. The Schottky equation (Eq. 3.10) after the field distortion correction becomes:

Eq. 3.15

According to equation Eq. 3.15, a plot of In (J) versus Ecl/2 gives a straight line, although at
low fields space charges and surface inhomogeneities tend to cause deviations [DIS-92].
The intercept is the pre-exponential and the slope is the term in brackets [RAJ-03]. The
value of the y parameter near the injection-electrode can be calculated from the slope of
this curve [CAS-11], [KRI-12] and is given using the equation:

__ (slopexkT)?4meger
= pe

Eq.3.16

Although the Schottky emission theory is considered an important mechanism in
describing conduction in insulators, the range of it is estimated to lie between 1 and
100 kV/mm [MOR-60]. For field strengths above that value field emission based on the
Fowler-Nordheim effect is more appropriate.

3.5.2. Fowler-Nordheim injection

Field emission (or the quantum-mechanical tunneling) of electrons from a metal surface
into a vacuum under the influence of a strong electric field, was first explained by Fowler
and Nordheim (1928). The Fowler-Nordheim injection is valid for “high” fields, above
~100kV/mm. In this case the barrier becomes very thin, less than 1nm at 1000kV/mm
[DIS-92]. In classical mechanics a particle cannot enter a region in which its total energy is
less than the potential required. However, particles that exhibit particle-wave duality such
as electrons and photons have a finite probability of existing in such regions. It is found
that electrons may pass through thin potential barriers despite having insufficient energy
to surmount them; this is also known as tunneling. When this occurs at the contact barrier
it is known as Fowler-Nordheim injection and the emission current is given by [DIS-92]:

Jon = L exp
FN'™ gnhe

g(zhﬂz)éﬁ} Eq.3.17

qE

where h is the Planck’s constant (4.1357- 107> eV- s), h = h/2m, m* is the effective mass of
the carriers (in Kg), and all the other parameters have the same meaning as previously.
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The injection current density, according to equation Eq. 3.17, depends strongly on electric
field E and there is no or small temperature T dependence. The Fowler-Nordheim equation
relates the current density to the work function and electric field and the plot of In (J/E?)
versus 1/E must give a straight line.

Depending on their nature, carriers can be extracted or not at the opposite electrodes. In
case of ions, it is difficult to envisage mass transport through the electrodes. However, they
can interact with carriers of opposite polarity being injected at the electrode, providing
electrical neutralization. In case of electronic carriers, extraction can occur with or without
barrier height [TEY-05].

3.6. Charge transport

A coherent categorization of the bulk conducting phenomena taking place in polymers is
shown in Fig. 3.9 below.

Ohmic
conduction

Low-field
conduction

onic conduction

<I
Bulk phenomena Hopping
conduction
Poole-Frenkel
mechanism
High-field Space-charge
, 1mited
conduction i
conduction
Bulk 1onic
conduction
Field-limiting
charge
conduction

Fig. 3.9: Bulk phenomena categorized into low and high field
conduction mechanisms
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Charge transport processes depend primarily on the nature of carriers. The first
classification is a distinction between low-field and high-field conduction mechanisms,
both involving ionic and electronic processes. Within processes at higher fields, a second
classification can be made referring to processes involving band transport (Poole-Frenkel
mechanism) and those that do not (Hopping and Bulk ionic conduction). Diffusion is
somewhat apart as it involves mass transport. Furthermore, the Space Charge Limited
Current (SCLC) model combines Ohmic conduction, involving band mobility or trap-limited
mobility, and local field distortion due to space charge accumulation. Additionally there is
the field-limiting space charge (FLSC) model, which is in some ways analogous to the SCLC
model at the trap-filled limit and takes into account the increase of the mobility with the
electric field.

3.6.1. Low-field conduction bulk phenomena

(A) Ohmic conduction

At low electric fields the voltage-current characteristic tends to obey Ohm’s Law. This is
usually explained in terms of Ohmic conduction, in which the carriers, usually electrons or
holes, acquire an average velocity proportional to the field. In this situation, as explained in
chapter 2, the equation dominating the steady-state current density-electric field behavior
is:

] =«E Eq.3.18
where the conductivity k is independent of the applied field.
In Ohmic conduction, the representation of the steady-state current density with respect to

applied electric field in log-log coordinates yields a slope of 1. Charge hopping motions
between localized states can also lead to Ohmic conduction [DAS-97].

(B) Ionic conduction

Ionic conduction in a dielectric is the process in which electric current is carried by the
motion of ions [DIS-92]. This could arise in two different manners:

* In an ionic crystal physical imperfections alone can be responsible for mechanisms
of current flow;

* In a non-ionic substance chemical imperfection is required to supply the mobile
species

In addition, a low concentration of ions may be present in a polymeric material, as a result
of chemical reactions involving sulfur in antioxidants, or organic ions resulting from
oxidation of the material [GIL-92]. An alternative for the generation of ions is dissociation
of impurities or absorbed water under the effect of the field [PAI-75]. Finally, ionic species
can be generated at the metallic electrodes and from there can be injected to the bulk
material [TAK-99], [HO-01].

Ionic conduction at low fields can also lead to an Ohmic relation between the current
density and the field. For high fields, the bulk ionic conduction is discussed in the next
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paragraph. Finally, ionic conduction is strongly dependent on the temperature, as
discussed in Chapter 2, obeying either the Arrhenius or VTF equation.

3.6.2. High-field conduction bulk phenomena

(A) Hopping conduction

Hopping conduction makes charge transport possible in situations where band conduction
no longer occurs. Hopping can simply occur from one trapping site to the other [RAJ-03];
just as carriers can be generated thermally by excitation of electrons across the band gap,
from the valence band to acceptor states or from donors to the conduction band- so it is
also possible to move charge between localizes states by thermal excitation. Such
conduction requires the electrons to execute discrete jumps across an energy barrier and
through space from one site to the next (see Fig. 3.10 below).

The concept of hopping transport has been familiar for a long time in connection with ionic
conduction (i.e. bulk ionic conduction), since ions move essentially by hopping, whether
through interstices or vacancies. This concept has been extended to electrons, particularly
for electronic conduction in amorphous and disordered nonmetallic solids [KAO-04].

Energy Hopping
'y

Tunnelling

>

Site | Site 2

Fig. 3.10: Diagram electron-transfer mechanisms between adjacent
Sites separated by a potential-energy barrier, from [BLY-05]

An electron may either hop over or tunnel through the barrier, going from one site to the
other, depending on the shape of the barrier, the separation of the sites and the availability
of thermal energy. To hop between sites the electron must acquire sufficient thermal
energy to surmount the barrier, while for tunneling the site separation must be small
enough for the tail of the electron wave-function to extend through the barrier. A concerted
process, in which the electron is thermally excited sufficiently far up the barrier that
tunneling can occur, is also possible. This process becomes important for sites beyond
nearest neighbors, since the probability of long distance hopping will be influenced by the
spatial extent of the tails of the wave-functions [BLY-05].
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In high quality crystals the density of defects will be too small for hopping to occur
between defect sites on account of their large physical separation. However, if the defect
levels lie close in energy to either the valence band or the conduction band then transitions
to and from the band states are possible [BLY-05].

The conductivity in the case of hopping between localized states is given by Mott’s law:

Kpop = Ko * €xp (—TTTOn Eq. 3.19
where Tp is constant at sufficiently low temperature, k, is a pre-exponential factor, and
n=1/4. However, in less simplifies analyses, n, which expresses the temperature
dependence of the hopping conductivity, lies between one half and one quarter (1/4 <n <
1/2) [BLY-05]. These values have been verified for various amorphous materials [DIS-92].

(B) Poole-Frenkel Mechanism

The Poole-Frenkel mechanism is the bulk analogue of the Schottky effect [DIS-92]. Both the
Poole-Frenkel mechanism and the Schottky effect exhibit a current flow, which increases
exponentially with the square root of the applied voltage for high electric fields [MAS-71].

vacuum \ 0

level

site level

Fig. 3.11: Poole-Frenkel mechanism: The potential A® of the site is assumed
to be of Coulombic form. Under high electric field, the energy of the site
is modified, lowering of the barrier in the drift direction, from [TEY-05]

The Poole-Frenkel mechanism occurs within the bulk of the dielectric where the Coulombic
potential barrier can be lowered due to the influence of the high electric field (see Fig. 3.11
above). The potential A® of the site is assumed to be of Coulombic form. In the presence of
high electric field, the energy of the site is modified, lowering the barrier in the direction of
the field.

For the mechanism to occur, the polymer must have a wide band gap and must have donors
or acceptors. For the sake of simplicity we assume that the insulator has only donors, as the
treatment is similar in both cases. Additionally, we further assume that there are no
thermally generated carriers in the conduction band and the only carriers that are present
are those that have moved from donor states due to high electric field [DIS-92], [RA]J-03].
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5
|

= the number of donor atoms or molecules per m3.
* N, = the number of non-donating atoms or molecules per m3.

the number of electrons in the conduction band.

=
I

Then the relationship:
N.=Np — N, Eq. 3.20

holds assuming that each atom or molecule donates one electron for conduction. As an
electron is ionized it moves away from the parent atom but a Coulomb force of attraction
exists between the electron and the parention is given by:

—e?

F = Eq.3.21

ATLEGELT 2

where &, the dielectric constant of the material and r the distance between charge centers.

With potential energy reference for r — oo, the potential energy associated with this force

is:
—e?

V(r) =

Eq.3.22

4ATTEYEYT

And the electric field changes the potential energy to:

V(r) =

—eEr Eq. 3.23

ATTEYEYT

To find the condition for the potential energy to be maximum, we differentiate the equation
and equate it to zero. Then, solving for r and noting the maximum by 7,,, the change in the
maximum height of the barrier is:

_ e3E \z _ 1/2
AV, = —2 (Wosr) = —BoEY Eq. 3.24
5 %
Where fp = 2 (4;8 . )2 is the Poole-Frenkel coefficient that depends only on the charge of
ocr

the carrier and the dielectric constant of the material, assuming a Coulombic potential well
[BOT-85], [BRU-06].

The Poole-Frenkel conductivity is given on the form:
1
Kpr = Koexp (BpEz2/2kT) Eq. 3.24

where Kk, is the low field conductivity.
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On the Poole-Frenkel effect, several investigators have pointed out that the slope of In(J/E)
versus E1/2 gives a value between S, /KT and fp/2KT, which means between S and 2f,
where [, is the Schottky constantm[MAR-67].

(C)  Space charge limited Currents (SCLC)

The Space Charge Limited Current (SCLC) current model is found generally in thin
insulating films and is highly dependent upon thickness. The prime objective of SCLC
models was to calculate the steady state current produced when the carrier concentration
is high enough to bring significant spatial variation of the field. In a thin film which is
insulating but has good contacts, although there may only be a very small amount of free
charge in the material at first, more free charge may be injected. If the dielectric constant of
the material is high this may lead to a high space charge accumulation within the material.

Charge injected from the electrode moves through the bulk and eventually reaches the
opposite electrode. If the rate of injection is equal to the rate of motion charges do not
accumulate in a region close to the interface and the electrodes are called Ohmic. Ohmic
conductors are sources of unlimited number of charge carriers [KAO-04]. If the mobility is
low, which is the normal situation with many polymers, then the charges are likely to
accumulate in the bulk and the electric field due to the accumulated space charge
influences the conduction current. A linear relationship between current and electrical field
does not apply anymore except at very low fields. At higher fields the current increases
much faster than linearly and it may increase as the square or cube of the electric field. This
mechanism is usually referred to as Space Charge Limited Current (SCLC). The SCLC theory
provides the external current for electronic carriers in either a trap-free medium, a single
trapping level, or in situations of an exponential distribution of trap levels [ROS-55],
[MAR-62].

Following, in developing a theory for SCLC, we assume that the charge is distributed within
the polymer uniformly, there is only one type of charge carrier and the contacts are Ohmic.
This model was formally developed to explain the nonlinear character of the steady-state
current vs. field characteristic. In experiments it is possible to choose electrodes to inject a
given type of charges and if both charges are injected from electrodes recombination
should be taken into account. With increasing electric field the regions of space charge
move towards each other within the bulk and coalesce. The number and type of charge
carriers, and its mobility and thickness of space charge layer influence SCLC. Mott and
Gurney first derived the current due to space charge limited current in crystals assuming
that there were no traps. For a better understanding of the SCLC theory we will analyze
first the case where the traps are absent and then we will include traps in the theory
according to [DIS-92], [RAJ-03], [CAS-69], [TEY-05].

Trap free dielectric

Consider an ideal dielectric in which there are:

* No thermally generated carriers
* No traps
*  Ohmic contacts implying good injection
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* Only negatively-charged carriers (i.e. electrons)

The total current density in the dielectric is made up from the three components of drift,

diffusion and displacement:
dE

dn
J = neuk — eDnE+ Eo&r -

Eq. 3.24
Where D, is the Fick’s diffusion coefficient for electrons and the other symbols have their
usual notation. Assuming steady-state conditions (dE/dt = 0), as we are investigating the
DC conductivity, the equation Eq. 3.24 becomes:

] = neuk — eDnd—n Eq. 3.25
dx
From Poisson’s equation:
a4 _ ne Eq.3.26
dx Eo&r

So that the total current is:
d2E

n g4x2

] = So?—rHEz—i—?—oSrD Eq. 3.27

If we neglect diffusion and assume a constant electric field across the bulk of the dielectric
the current will be as follows:

~ dE
] = gpeuE -~ Eq. 3.28
Rearranging this expression and integrating both sides gives:

2]

€o€r

E = (— (x+x))? Eq.3.29

Where x, is a constant of integration. This may be estimated using the boundary condition
that atx = 0, n is given by the concentration of electrons injected over the electrode-

insulator barrier, N, = n(x = 0) which at low fields (i.e. much less than those at which
Schottky or Fowler-Nordheim processes would have a role) is approximately given by:

N, = 2(2”";1#)1/2%;9 {%} Eq.3.30

where x; is the electron affinity of the insulator and ¢,, is the work function of the metal.
Finally x, is given as:
x, = =2l Eq.3.31

2NZe2pu

The current density to voltage relationship is then:

1

= 3
V= [ Edx =2(ZL) (d +x)z — %) Eq. 3.32

goErl

where d is the thickness of the material.
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It is usual to assume that x, < L so that the current density is given by:

2
J = et Eq.3.33
And the current is proportional to the square of the voltage. This is known as the Mott &
Gurney square law (or sometimes Child’s law for solids, whereas Child’s law for a vacuum
predicts /] « VV3/2). The inequality constraint x, < L is only true for electrodes with good

injection properties.

The charge density in the dielectric is made up from two components, ny and n,; where
n, is an injection term. The current density can therefore be thought of as being made up of
two parts:

v 9ggerny UV 2
]SCLC = noeﬂz + % Eq 3.34
(Ohmic) (Space charge limited)

And if n; > ny then space charge limited current dominates. A transition voltage V;,, may
be defined such that above this voltage the space charge limited current dominates over
the Ohmic component. This is easily found experimentally by plotting log(J) versus
log(V) and observing the voltage at which the slope changes from unity to two.

Equating the Ohmic and space charge limited currents gives:

9en0L2

9&gé&r

V= Eq. 3.35

From Eq. 3.35, the space charge in the material can be found.

Dielectric with traps

If traps are present (which is inevitable in the case of polymers) the space charge limited
current will be reduced by several orders of magnitudes, since most of the injected carriers
are removed by empty traps. It was proposed, by [ROS-55], that neither the space charge
density nor the field distribution is altered by trapping, but the voltage-current
relationship should be modified by a trapping parameter 6, which is given by

Nnc

0 = Eq.3.36

Ny+ne

Where n, the number density of conduction band electrons and n; the number density of
occupied trap states.

The current density due to SCLC is then given by:

9£0£ruV2
8s3

JscLe = Eq.3.37

The trapping parameter 8 expresses actually the proportion of electrons that are available
for conduction. Its value is very small at low voltages, as all carriers injected from the
electrodes are led into traps and do not contribute to the conduction current. At sufficiently
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3. Charge generation and transport in polymers

high fields, when all traps are filled (also referred in the bibliography as the trapped filled
limit), the parameter 6 returns to its previous unit value.
The numbers n; and n, are given by:

n. = Nyexp (— %} Eq. 3.38

— Nt
" 1+exp [(Ep—Ep)/kT]

Eq.3.39

N

where N,, the density of states in the valence band and N, is the density of traps.

(D) Field-Limiting Space Charge (FLSC) model

Several works on HVDC polymeric insulation showed that significant space charge buildup
starts when the applied field is above a critical value, the so-called threshold for space
charge accumulation [BOD-04]. A mechanism that could explain this observation is an
abrupt increase of the mobility at a critical field value (mobility edge) that leads to homo-
charge injection. Recently, this parameter has also been associated with the startup of
electrical ageing. For these reasons, the threshold for space charge accumulation can be
considered as a parameter of utmost interest not only for insulation design, but also for
material characterization and comparison [BOD-04].

Space charge accumulation is known to play a very important role not only in the aging, but
also in the breakdown of HVDC solid polymeric insulation, due to local electric field
enhancement. If the applied field exceeds the threshold for space charge accumulation,
charge injected from the electrodes can accumulate in traps located at the interface with
electrodes and in the insulation bulk. Buildup of injected charge can be observed often
close to the injecting electrode, forming a homo-charge distribution after relatively short
times of voltage application, depending on electric field and temperature [FAB-09].

In electrical engineering applications charge injection occurs in most cases at very high
voltages. Approaches involving directly the effect of space charge in terms of Poisson
equation electric field modification and contribution to conduction current mechanism
have been proposed, mainly to deal with high-field, thus short-term, breakdown. These
approaches consider highly inhomogeneous conditions, from divergent electrical field to
composite or filled dielectrics, which can be not uncommon in real insulation [MON-00].

Regarding high and divergent fields, the mechanisms proposed by Zeller and Boggs have
the common background of the so-called Field Limited Space Charge Current (FLSC)
theory. These two mechanisms are indicated here:

* [ZEL-84]: Modeling of the tip-plate geometry in the limit of an infinitely high
mobility edge and by neglecting diffusion. In this model, a space charge forms near
the tip when the mobility reaches the mobility edge. The mobility edge is described
with a mobility u(E) which vanishes for E < E, but is very large for E > E., where
Ec is the critical value of the electric field. The space charge, in turn, screens the
electric field enhancement at the tip, and pins it to the mobility edge.
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3. Charge generation and transport in polymers

* [BOG-93], [BOG-95]: Proof of usefulness of the screening by the injected space
charge in ac driven field-grading materials. This model, however, is based on the
concept of conductivity which cannot lead to a consistent physical description of
charge injection. The theory assumes a conductivity which is only a function of the
field and which does not distinguish between intrinsic and injected charge carriers.

According to the FLSC theory, there is a threshold field, Ec, below which injected space
charge possess a low but finite mobility, so that over a long period of time the equilibrium
situation predicted by the Space Charge Limited Current (SCLC) model will result. Above
the strongly nonlinear dependence of the mobility on the electric field causes space charge
clouds to penetrate rapidly into the insulation bulk from a conductive protrusion/particle
tip, thereby reducing the electric field at the interface between dielectric and
electrode/defect in a very short time. When the FLSC conductivity is reached, the resistive
current density is equal to the capacitive current density and space charge is generated to
limit the field to close to Ec. This has the practical effect of reducing the Laplacian field at
the defect tip to a near constant Poissonian value of ~Ec for a length inside the dielectric
that is established by the extent of the difference between Laplacian and FSCL threshold
field, as shown in the following figure:
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Fig. 3.12: Example of Laplacian (without accounting for space charge) and
Poissonian (with space charge) electric field vs distance from a defect tip,
from [ZHE-05]

In Fig. 3.12 we can see that: when the Laplacian field at the tip is appreciably above the
threshold field, the FSCL mechanism is present. In this case, the space charge limited field
region extends from the defect tip for approximately 3um in the insulator [ZHE-05].

Damage can penetrate into the polymer from the defect tip through electron avalanches
generated by very high local field, but as the electrons for such a process must be extracted
from the defect/polymer interface and electromechanical fatigue at the defect/polymer
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3. Charge generation and transport in polymers

interface is not involved (injection and extraction), the degradation under constant voltage
takes much longer times than those resulting from an AC supply [MON-11].

(E) Bulk Ionic conduction model

According to [MOT-40], the theoretical equation for ionic conduction, relating current
density with electric field strength is:

Joic = Jo sinh (515 Eq. 3.40
where A is an ionic jump distance, used to express the movement of ions in the material
and gq; is the ionic charge. The mean jump distance can derive from the current versus
electric field strength characteristic. The bulk ionic conduction model is the analogous of
the hopping conduction, but not for tunneling, as it refers to ionic carriers.

Conclusion:
Summarizing, the electrical conductivity can be classified into three categories [KAO-04]:

* Intrinsic conductivity: charge carriers are generated in the material based on its
chemical structure only.

* Extrinsic conductivity: charge carriers are generated by impurities in the material,
which may be introduced into it by fabrication processes or deliberately doped into it
for a specific purpose.

* Injection-controlled conductivity: charge carriers are injected into the material mainly
from metallic electrodes through a metal-material interface.

Through the years, studies have been developed in order to sufficiently describe the way
carriers are generated and transported in polymeric insulating materials. However, each
polymeric material has a different chemical and physical structure and is influenced
differently from the various parameters, such as temperature and electric field. In addition,
more than one conduction mechanism can be present in a material, and especially at
steady-state, an injection mechanism must be combined with a charge transport
mechanism to fully describe the conduction phenomena taking place. The suitability of
these mechanisms will be dealt with in the next chapter, giving also examples from
previous investigations.
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4. Conduction current measurements - Previous investigations

Conduction current measurements are used as a way to determine the conduction
mechanisms that are present in a material. Previous studies on polymeric insulating
materials have shown that the current-voltage (I-V), or current density-electric field (J-E)
characteristics exhibit a transition from Ohmic behavior to high-field behavior (chapter 3),
above a critical electric field strength. This critical field strength is also known as threshold
field.

Previous investigations have tried to determine the value of this threshold field, find its
dependence on factors like temperature, fillers, material geometry etc. and specify its

origins. Some of these investigations, the most relevant to this thesis, are indicated in the
next paragraphs.

4.1. The threshold field and its dependence

4.1.1. Conduction current measurements on XLPE and EPR insulation,
from [BOD-04]

The study of [BOD-04] is focusing on the conduction currents of two different insulating
materials and their dependence on the applied electric field and the specimen geometry.

Samples and Experimental conditions

* Materials:
o EPR
o XLPE
Electrode material: aluminum
* Specimen geometry:
o Plaques
o Cables
Range of applied electric field:
o 3.3to 23.3 kV/mm for the cables
o 3.3 to 20 kV/mm for the plaques
* Temperature: 20 °C

Result summary

\ Material Geometry 9 (°C) Ehreshold \
XLPE Cable 20 8.5 kV/mm
Plaque 20 13 kV/mm
EPR Plaque 20 5.5 kV/mm
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J-E characteristic

A logarithmic plot of the J-E characteristic, shown in Fig. 4.1, indicates the transition
between low-field and high-field conduction, with:

* Slope = 1 indicating Ohmic conduction
Slope > 2 indicating a high-field conduction region
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Fig. 4.1 | (c) J-E characteristic for XLPE and EPR plaques, at 20 °C, from [BOD-04]

(d) J-E characteristic for XLPE mini-cables, at 20 °C, from [BOD-04]

Conclusion

Both materials exhibit a transition from a low-field to a high-field conduction regime. The
influence of the specimen geometry is remarkable, and indicates that the nonlinear

behavior starts at lower fields for the cable specimens. No interpretation is given in [BOD-
04] for this result.
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4. Conduction current measurements - Previous investigations

4.1.2. Conduction current measurements on filled and unfilled epoxy,
from [MAC-00], [MAC-01]

The study of [MAC-00] is focusing on the conduction currents of filled and unfilled epoxy
resin specimens and their dependence on the applied electric field and the fillers (quantity
and nature). In [MAC-01] the author is using the same results to accentuate the influence of
the filler nature on the threshold field value.

Samples and Experimental conditions

* Materials:
o Unfilled epoxy resin
o Epoxy filled with either 10% or 15% aluminum oxide Al,03
o Epoxy filled with either 10% or 15% zinc oxide ZnO

* Electrode material: aluminum

* Specimen geometry: Square plaques

* Range of applied electric field: Up to 11 kV/mm

* Temperature: 33 or 34 £0.5 °C

Result summary

Material J (OC) Ethreshold
Epoxy, unfilled 34 Not found
Epoxy, 10% Al,0; 34 Not found
Epoxy, 15% Al,0; 34 6-7 kV/mm
Epoxy, unfilled 33 Not found
Epoxy, 10 % ZnO 33 Not found
Epoxy, 15% ZnO 33 4 kV/mm

J]-E characteristic

The J-E characteristics are shown in Fig. 4.2 and do not reveal a transition from a low-field
to a high-field conduction regime for all materials.

5 Current Density (A/m? x 1E6)
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4
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Unfilled
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(a)
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Fig. 4.2 | (a): J-E characteristic for commercial epoxy resin, unfilled and with Al,04
filler, at 34 °C, from [MAC-00]
(b): J-E characteristic for commercial epoxy resin, unfilled and with ZnoO filler,
at 33 °C, from [MAC-00]
(c): J-E characteristic for a commercial epoxy resin, unfilled and with
aluminum oxide or zinc oxide filler, at 33-34 °C, from [MAC-01]

Conclusion

The influence of the concentration and the nature of the fillers on the conduction currents
in epoxy square plaque measurements is clear. The addition of either aluminum oxide or
zinc oxide in the epoxy specimens can produce a composite material, which exhibits a non-
linear behavior above a threshold field. It is also remarkable from the J-E characteristics
that the influence of the ZnO fillers is more intensive compared to the Al,05. At the linear
region, it is not clear whether the current of the filled or unfilled specimens is greater.
Concerning the Al,0; filled specimens the current is lower for unfilled specimens. For ZnO
filled specimens the current is greater for the unfilled specimens, however, with a lower
magnitude.
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4. Conduction current measurements - Previous investigations

4.1.3. Conduction current measurements in Epoxy and Polyethylene,
from [DAS-12]

The study of [DAS-12] is focusing on the conduction currents of two different insulating
materials and their dependence on the applied electric field.

Samples and Experimental conditions

* Materials:

o Epoxy

o Polyethylene (PE)
* Electrode material: aluminum
* Specimen geometry: Plaques
* Temperature: 25 °C

Result summary

Material 9 (OC) ‘ E'threshold
Epoxy 25 17 kV/mm
PE 25 13 kV/mm

J-E Characteristic

A logarithmic plot of the J-E characteristic can show the transition between low-field and
high-conduction, with:

* Slope = 1 indicating Ohmic conduction
* Slope > 2 indicating a high-field conduction region

10 T
O PE experimental data

= slopei - 0.6722 un
= slope2 - 3.72 {fl,
O Epoxy experimental data F[
===== slopei - 1.14 ﬁ
12
10 °} =mmm== siope2 - 2.572 4
o |
Threshold Field (Epoxy) d
~17 kV/mm A

Current Density (A/m mz)

10° 10 10°
Electric Field (kv/mm)

Fig. 4.3: ]-E characteristic for Epoxy and Polyethylene,
at 25 °C, from [DAS-12].
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Conclusion

Both materials exhibit a transition from a low-field to a high-field conduction regime. The
threshold field value for this transition is higher for the epoxy specimens. The authors refer
to the structural properties of the materials for a possible explanation of the results. Epoxy
is an amorphous material, while PE is a semi crystalline material. The crystalline-
amorphous boundaries of PE, and thus the introduction of traps or localized states at these
boundaries, could be one of the reasons behind its low threshold field value.

4.1.4. Conduction current measurements on composite epoxy resin materials,
from [CAS-11]

The study of [CAS-11] deals with the conduction mechanisms that are present in micro and
nano composite epoxy resin materials. For this reason, conduction current measurements

are performed and the threshold field is detected.

Samples and Experimental conditions

* Materials:

Six kinds of epoxy-based materials with different weight % contents of micro and nano
Si0, filler, with amounts ranking up to 65%wt micro and 5%wt nano, as shown in the
following table:

Nano %wt Micro %wt

MONO 0 0
M60ONS5 60 5
M62.5N2.5 62.5 2.5
M65N0 65 0
M65N5 65 5

Table 4.2. Micro and nanofiller contents in %
by weight, from [CAS-11]

* Specimen geometry: plaques, 1mm thick
* Range of applied electric field: 1 to 13 kV/mm
* Temperature: 25 °C

Result summary

All samples showed a non-linear behavior for fields greater than 2 kV/mm.

J-E characteristic

A logarithmic plot of the J-E characteristic can show the transition between low-field and
high-conduction, with:

* Slope = 1 indicating Ohmic conduction
* Slope > 2 indicating a high-field conduction region
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Fig. 4.4: J-E characteristics for micro- and nanofilled epoxy
resin specimens, from [CAS-11]

4.2. Possible origins of the non-linear J-E behavior

Previous studies performing conduction current measurements on polymeric insulating
materials tried to give an explanation for the non-linear behavior of the J-E characteristic
above the threshold field. It has been proved in a number of cases (e.g. [DIS-05], [DAS-12]),
that the point at which the slope of the J-E characteristic changes determines the electric
field above which space charge starts accumulating. As discussed in chapter 3, space charge
and Ohmic behavior cannot coexist. The presence of space distorts the distribution of the
electric field in the material, and inevitably results to a non-linear J-E characteristic.

The space charge accumulation is taken into account in the Space Charge Limited
Conduction (SCLC) theory, which was explained in the previous chapter. In the SCLC
theory, the J-E characteristic reveals the transition from a low-field regime where Ohm’s
law prevails (represented with a straight line with a slope approximately equal to 1 in a
log-log coordinate system) to a high-field behavior determined by the establishment of
steady trapped space charges. In the latter case, the conduction model is described by a
power law, providing a straight line in log-log coordinates with a slope equal or larger than
two. According to the SCLC theory, this critical field corresponds to the onset of space
charge accumulation within the material.

However, space charge is not the only origin for nonlinear currents. Generation and
transport mechanisms such as the Schottky injection, Hopping conduction etc., may occur
even when there is no space charge and might also create non-linearity in the J-E
characteristic. The functions describing these mechanisms may fit the data almost as well
as the expressions for SCLC [MON-00]. The crucial point is whether or not the I[-V
characteristic can be non-linear when there is no space charge accumulation
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The question as to the existence of space charge at voltages for which the current is non-
linear can easily be settled by complementary techniques such as space charge detection,
or electroluminescence, or both. Modern equipment allows space charge (or
electroluminescence) and conduction current measurements to be performed
simultaneously, thereby giving the opportunity of clearing up the coincidence or not of the
non-linear behavior with the existence of space charge [TEY-01] and comparing the
sensitivity and efficiency of the methods [MON-00]. In the study of [DAS-12], which was
indicated in the previous paragraph, both space charge and conduction current
measurements were performed. The results are shown in Fig. 4.5 below:
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Fig.4.5. Threshold field indication for PE and Epoxy, from conduction current
and space charge measurements:
(a) Variation of charge density with respect to applied field, from [DAS-12]
(b) Variation of current density with respect to applied field, from [DAS-12]
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The threshold field value deriving from the two techniques differs somewhat, either
because of a mechanism different from SCLC, or because of the sensitivity of the test
techniques and the physics behind the measurement [DIS-05].

When studying conduction phenomena in dielectrics we should expect more than one
conduction mechanism to be present. In particular, as the current enters, travels through
the bulk, and finally exits the material, we should expect the coexistence of injection and
bulk mechanisms. Especially in the case of steady-state conditions, the current at the
electrode-material interface and the current in the bulk are equal [CAS-11]. The injection
and bulk conduction mechanisms analyzed in chapter 3 are summarized in the following
table:

Conduction Dependence of k (and J) on  Representation of results
mechanism temperature and field
Schottky vVE ( 1 )
~ _ In|— NE
TZ exp ( T n TZ Vs \/_
. c 1 1
Nordheim-Fowler ~E? exp (— - In (ﬁ) vs.
Poole-Frenkel Ap cVE In(x) vs.VE
P (o T kT
= - l 1
Hopping conduction AWY CcEa In(k) vs. ~
Ionic conduction In(i) 1
( WA) ) (CE) n(k) vs.
~exp|—-=])sinh|-— cE
kT kT : ( )
.sinh |—
J vs.sin T
SCLC ~ E? In(J) vs.In(U)

Table 4.1. Representation of the possible injection and bulk
mechanisms in polymeric insulating materials,
from [LUT-11], [LOV-74].

4.3. Detection of the conduction mechanisms from the

characteristics

J-E

From the curve fitting of the steady J-E characteristic, the conduction mechanisms that are
present in a material are detected. For the curve fitting, the results must be represented in
the way the third column of the table 4.1 dictates. If the representation of the results in
such a way gives a straight line and sensible parameter values, then the respective
conduction mechanism is present in the material. For the explanation of the latter the study
of [KRI-12], [CAS-11] is indicated again here.

46



4. Conduction current measurements - Previous investigations

(A) J-E fitting, Bulk phenomena

1. Space charge limited conduction (SCLC)

The SCLC theory is the first conduction mechanism that comes to mind when the slope
of the log-log J-E characteristic changes from about 1 to 2 or higher than 2. The SCLC, as
explained in the previous paragraph, refers to the start of space charge accumulation
above the threshold field. At the high-field conduction region J is given from Eq. 4.1:
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Fig. 4.6: Mobility vs. electric field for micro- and
nanofilled epoxy resin specimens, from [CAS-11]

From the curve fitting of the results the mobility of the carriers with respect to applied
field has been found and the values seem to agree with the respective in literature. That
means that the SCLC is present in the material, but is not necessarily the only
conduction mechanism. A validation for that can be given from the fact that the SCLC
theory foresees only accumulation of homo-charge. The same study conducts also space
charge measurements, finding out that under the same conditions, there is also hetero-
charge accumulating in the material. That suggests that SCLC is present, but also other
conduction mechanisms contribute to the conduction process. In order to determine if
SCLC is dominant, one should change the thickness of the specimens and see if the
change in the current is proportional.
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2. Bulkionic conduction

The ionic conduction model is expressed as:

J = Joexp [(q:AE)/(2kT)] Eq. 4.2

The parameters J, and A are calculated from Eq. 4.2, are in a reasonable range and
are shown in the following table:

A
Jo % 1078 (E) ) (nm)

Material

MONO 1.25 9.8
M60ONS5 4.47 13.8
M62.5N2.5 3.9 15.9
M65NO 2.11 17.1
M65N5 2.84 23.0

Table 4.3: Calculated parameters for the ionic
conduction model for the epoxy composites,
from [KRI-12]

So the bulk ionic conduction fits the results as well.
3. Poole-Frenkel mechanism

According to the Poole-Frenkel conduction mechanism, the conductivity is
expressed as:

o = ogexp (BpEz/2KT) Eq. 4.3

Where the Poole-Frenkel constant 3 must be between 35 and 235, where 35 is the
Schottky constant and depends on the relative permittivity of the material under
investigation. The slope of In (J/E) versus E'/? yields values between 0.001 and
0.0008, which is outside the expected range of 0.0001 to 0.0008, suggesting that the
Poole-Frenkel model is not suitable.

(B) J-E fitting, contact phenomena

1. Schottky injection

According to the Schottky injection model:

KT

1
g2
Js = AT? exp [— M—SECI Eq. 4.4
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or with the field correction constant y:

1
o—Bs(vy)’

— 2 _
Js = AT? exp o

Eq. 4.5

For the investigation of the Schottky model In (J) versus E'/2 is plotted:
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Fig. 4.7: Plots of In (J) vs. E/? for the investigation
of Schottky injection, for micro- and nanofilled
epoxy resin specimens, at 25 °C, from [KRI-12]

The data plotted in Fig. 4.7 show good correlation to the Schottky emission model,

and the values of the calculated parameters showed in Table 4.4 are in a reasonable
range.

Material ~ Slope g, (at 1 MHz) 14

MONO 0.0013 3.29 2.5
M60NS5 0.0016 3.95 4.6
M62.5N2.5 (0.0017 3.95 5.2
M65N0 0.0018 4.05 6

M65N5 0.0020 4.05 7.4

Table 4.4: Slope and unknown parameter
values derived from the Schottky emission
fitting of the results, from [KRI-12]

From Table 4.4 it can be seen that the constant y is increasing with the silica
content.

49



4. Conduction current measurements - Previous investigations

2. Fowler-Nordheim injection

The Fowler-Nordheim conduction model is valid for fields above 100 kV/mm so it is
expected that it would not fit the results. This can be proved with the representation

of the results in a In (é) versus % graph. The plot does not yield a straight line and

so the Fowler-Nordheim mechanism is not present in this case, as expected.

Conclusion

As seen from the studies of [KRI-12], [CAS-11], the J-E characteristic can be used to
determine satisfactory the conduction mechanisms that are present in a material as well as
the values of some important parameters. Except for the studies of [KRI-12], [CAS-11]
there are also several other studies concerning the same field of interest, like the study of
[IED-71], which focuses on the applicability of the Poole-Frenkel effect on polymeric
insulators, the study of [LEN-66], which focuses on the Schottky Emission, the study of
[KOS-71], which focuses on the Bulk Ionic Conduction as well as other studies like [LOV-
74], [MON-00], [GUI-06] that examine the applicability of different conduction mechanisms
on filled and unfilled epoxy resins and PE. This “fitting” method will be used also in this
thesis for the results of the conduction current measurements on Al;03, in chapter 5.

50



5. Conduction current measurements on EP236

5.1. Conduction current measurements procedure

For the determination of the volume conductivity of the material under investigation a
conduction current measurement setup is used. The conduction current measurements are
performed according to VDE 0303-30 (international norm: IEC 93), as explained in Chapter
2. This work is specifically focused on the influence of temperature and electric field on the
volume conductivity of the material and thus, conduction current measurements varying
these two parameters are performed.

5.1.1. Samples
The material under investigation is epoxy resin, filled with Al20s3 fillers. In total 5 plaque

specimens (spi, i=1 to 5) with thickness h = 1 mm and diameter d = 80 mm were used (Fig.
5.1). All specimens were dried in the oven, at 100 °C, before they were used.

Fig. 5.1: Al,03-filled epoxy plaque specimen,
1mm thickness

The material has been investigated before at the institute (TUM), from [REM-12], at 1
kV/mm and temperatures from 40 to 100 °C. The results of the volume conductivity are
shown in Table 5.1 below:

J (°C) K (S/m)
40 3,53E-15
50 6,76E-15
60 1,61E-14
70 3,89E-14
80 9,26E-14
90 1,78E-13
100 2,51E-13

Table 5.1
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From the results of [REM-12], the significant influence of temperature on the volume
conductivity is clear. Going from 40 to 100 °C, the conductivity is about 71 times higher.
These results will also be used later and will be compared with the results of this research,
in order to have a more complete profile of the influence of temperature and electric field
on the material.

5.1.2. Instrumentation

The test arrangement (shown in Fig. 5.2) is in the laboratory of High Voltage Engineering
and Switchgear Technology of the Technical University of Munich and consists of the
following parts:

1. Climate chamber

o Electrode setup

o Silica gel bags for humidity control
2. Grounded cage:

o High Resolution Electrometer

o DCVoltage Power Supply
3. Computer for the data acquisition

The dimensions of the electrodes and the technical specifications of the instruments used
in the test arrangement are analytically presented in Appendix A.

Fig. 5.2: Test arrangement for Conduction Current Measurements on
Al;03-filled epoxy plaque specimen, in the laboratory of High Voltage
Engineering and Switchgear Technology of TUM, showing:
(1)The climate chamber, (2) The grounded cage, (3)The computer
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5.1.3. Experimental procedure

The range of the examined poling fields was 2 to 12 kV/mm. At 1 kV/mm, the results were
compared with the results of [REM-12]. The investigated temperatures were 40 and 80 °C.
The relative humidity was always kept lower than 5 %. Three measurements were
performed at each field and temperature combination. To measure stabilized DC
conduction current and avoid the influence of polarization, a long measurement time was
needed, especially because the samples were completely dry and their resistivity was very
high. Each measurement was investigated separately and the voltage was switched off only
when the current had reached steady-state. The specimens were cleaned with isopropanol
before their use, to remove human fat or impurities. In order to obtain reliable and
reproducible results, a depolarization procedure was applied to the sample prior to the
field application, so that any residual charge could dissipate. Between consecutive
measurements at different temperatures and fields, the sample was again depolarized until
the depolarization current fell to negligible levels. After days of depolarization it was
noticed that the minimum absolute current that was measured was about 0.6 pA. Thus, all
specimens were depolarized until they reached a current of about 0.6 pA. Regarding the
electrode material, the electrodes were normally made of aluminum, but a conductive
silver layer was applied on both sides of the specimens.

5.2. Noise reduction

Low current measurements often encounter noise. Some possible causes of noise are the
following:
* Electrostatic coupling: this occurs when an electrically charged object is brought
near an uncharged object.
* Vibration can cause noise currents to flow due to the triboelectric effect.
* Offset currents usually because of temperature changes in the device and the
electrometer.
* Poor contacting between the specimen and the electrodes

The elimination of noise is of great importance for the correct interpretation of the results.
Thus, in order to tackle the above mentioned problems the following solutions were
applied:
* The electrode set up was in the climate chamber and the inner metallic surface of
the climate chamber was grounded.
* Low noise cables that cut down the friction between insulators in the cable were
used for the reduction of the vibrations.
* Before every measurement the temperature was stabilized at its value.
* The electrode setup stands on special silicon pads that reduce the vibration.
* To improve the contacting between the specimens and the electrodes, conductive
silver lacquer was applied on the specimens, according to the norm VDE 0303-30.
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For the application of the silver, stencil patterns were used and the following procedure
was performed:

Step 1: Design of stencil patterns according to the guard-ring electrode arrangement, for
both sides of the specimen and printing of the stencil patterns on one sided adhesive
sticker paper

Step 1

Step 2: Cut the stencil patterns using a cutting compass

Step 2
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Step 3: Placement of stencil patterns on both sides of the specimen

Step 3

Step 4: Color with conductive silver lacquer

Step 4

Step 5: Put the specimen in the climate chamber for conditioning, until the silver has
dried (~ 30 min)

Step 6: Take off stencil patterns and the specimen is ready for a new measurement!

Step 6
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The application of the conductive silver lacquer improved the contact between the
electrode and the specimen and reduced the noise significantly. This can be seen in Fig. 5.3
below, in a measurement performed at 40 °C and 4 kV/mm.

Conduction current measurement (24/10)
100 EP236; sp.5, h =1 mm; 4 =40°C, E =4 kV/mm

80~

-80 -
-100 1 1 1 1 1 J
o) 10 15 20 25 30
Time [h]
(@)
Conduction current measurement (19/11)
o EP236 sp.5 at 0 =40 °C, E =4 kVimm, h=1 mm

<
K=Y
= E
© 20f
-40 =
-60 -
-80
-100 I | I I I I | | I J
0 2 4 6 8 10 12 14 16 18 20
Time [h]
(b)

Fig. 5.3: | Conduction current measurements at 4 kV/mm and 40 °C
(c) Before the application of the silver lacquer
(d) After the application of the silver lacquer
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5.3. Experimental results

Using the recorded current values, the volume conductivity was calculated according to the
norm, as shown in chapter 2. The table with all the results is shown in Appendix B. For the
representation of the results the median and not the mean value of conductivity is used.
The median value is the middle value of a list of numbers, while the mean value is the
average value of a list of numbers. The median value is considered better in case of skewed
distributions like this one, because of the small number of measurements at each filed and
temperature combination and the random error influencing the measurements.

The effect of the applied field and temperature on the volume conductivity of the material
investigation is shown in Fig. 5.4, where the median, max and min values are represented
using error bars, at each field and temperature combination. Because of the big difference
in the volume conductivity at 40 and 80 °C, the conductivity axis is represented in log
coordinates.

As seen from the graph, the value of the volume conductivity is almost constant for fields
between 1 and 6 kV/mm, at both temperatures. At 12 kV/mm the conductivity is slightly
higher, but in the same magnitude. Regarding the temperature dependence, the graph
clearly shows the strong temperature dependence of the volume conductivity of the
studied samples. The temperature dependence will be investigated furtherly in the next
paragraph.

Volume Conductivity at 40 & 80 °C
EP236 ; h=1 mm

10-12»
L | ® 9=40°C
| @ 9=40°C[REM-12]
| « 9y=80°C
| & 9=80°C[REM-12]
¥
1018 |- o = > ‘
=3
@,
©
10-14 -
% K2
>
I I
10-15 | 1 | Il Il | J
0 2 4 6 8 10 12 14

E [kV/mm]

Fig. 5.4: Volume conductivity with respect to applied electric field, at 40 and 80 °C
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5.3.1. Temperature dependence

Going from 40 to 80 °C, the magnitude of the conductivity is 26 to 48 times higher, which is
better seen in Fig. 5.5 below.

Volume Conductivity at 40 & 80 °C
EP236; h=1 mm

x [S/m]

Fig. 5.5: Bar chart showing the difference in magnitude of the volume conductivity
between 40 and 80 °C

The result was expected, as the volume conductivity of polymeric insulating materials is
strongly dependent on the temperature and usually increases exponentially with it
(Chapter 2). The strong temperature dependence of the volume conductivity of the
material is also shown in [REM-12]. Going from 40 to 80 °C, at 1 kV/mm, the volume
conductivity of the material is 26 times higher. Using the results of [REM-12], the volume
conductivity at 1 kV/mm and temperatures from 40 to 100 °C has been plotted (Fig. 5.6
(a)) and then fitted with the Arrhenius equation (Fig. 5.6 (b)). It is to be noted that the
volume conductivity of the material, at 1 kV/mm and within the range of 40 to 100 °C, fits
well an Arrhenius-type relationship, giving an activation energy of 0.76 eV.
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Vol. Conductivity - Temperature at 1 kV/mm

3 x107° EP236;h =1 mm
25 *
2L
- *
g
C\Q1 S5
1L
*
0.5+
* Results from [REM-12]
*
[ | * | ! | | | |
300 310 320 330 340 350 360 370 380
T[K]
(a)
x =T at 1 kV/mm - Arrhenius fitting
EP236; h =1 mm
28~ _
~. * EP236
S~ — — Linear fit.
-29 - \*\ ~_ Results from [REM-12] I
S d
30| Tosle
e =-0.76x- 5.2
31 .- !
\i\\
-32+ Sl
\;\\\
330 T~ -
~.
34 | ! \ | | \ \ BRI
30 31 32 33 34 35 36 37 38
kT
(b)

Fig.5.6: | (d) Volume conductivity with respect to temperature, at 1 kV/mm, from [REM-12]
(e) Arrhenius equation fitting at 1 kV/mm, using the results of [REM-12]

It should be noted that the activation energy is a parameter dependent on the electric field,
meaning that it could be different at fields higher that 1 kV/mm. A good example is given in
the study of [GAL-04] which investigates the current and space charge behavior in epoxy
resin specimens under varying thermal and electric conditions, indicating an increase in
activation energy as the field increases. In this case, the fitting of the Arrhenius equation
proves the exponential dependence of the volume conductivity on temperature indicates
the contribution of ions in the conduction, at least at low electric fields [JON-99].
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5.3.2. Transient currents and dielectric response

In Fig. 5.7 below, a typical recording of the detected current is shown, with the steady-state
current indicated. The specific measurement was performed at 2 kV/mm and 80 °C. The
dielectric response of the material, as described in Chapter 2, is clear. The initial
polarization current falls back to a steady-state current, after about 12 hours of
polarization.

The time that the material needs to reach the steady-state condition decreases with
temperature [PAT-08], as the polarization mechanisms are temperature dependent [KAO-
04]. In our case, although the time that the material needed to reach the steady-state
condition varied with temperature and field, no relation could result about the dependence
of polarization time on those two parameters.

Conduction current meas. (13/02)
EP236; sp.2, h =1 mm at ¥ = 80°C, E = 2 kV/Imm

1000 -
Steady-state current
500 - e /
L L A L i i

= 0
1=
© 500

-1000 -

-1500 | 1 | | . | 1 J

0 10 20 30 40 50 60 70 80
Time [h]

Fig. 5.7: Conduction current measurement result at 2 kV/mm and 80 °C

In Fig. 5.8 the time dependence of the charging currents at 40 and 80 °C for various fields is
shown. The representation of the results is in log-log coordinates and only for the first
1000 minutes. A difference is indicated in the dielectric response of the material,
depending on temperature and electric field.

At 40 °C and low fields (from 2 to 6 kV/mm) the current could be fitted with the Curie-von
Schweidler law (Chapter 2). The equation used is from [LUT-11], taking into account the
current one minute after polarization (I;;,) and the final steady-state current (I;):

i40(t) = (Ilmin - Iss) tT + g Eq. 5.1
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The fitting of Eq. 5.2 to the results gave the following values of n:

v =40°C

E (kV/mm)
2 4 6
n ~ 0.6 ~ 0.5 ~ 0.4
Table 5.2

At 12 kV/mm contrariwise, the response of the material is peculiar, indicating two different
slopes, and reminding more of the General Response function (Chapter 2) with a slope of
n ~ 0.02 for the first part, and a slope m ~ 0.4 for the second part.

At 80 °C on the other hand, the dielectric response of the material has the same shape for
all applied fields, but indicating two different slopes, n and m, before it reaches the steady-
state. The change in the slope of the graph happens at a time t. Thus, the descending
current can be described with the following equation:

<t t<T
<t t>T

g (£) = { Eq. 5.2

The values of n and m for each field are shown in Table 5.3 below:

E (kV/mm)
2 4 6 12
n ~0.26 ~0.26 ~0.28 ~0.29
~0.13 ~0.11 ~ 0.09 ~ 0.06
Table 5.3

It is important to note, that although the first part of the I-t response is called polarization
current, at longer times, the current can still decrease for other reasons, such as [DAS-97]:

* Redistribution of space charge within the insulation bulk
* Electrode polarization

* Charge injection leading to trapped space charge effects
* Tunneling of charge from electrodes to empty charges

* Hopping of charge carriers from trap to trap from

This could also be the case here, as the investigated material is a filled polymer, where
boundaries created from the host material and the fillers could lead to space charge
trapping. Thus, different fields and temperatures could influence the above mentioned
mechanisms and the descent of the current differently.
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Conduction current meas. at 40 °C
EP236; h=1mm

* 12kV/mm

+ 6 kV/mm

4 kV/mm

n~0.02 2KV/mm

Current [pA]

10° 10 102 10°
Time [min]
(a)
Conduction current meas. at 80 °C
EP236; h=1mm
. * 12 kV/imm

* 6 kV/imm

4 kV/mm

« 2kV/imm

Current [pA]

Time [min]

(b)

Fig. 5.8: | I-t characteristics for the first 1000 minutes

of polarization, in log-log scale:
(c) At40°C
(d) At80°C

Regarding the depolarization current, as explained in chapter 2, it normally flows in the
opposite direction to the polarization current. However, under high electric fields the
depolarization current can drop very rapidly and passes through the zero point. After that
the current flows in the same direction as the polarization current and decays to zero
gradually. The phenomenon has been experimentally observed by several researchers
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[CHE-89], [MIZ-80], [PAT-90], [KIT-84]. So far no theory has been put forward except for
an oversimplified model base on the bipolar charge injection [KIT-84].

The results on our material showed that the depolarization current flew always at the
opposite direction of the polarization current.

5.3.3. Steady-state currents analysis

The steady-state current densities at 40 and 80 °C are plotted in log-log coordinates as a
function of the applied electric field in Fig. 5.9. A good first step for the analysis of
conduction currents consists of looking for a power law I ~ E¢ [GUI-06]. The curves in Fig.
5.9 point out a possible difference in the conduction mechanisms at low and high fields. At
low fields (from 1 to 6 kV/mm), the linear interpolation of the results yields a slope of ~ 1.2
at 40 °C and of ~ 1.08 at 80 °C. At 12 kV/mm the current is higher than it would be, if the
slope of the characteristic continued to be 1.2 and 1.08 at 40 and 80 °C respectively. In
particular, it is 28.6 % higher at 40 °C and 33% higher at 80 °C (see Fig. 5.9). The change in
the slope could indicate the inception of a high-field non-linear region (as discussed in
chapter 4), with a threshold field between 6 and 12 kV/mm. Nevertheless, the difference
between the expected and the real value is not big enough in order to interpret the results
with certainty. Higher fields have to be investigated, and more measurements at each
temperature-field combination have to be performed in order to eliminate the random
measurement errors as much as possible. During this research, measurements at 16
kV/mm were tried, but failed due to the introduction of partial discharges. Furthermore, an
impermanent damage of the measuring instrument as well as time limitations did not allow
the performance of more measurements at each temperature-electric field combination.

J - E characteristic at 40 °C
EP236; h=1mm

-13
10 e s
[ ¢ 0=40°C
Ireal~d5 | == PR E e Rk ek i et ey s
lexp~35 e X 2885 Slope 1.2
210-14?
: L
12 kV,
10-15 . . . L /mm L L L L]
10° 10 102
E [kV/mm]
(a)
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J - E characteristic at 80 °C
EP236; h=1 mm

101 -
C ¢ 0=80"°C|
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lexp~1266
e
£1072}
=
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107 ‘ ‘ S— ‘ ‘ EE—
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(b)
Fig. 5.9 | Current density with respect to electric field
(c) At40°C
(d) At80°C

As explained in Chapter 4, the conduction currents can give us information about the
conduction mechanisms occurring in the material. This is the goal here: using the results up
to 12 kV/mm, the bulk and contact conduction phenomena will try to be fitted, as it was
shown in Chapter 4. The slopes of 1.2 and 1.08 at 40 and 80 °C respectively refer to an
almost Ohmic conduction, leaving however room for other mechanisms to occur. Bulk and
contact phenomena discussed in Chapter 3, are examined here separately.

Bulk phenomena:

1. Space charge limited currents (SCLC)

The basic SCLC model at high electric fields is represented from the equation:

a

9 14
] = S EoErll 3 Eq.5.3

where the current density is proportional to the square of the voltage. According to the
SCLC theory, the case of @ = 2 corresponds to either a lack of traps or to a single trap
distribution. The extension of the SCLC gives a > 2, which corresponds to traps with
multiple levels in the material. In order to examine the suitability of the SCLC model, the
J-E characteristic must be plotted in log-log coordinates. If the slope of the characteristic
is about 1 at low fields and 2 or greater at high fields, then the SCLC is a possible
mechanism. That would indicate the accumulation of space charge in the bulk of the
material, as the SCLC model bases the nonlinearity of the J-E characteristic at high fields
on the intensive formation of space charge above a threshold field.

64



5. Conduction Current Measurements on EP236

However, as seen in Fig. 5.9, the slope of the J-E characteristic in the field range between
2 and 6 kV/mm is 1.2 at 40 °C and 1.08 at 80 °C, indicating a low-field, almost Ohmic
conduction region. At 12 kV/mm the resulting current is higher, indicating the
inception of a high-field conduction region, but no slope can be found from the existing
results.

The SCLC model is not suitable for the investigated field and temperature range, but has
to be further investigated at higher fields, as the value of the current at 12 kV/mm
indicates the inception of a high-field conduction region. The best way to validate the
SCLC theory is of course the performance of both conduction current and space charge
measurements as well as the comparison of the threshold field indicated from these
two methods. In addition, as the SCLC theory is strongly dependent on the thickness
specimen (see Eq. 5.3), the performance of conduction current measurements using
specimens with different thicknesses could also show the presence and especially the
intensity of the mechanism.

2. Poole-Frenkel Mechanism

In the Poole-Frenkel mechanism, barriers that are localizing carriers within the
dielectric are lowered by the applied electric field (Chapter 3). The current density is
given by:

E1/2

] = oyEexp [—BZT

] Eq.5.4

In order to examine if the Poole-Frenkel mechanism is present in the material for the
investigated field and temperature values, the results have to be plotted ina In (J/E) =
In () versus E'/?2 graph, and if the mechanism is present, it should give a straight line
and sensible values for the unknown fitting parameters. At 1kV/mm, the results of
[REM-12] are used. The fitting of the Poole-Frenkel mechanism is shown in Fig. 5.10
below and does not yield a straight line, suggesting that the model is not suitable in this
case.

Poole-Frenkel fitting at ¥ = 40 °C
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Poole-Frenkel fitting at ¢ = 80 °C

EP236; h=1 mm
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(b)
Fig. 5.10: | For the investigation of the Poole-Frenkel mechanism,
the In(J/E) versus E/2 characteristic is plotted:
(c) At40°C
(d) At80°C

3. Bulkionic conduction

In the Bulk ionic conduction model the current density is related to the field as follows:

— [ .sinh (A4E
J = Jopsinh (ZkT) Eq.5.5
where E is the electric field, 4 is an ionic jump distance, g;is the ionic charge, and T is
the absolute temperature. The applicability of this model has been investigated in
several studies, giving the following values for A:

Material A (nm) \ Study

Epoxy Unfilled 4 [GUI-06]
resin Filled 5.6

PVC 1.65-4.5 [KOS-71]
Epoxy resin unfilled 22.3 [CAO-88]
Polyether ether ketone 5 [DAS-87]
Epoxy resin unfilled 1.04 [GRI-00]
HDPE 0.9 [MIZ-79]
PET 6.9 [AMB-62]
Epoxy Unfilled 9.8 [KRI-12]
resin Filled 13.8-23

Table 5.4
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Summarizing, the value of the jump distance in epoxy samples is in the range of 1.04 to
23 nm. In order to find out if the specific mechanism takes place in the investigated
material, the current density J has to be plotted with respect to sinh (Aq;E/2kT) for
values of A between 1.04 and 23 nm. However, in this case, the ionic charge is not
known, as the exact composition of the material is not known. So, no conclusion can
come out about the suitability of the Bulk ionic conduction model.

Contact phenomena

4. Schottky Injection

The Schottky injection model assumes field-assisted thermo-ionic injection of electrons
from the electrodes into the conduction band of the material. The current density is
described by:

1
-

— 2 _
J = AT exp o

Eq.5.6

@, is the height of the potential barrier at the metal-dielectric interface without any
applied field, or, more precisely, the barrier that the electronic carrier has to overcome,
in order to leave the metal and enter the polymer.

The Schottky constant is given by:

1
3 =

Bs = [ 1 ]2 Eq.5.7

ATIEYEy

with €. = 5. In order to examine, if the Schottky effect is present in the material for the
investigated field and temperature values, the results have to be plotted in a
log] versus E graph, and if the mechanism is present, it should give a straight line and
sensible values for the unknown fitting parameters. This is true, as seen in Fig. 5.11. The
Eq. 5.6 takes the following form:

D
kT

\_'_’ \ Y )

a; bi

log] = & E'2 + logA,T? - Eq. 5.8

and the coefficients a;j, bi are found from the linear interpolation of the plotted results in
Fig. 5.11.

The values of the parameters used are shown in Table 5.5:

Ag | 1.2 x 10° Am™2K~2
T |313,353 K
Bs | 271 x 10724 CVY/2m1/2
k |138x10723 JK1

Table 5.5
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Schottky fitting at 9 = 40 °C
EP236; h =1 mm
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Fig. 5.11: | For the investigation of the Schottky mechanism, the In(])
versus E1/Z characteristic is plotted:
(a) At40°C
(b) At 80 °C
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The value of A; is calculated using the electron mass and charge, which means that we
are testing the case of electronic injection. Using Eq. 5.6 we calculate the unknown

variables:
9 (°C) | Dy (eV) &
40 1.25 1.36
80 1.29 1.56
Table 5.6

The calculated values for @, are in a reasonable range, in agreement with previous
measurements (e.g. [LEN-66], [KRI-12]). The value of &, on the other hand is much
lower than the theoretical value, €,= 5. A possible explanation is that the field that we
used in Eq. 5.6 (Schottky) is not the real field at the metal-dielectric interface, but the
Laplace field. Assuming a Laplacian field at the interface could lead to wrong
conclusions, as the accumulation of space charge at the interface can create a strong
distribution of the field there. This is also shown in the study of [KRI-12], where both
space charge and conduction current measurements are performed. The fitting of the
latter leads to the presence of the Schottky emission, while the fist proves the presence
of great space charge at the metal-dielectric interfaces at both the anode and the
cathode. The effect of the field divergence at the electrode-dielectric interface can be
taken into account by a multiplying factor y, which expresses the difference of the field
at the electrode over the charge-free value [LEN-66]:

E. = y% Eq.5.8
Now, using the theoretical value of €, = 5, the y parameter is calculated by:
Y = (slope kT)?4meye./q° Eq.5.9

The calculated values of y are shown in Table 5.7 and are reasonable, compared to
previous investigations like [KRI-12], in which it is indicated that the value of y > 1
shows heterocharge at the positive electrode, which tends to decrease the energy
barrier at the contact. However, only the performance of space charge measurements
could validate the presence of Schottky emission and the suspicion for space charge
accumulation near the electrodes.

9 (°C) Y
40 3.65
80 3.22

Table 5.7
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5. Fowler-Nordheim Injection

The Fowler-Nordheim Injection assumes injection of electrons from the electrodes to

the material through tunneling. The current density is described as:

3

] = BE2exp [ ]

Eq.5.10

If the Fowler-Nordheim injection is present in the material, the log(J/E?) versus 1/E

should give a straight line. This is not true, as seen in Fig. 5.12 below:
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Fig.5.12 | For the investigation of the Fowler-Nordheim mechanism, the In(J/E?)
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As seen from graph 5.12, the Fowler.Nordheim mechanism does not fit as good as
the Schottky emission, which was expected, as the specific mechanism requires
fields of at least 100 kV/mm.

5.4. Conclusions and suggestions for further research

Conduction current measurements varying temperature and electric field provided useful
information on the volume conductivity of the material and its dependence on the
investigated parameters. Regarding the temperature dependence, the difference between
the investigated temperatures was significant. At double temperature the resulting
conductivity was 26 to 48 times higher. The fitting of the results of [REM-12] with an
Arrhenius equation, at 1 kV/mm, leads to the conclusion of a dominating ionic conduction
at low fields. Regarding the electric field, no obvious transition from low to high field
mechanisms was revealed for the investigated fields. However, the fact that the slope of the
J-E characteristic in a log-log scale was not exactly 1, gave room for the investigation of
other mechanisms than the simple Ohmic conduction. These mechanisms can be either
bulk or injection. Trying to fit the results with these mechanisms, only the Schottky effect
fitted the results quite well, leading to possible electronic conduction due to charge
injection at fields higher than 1 kV/mm. In addition, from the Schottky effect, a space
charge accumulation is indicated that has to be investigated.

Although a lot of information is given from the results, the narrow range of the investigated
fields does not allow us to be sure about the correct interpretation of them. Conduction
current measurements at higher fields have to be performed, for the investigation of high
field mechanisms taking place. In addition, with the performance of space charge
measurements as well, a validation could come out for the suitability of Schottky effect and
the creation of heterocharge. Space charge measurements could validate or deny the
applicability of the SCLC theory at higher fields, as it is directly connected to the presence
of space charge. Another experimental method that could give useful information regarding
the trapping sites in the material is the method of Thermally Stimulated Depolarization
Currents (TSDC). Three experiments using this method have also been tried in this thesis,
in order to examine its potential for further research. These will be presented in the next
chapter.
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6. Thermally Stimulated Currents (TSC)

6.1. Theory of TSC spectroscopy

As explained in Chapter 3, polymers are materials with complicated physical structure,
containing trapping sites in the forbidden gap (FG), between the valence band (VB) and the
conduction band (CB). In addition, the concentration of traps is greater at the area near the
electrodes, as the presence of surface roughness, imperfect contact etc. (discussed in
paragraph 3.5) introduces traps as well, and these traps are numerous and deeper
[VEL-95], [VELL-95].

The presence of these traps leads to the existence of trapped charges in the material. These
charges, come either from injection at the contacts, or are introduced to the material from
manufacturing (e.g. ions coming from making process). Either way, traps can help in the
conduction process through these disordered materials when the carriers are thermally
activated. In this case, the carriers are detrapped and contribute to the conduction current
through hopping from trap to trap.

The Thermally Stimulated Current (TSC) spectroscopy is a method to characterize shallow
and deep trapping levels in insulating and semiconducting materials [MAN-11]. Except for
storage phenomena, TSC measurements have been used in the past in order to study decay
phenomena, dipolar relaxation events, space charge redistribution and the migration of
ionic charges.

The TSC spectroscopy is divided into two methods: the Thermally Stimulated Polarization
Current method and the Thermally Stimulated Depolarization Current method (TSDC).
Both consist of measuring, with a definite heating rate, the currents generated by the
buildup (TSPC) and the release (TSDC) of a polarized state of a dielectric [VAN-82]. In this
thesis, only the TSDC method is considered.

In order to perform TSDC, the same test arrangement as in Conduction current
measurements can be used (see Fig. 6.1). The procedure for the performance of a TSDC
consists of the following steps:

i.  The sample is excited, either by photoexcitation or by strong field injection from the
electrodes. In the framework of this thesis, only the latter will be used. So, as the
first step: a polarization voltage (V,) at a polarization temperature (Tp) for a
polarization time () is applied.

ii.  The sample is cooled to a deposit temperature (Tq4), while the polarization voltage is
still switched on, and stays at this temperature for some time (tq), until homogenous
temperature conditions are achieved.

iii.  Finally, the polarization voltage is switched off, and the temperature is elevated
gradually, usually with a constant heating rate, from Tq to a maximum temperature
(Tmax)-
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Electrometer
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I 1
| i
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| |
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Fig. 6.1: Test arrangement for the performance of Thermally Stimulated Depolarization Currents
(TSDC), from [KAO-05]

6.2. Experimental procedure

A quite different experimental procedure was followed here. The plaque EP236 specimen
was heated at 80 degrees and then polarized at 12 kV/mm. A usual conduction current
measurement was performed (as described in Chapter 2), and when the current had
reached steady-state, the voltage source was switched off. The specimen was then
depolarized for almost 2 days, at 80 °C. After this long depolarization period, the
temperature was gradually increased from 80 to 150 °C, with steps of 10 °C. The climate
chamber needed 10 minutes to increase the temperature by 10 °C, and then the
temperature was kept constant for another 10 minutes before it was increased again (see
Fig. 6.2 (a)). After the completion of this procedure, the specimen was cooled down to 80
°C and was kept at this temperature for 1 hour. Then, the temperature was increased again
to 150 °C, two times, following the same heating rate.

The results of the measurements are shown in Fig. 6.2 below:

Elevated temperature for TSDC measurement
150 EP236; sp.2, h =1 mm, 2 = 80 to 150 °C

1401
130

120 -

Jd [°C]

100+

90 -

80 | | |
0 50 100 150
¢ [min]

(a)
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6. Thermally Stimulated Currents (TSC)

TSDC meas.(19/02)
EP236; sp.2, h =1 mm, ¥ =80 to 150 °C

20
o 1st meas.
2nd meas.
0 o o N o o ¢ o 3rd meas.
-20
2 40
-60
-80 o
M
-100 \ \ J
0 50 100 150
¢ [min]
(b)
Fig. 6.1 | Thermally Stimulated Depolarization Current measurement (TSDC)

on EP236:

(a) Heating rate, from 80 to 150 °C

(b)Three subsequent depolarization current measurements with
temperature elevated from 80 to 150 °C

6.3. Conclusions

From the TSDC measurements, we expect the thermal emission of trapped carriers through
heating. When a trapped carrier acquires the required thermal energy, it leaves the trap
and contributes to the conduction current. This detrapping is identified in the TSDC I-t
characteristic with distinct peaks. The TSDC measurement on the investigated material
revealed two peaks (at about 110 and 130 °C) the first time, and one peak (at about 140 °C)
the second and third time. It can be, thus, said that there is charge trapped in the material,
which is gradually detrapped due to thermal excitation of the carriers in the volume of the
material. These peaks can be related to the activation energies of the associated traps.
Equations have been developed in previous studies (e.g. [FAN-05], [LOO-83]) in order to
calculate these activation energies. However, these equations are not further investigated
here. It is also to be noted that the reason that such a long depolarization time was selected
was to avoid the influence of depolarization mechanisms on the measured current.
Especially because, as mentioned above, this method is also suitable for the investigation of
relaxation times in solids.

The results deriving from the TSDC are very interesting and can provide useful information
on the trapping sites of the material. Thus, further investigation is suggested. It is also
proposed to use UV light illumination of the material prior TSDC performance (as in
[MAN-11]), in order to fill the traps and enhance the detrapping phenomena observed
later.

74



7. Appendix A

Technical specifications of the Conduction Current Measurement

setup for plaques

High resolution electrometer

Manufacturer Keithley
Model 6517B
Measuring 10aA-21mA
range
Fig. Al: Keithley 6517B Electrometer
4. DC High Voltage Power Supply
) @ | Manufacturer FUG
DC High Valtage Power Supply HOL 3520000
Model HCL 350-12500
Input 230+ 10%V
47-63 Hz
() = POVER st VOLTAGE s CURRENT s POLARTY e PROGTAMMING e @ Output ;grsnl;‘v

Fig. A2: FUG HCL 350-12500 DC High Voltage Power Supply

Electrode arrangement

_ d _
o A g ]
7
............ (ST —
g
<} d2 >
d;

di =40 mm,d; =32 mm, d3=34 mm,g=1mm

Electrode material: Aluminum

Fig. A3: Electrode arrangement for plaque specimens
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5. Climate chamber

Manufacturer WEISS

Model WK3 -180/40
Input 230+ 10%V
50 Hz

T
F—————
S
DS Temperature -42 to 180 °C
C— range

-

Fig. A4: WEISS WT3 Climate chamber

6. Computer with the suitable software (LabVIEW) for the data acquisition

Pfad

& C:\Wende\Thoma M\h ,a‘ LabVI EW 2009
Values pm.: ~ 75

Keithley Voltage Source NEANERN fesrovAT {no'Enor)
3 status code
Ycomw | % coms =l 90 ;
2| o
Entladedauerin h Entladespannung in V )
D inh inV
A A
0 0
i inh D nV
A - Ay - status  code
i v 4| o
source
Laufzeitin (h) Aktueller Stromwert in () =
0 0
plot0 A% |

Strom in [A]

Fig. A5: LabVIEW file for the data acquisition and recording
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* Keithley protection circuit

Adding a resistor and two diodes (1N3595) as shown in Fig. x.y below will
provide considerable extra protection. The resistance must be large enough (x
MOhms in our case) to limit the current through the diodes to 10 mA or less. It
must also be large enough to withstand the supply voltage. The protection circuit
should be enclosed in a light-tight conductive shield [Keithley-2].

Protection Circuit o " il
e ] e
Capacitor R HI K. \ 7

aE Unger Test 6517 i siehe Manual (8. 1-20) |
_—__ v D1 D2 <A>Am meter | ; | ? {
Lo | i ? o

¢ > (oI5 ; Rl

A4 ¥ e "

D1,D2: 1N3595 Diodes, R =47 MOhms

Fig. A6: Keithley 6517B Diode protection circuit

* Humidity control

In order to control the humidity of the environment (climate chamber) and keep
itatlow levels (< 5% ), silica gel bags are used. These silica gels are firstly put in
the oven at 100 °C for at least 24 hours and then in the climate chamber.

Fig. A7: Silica gel bags for the control of humidity

77



8. Appendix B

Experimental results from the conduction current
measurements on Al;0; - filled epoxy specimens

E=2KV/mm

Steady-state current Iss (pA)

9 (° Q) spl sp2 sp3 sp4 sp5

40 3.5 3.84 3.92

80 11313 | 189.86 168.70
Volume Conductivity k (S/m)

9 (° Q) spl sp2 sp3 sp4 sp5

40 2.06 E-15 2.24 E-15 2.29 E-15
80 6.61 E-14 | 1.11 E-13 9.86 E-14
E=4KV/mm

Steady-state current Iss (pA)

9 (° Q) spl sp2 sp3 sp4 sp5

40 5.33 13.46 8,49

80 364.50 444.74 373.46
Volume Conductivity k (S/m)

9 (° Q) spl sp2 sp3 sp4 sp5

40 1.55 E-15 3.58 E-15 2.09 E-15
80 1.07 E-13 1.30 E-13 1.09 E-13




Appendix B

E=6 kV/mm

Steady-state current Iss (pA)

9 (° Q) spl sp2 sp3 sp4 sp5

40 14.75 14.45 14.19

80 578.54 742.08 586.23
Volume Conductivity k (S/m)

9 (° Q) spl sp2 sp3 sp4 sp5

40 2.87 E-15 | 2.82 E-15 | 2.76 E-15

80 1.13 E-13 1.45 E-13 1.14 E-13
E=12 kV/mm

Steady-state current Iss (pA)

9 (° Q) spl sp2 sp3 sp4 sp5

40 44.72 47.74 40.63

80 1527.85 1718.66 1684.10
Volume Conductivity k (S/m)

9 (° Q) spl sp2 sp3 sp4 sp5

40 4.35 E-15 4.65 E-15 3.96 E-15
80 1.49 E-13 1.67 E-13 1.64 E-13

Note: For currents lower than 20 pA, the final depolarization
current prior voltage application is added to the final steady-
state conduction current Iss.
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