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Abstract

Extruded polymeric insulation material has been widely used in high voltageasitig
current (HVAC) power transmission system for a long time. Recent years, with the
advent of renewable energy around world, more large energy capacity, long distance
high voltage direct current (HVDC) transmission projeatse developed. The quality

of insulation materials of HYDC cables has become the most critical issue that restricts
the development of HVDC transmission. CHiaked polyethylene (XLPE) has shown
superior electrical, thermal and mechanical properties due to its specialirtkeds
structure anthasbecome thelefault materiator HVDC cable insulation in the last few
decades. But today, with the increasing concern of environmental protection and
sustainable development, traditional XLB&blesare no longethe defaultfor future

HVDC applications due to its limited operating temperature;neagclable nature and

high energy consumption in complex production process. Therefore, new thermoplastic
polymeric insulation materials abeingdeveloped, which are recyclabladacan be
operated under higher temperature. However, these materials still rakvpoirgslike

space charge accumulation. The incorporation of nanoparticles has beaentprbge

an effective method to overcome thésawbacks

In this study, thermop#dic polymers, polyethylene (PE) and polypropylene (PP), were
selected as the potential matrix materials to study. Méunoinaparticleswith and

withoutsurface modificatiomvereintroduced into polymerat different filling contents



to make nanocomposés. This thesis reports the comprehensive study on PE/nano
alumina composite systerand PP/nan@alumina composite systamThe surface
chemistry of nan@lumina with and without surface modificatiomscharacterized by
thermalgravimetric analysis and HBdertransform infrared spectroscopy. The
morphological structure of nanocomposite systems amadyzedby using polarized
optical microscopy and scanning electron microscopy. Electrical properties such as DC
breakdown strength, DC conductivignd spaceharge were investigated to evaluate
the feasibility of the proposed nanocomposite materials as future HVDC cable
insulation. A deep understanding of the effect of nanoparticles ordidbectric
properties of polymeric nanocomposites was achievgfler comparing the
performanceof PE nanocompositeand PPnanocomposites, PRan@omposites
exhibit superiorelectrical properties anchnbe considered abe future alternative to

XLPE.

In conclwsion, the experimental results and discussion presdntélis project can
contribute to the design and manufacture of recyclable polymeric nanocomposite

materials for future HVDC applications.
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Chaptatrbducti on
1.Plr oBeeckgr ound

With the booming devel opment of modern eco
electricity Ascatdobngnctcoeasvendnternati onal
electricity consumption increased from 22,
and t06 ZwWh88n 2018. This represents an inc

2010, and a further increashee @fow®e.r29%emnetrvad

—

pl ants are oftensalnac dthed eilrectemaeat ¢ yameads
substat oongisstoyrce |l before distributed to the
|l ossespadweéenrn ags mi samnomsyssstieomb | euv o | taargee

required. The high voltage alternating cur
(HvVDC) trapsmemsi oar es devel edpiesdt ahoe r paiver
trans mVistfhuotrdleere | op ment of power el ectroni i
systems have shown various advantages over

the i nvestment costonofsytshe mHVBC cthreampemi swd e

di st ance i st boeveerr h6e0aOd klm rnfdseamma 5P A & mMihil ®e

i s because the conductor size of DC |lines
the same current l evel. Secompdlwe,r tlloesrse fios
HVDC 1| ines. The power | osses of HVDC sys

compared wi t h HVAC system. Additionall vy,
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controllability. The voltage regul ation 1is
trassmynst em. Lastl vy, the corona &effect,
acoustic noise ar[e2]l O@wealsl|f otalceHOMDAID A itnreasn s mi
system becomeailmoidéesdgpance powePol yt meamisani s s
i nsulmatiecomdesnhwisé eédrxyt rdhdd cadlesder ground
power t r d odenc a deetson dtuh ei r l i ghel evetamgithd g1 e xc
mechani cal propE€ompasedawidt looefivhleDdgsdnalld i t i o n :

Ma s s | nepdr edorat Mil NPHWDC cableas rpdbgmeric

HVDC cable systems hay&[]]é6he foll owing adval

a) The conductor tempewhiohemakhae bberaxstert
cabl e more compact under the same power

b) They aeaevmooementwaltlhyuftritdmredIlry sk of oi l

c) Joibnetsween cabl es awmwe emaciktesismpll er and

d Reduced maintenance fees.

The popul ar polymeric mat erdeanssi tfyorp cH\WDeCt Itya
(LDPE -degbity polyet hylleinrek e(dHDpPcEl)y eatnhdy | cernces
However ., sLDPRE suitable for | arger capacit
operation tempeOatACiTe obv et c oMieRR Wwheé cliss$use,
manuf actcuroisrsdigboPEs desi gihleoep etraamp ®ms & er e t o

aboudt .AtC pr es ehnas, bXamPridtitbhges adhi gh vol tage ca
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i nsul Wittilont he i ncreasing concer nisnaofl eenvi
devel opment , the concept of recycl abl e pc
popoge&8d, i[QALtHadYygh selxREIldwmt i nsul ating g
uniqudsesked structure makes t hewnhidnikfifnigc ualntd t

degassing processseorfe rxgLyP Ec oanlssuompit starne aasned e

har mf ul effects of environment al contami n.
pol ymwmerdépodisheg | Rhaend( pol ypr apyelwehDeC (cPa)l e

i nsul ati onh bteosp i bce choomhteh a n deseh®opr ane, | ndu

simple manufacturing process and recyclabl

However, the extruded HVDC polymeric insul:
to the space charge accumulation [21]. The
polymeric insulation materi al is from the
impurities in the dielectric. These accumul

electric field and acddel]d,matld mpmoDwleatt ihers ea ¢
i norgani c s@aolgprasptiiecleesi nacr eo xuisdeed t o manuf
pol ymeric nanocomposjle] amgiulihpeyon amat ebreic

promising ensal atfog mathumre sk\aDC hcabl es

To further i mprove the mechanical, ther mal
insul ati on, selected nanoparticlmakere i n
pol ymer nanocomposite insulating materi al
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addition of 1 norgant[c3]nan[oPpda]r,t i[cdx]s, sMqgd [al
[ 28] -@mnd5AI, 1[[1383]], i[n29LJ]DPE can increase the
redes the electrical conductivity, t her mal

Zhoeut . ateported the effect of di fferent n .
properties of polypropylene [18]-tf8d1 edAft e

Mg O PPt @« he space charge accumul ation was d

breakdown strength was greatly enhanced. A
in this area, the understanding of wunderly
i nsulmattiemg al s is stil]l not clear yet. A be

would help to desi goaliwmesuwriant nadd it thiodigd &V D
the addition of nanoparticles in polymeric
enhagictime dielectric properties of the i ns.i
paid on the drawbacks by Aftthedsrupdyesgnceverf
nanocomposibtaes eax pmp iweos;nkttanler e i s a few inco
the medsuwvesults. I n many cases, this is |il
preparation of Hemwce,| atslsi ® f p maljteescai tigaw apsr oppreor
nanocompargpiltee preparati onnmeshodate the k&b
additionalb@tmpragatda cl es on the physical chem
el ectricalPEpraonpde rihHd relsa soefila s bt as umi na i s a

nanopamtainolde el echrgl duel ¢otitse constant,

anidi gh mesthraemngth.
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1l Resear mobabndecti ves

The

and

ai proff eelt ia $teshbet ®@s iobhi luist mg p o layl eutnmhi ynlae ne/

pol yprapwlmermead yaddlyadDICl € ab | eTh e seV alt uatni on

of hper opoaedc ompiso smavmyu c p hy scihceamhipryoperti es

mechamie@maér DCe s | aportorpsecratli e

To

achi evkeend ioib § e aaitny eisf o f dns esaarrec has f ol | owi n

To prmoewhhker mopl astic pol ymeHUMBEBEnoabmposi
insulaatdi oeri fy the validity of nanocomp
Previ essemaicrnl vy e dwWhes tuisgepbdfy meurie mater i e
HVDC cabl el i nss ud eedtnhapnriornvterdoducti on of na
ef f ecitmprredwe t he e lodc tproil cyarle rpg rco p,enrstuil east i
whi enh g be dwe t he chemical and mor phol
nanocompaosittheBEasdud®PyY, wetrleeadtgsae &k g0l ymer
Nanal umi na paditfifcérasntwiftuhdrle ng madomyt eech t s
nanoftid | emanuPBctheame®composites and PP r
Ma eovéae, sil ane couplmondgt haeg esnutr fwaacse ucsheedm
onanopaTfThetcdt ecshangls ofswmrea mboepnatritfiicelde wi t
ther mogr aava Im@dJGipa rcklo u #t iream s faorrend isnpferct r osco
FTHhRet h@dhefcfte of inter wadihasihn udh emi sbtyr y
compamghaed fferseabncahgr i M&Lscyannd mgtr on
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m cros@BNMangol ari zed opt i(FkcGMr emiud nt s cofpy

nanocomposites.

To i nvesetfif egact v copf hoent itchheesel ect pokpmeprope
nanocomposites.

A | arge and growing body hthta dldii tt @ roaat uvorfe
nanopaaaahcalhehpse e Ipercotpredrfctaipeoss y mer nanocomp
dueth® spesialc tnGanodr alnl.y, the nanocompc
enhanced breakdown st r enHawvwe wtedrunnc etdhe m
breakdownmnwast porgtemt exhny nanoc.olirhpeosi t e
mechant $iber eodfk down i n nanocomposite is v
clear yet .t He @fhfiexcltaitmuifehyan awniot h and wi t h
treat nkeCGbtr eak down IpeohHagwitdwyrl emfe nanocomp
pol ypropyl ene waaespeompuouse!l § eexypatlage me d
possi bl emecedamtil meam oc omysdA@atme t iDohal | vy,

vol ume conductivity and space charge be

o
>
QO
—

actter sthadeffect of di fferent sur f ad
cont eennte ocen ect rTlhhias Pt ogwmd it esrasy hstassme nt ¢
t he r elbaettiwenesnhiepl ectri cal performance ar

nanocomposite material s.
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T

The

T

Tox el orpeotteme i atl i on sthh e rmied rwestnred cetcurra can
perfor poncyareeddbcompos.ite materi al

There is a | argdudd&ksmei bf ntghidnh €es i eldes o f
igpovernidinglebéric panbdoompaugpsreadpadsi ng

di fferent i .nTtheersfea cneo dred dse hvaedr ed i rseovui sesveedd
chaptwor I n t Ipiod yet hgjae weni naammd pol ypro
nawmd ums ampwerper epase@otent i RYDO ecyltlleabl e
i nsul ati drhemanoe rpihall .ogi c al anpdo I dyineelrect r i
nanocomposif aesing untmamad edi aadd at edat ec
fillingeeabhteasti veil §le effect of surface
filling content on thewamscdioSovestveare of
atempts we e rplnoardee tthoe underl yt hg rel at

intenfachar i sthCc sdieepddctretcitdhs.s project

3 Main contributions

main achievements of this research are

Theanoparticle surfaod mdei fmiasnancpoloe o me i

preparati on met hod wer e successfully (
accuracy and validity of the measured e;
The infl uence of sur f acseonmotdhief i €lad¢ ¢ tomi
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performance of polymerThanbaoepmaedi feisc at
of nano alumina particl éehsasby eweainmpg ovielna
effective method in improving the dispe
i matrix ,powhyincerlseésert ssiehectric perforrm
The c hi asraat ci toenrs of t he mor phol ogi cal a
nanocomposites were successfully desig
interfacial efflhkda ioft madhwactoimpro saft emssanop
t neucl eati on effect iinnendauncoecdo nsppohsei rtuelsi,t er
increased spheirtul hae Hemsteg. i Bbtuence
pol ymer nanocomposites.

The investigation of the effect of nano
proposed pol ymer nanocomposite systems
nawmd umi na parati i egedshowédence on the d
pol ymer nanocomposites.

Thetudy of t he DC el ectrical breakdo
nanocomposi ag@emdtoemieal s TWe results have
compared wi t h pur e pol ymer materi al s.
treat menit mpatn do ft thfeoed mtien g f nanoparticles
breakdown strengths of nanocomposite sa
probability of DC breakdown in polymer

calcul ated with the hel amfREW®HDbUI I st
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KH570 @baSphé. 2% higher DC breakdown st
394V Ml PEMBIKHS70 @@n&pd89. 7 kV/mm for ul
Sampl/e BPH570 @1lphr has 14.4% higher DC
t han unf i419l1led KR L@KHS D0 @lnpdhr429. 1 kV/ mm
founfillkEdr thRRPRbakumina namowso mpes it e
breakdown strength than PE&damrRé uimi nlaed awio
the equi val enatl uvaamonuan.t of nano

The space char & aa@hwmulnatnioccro mpfosi t es a
nafmd umi na nanocomposi ttehPeEWpeurles ecda petluercetdr c
acoymet b@ml.y h o neoccchuamwleat i on was i dentif

nanocomposiTthee daommllesccharge amount for

reduced wi t h t he filling content n o r
nanocomposites, the total charge amount
content I Sh ei nmoa ceiafsieedd t hermally sti mul a

used to characterise the trapg fdedibetsri but
space achcaurngud ateiveed ogpmke nt

The l nvestigations PoEHE nDahocsomgnodt itPeli t y
nanocompositesTlwerientcroogdadttueminn ao fp anratni oc |
can reduce theaenD@I d¢oncdcwectniavniotcyomposi t e
with pure pBPAfOKIHSIYSMemmhr sampl e has t

conductivityt Wwhi cthh mes gmab | er t han tt
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Further more, the carrier mobil ity and
pol ymer and pol ymecalhnhawlastealep ash asggsecwe r e
' imited conthalsesmotwhedohyti dmeo-i nhanoduc
alumina can i mprove the electrical agei|
T A ocmpar i soibBbaenowcecermposi tes and PP nanoco
throughout the entire research. Resul ts

superior mpértctPBo@emisocomposites.

14The str udodsthwersa sof t h

Tke overall dthrets@hksais et bénftthhihmmetl chapters.

Chappeovides thé bhckgrnemedand objectives c

mai n cont rtihbeutsitornusc taunrde o f this thesis.

Chapter 2 reviewsastshei atedemwt thi ttdrn &t urees e ¢

di vi dedsxeicnttioo ns

T Secti oaam 2t 1odscti ve section of this chaj

T Sect22damtrodioedambpolay sme nif ca nmda tt ehrei ablass i ¢
properties of polyethylene and polyprop:

T Sect Bbagi2n ab mwii ¢ fh 0 vwearnwiceowngp mttshietne sgoes t o
t haedvandfagresc o maars. a le

T Sectiiomtdracg€4s four popular nanocomposite
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T Sectdb5omhreevimawsnl y about the breakdown 1 n
1T Sectioerviews t heofé paahaanegnet mg s ur € ment

techniques

Chaptdceescldtihfgpesp ar antainmrc omp o0 ssi tfeors atapildsse st ud)

introdexepsritment ahvoiere btdhiqguuest udy.

Chapter 4 plryoircasl thremi stryal thapracpoesdd
nanocompos,i tvehiscyhstiemcsl udes utdhye osfu rnfaancoep acrhteil
bwsiTnGGA andmdrTghRRabbgec bt uB@8 gand SEM, ther:

analysis bymeshagi PSC pntdhpeemtsiié®e byeswsing

From Chapter &cotnopaCh asmtneri s8 mmardac oanmpoonsgi t feds!
systems PE/iunedeaamlammi na, -tRE/akHEI0uma ma ,
PP/ untrealtechi manandr €Rtadad i na in the ol

aspects:

1T Di el sptercit ¢ci ofshcaopptyer 5
T DC br eatkrdemwmnt s i n Chapter 6
1T Space charge behaviours in Chapter 7

T DC conductiwWity in Chapter

Chapter Zasstummamiain findings anpglr @winccdausi o

t he sugdeusttuiroen woorrk .
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Chaptent e?2ature Revi ew

2.1 I ntroduction
Pol ysmadeen widely used i n marpysar ecaosmpowmnemt
for chemrdivasddr yel ectri cal isnpsruelsaatgieo ro.f Wiotlhy nieh

mat sr nak he el ecterlidc almainrnys urleasteiaornc hfeir s and 1
have raised envi rCammentda |p odsoynecheeryrhse s &€ popul
widely used polymeric insulation materi al
excell ent mechanical, ther mal and electric.
cable insulating mdtL PEdhmt omeguouthedhe@®@ @sye
of sustainable devel opment due to-tiots comp
recycl eTopr agteéhriecsysconcer n, tshewmioipéh aesasiicl yp ol
recycl ed, becomehenomes gsfo p¥playerowman nanopar:t
are introduced into polymeric materi al t o

performance

Il n this chapter, t he rel evant chemistry é
nanocomposite iasel amitomdwe @shsiaaids hel ps t c
estadlbathic undbeshandcogposéite insulating
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2.PPl ymeric I nsulating Mater.|

Based on their chemical properties, polyme
thermopl asti c tptoilnygne mmldyt nedrramdisranema|. e cTuh ea r
structure determines the Tbole mocday sapadnompoenr t
pol ymer for electrical cables is thermopl a

excell ent i nsluilgahttianegl geracspye rntaineusf,act ur e.

Thermosetting polymers fcammede etphrtchuegh a ng ¢
chemical reactions, includnhdgcheteatymgngul tt
be modified once cur eldi nku en.gQnd othides cf oonrtnreadr
t her mopl asdabee peelltmaedsp r heatt eapieiunpgot o t

and solidified by rdepeapihedgimbplkeadsdavmgddmat er i
change state amoorgysdraydtiallel iaeesi wsmeemi phbes
temperabarbigh or fl owhimgdenaklkisgh hpmrenopu raes
mat ssuiatabl e emvibreoniyeideé mmdsl v cabl e insul ati
requirements of future ndeeyamopdlagssh@&BDC cabl
apolyethyl ene and pol ypsboopyhl @ me rarse aprocphu laanr
I n 52PAysmi ande@rdéwipeidr pr32@wvyplyporfopyl ene

recycl abclacbh | HV.DC

2.2.1 Polyethylene

Pol yet hyl etnteeoisd @roeubdhar pol ymer materi al s
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nowadays because of itsflleowiibvpaf egoatbsoopdghm
hi gh chemical resistance [10]. Polget hyl en
for mgchpeol ymeéer et h@fme@ has | ong | inear <chains
wi t hca wts snFkisg 2-rseh o ws  iftosy mudvaitch di f uengnt man
processes, the physi payletahnyd ecnhee npioclaylmeprrso paert
The degree of crystallinity ardsmmdéeaul ar
in detenmamalmimpgoperties. The c¢rmydtueaelnicierdi tbyy
the size of the side chains due to its bran
degree of <crystallinThg, wodiebgadupgbhgeshylee
pol ymeleosvensity pol ywt hihl ané a(sghBoPrB)u nabnedr | oofn
br an,c hleisn-d an giothy e t(hLyl DeMakeXah consi derabl e num
short bBndnhdmgei ty pol yei ahsésmal! (biBMmME re sof

as shbBwog2Z a Ho welyRiEs,0t aomamer i al for cabl e
asttaad gi d duerystathbihigh. Comparedywith HI
| ower <crystallinichyesbeitrappesddec ¥ bleo gmdmtl bo fae
structures. -t mpsegerpd mab Ipg pierheuloatli on due
el ectri cThle 4 thDeskEgeihmi | ar properties as LDPE
t emper all autrtee ra nfdl ébededni Iniotty . OP & t b dAtDPElI acsi ng

HV(high <abit @agd)nsupaweroncamideteiiemdustirsy bet

flexibility and higher crreasofiiddncéeé 16¢ envir

39



i i
C—C
i |

Figure2.1 Molecularformulaof polyethylene.

Ho we vpeorl,y e tbhayslpedmee a b | e s ar e not suitabl e f
transmi ssagntéeegygtemn onl ylaprk Taémewt 70 he
temperature requirement-si hbed HYOCyaphyli eace
has belempedkeveend proved to be a reliable cho
normally synthesized by using LDPE and or ge
[ 4] ,Thé&B®Hi me operation temperature of XLPE
manufacturers suchvascABBsand| prysmieaneldatt
HVDC cébweXePE is a kind of meamnhorsett anat e
be retgcimeedequihrement of sustainable devel
Furthermooductry such as met hane, acetophe
gener ated d-ur nkrgncgehses carnods st hey woul d resul t
el ectrical properties. arAeedyiutiircerdalt od ergeadsusci en

products during the manufacturing process.
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resulting in a |l bngspabdutiesheomigeamtd hvami d¢ h a

thermopl asfice] mafi®n) adppo2l oyjpyrl ene based poly

i nsul atilas mMagdenmr imnoposed and studied in re
o LDPE
LLDPE
(b)
HDPE

(c)

Figure2.2 Molecular structee of (a) LDPE, (b) LLDPE and (cHDPE

2.2.2 Polypropyl ene

Pol ypropyl ene is the dhiigghht essatf tpelna sntgi cp omantte
shrinkage, which is made by t hEBhpaodiyomer i z .
structure of pol ypgnagpBleebe i gersairoawln prnope
polypropyl emabdleeThestdedsi nhy of polypropyl
range8®f 93 g/Thhre mel tinlyempeyhemeei sf arou
which shows better thermostability when co
al so has good physicaduchnadsmgolaniabalaspoop e

high d$darfdaes s. Compared with polyethyl ene,
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resi stance as it can resi st many hermgame c ,

pol ypr opyloemdes wlpvantsipreg t i es .

H H
i i
¢—¢
CH3 H N

Figure2.3 Molecular structure of pofyropylene.

Table2.1 General properties of PP

Thermo-physical properties

Melting point, C 160163
Density, g/crm 0.890.91
Thermalconductivity, W/mK 0.17-0.23
Rockwell hardness R65-R100
PP melt flow, g/10min 4-12
Electrical properties

Dielectric strength, kV/mm 2325
Volume resistivity ohnm >10"
Dielectric constant @ 1 MHz 2.1-2.6
Mechanical properties @23 €

Tensile strength, MPa 31-45
Elongation, % 11-12
Elongation at break 50- 145
Flexural modulus, N#a 14001800
Notched Impact Strengtd/m 3560
Other properties

Processing temperature, C 200280
Water Absorption (24 hr. Immersion), | 0.02-0.03
Continuous working temperature 90-120
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Polypropyl ene coul d be categori zed as (I
pol ypropylene and atactic polypropylene ac
groups in the polypredyhdine Thbkaimef hgbs DOF bu
i $@actoilcyprapgl ahke | ocated on the same side

The met hydymdioptpBogpmpylaeree al t ernatively | ocat
of the ©pol ypr opathdicnpslypiopylenktb® nenet Fplr groups
randomly | ocated on both sYaodsehsi nod.. vidaee tp od ly
studied t he p ossysn doii dptiod cytp rodapsyu seimmey c | abl e o
insul ati ¢ 2.1 pAalttahrtdaess hshown excell ent DC vol
t heramalechani cal properties,ctiher eobwlodambfian v
its i ndu.sPtrreivd loiusatpitoondieas tihat t hed ancetlitci ng

pol ypropylene is about 160 o merrdh &Aintwo r k

al so has outstanding thermal stability and

ofsbacptoilcypropgl ahegybbwhen the [t23rperature i
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Isotatic polypropylene cOH®

Syndiotactic polypropylene

Atactic polypropylene

Y

Figure 2.4 Molecular structure of polypropylenes: (a) isotagialypropylene;(b)
syndiotactic polypropylene; (c) atactic polypropylene.

Howeverp,0onehcehampir oplelritkeest he Il nherent rigid
devel opment and application of PP as high ¢
studies have vad ttehmp tneedc taon ii arglr opr operti es o
and effective method is to make polyprop:
el ast omer s. The most commonly wused pol ymert
(EPR, sty hghetnyes teynreeBS) ,( Set hy p yelheemes monomer
(EPDM) and polyol efieat.edpausbtloinsehre dd PaOEp)a.p eHo sii

used p rea phyyll eemee copol ymerpoated alt héelvDC blkabd

insul ati on. Whil e al|l t h emop reo pdoesse dr erda tperroipa
none of them possesamedeal | theemophastement:s
such as | ow temperature flexibility, high

4 4



i nt e[g24]jtMWa et al . PPaviegltengat edthd lee@ dso mmldy m
reul ts show that i mproved not crhiegli dimpywcand
tensi | e[ 2s5t]rGeedgtnditl evel oped a propyl ene homo
ethyl ene copol ymer bl ennha taesrti tah @ 8 moplt a anti ize
el ectrical and mechani cal properties when
copol[y2znbelZzdrto.uadt udi eeln®PaP OEedycl abl e HVDC c
Results show t hei nPpPr/iov@th alnli emad dcamexi bility,
properties and enhapnhzed] 28l]d diteryi ciant r prdaE e rd!
nanoparticles into the PP/ POE blend to fu

especially the space charge accumul ati on.

2. NAnocomposite Dielectr

Nanotechnol ogy was formally introduced to
i ssued to Johns2ZfhalydWwkidatneacvactezous system
for gwealulindi nsul at bsarddweang if mgrl tekpeob g mer cl €8 |
1994, Lewis published a theoretical paper
consiadsertehde f oundationcof umdBOddile dpait mti €d r @
t haet itnht roducti on of nanoparticles enhanced
materials. I n 1999, Henk et al. found that
endurance of pTthleymearl sion sfuilgautritedtbei. zleehteft he s
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nanoparti cltdwoltthag ehwiigithheanddl | Th e n, Nel son et
US/ UK team, had donof teped awxaadieneaesnatl ed ri al
publ i shgd.2ijlAf 266062t hi s, naaopdipedleart rdamcd hvacsr |
topmthiensul ati on research area. Unt i | now,
insul ation materi al are-i nar dagihn g emalintda gdeu
electricitlhi ghSaensdmicad iecrhialsatd tplhudl tiicmeéi on a
acquired fridthaCampsaedexegarding terms o0di el
6nanodielectrics6 since ah99d@xpllotsi vevgalow:
nanodielectric reseBychhactinditthifee s Qa2idteerr O
di el eanpbcompospubkl redattivamt hz @0 wihtieddise cits o v
the continued interest andspbitehtdsabffoesel

application.
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2022 I —— 064
2021 I mmmmmmm— 966
2020 I —— 1,011
2010 ——— 940
2016 | mmmmmmm——— 386

2017 N 3 0

2016 I 7 3G

2015 | —— 658

2014 I G99

2013 I 55 7

2012 492

2011 N 434

2010 I 422

2009 I 323

2008 NN 279

2007 I 256

2006 N 205

2005 141

2004 | 125

2003 N 60

2002 WM 36

2001 M 28

2000 HE 40

1999 W 27

1998 W15

1997 W17

1996 18

Year

1995 |4
1994 | 4
1993 | §
1992 3
1991

1
1990
1988 3

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,

Publication activity

Figure2.5 Nanocomposite relevant publication activities

Namcomp onsaitteer i al s ar ea msacdael eb yp adr diidemcslgd sa t ii mtgo
pol ymer Trhatveriagle. si ze of nanWwhefni Itlheer sbiinsa rw
system of coompdGdistaersd e f il |l ers a@aaldl egol ymi
nanocomposites. But t b kseupnr oopfe red a cels @a mep onsoit
gener al , pol ymer nanocomposite consists o
nanofillers and the interaction area betw
il lustFi g@& & Ti.d Lewis first described the

effect and speci al propertiedqg 3d0ff nanocompo:
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Matrix polymer

Figure2.6 Constituents of polymer nanocomposites

The polymer nanocomposites show great adva
i mproving electrical proprp dtaitteag amd sex Todmredi
commer ci al pol ymer nanocomposite was manuf
usend tii ming belt covers to enhanc[e3.3]ts t he
Later, many p whgricsvheedd tphagpte rsolhyamer nanocom
potentials both rioni aflddfigsaea dh483d hTdheldcerhmeer e s 0O |

factors that eil plelt eemmoe otfhenanodi el ectric ma

Particle size
Particle type
Par tciomlcentrati on
Matri x materi al

Surface functionali zation of filler
4 8



Il n general, the pantcieaolkeati amr, priodiypee t e d mc

i nfl uemnddien gp ctblpse cddincocomposi tes. The surfac:e
and the matrix materi al araeantbeyi thdkef ed t t o
stability and compati bnhnboygoofmdsehmdakanopar
el ectrical i nsourpeotsiiane fiiseldef imaemocas a ho
insul ation materials and filler particles.
a few tens nanometers. I n most published

nanodielectric rafcdre tco npolsy mes/c dthan & ménigte r
varies from few nanometersdtonsdvéfarehtnd]
nanoparticles can be classified iamntdo whi sk
pl atelet partiacnemrsandNtamme £,|] amet alcaod»i des ar
mo s t commofsynypesi s nanodielectric. Compa
nanopartiathegehageeeci fic surface area, g u.
interface between the polymer matrix and t|
enhancement of electrijchATlambdnchleackal zipec
magnesi um oXinche panmrd izl e®m have been widely

i mprove and functionhalljiz d[84ajlsul ati on mater |

Previous studies have showmaneéedheaet na@op@pact
t heel ectri cal performance of] 4@ ®léyitmbheaecsnan o c o n
reported that the aggl omeration of nanopar

strength and increased conpd88} jMo[rEee]vefr ,pol
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the poor adhesion between t hwo pdodlysmeer matr
debonodnanmgoparticles from the pol gmleargatri)
number of ¢ avwiet igeesn ecaawlgd jtnreerial degr adati or
propegr4tOilees Tdlyeduce the piosali bblrealgkdown,ea
necessary to achieve uni fiotrhne dpioslpyemesri omma torfi
decrease the pars®jecd fea @aeg grhodniefriadc atoinon of n.
on silane chemistryrhawayyato pmpwvedetbhéei
adhesion and minizine[bahopéabtdi ¢Rdca8itgll yJ rbe
investigators have examined t hber eafkfdeoovtn o f
strengettonmductivity and nepapel gimar gen aaoc omp

strendgdtlh, [47[]63][55], [60]

2.4 Nanocomposite Model s

There ar e manyprdoipfbfeeerdexnptl amond etlhse st ructur e

The existence of t he i nterface, whi ch i s
nanoparticles, i's mentionedelbiyevad da ttdh eh anoe
domi nant i mpadthperi omp erethheasmoiandimmpgo si t e. Thi s r

us t he reasons why t he char avhhteamdds hgcs o]

nanoparticl es. Four popular model s are int|

2.4nYensity Model

The intensity model of nanoco[mpdlse tmaiwas p
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idea of this modefori satépécithietc maneguassi aly
gradually across tdfeew mtaenrofneectee rasr)e a T(hwes u anlt
exists between atoms and[ 5] Tehceu | Pavsopdenrdt yt h e |
be either a physical or chemichlgbhfreperty
shotwlse changi ng itnretrefnasciehqgas o velrr edshgghuidrtoirovma r d
woul d be a concentration of a constituent

an i on, ,oan aat feGhbefct r on

I
1
1
I
1
I
I
I
I
1
I
1
I
1
1
I
1
I
1
I
I
I
1
3l
>
1

dao
Distance across interface

Fi g%4Tehe interface ab between two U
of a chosUars prnopmgdratnges [i6Bb]passage

Three exampl edi g&tep rwnvd edresdt amd Fhguraeatens
28( ad)escri bes the el ect-wanouuommn cFahge2i8(den)c en at
shows t he eonxtyrgaetni omo nact t Fa gdB(reb)howws ot he i | |
nor mal electric finelygpgedisetmi cbmdiuen oat canmeat
exampl ese, ciothcdaurdeld t hat the intensity of
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only between the phase A and B. The intensi

small er or even | arger than A or B. Il n nan
surroumeed Iphatse, the matri x material . The
sizehhemfnoparticle is decreased. The disadva
il lustrate the physical processes or chang
viual i zed change of the interface property
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Figure 2.8 Interfacial intensities: (a) electron concentration at a metalium
interface; (b) oxygen concentration at thiéicon-air interface; (c) electric fielc
distribution at a metah-type semiconductor contact.
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2.4.2 I nterphase Vol ume Model

Ratzke proposed the interphase vol wsme model
on the i mproved meanoecaamdo pirtoe efrdri [eldi7 gpif v ol t
It i s based on the assumptionpbhgmet handnt

nanopardai csltersonhga i mpact on the properties
further explains the relationship between
nanocomposite to the el ectriciadi tdiiessc hiamaleu
electrical treeing, partial discharsge and |

are made for the l[®f7érphase vol ume mode

ayall the nanoparticles are spherical and
b)yall the nanoparticles are homogeneously
c)altlhe nanoparticles are enclosed in inte
dthe properties of the interphase are di

pol ymer .

Fi g29seh gstwhpeo s sdiibslter i buti on of nanoparticles
on the interphase volume model. The interp
based on the fitilihgrsoanent hefthiaakbness ¢
calcoml asia@driven from a mat henmattiecraeld noo dyeslt
|l attice unit cell and t h[e6.FJjhg XIk@nhecsves otfh & he
results of calculated interphase volume in

concluded that the maxi mum volume fracti on
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t hi ckfne2s0Os nom and 30nm and is determined by

the interphase thickness. But, when the i1 n
ot hpearticle is 30 nm and 40nm, the interpha
fildomigent is increased and no maxi mum val

hi ghest enhancement of the resistance to
tracking and erosion is also in agreement v
thef foetchhemaoparticle size on the properties o
Moreover, the saturation effect on materi a
al so Ipeeweht However, the study of the prop

liemdtin this model

(@) (b)

Figure2.9 The Interphase volume model of nanocompogdagsvithout overlap, (b)
with overlap[67].
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Figure 2.10 Interphase content according to the Interphase Volitodel for a
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2.4.3 Electrical Doubl e Layer Mo

Hel mhol tz proposed the electrical doubl e |
bet ween a solid phase and a |iquid phase.
nanocompocstibkbblet pel ymer chhaermettheas | elgdadt ryi

doubl e | ayer model for nanocomp[o3s0]t,e [weads] t

which could be used to understand the inte
and the matrix polymer. When the nanoparti i
the nanoparticle wildl be charged due to t
ma er i al or the ionization of the surface g
wi || be formed in the matrix material to s

invol ves aSwer h diynanyearyaenma di f f eCshea pGaauyye r
( oeurt Il.ayTehre)r n | aiyrereri sr e¢cghieon where ions are

di f fus@®haGomayesr a di ffuse region where the |

Fi galrlel |l ustrates charge distribution in the
naparticles are positively charged. The St
ions of opposi tmmo lpeoctublracrk g e sasnd) (. & Islotuotfi sl c | o ¢
attached to the nanoparticles due to the e

by positively charged nanoparticl es, as shi

Fi g2ArXea)tlhdet f f use | ayer, both positive char
and they are |l oosely distributed in this
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inversely

Fi gateb) The

potenti al

not ed

el ect

pme@poonhdaoaonal vittoy t dff pbheey marn r i x
weaklonwductivity, the thickness p68hke diff
di stribution of the resulting electrical p

Stern potenti al i's defined by

of the nanoparticles and has the

t hat t hheregxt rdemesliy yhiighh Sa ern | ayer r
ric potential. The el ectritchmubldoubl e
model, which is wusually superi mposed

cor e

(a)

(b)

Potential

Electrical double IayerI

>

SternlLayer |

1 ' Diffuse LayerI

;883@'@@ @®

Bulk material

Distance from particle surface (nm)

Figure 2.11 Electrical double layer model produced by a positively chi
nanoparticle (a) the charge distribution(b) the resulting electrical potenti

distribution.
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2. 4. 4c /M@ d e |

The wwlilrtei model , wleidc ht eiran -bod g @ rheed intud rted mo d e
the one of most popular and recognized nan
by T. Tanaka et al. to understand the vario
di splay as el et 6FE gRinZbbwsi bcherienuBddel f or
the specific case that a spherical i nor gai

pol ymer. Ittfexlolnswisntg lodyer s:

l)a bonded |l ayer (first | ayer).

2) abound | ayer (second | ayer).
3)a |l oose | ayer (third | ayer).
4) an electric double | ayer overlapping th

Nearest neighbour

~

Matrix

First layer
Second layer

Third layer

Nanoparticle

Gouy-Chapman

+ diffuse layer
. ) . ®| e
When Gouy-Chapman diffuse layer is superimpose @) © charge distribution
on the three layers of the multi-core model. el\e

Figure2.12 Multi-core model of nanocomposite (adaptexif[69]).
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The matri x materi al in this area is not i n

same praospetrite ewsi rgin matrix. The first | aye
to both the inorganic nanoparticle and the
such as covalent bond, ionic bond and hydr
nanopédyticouel i ng agents such as silane is i
of the first | ayer is around 1 nm. The sec:¢

of pol ymer chai nd oisnttreornagd tye db othad edh eanlbonde ¢
nanapaid e. Hence, there is |less freedom mov
The polymer chains or part of the chains a
the inorganic nanoparticle. The thickness

oftéemaction between nanoparticle and matri X

third | ayer is a | oose | ayer, which is 1 oo
|l ayer due to its Il ong distance to the nano
chain formation, free volume and crystal/l
pol ymer matrix. The thickness of the third
mu kctoir e mo d e | provides a basi c physical €
nanooasiip e, but it is too vague to predict

nanocomposite.

Addi ti onal coulombic i1 nteraction is super:.
insul ation properties are examineder When a

the nanoparticle iIis charged positively or
6 0



di stributed in the interface in such a way
polarity are diffused outward fngmlehgthbon
[ 69], FTrao i s the form&bhapmaprdcésssed I a
charge decays exponentiall ypwoxihmai isbmancbec
shielding |l ength is calculated as 30 nm f

nanocomposite can be regardedrasmadaslupamnego

el ectrical doubl e | ayer meCdhalp.chalhtf uisse warytehr
may extend over the | oosfei dlady eef f aMhte nwiiltl
coll aborative effect amongomei gnoled-i g t ma
field effect, the macroscopienprtolpieckmness di

interaction strength.

2.5 Breakdown of Soli d Diel e

Solid insulatrdeen mateelipl ssbd in high volt
mat eri al s i nclude cerami c, i nsul ating papg
nanocompowdwers,i dHi nsul ati on material will |
breakdown happens. The solid breakdown occ

sufficiently high enough that the acquired
entliyrebgatdedsibyphphonomgmil$sirTar2¢harge <carr
emi ssamheat roivcarfyiienlgd i ntensity 1 s normally

emi ssion (Fowler ahdamWNod r t heeni hifainehhetisnsii conni) ¢
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emi ssion (Sclhh d®hekny tehnei saspipolni)ed el ectric f i €
concentfateromchafigger easesens picawalnadnucemet o
which the chidwevg e hada rirogrearrzsy crdtll ercewsluel st 5i d n
i ncrease i n dtuheet jeviBdhoyt rpiocsasli bdd fi a ymionfg samd a

propagating towards the [bt.d)aakcteewhr pakdowwi |

channel I's forgnes tehnd ofwi Irleddatwivteh per mi t ti v
field wildl be increased

Sever al mevobheaenni spmiso phoas ed t o expl ain the mec
activities. Such breakdown me c han- sms I n
mechanical, t her mal breakdown, -cbhreemikcdaolwn d

br eak[ddwhn7]The breakdown of solid insulatin
t he combi natei ome confa nmusintsi or at her tFiagwurse ngl y
213 hows the relationship between <©Ohe break
ti m&5]The breakdown of sol i d -tiinnseul bartea aoknd ccvam
and -tiomgabdown based on the devel-bpmeg t i me
breakdown strengt h, representing the stren
a short period of 3st)i mehe(nusau alelsyt ilnegs sv otl htaang el
i's ratsiamgconstant raté mer breakdews. r dhlkeditc
di scharge properties and the ageing resi st
determined through parti al di scharge tests

strehgtthinme coul d be evidentially | ower 't ha
6 2



«— Intrinsic breakdown

Electromechanical breakdown

thermal breakdown

Breakdown due to discharges

/ Electrochemical breakdown

108 104 100 104 108

Breakdown strength

\ 4

Time to breakdown (s)

Figure 2.13 Sketches of the relationship between breakdown strength andotir
breakdown for different breakdowmnechanisms in solid insulation (adapted fr
[75]).

The intriwnm, calbdtoh @akadndeect roni c breakdown,

breakdown strength of solid insulation mat

property and can occur witho8]Thoet hiemt rbirnesa

breakdown theory for solid is developed

processes imhggbesl ethdec field, the 1inhe
insul ating materi al acquire enteragryi ct horoug
aval anche breakdown. However, the strength

measure as at mnmeomoemgygeme® usf nature of solii

and t he i mperfect testing environment.

6 3



sength can only be obtained under the best

El ectromechanical breakdown occur s when t |

i nsul ati nganamadcetrriiad faitel d o$8§hihghgenr itnhtaemsi t

mechanical cempgrt s siAse rsetpoGdretdohbBy t IBa ar k
equilibrium between t he el ectrostatic C ol
compressi ve esttrheengelhe cbterfoomec hani cal breakd

described by:

eOde =Yin(d,/ d) (21)

Whetié¢ s the vacuuwmspaerhmi trteilvaittiyve per mi ttiv
mat eYiisalt,he Youwdngs mohdeuliunsi,t i al t hdicsk ntehses o f
t hi ckness \ifst eappvloileedagaecr oss the nmaet eri al
calcul ated breakdown strength based on thi

strength of the solid materi al

Therlmabr eakdown often occurs when tthe cumu
cannot be effectively dissipated at a high
temperature of the materi al i ncreases the
t her mal I nst abiFloirt ye xaamtp | ker, e a khdeo w nhaetr unrad br e

of polyethyl &8mbé® AiCs avtho ured f 250 p o l-4y0p0rloGg.y |l ene

The discharges in the solids may afppear 1in

term anhelr moalgectric t agtes .| olcratigeersreadllh éadtissodetmaur
6 4



within the bul katoie adsiodldtdas nwaiil g i amd i mp

parti al di scharge would then resulhte i n th
devel opment of electrical treetimg, cdeadohg
external discharges, the breakdown may occ.l
di scharges occur i n the surround®]nighemedi u
previous research has indicated tdaant t he p

i mportant rtoelrem ienl etchter ilcoanlg W 4r3g d[ag&[49d0 and

Elca rochemical breakdown of solid insulatin
such as oxi dati on, hydrol ysis and other
continuotiseklbetchiemi cal i leteesas®haatti empgser at
ri ses. (ThHoepreefadadrine®n of solids at high temper
The breakdown strength is one of the most

propertiesThe kbdroemant eprricaclees s @es cofmbenabcouor r.
than emngoblyi dAi nsmbat slodiee sda midmned t he break
performance of pol[yBES] nah@&G mp dhs8i6therse a k d o

mechanism of nanocomposites is stildl not f
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2.6 Ephacege
26. 1 OverSgaee Glharge

Space charge refers to the net chaages acc!
some point in time and is mainly from t h
i mpurities i n insuldtcihnagr greast ewoi uall d tThheen dneivge
of the mat gr8i749l, Jdqdwedr] cthiamege i njection are |
wor k function of the electrode material ani
testing7.9amptd i |l s on this wild.l be further
applied feilelcd riis higher than the charge i nj
the electrodes wil/l be injected into the n
[ 89], f B8] space chad gfor np edcaysedodmy i @htreersihaol | s
usually between 10 kV/mm and 20 kV/mm. The
to the ionization of pol ar grodpsnksumgh a:
by pr oidrutcrt adduurciendg t he manufraecstudrtiinngg pirno ctehses c

ok pacchear ges .

Early papers about space charge were published by (}ijdand Langmuif92]at the
beginning ofthe 20" century Space chargelays a valuablerole in affecting the
electrical properties and lifetime of polymeric insulation, which lithiedevelopment
of polymeic HVDC cable insulation. Such electrical properties include the breakdown,

conduction and ageing performar[8¢ [93]i [96]. The phenomenon of space charge

6 6



packet has been firstly reported in polymeric insulation by Hozumi et al. in[29D4
Then, it has been proved that the space charge packet effect can seriouslyhdisto

local electrical feld, resulting in the early failure of insulation matefid], [99], [92].

| n recent year s, bemmamy maadd etmpt suppvess t h

accumul ation in polymeric insulation from 't
t he elpeocltyrmoedre i nterfaces and modi ficati on
suppress theramhahgeehieajdeadotedntal |l ayer suc

fluori del OgoiRIV¥Fegt hyl ene tlek ®plhtfHaloatienat RET )et
propyl ene co[ploQizymerpl(&dqgEdd bet weeohymleei el ec:
mat efThiag .i s due to the high electronegati vi
mat eMoraedover, there are bwphmgmar Mmehedsal o
way to alter the properttoi eésntaofodtulice omyg@kaing @
additives or f[illll] e.r sAINCaBt]loe rp owayymeimmsi ttho bl en
another[ P04 y.mekm®d®mg all these methods, poly
the addition of inorganic nanoparticles ha:
charge suppression. |t is believed that t he
at the intpaolfyamers/ snuarmomasr ti cl es i nterface
interface affect the electrical properties
t hneechant Ben ofetl doericddcjeeec e charge formation ai

i n nanodoempddiyentt cl ear

6 7



2.6.2 Space Charge Measuring Tec

As stated aboves,i gsnpafc es Bchhuaerhgeee thoansctaiif e pr oper
polymeric HVDC cable insulation. 't is of

injectiomndmidgrsati ip@ani on processes of space
di stribution of space charge in polymers w
such hdesst figure method and the field prob

the spacéhehahgeki sampl ¢40a8hd EHabEBEgesect he

execution and interpretation of dHe&ttreuct i v e
1970s, many nondestructive methods for <cha
mat eri als wer e tdheovdesl ohpaevde. bTeheens ed enteai | ed r ev

by Ahmed aptiOAjoitnhievrasi mportantKhmadVviiloe©Qw publ
found té#ame ool ythe methbe®durhaentbieonewi tianb | ¢
characspacei mlgarge in polymeric material wus
are the thermaP)tlhué stehenremdlodst ep met hod (T

modul ati on method (LI MM), ( RWR)tphreemsldsausreed wa v ¢

pressuret pad seLImPP) , and the pul 8dd el ectr
TSM and LI MM are categorized as ther mal m €
categorized as wave propagation methods. T
samples is obthgi nehde Icywraraltyzor voltage si
mechani cal or el ectrical di sturbances.

6 8



The ther mal pul se method [MdA |t hesmaly pelved
applied on the metrailc edieeclt e cotidieh eorfa tt theeh péod hyen
and diffused in the sampl e, resulting in

generated electric response is recorded as
di stribution thvoughi oemceabauladieaon TP me
capture the space charge characteristics i
The PWP method was pr opo[sleldlifby sAnnbdaesresdo no na
propagation of a pressure wave inside the

the space charges, the chargesamgpe eomntdhd e
el ectrodes. The displacement current 1 s the
in the sampl e.

The PEA met hod p1ddh@gdse doeboye nMimo sTta kvaiddae | v u s e
for space charge measurement in solid insu
mo st rneolnideebsiter ucti ve met hod f ox nBReesampl es
el ectriiccalappodlitsdedd di el epcetrrtiuac bs anmgp Iltehe space
the sample. The movement of the charges ge
detected by a piezotbbeteliectradedudbade athbo
then converted intongdg htheodpage chamae icrofMm
appropriate signal processing, the space ¢
restored. More details about the PEA techni
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2.S/ummar y

Il n thi st hgpaptheetmst aluct pr ep earfgdd leyset hyl ene ar

pol ypr dippleeme i ntt modaudcdee db i ®nhor yt hand f undame

nanocomposites I nau ldaetifi rogv | nsastdedr ural p o mulear
t heoretical nanecomyo iwteel MBadelds samu s e d .

concluded that the | arge interfacial regi ol
pl ays a significant rol e i n determining

nanocomposites. Thepewfoarpcwmpoaosdesi gnsuobai
is essenti al to consider the dispersion
aggl omeration. The <chapter al so reviews t

dielectrics and space chtahrggePHEe amaetrleaoancd nb e i
popul ar c¢hbohaedv anbleesnpeinttes i n i mproving the
nanocomposite materials, 1t is stildl uncl e
nature of the nanoparticleaetodhebdi seraaace
review presented in tmtiisalchlaipnler b détawe esrh 0w
i njection and el ectrichh ®sBhiemEptrbpdc P hanc

nanocomposites with different epsruerpfaarceed caonndd i

=}
<
()
wn

tt iegvaat| eude®Ce | ect r i c al performance of pr

i nsul ati on
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ChapB8BerMateri al and [
Techni ques

3.1

Pol
i nd
att

| os

and
t he

c ha

| ntroducti on

ymeric composite mahawii atliso narien dwisdterlyy,
ustproyweanrdda stWiyt h t he ‘wimpdhrame st aoln pernob | em
ention htteedbegehaddlrewmol ymer s. Ther moset
ing ground t o tihne ctahbdoems pniskhoebyaiea rdg d If yi meurl

recycle than thed mokleasmbas|[ &l e¢[ulcd Jutrje@ 9 |

t his chsampéoytehtiad esienadryoduced. Moreover,
i fication method for nanopairdesccreisb eadn.d
ensure the quality and reproducibility
pared shoul dThe ovied lhseaayprddr onilgehdt. be aff
y factmousindgupheasure, mixing time and mi
no standard method in the d¢dhalitehtagie €, S
uduedng the Bsamplag eprad Beg adnasncuu sascet du.r e

ocomposite s aAlpsloetshei ss uirnftarcoed untoeddi.f i cat i ©

descri bed. The nanocompneeshit en diart @ r matl h o
then the thin film stahhglte priesed nfgo mett en:
end, chemical, mechasi ¢ar amadoeloenptorsii ¢ :

racterient abidoec ed.
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3.2 Materials
3. Max erials for this study

Thepol ymer s etmypgdacyee dnaa £ s i awleyrien ptoHiyset hyl ene
pol ypr.dmel eadaerieter Mbdoewn si ty pol yetdiowlddeng (L LI
pel wetd, a melt flow of 3. 63agnal Onerhitri ,nga phd m
oftl 2AC, were purchasegecferomdEXx©xormMhObPEH i n t
pol yproppPbéedeELl) pell ets, winadhdeansietdy d&f olv.

g Pcnvere al so obt ai nreedf efrrroend H>by oansMoPoP i n t

Thearmd umi na owahsitgirelleesxt ri ¢ constanatnd hi gh t
high mec han,i ceahi csht ramagaemuil tar nanoparticle
nanodi el ectric appl iaclaatoiho nesv.ei lgmevwaddtdhoitni o n,
poleyrm mat rwihdeessu | t s i n i mproved el eocft rtihceal art
resulting ndiB8bempuaesi-abebsminmaay @ s i fmiplh e re

electricaln pranopdmateil deeni ceported by many r
yedrlsdd], [46] 117¥Fbk, npfhbbplarticle usG)d in th
nanopdvdedm400d) ned from Al addin I ndustrial
average diNaGneTle oifz&80di stribution was not

t hg tsulditys.ef erred t o as unarowmiftnha di/nsnudegat ed

To conduct suof acemstmebbhmehg!| oxypropyl tri me

( KH5,poy cHawaemd Si nopharm ChemiacsalusReadg®ntmoda
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t he surf-atcembharnpeo tmedlheox.y groups of the K
hydroxyl groups (silanol) that can condens:
nawmd umi na parctoiveablemds o Tbem the KH570 coup
up th-al omhoa partioclleecsulaanrd laa yneornoins f or me d
of 't he nalrmoep acrhteintilceadl . KsH % fulr wikisr @8l( @) T he
nanofiller i s ref-£O3 edTheo nas o paurrtei ch@so w
modi fication are-ApGeif er ¢ &d h éNdifemanse KsHSI 7u0t i o n
chemically pure grade wlarsdriadlts®.pplorceedais ed f |
of nanocomposit ea tsehionwhfi iglsiaepd etphaa add toani | s

step are described in the following sectio

0/ I
NN\

N N
/

Figure3.1 Chemical structure of KH57€ilanecouplingagent
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Silane coupling
agent

Nano-
alumina

Mechanical stirring +

Ultrasonic N
heating in water bath

Centrifugation

Polymer
granules

Shred into
nanocomposite granules

Melt-mixing

Label and
store

Pressed into thin film

Figure3.2 Procedures of nanocomposite sample preparation.

3. BurfhBArceatomeN-&ah o mi na

The s urrfeaactene nRAOspfarnhacbes was compl eted wit
coupl i nAf tachretnatsisahlh e | adordeafteorreence t o publ i s
[ 41] , [ 471 hfeo[r 5mA]l ,a [aG R} o eafwrceainpno si t es use.
in this denejrendhteegireocedaompesbfenthobo film p
are shown JamHBEiFg @4useheo w3r. &alceg i ons bet ween KHD5
coupling a@dmnutmi amd Praagn eseafll LM ma particl es w

wei ghed by wusing an electronic scale and t

for 24 hours. Then the nanopdr Xiyd lesne weold ai t |
was added as well ngThdenetxtautrep byasul gtriarsmo
mi nutes to disperse the nanoparticles in t|
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transferr ende cikntfo aas kt,hrwehei ch was connected w

a condenser, bef onepl LAg mhget KMd&F Oaadded.
connected with water cooling éd&dquumpartemar t o
150 ml xyl ene and weighted coupling agent

mi xture was refluxddrhod®es withbahba meciBan

was set at 60 r pm. Prior to centrifugation
was equall Y3ldtievsitd etdu bienst.o After removing the
was filled with purle xyelngdmeda fuugtalfceexaduat to d @
coupling agent . Lastl vy, precipitation was
8A@ntil dried. The dry modigftopadldabebpdr &and

stored i n Regd3dsehotwsteushuedstmogarti.cl e powders

-

Fi gB3Nemnoparticle powders with an
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Mechanical stirring
80 °C @xylene for 12h

Figure3.4 Schematic of the reactions between the KH570 silane coupling age
the nanealumina particle

3.2.3 Micaishgngndf nanocomposites

Il n this studygaocobobwmpbsiPEe asadmpPlPelsywetnhege manuf
medt endi ng met hod. Bt the werpgr imegmRladi M o
extrudehRufrreonk Appl i ed Chemi stfr yStDeaptahrctl nyednet
was empl oyed t o immakteh et hfeo rcnd mopt e$ahne eeaxnioruundt e do
the coupling agent to be added i s expressecd
provides the qualitytaft apdotlryinkewres Ipmert hli0sO ¢
phr means -ABlwumimhaofpanmdnce!| et d$ihef apdod eydmeirn.t o
For exampl e, -Al@btpkhe RB/mprosnd é gl @@dudg eBRE p o
1g n-ahamina powder werteheegt adda T hgeh avoibregdi.ni n

PBvas in powder as we thoughtttkee wmasopabdui
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in powder rather than in granul es.

The next step was to cut the composite wir e
into thin filmpesasmpi pglomaonhygmal hohe thickn
fil m swahmipdsheestidéfrftri f ftee sein@ ,Iclad tchrl eagseérmai nl es's

stemed d set, FsphBIye wars mahdeepdyt ment al me ¢ h a
wor kshopl.ayMeirdsd Ivei t h s@eawgreguskeidckoesontr ol

film samplespwtct hicagguonsd

Top |

Bottom | Middl e

Figure3.5 Design of thredayer thin film mould.

To prevent the samplla,f rtovo 4 thiimkifrog It o itlhnes
bot h gihdiedsd lodl hifeanyael r .parrogd awhisgd3or eUnf ortunat el
the quality oé&®fheafmppirsosy eime w ob abtec hpoor . The

probl ems 1t &desrerde ruth dleabor at ory condition. Fi
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the foil film from the sample surface are
conductive. Secondly, the hot paoermstsr onlalcdd n e
one which was hard to maintdaiand he¢ée paesisng
sampl edlays,hit he extruder was hiaggh e roaft i magi nt
temper at ur e aweoxutlrda rbewsrudean ifnor t he whol e ext
|l edt hl®r ea k d adavmex o f unaicdin ne. Lastl vy, the dis
nanoparticlase wnmabhemiod I bwdsa g gcl adoree rfaad u nodn

macroscopically.

Fi g83&@Tehi n f i |pm osdauntpel dasbp/r eusss nmga c

To i mprove ttheesquaki va@yasmptiieng r esear cher ar
made with Professor JinliangikHghafa tUme vidir g
Beijing,o Ghoinntaa nue the expeUmimeké at heé npesvi
situation, 28 0KAPRO qRM ursteedo meot enti xwashe compc

speed ratio of two rollers ,as shBwmukbng c
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3.7. Prior -bbendiengmelvi egj n uPEadgataendua nama

sur ftarceeat @d uma ma were dried in a vacuum O0OVE
rotation s dfortgluee RMeomet er-bwasdiseg at
for PE nanocompositedl wasedbnduodsesd odt simp
| i stTeadb3libnel ow. As for PP ankl @ndi ncg npeorsg d reas
was set|[40.8PU0 e PE granules were processed

any addihtea fveer marsce bat ch.

ni:n.=1:1.25

Figure3.7 Speed setting for torque rheometer
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Table3.1 Nanocompositeanples.

Name Matrix (g) | Nano-Al203 Silane Coupling
t g Agent

PE 50 0 None
PE/ALOz Pure@0.5phr 50 0.25 None
PE /AbOs-Pure@ 1phr 50 0.5 None
PE AlOs-Pure@2phr 50 1 None
PE /ALOs-Pure@5phr 50 2.5 None
PE/ALOz-KH570@0.5phr 50 0.25 KH570
PE/ALOz-KH570@ 1phr 50 0.5 KH570
PE/ALOz-KH570@2phr 50 1 KH570
PE/ALOz-KH570@5phr 50 2.5 KH570
PP 50 0 None
PP /AbOsz-Pure@0.5phr 50 2.5 None
PP /AbO3z-Pure@ 1phr 50 0.15 None
PP /AbO3z-Pure@2phr 50 0.25 None
PP /AbO3z-Pure@5phr 50 0.35 None
PP /AbOz-KH570@0.5phr 50 0.25 KH570
PP /AbOz-KH570@ 1phr 50 0.5 KH570
PP /AbOz-KH570@2phr 50 1 KH570
PP /AbOs-KH570@5phr 50 2.5 KH570

The next step was to press the <coanposite
thicknesng d6GIOMAand bymmompmeewlisdgomnder 15
MPa at 200 ) Polyimide (Pl) film was used

|l ayer and t he hteh rheagy eduaglileimms tisn hi gh temper a
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resi stance. The fil ms were t hen amereal ed 1

whil e the moaukpisessi 6h maintained at a pres
the samples were | abeled and stored in a di
samples weaeupmtoven at 100 forel2rbomur s

the sample surface. ThieRifg3B8ad Rpfroedearcdtes svamp
and PR/luamma composite samples were manuf
compositehaesarmphHael.ogly and physical chemistr

sampl esdiwicluis shbeed i n Chapter 4.

Fi gB8Tehe thin fil m n apmroocdouncpendbneatbel esga
met hod.
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3.3 Experimental Techniqgues
3.3.1 -Gghevimmketric Anal ysi s

TGA s empl oyed masdnemgeusr eddtr heagntblyegisi ng a

TA Q500 i,AAs tlrrusnternument s, USA. The nanopart:i
a vacuum ovem d42 hO0OQ@ o remove th& mgisture
naypowder pl aweidghtni ng plate and then is he:¢
10 / mi n wuohddtehre8 0t momsipthreas glehnef change of m
recorded allonng hwust theteladddand KHBE&EAted nano

AbOzare teagtadcklsyepg o study the ef fadautmionfa.sur f

3. 3. 2 thoaunrsifeorr m | nfrared Spectr o

Until today, i nf rapgoedlesphend tqruoces d cp yp oil sy neetri Isl
infrared radiasampl és samectbétdt hbet maeidipandor
vi bration frequency wil |l  whea | &b o creb eodt hbeyr st I
transmitted. As a result, the relationship
frequency of liisnfaaqueidircepracinends spectrometer
produce an infrared spectrum., Usuald vy, the
cmand?28e2 6l 't could be divided into thre
relationship wit-h wdnrdd-ibH &er asrped,t rwhm:c meiag co
1400000 cmio00 'tamd i4®Ocrmrespectively. From tl

spectrum, molecules in the tested sampl e w
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frequency/ wavel engwrmht ideattabhase .al ready kn

Il n order to study the effect of surface t
alumina particles, FTIR technique is used t
Il n this research, the tedtitng SddPui PBAnt Tihe
used in this reseagSrhe dtsr unma ndoaptaabGsa@fc d pu rpeo wrd
KH5%0 eat AdOspawder aroev echbeamage@eflrbtno 440000 Oc m

cmwith a resdlution of 2 c¢cm

33. 3 Di fSfcearnennitnigalCal ori metry

Di fferenti al scanning calorimetry test S
identify the ther mal behavior of the sampl
flow between reference sampl e amhgte 0tfi ng

ent hal py can be calcul ated based on the me

For each indbhvimduwki gkpséd namMdprcemaposdt anda
enclios ed ad astmi mfu mTip@andevi ce should be war me
prior to anyeteest asdowuhe waodone under a
noinsot hercmayls tneelllti zati on t eatsemgwhkirgomwreedur e s
3.9. The purpose of removing ther mal history
t hseampl e and minitnmeexeéet hal eéhectomment on
crystalli zat & tee sbte,h acvriyosrt.alAlfi ni ty and mel ti

based on the re&€ande®PcareesemBotrtyc Ptalheéy ne
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have a combination of crystalline region
characteristicafoffecgoltymeirrs meacyhani c al pr o]

dynamics and breakdown behavior.

Sample equilibrates at 20 °C for 3 mins.

!

[ Start recording data. ]

l

Heat sample to 180 °C with a ramp of 10 °C/min and
maintains for 5Smins tc remove its thermal history.

l

[ Cool sample down back to 20 °C with a rate of ]

10°C/min to demonstrate crystallisation trace.

Reheat sample to to 180 °C with a ramp of 10°C/min
to demonstrate melting trace.

[ End data recording. ]

l

Stop heating and wait until the sample is stabilized at 20 °C.

Figure3.9 Procedures of DSC teftr PE and PP

3.3.4 Polarized Optical Mi crosco

Pol ari zemdcopscopy is widely selected in iny
ot hheaterial. I n this study, a Nikon Eclipse
a Linkam LTS420Il thbée bBégigenisgusekde | ight i
pol aanikt elrecomes plane polarized |ight. Then

t wo wave campghentsghtOnt theaobhhethsrde of
when an analyzer with constructive and de:

waves fWwetbandi phases, extinction occurs and

8 4



sphercali ted Madpgmesaer x.r oblse hot stage i s em
i sot her mal ctrhgest pimé 1 zTahtes asmgpnopdlte opnr Empeat rh o d
t hBOM tiesstshomving BLOThexperi mentatorprBBPedur
nanocompaoei tdedFaigldddFom PE nansoamgripos it e

procedtt hseesmeacept the crystallizaG.i on tempert

Fi gBlrampl es for POM test
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A 1cm X 1cm square PP sample with thickness of 200
um is placed between a cover slip and a glass slide.

|

[ The PP sample is initially heated to 190 °C ]

(melting temperature) for 15 min to melt.

|

Then it is to a hot stage set at 130 °C (crystallization temperature)
and keep this temperature for 30 min.

Observe the isothermal crystallization process and take
pictures for further analysis.

Figure3.11 Procedures of POM observationRPnanocomposite sample.

3.3.5 Scanning Electron Microsco

Tostudy the mdsepmpl ®@ggnadfdi st rswiutthiionn boafs en a
mat erHitaalGWiB®&0 10 scanning electron microscopy
10 kV accelerated voltage was wused. Befor
t hi cknets si walsi qui d nitrogen bef ogectbirorke of
were sputtered with gold to avoid <charge
conducting the -g000dMcoabdt ngg macEilfrDe connec

pump was utienlg ghece®s | asted for 60 seconc
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3.3.6 Dielectric spectroscopy

The ed ectric performance was evaluated by wu
br oaddiaenldectri c system-Ae ditpigihf eod maintcle dm eAlu
anaary, GeRinmpGlyzs hows a simplified circuit S
spectr eacsaupy mant and the structiufrieguofe t he
313 The sampiekwiesbemfi slcutNilnGo 5 cm I 5
Bef orreg,t esaund gol adiealneectterro doefs 2widarh ar e s p
s isdoeft hfei | m sampl e to guarantteleragnpdce @ommdu
el ectrodesi.s hTehne pslaampelde bet ween a pair of 20
with a 1 V AC voltage. The measurement i s

10Hz té®lzi1@at 30 AC. For each kind of sampl e

calculate idsl pesmi ahgenty an

Film sample

1Y

AC voltage

source with ,\3 /(

variable </ \Vector /CV)’ U A Vector
frequency voltage current

analyser analyser

Figure3.12 Schematics of the dielectric spectroscopy system.
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P

Ll
.l_-,
r__

)

Sample holder

Sample

Electrode

Figure3.13 Structure of the sample holder for dielecspectroscopy.

3.3.7 El ectrical Breakdown Test

Il n this study, only DC breakdown strength
The sampyesbeasmg t he same met h dddi &lheadt rwiacs
spectrtoessctcopyThe whol e t els&6 0 24 3 easn dy ntehde asccchoe
setup of DC brealadgdiidet Asdi else sthroivwl ,strengt

Suzhouwustrial Park Hai Wo Tec hanso!|l @ yp oCwe r, |

supphdg a pair of 10 mm stainless steel bal
sample is placed between electrodes and inm
The whole test is conduceésedohttagewims hreanip®ir «
a rate bBbdbr le&d®&WHh ssampl e, 20 paorireetcofradree exan

further analysis.

8 8



Resistance

| / Test cell

Silicone oil

HVDC
voltage
source

Film sample
Measuring device

HV Probe
pasamy| |
(elelejm |

Figure3.14 Schematics of the DC breakdown test system.

3.3.8 DC Electrical conductivity

The | eakage current of samples is measured
standaebethredeasysiiairdme guard el ectrode
tos to keep the surface current from passi
make the electric field under Ttehde hme&kanersisn
oft htehin film testingn saamdplbeotihs salewt oX0O0 h
sputtered with gold for conducitinomnit 8e&fiomet
vacuum oven at 80 AC for 24 hrotetuemov@her
el ectrodes are fixed in an oven so that th
within N 1 AC. The DC vol t-h@Qepowersuppli ee
provetdepdedtric field from StefkWWmmmo 60 K

At each el eccutrrriecn tf iiesl dme atshuer.e dF cars eaa cfhu nkcit n o
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sampl e, t hr ee sapnedcianelnys @ame ttyepitedl resul t

sampl es wfasr sedreacuetdi vity calcul ation.

PC

OVEN =
y 5t
|- Main electrode +
|- Sample
Guard electrode
Power Supply |—|
QOvervoltage
L ; b mEmE
= NN o |

Electrometer -

Figure3.15 Schematics of the leakage current measurement system.

3.3.9 Thermally Stimulated Curre

To study the trap i mfidrematai ¢ yd espto Imaurhiaz ataip ot
currentme(tTHiSADALCE] e mprihey d @ matt iTeSHBe A s ur e me nt

sysaesnowhi ghre The temperature control syst
by using the Novocontrol Concept 40 system
by wusing a Keithl eyr é&cpule/mBmsralmgpd scé¢ dtmed e r . TF
THC test is the same as di e¢lhwelrcdIrBCcTtSemdct r o
i's shbwg3r@he test tempenatbaoamposiange ifoe®rfP

80C t oCa8n0d i t-80G tfo@InD OmradPdPmposi t es.
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3

The
Fig

PC

Temperature control block

Film sample

Electro

Voltage meter

sgurce

Figure3.16 Schematics of TBC measurement system.

Polarizing the sample with a 4 kV/mm DC electric field at 50 °C for 30 min.

|

[Cool the sample down to -80 °C with a cooling rate of 10 °C/ min. ]

l

Remove the poling voltage and shorten the external circuit for at this temperature for 5 min.

|

[ Heat the sample to 80 °C at a rising rate of 3 °C/ min. ]

l

Record the thermally stimulated current values for further analysis.

Figure3.17 Procedures of TI3C testfor PE nanocomposites

3.10 Space charge Measurement

space charge behtalyeud srediae bt dioe dnelb \1 0«

Br&chematically displays the PEA

unit, a temperature controller
91
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generator andA ab®Po sccaiplalcostcoorpes.eal ed by epo
temperature resistance i s twhREA amsdtpiatr tc aor

withstand 3Q5KV Vvidlet avper edtor m genelrhaed or i s
i mpul se gener at4BfC, i L€ aAWROERAC HWpAV G e signal wi i
wi dt hl OkHredr e gu egnecnye riast @ mamd t t ed t.dheée he sam
oscill oscope is Lecroy WaveRunner 6102Zi Wi
sampling rate. The tem®@mmd yweceryl i PeViDEFiI $1 test
piezoelectric film connect eAdh ewnidttaht lmas tMet i
filnplseasm ar e elcecrtcruiicta€d fyatrs hlo@Ot h . Then f il
pl aced bet ween HVeoeille citsr oaddedseedaenbde t st Bl ei sc camn d

sample to guarantee good acoustic conduct.i
el ecdglrd coff i40 kV/3nm€t foo c o BsOpeamiten schamtr ge ac c u mi
data. The external voltagiercsgi thent aceemoved
measure the charge decay dynamics during d
processed by <calibration and deconvoluti ol

original space charge signal
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Digital control

Waveform generator
Waveform generator

Electrode

Oscilloscope

Signal amplifier|

Test cell

Temperature controller

Figure3.18 Design of the PEA measurement system.

3.3.11 Mechamitcal Strength Te

Theensil e experiment is performed by wusing
made by MTS Systems Co., LtdmmTthkei dhmdbde !l dr
prepared, Fagds®oAanfinmed stretching speed o
temper at urtee aicda meppl pelsi etdo astguarecchredsntg esa
ASTM6 3.8 Three tests are repeatgdtbmopbéeach Kk

the average value of elongation at break al
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B

»

C

X

L

L=75 mm; c=40 mm; b=5 mm.

Figure3.19 Dumbbell sheet sample for tensile test.
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Chapt ePlrhysi cal Chemi st
Characteri zati on

4.1 I ntroducti on

| hhheast chap®eartnahes with an average si ze
PEBNRIP pect byt &neeyblt ending met hod. KH570 sil an
empl oyed to conduct the surface modificat
compati bi ltihiteyo rogga wiee nf i | | er sf @ inddo mtae mti xo fma
nawmd umi nacompoant ephwas Mopphol 5gy and chen
play i mportant rol es in influencing the |
mechanie€laéegcmmidpalrti es. It i's determined by
particl es and Tnhaet rniaxn onpaatretriicdles have high s
are usually present as aggl omer atsead cl ust e
composi tsa&s syspeim2e@fd., byd 2ilthprove the compat.i
nanoparticles andalnmap anrakweenkee e@ir wWiatll siahane

coupling agent st hBeEf or ePhi xi ng with

Il n this chapter, validation of surface mod
using TGA and FTIR spectroscope. slihteedg her m
i xonducted by wulshegttre&C.st factur al and mo
nanocomposites, POM is used to reveal the i
is employed to observe the morphol ogy of n
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t hmeechanical propertipgoofafl edanocomposites a

4. 2 Results and Discussion
4. Zhergvadvi metric Anal ysis

The at hMeGoAf i & mitet ertnhienet her mal degradati on |
unmodi fied-madd f Keéadd Wuma ma particl es. The m
compl etthdeA Q5§ @ 8 rgmaalvi met raincd taenisa¢l iyregewgisocedur «
pres@f®haptemTh8 TGA curkFViegdlmemswlhehowanf nrm t
KH570 silane coupling agent is =sudwam naf ul |
partiThleess.ol id || ines ( TE@Ascshamyeaeisygi grhovi de
temperature and 1{ kRTeGAd acsunr vlieisn)e sd e(slxerriibveatt h e
masdhhanges upon heathvenggi Compamiedaws ampl e,
mad oarhkeH5 1 G eat ed ¢ hassped eei WOz snamml e, t he

tomalBoss is about 2 %, which mainly occurs
evaporation of absor berdodnofiise derlsawnBluagQ f or
thenad ®sssofess. t hlmins 1i % credi ted to the KHS5
ma lstthe sutrbheacoepaf ti clAneby¥%hand ppssbipe.ak i1 s sh
bet ween 160 and dby Og yhreo dwiyhs Keldhs 71 0s  ccoauupsli el n g

I n addi ttihosg migdhre bwoei ght | oss between 200

the decomposition of cameb a naoamreegtlein gmngpbultred t |
as the tomaHoamoumiccamfimdt ad. to the TGA resu
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i ntroducied RBMHUBWBIOKHDA®R It r eat edam@lhe abumr na
mass of abpmomamasel wandidd . 61 v mmhss of K
approxi matel Wi2g@2céad4ogl mhleomumber of mo | e s
number d@@fetmeleas al umi na g n dvsudPgreds tiss tahbeo unt a
alumpaat mchgéas agdglogme hatre r at her tl ma n Si N
congcillwinTGA results demonstr att ¢ atcthreedKiH®&E7T® wa

alumina particles.

101 0.08
——Al,0;-Pure
100 ——ALO,-kHs70 | ] 907
— 99 B = 0-06 —,
S . o
: 98 {0.05 £
‘g 97 40.04 ';.:
— 96 -
& 4 0.03 i
£ B L\ === > Jo.oz 2
) 1Y
z M Joo1 8
93 } &
4 0.00
92 |
1 M 1 . 1 " 1 M 1 -0.01
0 200 400 600 800
Temperature (C)
Fi gaTecGResul t s
4. 2. 2 -thoaunrsifeoor m | nfrared Spectr o
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nanoparticles befrmoad faiboga tKiHE@h et bbbt aumneadc e
spetcihr t he r ange?labned welmd e4c0@hFocvand2.iem e s e

traces have been verticaMdryy offdwedabdonmrptcil am
are found on themasdiefciteadi mmaosi @ ckoH®dp7adr e d wi t
untreatadd mimmo plme¢ i céwsabsorptepnepeaksat h.
cambhgdr odebno,a T e aks atamrd2D8& e cimhe di stinc
stretching andt hb€eHhrlodo md. bAmatsh eorfs cGhHaGe act er |
sttatei ng plkeHc 70f si |l anetbiasipl oogt efedthel 718
peakK 6a@t0licsmassigned to the nonconjtihgeat ed C
KH570 structure. Théd ple3adkdn cfmi@@dnpatn 1 Hh43 ¢
the exist-ORCt€HWDd ndadhei tSiion, for both spectr a
920'ame the typical td¢wéOebohidngndi bhatboaado
band atti350®&t tcrmi but ed t o t hedHs tgrreotugph ionng tvhi
surfacealominaanopar ti cl e dtdin Aeldl hkeHbB @AQGse w pe ak:
speam indicate that the sucAé¢®partfi clugd altye

t keH570 coupling agent.
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4. 2.3 Polarized Optical Mi crosco

The typical evoiluti loinuUothrd&dstipdnd eiurbegeani ng,

nucl ei firstly appear at multiple | ocation
Sspamdéhe isother marldoye e sgpraddeszxedst ops wh
i mpi nge on e¢ehemket upr tdaeRIOWIh®d @ed stpacet udy t

crystalline morphology of polymer composit:
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Fi ga3Téhe typical ftobfman utohpeih pidre g

ThROM mages BHEndi Vgrgin FPgde e Ashdawmre isppheru
size of PE i se®dsmdliloeaar otff harmet logpti cal mi cr o ¢
spherulites are blurry. Themdioze cofysPEBI bpt
pol ymer materi al

, the break often starts f

Comp awietdh PEal aPReraspher ulditte exaisze ,t owlciralc kr

Fi g44PeOM r equwl)t #PEafgbd PPrgin
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Previous studies hasod tpmowen kt maswinueh @@d n tni
t hceomposite system [dBwbr]iTheg EOMSs tivenalgazreotfP B n

sampl e i sFisgdegiiwee)d!l i ni s hagsidngloe iRIEngpHer uli
spherulite simrees sloktmednieedt bpni cal mi cr os.
i mages of PE nanofFomggoiteiite mard stho wab s ear ve

structure anmdke talssureslulbtys qualitative obse
region i g helpwda taendd asdhdénowphebogpy et allhiesed
Ssystacapesr t bybéethe i ntradwat in@n p@hitsane®sevi de
Fi gd4b(ea) Famddb(eh) which i1l ustrat esysttheen PE

containing 1 pfad uonfi iPan taamaehaotceodmpmoasnat e sy st en
1 phr otfr KaHtsa&dd unpa ma s pEltd iivekd iye. f bot h untr ea
KH5#%#0 eat e@ad utmam@a particles reGoampar ecd wii tmh |
virgin PE, indaroduchi B8 obrsaddaposintdhe in
oft hteot al number of spherulli¢e andieh dwn r ed
Fi g4y comphei RE nanocomposites coftaining
KH5%0 eat e@ad umafniag 45;tehe s ampl e cnoandgdau miimag 1 ¢
halsarger spherulite size marde retowkkwinou $ ediss

containing 2 -phundaumea t>p i rlodn daipohii tcaatli am cr os c
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Fi g45PeOM i mages of PE nanocompaoasliure
of (a) l1phr, a(ncd) PZEp hnra n o(ceo)mpoEphdit e
nawd umina of (b)) 1phr, (d) 2phr, (

The polari zeslofopuiirghilaocidhmpges omnteai ning untre
nawmd umi na, and Pdo mtaakKdihdoetripeossia eade 8 ME rnea
showki gpda6, i gdfeenldi gd8 e respedtlilvelhye tested
shawpsphkbrulite structure and their spheru
Measure softwaoné. VIlhgvephkceércealsi thmavred argie

size Is @abhoWtf t220.i ht rAdkpar hgct bse, nahe sphe
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significantly decreases and tRPEoOspbsi tleite
sampThes.phenomenon ¢ & rbcere dotoefa inhuww reebnt ti @ n

nafd umi na particlTese averagerscpghe®Od] i te si
Pur e @1 p ho0s;P uR R/@2Mlhr .Oaldr @3 p WAt i s 126. 0, 14
emrespectihete i s not mu ¢ hr edsiuflftesr.e nicte ibs t pv
because the poor di str ihb wthi ofniwleddik regnasrc adptaeaetn
nucl eati ngtaderfycttalduirziBnigi ofammrpcompesite sam
cont ai ni-nge KtH&Bd 0ma m@a, pahéei aeveudade splze of
AbOs-KH5 70 @1l p h#Oz-KHFP70 @2Ap hr @&KHS5PP@5 Ahr i's 90.
70.7 asamd re2%$pechveebpé Sipdherul i te further d
t otsplherulite number i ncmoedaisfeise dw hrearneompaarre i
added. Meanwhil e, the boundaries between s
are repdrfedfila8]believed that theschange
plays an important role in influencing the

whi ch wi ldd bien dtihsec uosstsher chapter.
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103



40%
7777 Diameter

Relative Frequency
N w
8 =4
2 32

3
32

0 50 100 150 200 250 300 350 400 450 500
Diameter (um)

Diameter

30%

Relative Frequency
8
s

3
2

50 100 150 200 250 300 350 400 450 500
Diameter (um)

0%
0

40%
7777 Diameter

30%

>

o

=

@

S

o

£ 20%

-3

=

2

5

[

4 7

10% 7 ;

¢/' %N—
0% Lt A% i i i i i
0 50 100 150 200 250 300 350 400 450 500

Diameter (um)

Fi gd7POM i mages andsttahteo 64 pPltiPsr ud n ¢
containing -alndamierad eaf n@am) 1phr, (Db

104



40%

w
-1
2

Relative Frequency
8
3F

77
10% 9757
0% 747

0 50 100 150 200 250 300 350 400 450 500
Diameter (um)

Diameter
40% é
>
o
s
2 30%
o
2
w
@
2 20%
5
S
['4

10% % Z %
0% -

] 50 100 150 200 250 300 350 400 450 500
Diameter (um)

"] Diameter:

0 50 100 150 200 250 300 350 400 450 500

( c ) Diameter (um)

Fi ga8&PeOM i mages and the spherulite
KH5#0 eata®md umina of (a) 1phr, (b)) 2

4. 2.4 Scanning Electron Microsco

Before discussing the physical and chemiceze

soam wor k should be done to identify their r
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size, particle dispersion and distribution

of SEM, it i's poessolbuti otrms atmapkhbee shsiogfhf a c e .
coenmtional optical mi croscopy, it i's I mpos
300 nm as the wavelength of viswual | ight is

f oerl e cmircornos cwapwe |l eathiepeh el ectron beam coul d
nm when an accelesatinhgi soWwt dgkyisecsadcetdo s
object. The dispersion and distribution of

investigated by employing SEM.

With theosecdm materi al , t hracen ofdiilslpesrr sied 68t @
aggl omer at @ids peragieon Pomd di stri bution of n;
reduction of electrical strength. Therefor
di sprersti ot ealafmiman@arti eloé ymatr ¢ hii aal .maRme Ki
stufiied] have22s}t atednobdanahnhbpatehcaosntpes i wiet h
system i1 st heggalkigant ed st lagoen orda tstpeerr seldarst at
mor phol ogitc@alhsobsewvvagin FiEg4&nedF dPrP \airreg isr oR
it actdsear | ayered structure. While for virgq
f i | almekneu csttur e s, which means it hi@&%Bhd esser

whiteFdg&ddmn refers to the break points of
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1 1 1
SU8010 10.0kV 8.3mm x10.0k SE(UL) 5.00um

Fi g49SeEeM i mages of (a) rRRR.ngi n PE and

Fi gar®@i splays the SEM i mages onft rPeka tneadn oacnodnm
KH5%0 eat e@aed umama particles wiG@dmpgavidtdar ent |
virgirmriRBgBI@Enhhe mor phEillamgpy oonfposi te i s diffe

mi crostructure ar oun & Enoanntoapi anritnigc {Addx rcehaat negde
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samples with 0-:a3 uprirnal ocd duisrt ge,&nsn wni o chi anmoertee rt
are found Fag4a¥@Eawietdh isnur f ac e pmao dniicil ieucsadtteiro n ,
is observed at this |l oading | evel. When th
of unmodiafl iuend nmabh@ecomes Morrrosghit he aggl or
to be itnhkeHb thbkdlied,i @d uma ma ap & tbeeMm e legisachi sper s
I n addition, for samples with 5-apbmifhallin
particles depeidoiingd&lde e8Bod h untreated and ¢t
tend to cluster togethealumheasclzesoér $ hies L
in a wide range arueg tte. lbHwWewsmo ctl usft etrtse ¢
of KH7%®lt ead umama particles are under 300
uni foirgmestr i Abttheomesults suggest t hat t he
KH570 hedlpsminmaoparticles wibbttPéamitrrnidki sper

mat er i al
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Fi g4ar®®M i mages of PE nanocompo<il tuens naomtf ai
(a)pHhr IpKrc,) (e) 5S5phr and PEKHZMhbeamposites
alumi n@a.pfr 1p,) (f) 5Sphr.
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