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ABSTRACT

The feasibility of a permittivity -graded epoxy insulator witha low coefficient of thermal
expansion (CTE) was clarified by evaluating the dielectric and thermomechanical
properties of TiO2/SiOz2 epoxy compositg, which were epoxy composite co-filled with
TiO2 and SiQ; particles. Upon varying the filling ratio of TiO 2 to SiO2 while keepingthe
total filler volume constant, the relative permittivity of the TiO2/SiO2 epoxy composite
varied in the range of 3.57.5 inour experimentwhile the CTE remained similar to that
of an aluminum conductor used in gasinsulated power apparatus. The rangeof the
relative permittivity of the TiO 2/SiO2 epoxy composites witha low CTE satisfied the
condition for realizing a permittivity -graded epoxy insulator. The application of an
appropriate gradient of the permittivity d istribution to a permittivity -graded epoxy
insulator with alow CTE resulted in the relaxation of theelectric field on the surface of
an insulator.

Index Terms d Epoxy composite, TiQ, SiOz, coefficient of thermal expansion (CTE),
permittivity, permittivity -graded epoxy insulator

1 INTRODUCTION been clarified bynumerical simulation?,9,13,16,18 and in a
surface breakdomtest2-5,7,§ using insulating spacer models of
gasinsulated power apparatgsich as gassulated switchgear
(GIS) and gadnsulated transmission linpotentially allowingthe
size-reduction of these apparatus. Theradtive discussion about
fabrication techniques leading to the controltleé permittivity

THERE has been interest in the application of permittivity
graded materialto theelectrical insulators of higtioltage power
apparatugl-27). A permittivity-graded material ia functionally
graded materialwith an appropriate graded distribution of

permittivity for r_elaxing the e_Iectric field st_r_ess insid_e _"’_mdlordistribution,which include aentrifugal force techniqué4,6,10
aroundthe mat.enaIAn.e_p(_)xy insulator compiigy apermittivity- -12,14,15,17,19,2 lamination p-4] and 3D printing 23,
graded material @mittivity-graded epoxy insulator) has been T
shown to have a relaxati@ffecton theelectric field stress inside ~ HOWever, severgbroblems originatig from thethermal and
and/or around the insulator companeith a constanpermittivity ~Mechanical properties of permittivigraded epoxy insulators

epoxy insulator 1,7,13). The electric field relaxion effect has Nave beerfound in practical use. A permittivigraded epoxy
insulator is made of ceramic epoxy composite and has

appropriate density distribution tiie ceramic filer to obtain a
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distribution can be controlled byontrolling the density

distribution ofahigh-permittivity ceramic filler (e.g.Al2Os, TiO,, [ Epoxy resin( low &, high CTE )

SrTiOs) [1316], the coefficient ofthermal expansion (CTE) @ TiGparticle (higt,, low CTE) N
distributes from high to low depending on the filler dgnsi ~ ® SiQparticle (lows, low CTE) CTHCoefficient of

roHOU ! . Y \ / thermal expansion)
distribution, which causgsactical problerssuch as delamination pivielestiodell T ] Y
i G
between the insulator and metal conductor. 00 050e R
To obtain a permittivigraded epoxy insulator whose CiEE cecece0 s, (Relative
050050 permittivity)
as low as that ai metal conductor, we have proposeduke of 005000
an epoxy resin with apatial distribution of the filling ratio cd cecoee TR TR
high-permittivity filler to a bw-permittivity filler while keeping 000000
the total filler volume constar(,23. In thisstudy, thefeasibility 5 2 ; 2 ; 2
of a permittivitygraded epoxy insulator with low CTE was 02000 . .
clarified by evaluatingthe permittivity and CTE characteristics of GND electrode Filler volume !
a TiO2/SiO, epoxy composite, which is an epoxy composite co ratio [vol%]
filled with TiO, particlesas a higkpermittivity filler and SiQ () Distribution of  (b) Distribution of ~~ (c) Distribution of
. A . e . fillers filler volume ratio relative permittivity
particlesas dow-permittivity filler as a function athefilling ratio of Tig and SiQ and CTE

OT TIO_2 to SiC,. The range Irthe, relative permlttlv_lty of the Figure 1. A conceptual diagram of a permittivigraded epoxy insulat
TiOZ/SIO, epoxy composites witha low CTE satisfied the  with a lowCTE, which has a spatial distribution of the filling ratio of the |
condition for realizinga permittivity-graded epoxy insulator. The permittivity filler (TiO, particle) and low permittivity filler (Si@particle) ir
electric field relaxation effect of the permittivigraded epoxy ~©POXY resimhilekeeping thotal filler volume constant.

insulator withalow CTE was estimateal electric field analysis.

material ofthe SiO; particles was fused silicavith a relative

) permittivity of 4 anda CTE of 0.6 ppm/K. The average
2 FI)E gl'\J/lin'lg)ng(I}TiALD CI)EV[\)/ EI.T_CE)XY diameters othe TiO; and SiQ particleswere 0.6nmm and 40

mm, respectively The silica filler size of several ten o f em

Figure 1 shows a conceptudlagram of a permittivity makes it possible to increase the filler amount required for
graded epoxy insulatavith a low CTE. Twotypesof ceramic  realizing lowexpansion epoxy composit24].
filler having differen_t permittivities are filled itheepoxy res?n. To controlthe relative permittivity ofthe TiO»/SiO, epoxy
The_CTEsof these f|||ers_ are lower than thattbégpoxy resin. compositesvhile keepingthe CTE low, the filling ratio of TiQ
To increase the perm|tt|y|ty o(_apox_y composites, a high to SiO; was changd from 0:50 to 20:3@vhile maintaining a
permittivity filler such as Ti@particlesis used. To decrease thetotal volume fractiorof 50 vol%. The total volume fraction was
CTE of epoxy composites without increasing the permiti;ivitySet to the maximum amount at which these particles were
a lowpermittivity filler such as Si@ particles is used. The uniformly filed in this experiment.The TiOJ/SiO; epoxy
spatial distribution of the filling radi of TiO, to SiO; is graded composites with different filling ratare denoted asfor
in the epoxy resiwhile keeping the total filler volume constant. example, TiO, (0%)Y/Si0(50%) and TiOx(20%)SiOx(30%),

g washtreréortted li:t{_vanc;z}s pe:mft!w;[(y-%ra(t:ied d.'Str:ijt'or; where theTiO2(0%)SiO,(50%) epoxy compositeorresponds
rought about relation ofthe electric field stress inside and/or, | o " gio, epoxy composite. For comparison, epoxy

aroundaninsulator 7,9,13,1618. A U-shape (or V-shaped) compositesontaining onlyTiO, werefabricatedwith the filler

permittivity distribution wasfound to be appropriatdor volume fraction of TiQ varied from 0 to 20 % denoted as

relaxingtheelectric field stress around batinupper electrode TiO(0%) to TiO(20%), whereTiO(0%) denoteshe unfilled
and a lower electrode 12,13], where the tgh-permittivity epoxy '

material near botthe upper and loweelectrode was aepoxy ) ] ) ) ) )
The TiO, and SiQ particleswere dispersed in a mixture of

composite witha high volume fraction of Ti@and the dw- i . ;

permittivity material around the center of the insulatais an E::\ﬁgte:r?/mstir?i%%XyAf'IgrSISeg?siinznthznrz)i/gtrl:?g i??\iggr}s:mzj

epoxy composite wita low volume fraction of TiQ into sheets and bulks. These samples were then thermally cured
at 60 °C for 6 h then at 100 °C for 10 h. The sheet sarmptas

3 EXPERIMENTAL to measure the relatiyeermittivity were0.5 mm in thickness
and 50 mm in diameter. The bulk samplegd to measure the
3.1 PREPARATION OF EPOXY COMPOSITES CTE werethe culwidswith dimension®f5 x5 x 10 mm

A TiO/SiO, epoxy composite was prepared by combining
an epoxy material, Tigparticles and Sigparticles. The epoxy 3.2 CHARACTERIZATION
material was bisphend\ epoxy resin cured with an anhydride The internal cross sectioniie TiO./SiO, epoxy composites
hardener.The elative permittivity and CTE of the epoxy Was observed by fietldmisson scanning electron microscopy
material were 3.4-3.5 and 780 ppm/K, respectively. The (FE-SEM) and energy dispersivendy spectrometry (EDX) to
material ofthe TiO, particles was TiQ rutile crystalwith a  examine the dispersion state of the 7&#bd SiQ particlesin
relative permittivity of 114 andx CTE of 7.1 ppm/K. The the epoxy resin.



TABLE 1. Volume fraction of fillerin TiO,/SiO, epoxy composites.

Volume fraction of
filler [vol%)]

TiO, | SIO; | Total

TiO»(0%) epoxy composite

(denotes unfilled epoxy) 0 0 0
TiO»(5%) epoxy composite 5 0 5
TiO»(10%) epoxy composite 10 0 10
TiO2(15%) epoxy composite 15 0 15 (@) SEM
TiO2(20%) epoxy composite 20 0 20
TiO2(0%)Si0(50%) epoxy composite 0 50

(denotes Si@epoxy composite)

TiO2(5%)Si0y(45%) epoxy composite 5 45

TiO2(10%)SiQ(40%) epoxy composite| 10 40 50

TiO2(15%)SiQ(35%) epoxy composite| 15 35

TiO2(20%)SiQ(30%) epoxycomposite | 20 30

The capacitance and dissipation factoeath sheet sample
were measured using an LCR meter after depositing a (b) EDX image of Si(Si@) (c) EDX image of Ti(TiQ)
aluminum electrode (with a guard electepavith a diameter of _ ! , _
40 mm on thesheet sample. The measurement frequenc WaFlgure 2. SEMand EDX imagesf TiO»(20%)/Si0,(30%) epoxy composit

ple. a y Greenare& showSi(SiQ) in (b) andblue area showTi(TiO») in (c).
from 100 Hz to 1 MHz anthe measurement temperature was

between 22 and 26 .

The rate ofincrease othe length of a bulk sample (dL/L)
with increasing temperature was measured usiag
thermomechanical analyz&'he CTE was determined from the
slope of the dL/Lcurve The temperature range was from 25 °C
to 100 °C. Since the variatiaf dL/L was too large to evaluate
the CTE exactlythreesamples were preparéor each filling
condition ofthe epoxy composite

4 RESULTS AND DISCUSSION

4.1 SEM OBSERCVOAJLOO'\ISS_E;—IOZ/SIOZ EPOXY F?gure 3. Enlarged SEM imageof t_he regionamong SiQ particles i
TiO2(20%)SiOx(30%) epoxy composites
Figure 2 shows SEM and EDXimages of the

TiO2(20%)Si0x(30%) epoxy compositéreenareasn Figure  increased with increasing Tidiller volume andvasalmost the
2brepresensi (Si0,) and Bue areas in Figure@represenfi  same as that ofhe TiO, epoxy compositedor each filler
(TiO2). According toFigures 2aandb, SiQ; particleswith asize  yolume of TiQ. This is becausehe relative permittivity of
of 10 nm order were well dispersed irthe epoxy resin. TiO, particles (114) is higher than theftepoxy resin (3.5) and
According toFigure Z, TiO particles exist amonthe SiO;  thatof SiO; particles (4).

170803-670 3.0kV:x5.00kSE(UL)’

particleé._ Figure_3| sho¥v_s an er_"f‘@‘?'\" irtr:ageof a regi_on The frequency dependence of the dielectric loss tangent of
amorg I'I%Z. partic gsf' (Ii(g particles of submicraneter size theTiO2/SiO; and TiQ epoxy composites is shown in Figure 5.
were well diSpersed insidae epoxy resin. No differencesin the dielectric loss tangenvere observed

42 RELATIVE PERMITTIVITY among the samples this experiment.
Figure 4 shows the frequency dependence of the reIativeThe relationship betweehe relative permittiviy at 1 MHz

i ; ; : ; d the TiQ volume fraction is shown in Figure 6. No
permittivity of TiO./SiO, and TiQ epoxy composites. The &7 ractio : .
relative permittivity of the TiO./SiO, epoxy composites differences betweeteTiOA/SIO, and TiG epoxy composites
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Figure 4. Frequencydependencef relative permittivity of TiQ/SiO, epoxy Figure 5. Frequencydependencef dielectric loss tangermf TiO./SiO, epoxy
composites, Ti@epoxy compositesTiO,(0%)Si0y(50%) epoxy composi composites, Ti@epoxy composite§i0,(0%)Si0(50%) epoxy composiianc
and TiGQ(0%) epoxy composite deno&iO, epoxy compositeand unfilec  TiO,(0%) epoxy composite deno&O, epoxy compositand unfilled epoxy
epoxy, respectively respectively

were observedor each filler volume The increasdn the € X P €1 i #86-8.3) an(ithatin ther e f e r @3wy[es]. (U
relative permittivity ofthe TiO2/SiO, epoxy composites was FOr reference, other models in which the permittivity of-two
mainly caused by the increasethe TiO; filler volume. mediumcomposite were calculated fronthe volume ratio of

To verify that the relative permittivity ofhe TiOA/SiO» theconstituent materials arbeir permittivities[26] such ady

epoxy composites was reasonable, we compared tl{)'\(? 0y e nEgaaoa[27] and Br u g g e Mauationd28],

sperimental data with a microstructirased numerical model ere compared with our experimental dafdthough these
experimental data amicrostructiyased numerical Model ., ya\5gid not correspond to our egdmental data as they did
for TiO2 epoxy composites2p]. In the model, TiQ particles

0 ' ; not correspond tahe experimental datafor TiO, epoxy

é’rﬂid'g V;'tz an ?virage;%?_g els;[g‘/;/fthlrée dlé‘r?e risiil nr2I Mvéﬁt(; %omf)ogi@s%opom r¥esearch[32§], their qualitative behavior
. . e .~ was similar to that of our data. To obtainan approximate

Carlo_ slmylatlon The modelexhlbllteda range of the rela_tlve Equationfor the experimental data,o o y e nEgjaatioais
permittivitiesof the epoxy composites because several d'ﬁeremodified in sectia 4.4 because thiquationis easy to modify
configurations of Ti@particleswith differentparticle positions by consideing thetwb typesof filler
and directions were created the random simulationsThe i e o )
relative permittivity of the model wameviously reported to be 1 he relative permittivity othe TiO2/SiO; epoxy composites
in good agreement with the measured permittivity of ;Tioincrease to 7.5uponincreasingthe TiO2 filler vplume to 20
epoxy composites2]. The range of the permittivéts of the vol% atatotal filler volumeof 50 vol%.It is possiblea further
model is shown in figure 6. Our experimentadatafor the increase the relative permittivity of TiS3iO, epoxy
relative permittivity of TiQ/SiO, epoxy compositesvith a  COMPosites by increasing the Li@ller volume or by using
TiO2 filler volume of 10-20 vol% were irthisrange However, higherpermittivity fillers together with an appropriate
the relative permittivity ofthe TiO»/SiO, epoxy composites fabrication procestor theepoxy compositeBy consideringhe
with a TiO; filler volume of less than 5 vol% was not in thefiller properties such athe particle size, shape and surface
range of the modelThis may be becausef the difference conditiors.
betweenthe relative permittivity ofthe epoxy resin in our
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4.3 CTE

Figure 7 shows the rate dficrease ofthe length of bulk
samples (dL/L) otthe TiO2/SiO; and TiG: epoxy composites
with increasing temperature. dLAor the TiO./SiO, epoxy
compositesvaslower thanthat for theTiO2 epoxy composites.

Since the temperaturencreasewas not stable near room

temperaturethedL/L lineswereslightly distorted.To calculkte

Figure 7. Rate ofincrease othe length of bulk sampgédL/L) of TiO,/SIO,
epoxy compositeandTiO, epoxy compositewith increagng temperature.

the coefficient of linear thermal expansion, the slope of the
straight line in the temperature range of 60 to 100 °C was use

Figure 8 showghe CTE of the TiO2/SiO, and TiQ epoxy
composites. The CTE alie TiO2/SiO, epoxy composites was
lower than that othe TiO, epoxy composites foeach filler
volume of TiQ. The CTE ofthe TiO,/SiO, epoxy composites
was almost constant evéor different TiG, volume fractions
because the total volume fraction of Fi#&hd SiQ particleswas
50 vol%.

To verifythat theCTE of the TiQ/SiO, epoxy composites was
reasonable, we compared the CTE with tesults of a
calculationusing amodel employing theSchaperyEquation
(Equation (1))[22]. This Equationcan be applied to epoxy
composites filled with onéype of particle Here, theCTE of
the TiO, epoxy composite whose volume fraction of Ti®
50% is referred to athe upper limit ofthe CTE of TiG/SiO,
epoxy compositeand thabf the SiO, epoxy compositevhose
volume fraction of Si@is 50% is referred to @belower limit
of the CTE ofthe TiO2/SiO, epoxy composites.

Figure 8. CTE of TiO,/SiO, epoxy compositeandTiO, epoxy composite
with differentvolume fraction of TiQ. TiO,/SiO, epoxy composites wha
filling ratio of TiO, and SiQis 0:50 denotes Si&@poxy composites with Sp
filler amount of 50 vol%.
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Here,ac is the CTE forthe epoxy compositegar is the CTE for
thefiller (7.1 ppm/Kfor TiO2 or 0.6 ppm/Kfor SiO,), ag isthe
CTE fortheepoxy resin (74 ppm/K), Ms the volume fraction
of thefiller (TiO2 or SIQy), Kr is thebulk modulus fotthefiller
(141 GPafor TiO; or 37 GPafor SiQ,) and Ke is the bulk
modulus forthe epoxy resin (3.1 GPaKc is the bulk modulus
for theepoxy composite (7.4 GRar theTiO, epoxy composite
or 6.4 GPdor theSiO, epoxy composite), which was obtained
from the theoretical formula established by Hashad][using
the modull of the constituent materials. Figu@eshowshe CTE
of the TiO,/SiO, epoxy composites as a function tbe TiO»



