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Space Charge and Dielectric Behavior of Epoxy
Compositewith SO,-Al,O; Nano-micro Fillersat Varied

Temperatures

Tian Fuqgiang, Zhang Lin, Zhang Junliang, Peng Xiao
School of Electrical Engineering, Beijing Jiaotddgiversity, Beijing, 100044 China

ABSTRACT: Dielectric properties at high temperatures are g for epoxy resin used as insulation
and package materials operating at varied tempesatn electrical apparatuses and electronic devidée
investigated the dielectric properties of epoxyrresd its composite with SgAI,03 nano-micro fillers at
varied temperatures by combined study of spacegehdistribution, complex dielectric permittivity én
conduction current between 20 and 200 °C. The teeshbw that space charge behavior in epoxy re=in a
its composite is dominated by electronic chargesipart below the glass transition temperaflyand by
ion transport abov@,. The real and imaginary parts of complex permitfitisncrease to extremely high
values at temperatures abolkg The conduction current increases with a risemperature and shows an
obvious transition from electronic charge transgmetow Ty to ionic charge transport abovg. The
composite shows weaker space charge accumulatiser Icomplex permittivity and conduction current
than EP abové&, Combined analysis of the results indicate thataocumulation and transport dominate
the dielectric properties of epoxy resin and itsposite at high temperatures abdye The nano-micro

fillers in the composite can significantly suppréss ions transport and accumulation.
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1. INTRODUCTION

Epoxy resin is widely used in various apparatusas felectronic devices to power machines. It isna k
of popular electrical insulating material for coils motors and generators, cast-resin transformers,
separators in gas-insulated switchgears and otlaehimes[1-4]. It also shows extensive applicatiass
base boards, adhesives, encapsulants, and padkag#egrated circuit boards, power electronic mled,
semiconductor devices, power lasers, light emitdiggles, solar cells and so on[5, 6]. However, \hi
continual increase of power density and miniatuidraof electronic devices and power equipment, the
power generated in devices or machines per uniimvelhas been increasing. For epoxy resin usedibbr s
purposes, heat dissipation and high temperatutectiie behavior have become the most critical [Eois
that limit the performance and reliability of deesf7]. Then it is highly desirable to enhance thkarm
conductivity and high temperature dielectric prajesrof epoxy resin. High thermal conductivity da@
readily achieved by incorporating large contentsvafious fillers with high thermal conductivity as
reported by several studies[7-10]. It is found it enhancement of thermal conductivity by usisgi\n
nanosheet is substantial at low filler loadingsaAbading of 5 wt%, the thermal enhancement fast@d 3%
for exfoliated h-BN nanosheets, and is only 28% @8N control[11]. High AJO3; loadings up to 70 vol.%
in the composites were achieved. The flexural gtterand thermal conductivity of the A&s/epoxy
composites were found to reach 305 MPa and 13.4én\W), respectively[12]. When the filler content
was 25 vol%, the dielectric constant of composites 51 which was eight times more than that of pure
epoxy resin[13]. However, high temperature dieleqiroperties of epoxy resin and its compositesstte

not well understood yet.
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At high temperatures and under high electric fislgace charge accumulation will be intensifiedegith
due to electrode injection or impurity ionizatiomhich can enhance the local electric field and eger
deteriorative effect on the dielectric propertiéepoxy resin[14]. Space charge and dielectric teinan
epoxy resin and its composites at room and low &aipres have been intensively studied by many
researchers[15-19]. However, few comprehensive iesudt high temperature conditions have been

reported, especially on temperature dependengeagkescharge evolution.

In this paper, space charge distributions, comglielectric permittivity, and conduction currentsree
measured between 20 and 200 °C. Their correlaiomvestigated with focus on temperature depexlenc

of charge transport and space charge accumulation.

2. EXPERIMENTAL
2.1 Materials

Materials used to make the samples are listed bieTA The base epoxy resin is diglycidyl ether of
bisphenol-816B. Hardener 113 was used as a cugegtand its weight ratio to the epoxy resin ist@0
100. The fillers include two kinds. One is 8% in the shape of a sphere with a diameter ofu@4which
were added to a volume ratio of 30 vol%. The otkespherical Si@ particles with a diameter of 15 nm
added to a ratio of 4 wt%. We use vol% for the ofiler since it is used to improve thermal conavity,

for which the volume ratio is important.

Firstly, the AbO3; and SiQ fillers were mixed by a planetary centrifugal miX&RE-300, Thinky) for
three minutes. Secondly, the filler mixture waseditb epoxy resin and mixed using the same mixetdo
minutes. After the mixture was degassed sufficiemtla vacuum oven at room temperature for about 30

minutes, it was mixed with the hardener for fivenates. It was then poured into a stainless steé anad
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pressed tightly. It was finally pre-cured at 70fo€ three hours and post-cured at 120 °C for anttiree
hours. The sample obtained was naturally cooledndmvroom temperature. Hereafter, the neat epoxy

resin is called EP and the composite is called EP30

2.2 Scanning Electronic Microscope Imaging

Cross-section of the sample fractured in liquidagén was observed by thermal field emission scanni
electron microscope (JSM-7100F, JEOL) operated (atk¥ in order to observe the dispersion of

microsized and nanosized fillers.

2.3 Complex Permittivity Measurement
Complex permittivity was measured by an impedamadyaer (126096, Solartron) at temperatures from
20 to 200 °C at intervals of 20 °C in a frequenayge from 18 to 16 Hz by applying an ac voltage of 3

Vmsto samples of 200m thick.

2.4 Conduction Current Measurement

The conduction current was measured sequentiallsalsyng the temperature in a stepwise manner at
intervals of 20 °C from 20 °C to 200 °C for 20 mah each temperature under the application of a dc
electric field of 30 kV/mm. The current was measuby a digital electrometer (Advantest R8252). Both
the measurements of complex permittivity and cotidaoccurrent were carried out in a chamber filleithw
dry nitrogen gas at the atmospheric pressure teepteghe samples from oxidation at high temperature
Furthermore, for these electrical measurementsnialum electrodes with a diameter of 20 mm had been

vacuum-evaporated on both sides of each samplethidiemess of the sample is 1660.
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2.5 Space Charge Measurement

After the conduction current was measured at eaeipérature (20 - 200 °C) for 20 min (polarization
process), the sample was cooled down to room teatyerand the electric field was removed. Thenepac
charge distribution was measured by a pulsed eobustic (PEA) device (Peanuts, Five Lab). Firstlg
measurement was conducted under a short-circuditom. Secondly, it was repeated with a low electr
field of 10 kvV/mm with the same polarity as theaotte field for the conduction current measurement.
Thirdly, it was measured with the same electriddfief the opposite polarity. The applications oéshk
electric fields were done to determine the postioh electrodes and to distinguish space chargdisein

bulk from the charges on the electrodes.

In order to confirm the repeatability of the expsental results, at least two different samplesused

for all the tests for each kind of the material.

3. RESULTS AND DISCUSSION

3.1 Nanoparticle Dispersion Characterization

Dispersion of the AD; and SiQ nanoparticles in epoxy resin nano-micro compasitpresented by
SEM image in Figure 1. As showed by the SEM sedtimage, the micro and nano particles are uniformly
distributed in epoxy resin matrix. The particleestf ALOs is in the range 0.2 - 048n, with most particle
size around 0.am. The patrticle size of SiOs in the range 10 - 30 nm and with most partst#e around

15 nm.

3.2 Space Charge Distribution

Figure 2 shows space charge distributions in EBrzeld at varied temperatures from 20 to 100 °C. At
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20 °C, no observable bulk space charges accumatatsidering the charge resolution of PEA device,
which is about 1 C/fh At 40 °C, significant negative homocharges acdareuin front of the cathode as
indicated by results under short-circuit or biagmuhditions with the same or opposite electric field
direction to the polarizing electric field. The pemce of space charge around the anode is noeaoatl

40 °C if we examine only the short-circuited distrion. However, by applying the opposite electiedd,

it is clear that positive homocharges are presefront of the anode. Homocharges are usually lasdrio

the electron and/or hole injection from the eledés20-22]. Therefore, it seems that both electaomns
holes are injected at 40 °C. In addition, a smathher of dispersed negative space charges carbalso
observed in the bulk near the anode. Homochargesndr both cathode and anode electrodes have
increased at 60 °C. At 80 and 100 °C, heterochacgamulation around the cathode becomes significant
besides electron and hole injection. Heterochaegesusually ascribed to transport and accumulation
mobile ions resulting from impurity ionization[234]. The formation of heterocharges due to ioniati

can be further confirmed by dielectric permittivitgd conduction current results later on.

Figure 3 shows space charge distributions in ERdet 120 to 200 °C. Remarkably increasing positive
charges accumulate around the cathode with anaserén polarization temperature. The maximum
heterocharge density increases from about 5°@in100 °C to about 100 C?nat 200 °C. Therefore, the
accumulation of heterocharges due to ion transgpudtaccumulation dominates the space charge behavio

while homocharge formation due to electrode ingetts obscured.

Figures 4 and 5 show space charge distributionERB80 between 20 and 200 °C. The density of
heterocharges is larger below 80 °C and smalleval®® °C compared to that in EP. Furthermore, the

increase of heterocharges above 100 °C is muchsigsdicant than that in EP. It seems that a small
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number of homocharges due to injection are alssepite but are generally obscured by heterochanges d
to ionization especially at high temperatures frd2® to 200 °C. The concurrence laimocharges and
heterocharges makes the space charge distribuaimhsts dependence on temperature very complex and

not as regular as that in EP.

3.3 Dielectric Behavior

Figures 6 and 7 show the complex relative perniitispectra of EP and EP30 in a wide frequency
range. As a significant feature, bathande;” increase rapidly with an increase in temperatbeva about

100 °C in both EP and EP30. For examplds about 1900 and 1160 for EP and EP30, respégctive

There are several mechanisms that govern the fneguand temperature dependence of dielectric
response in an insulating polymer. The dielectesponse at frequencies below the GHz range mainly
originates from the following three processes[&q, @ microscopic rotational fluctuation of dipale(ii)
translational diffusion of charge carriers, and) (8eparation and accumulation of charge carrigrs a
interfaces between heterogeneous contacts. Pdianzeaused by charge hopping between two adjacent
potentials is a typical process in the mechanisin {The mechanism (iii)) is often called the
Maxwell-Wagner (MW) polarization when it appearsaatinner dielectric boundary layer on a mesoscopic
scale, and called electrode polarization when kedaplace at an interface between the sample and
electrodes on a macroscopic scale. Consideringrtbemously high values ofs,” ande,”, processes of (i)
due to dipole polarization and (ii) due to ion skational diffusion should be ruled out. Since begoxy
resin and its composite shows laggeande,” values, MW polarization at hterogeneous interfeae also
be excluded. As it has been found in electrolyectrode polarization due to ion blockage at the
electrode-sample interface can yield extremelydarfjande,” values. This can also been supported by
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corresponding space charge distributions, whichvshbat a large number of ions accumulated arobed t
electrode at high temperatures. Therefore, it'saopable to ascribe the increase:ino the accumulation
of heteropolar ions in front of the electrodes. Tin@ease in;” at high temepratures and low frequencies
can be attributed to charge transport since itstasi the relations,’= o/2nfey (o is the electrical
conductivity.) by showing a slope of -1 in the lgQ - log f plot[25, 27]. At high temperatures and lower
frequencies, since ions can have enough time teertmthe electrode interface where they are blocked
electrode polarization can increaseande,” to extremely high values due to induced numerairsor

charges on the electrode[28].

The phenomenon that the increasing:ifnande,” in EP and EP30 becomes significant with a rise in
temperature can be explained as follows. It has Bbe®wn that ions, more specifically sodium and
chloride ions remaining from the synthesis procedure. the condensation of epichlorohydrin with
bisphenol-A in the presence of alkali, are pregeepoxy resin[29-33]. In addition, the unreacteddener
and nonreactive polar impurities in the hardenewldobe ionized at elevated temperatures[34-37]
Although not shown here, thermal analysis shows tia glass transition temperatufgis about 100 -
120 °C for the present epoxy resin[27, 38] It idlwaown that ionic conduction in polymers maingkes
place in amorphous regions, which can be enhangednddecular movement. Since chain segment
movement becomes active abolkg so ion transport is assisted by local motionpalfymer. Thus it is
reasonable to deduce that ions can easily tranapdraccumulate around electrodes, forming therelbe
polarization at temperatures above aroligf@5]. When the temperature is higher, more ionsaatevated,
raisinge,” more significantly. This is clearly confirmed imgkires 6 and 7 by the significant increase;in
and &” with an increase in the temprature. Similar pheswenhave also been observed in polymers

containing mobile ions[39]. Therefore, electroddapaation and charge transport due to ions shbeld
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responsible for the significantly large values;0tinde,”.

At low temperatures beloW, relaxation processes appearing clearly betweeangL00 °C in both EP
and EP30 as shown in Figures 6 and 7, which maveggher frequency with the increase in temperature
Since ions are largely immobilized due to frozeainlsegment motions beloWy, ions polarization can be
excluded. In addition, considering the fact thae trelaxation also occurs in pure epoxy resin,
Maxwell-Wagner interfacial polarization due to afgaraccumulation at heterogeneous contacts can be
ruled out. Theirfor, the relaxation process shdaddascribed to the orientation of small polar geoapch
as those in side chains or side groups. The pal#res can be residual amines —N&hd —NH—, hydroxyl,

epoxide rings, and other possible dipolar speciz4].

Figure 8 compares’ ande,” of EP and EP30 measured at 0.01 Hz and 1000 Mzebat20 and 200 °C.
At 0.01 Hz,&’ shows a significant increase above 120 °C andah6® °C in EP and in EP30 respectively,
while &” shows a large increase between 100 and 120°C ianBRbetween 80 and 120°C in EP30. As
discussed before, the increases,imnde,” are attributed to the electrode polarization amarge transport
enhanced by active chain section movement aligv@he conclusion can be further supported by the
temperature dependencesgfande,” at 1000 Hz. A relaxation process related to tlasgtransition (often
calleda relaxation) can be clearly seen between 100 afd’C4as a clear increasedhand a peak im,”
around120 °C. The relaxation is ascribed to local microxBnian motions of segments in the main
chain€®. With an increase in temperature, relaxation @ tfipolar groups such as hydroxyl, ether,
epoxides, chlorine, acid, and that of various gsoliige carboxyl, ester, amino, and others introdulog
the hardener employed during the curing processaetigated, resulting in an increasechande,” at

elevated temperatures[25]. If the temperature asee far abovd@y, free volumes will be dramatically
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increased[42-44]. This leads to the decreasg”isince polar groups in chain segments can move more
freely and also leads to the decreasg’idue to the decrease in the density[45-47]. Thesephenomena
can explain well the temperature profilesegfande” shown in Figure 8. The validation of the glass

transition process by temperature dependence ofipeity can also be found in other references[28).

At 0.01 Hz, the composite EP30 shows smailleat temperatures above 140 °C and smalleabove
120 °C than EP. As mentioned above, the complemittarity at high temperatures at low frequenciss i
dominated by the electrode polarization and ch#&@esport. Therefore, the decrease;irande,” in the
composites indicates that the transport of ionsuggpressed by the addition of nanosized and midsi
fillers. This is reasonable since molecular motiabsveTy will be sterically hindered by the presence of
fillers, which makes the ionic transport more difit. On the other hand, it has been found thaatidition
of a large amount of nanosized and microsizedrsilignificantly increases the viscosity of theypaér,
resulting in the formation of a considerable numtiemicrovoids and hardener remains during thencpuri
process[49]. The unreacted hardener will introdugeurity ionization while the microvoids are bouta
enhance ion transport over a short range. Bottheftivo factors should account for the large complex

permittivity values of EP30 at low temperatures.

3.4 Conduction Current

Figure 9 shows the conduction current behavior®fBd EP30 as a function of time measured at varied
temperatures. The conduction current in both sasngit®ws a significant increase at and above 100 °C.
Figure 10 shows the reciprocal temperature deperdef conductivity calculated from steady state
conduction current value, which was fitted to Amhes relation. The temperature dependence of
conductivity also shows a significant transitiomwand 100 °C. This indicates that the conductiomenir
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should be controlled by different physical procé&ssnsidering the fact that space charge accumulaio
dominated by electronic charges below 100 °C andaticharges above 100 °C in EP as shown in Figtires
and 3, we can deduce that the conduction curredt @nductivity is dominated by ions at high
temperatures and by electronic charges at low teatyres. This further confirms that space charge,

dielectric and conduction current behaviors at heghperatures are all governed by ion transport.

Generally, ions are transported in polymers viartaly activated hopping with a mobility that obeys
the Arrhenius equation[50, 51]. EP30 shows loweivation energy (0.80 eV) than EP (1.06 eV) at high
temperatures, implying that ion transport in ERasier to be activated than in EP30. This is restden
since chain movement aboVg is sterically hindered in EP30 due to nanosizedi rarcrosized fillers. EP
shows higher activation energy at high temperatarge than that at low temperature range since ion
transport requires much higher energy to activatgrental motions of main chain compared to eletron

charge transport.

4. CONCLUSIONS

Space charge and dielectric characteristics of ypesin and its composite with Si@I,03; nano-micro
fillers at varied temperatures were comprehensigélyglied via measurement of space charge, dialectri

complex permittivity and conduction current betw@&200 °C. The following conclusions can be drawn.

(1)Space charge behavior in epoxy and epoxy compasiteSiO,-Al,03 nano-micro fillers is dominated
by electronic charge accumulation below glass ttianstemperaturdy and by ion accumulation above
Ty

(2)The enormous increase of real and imaginary pdrthieo complex permittivity abov@y is closely
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related to electrode polarization as a result nfaocumulation around the electrode;

(3)The conduction current shows an obvious transifiom electronic charge transport beldyto ionic

charge transport abovg. The former shows much lower activation energy thee latter.

(4)The space charge distributions, complex permiyti\aind conduction current are closely correlatedl an

the all three processes are dominated by ion adetiom and transport abovig.

(5)The epoxy composite shows weaker space charge atation, lower complex permittivity and
conduction current than EP aboVgas a result of the steric hindrance effect of a@mxo fillers on

epoxy chain segment movement and ion transport.
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Table 1 Materials used for sample preparation

Material

Provider

Average filler size

Epoxy 816B

Mitsubishi Chemical, Japar

Hardener 113

Mitsubishi Chemical, Japal

AlL,O; (cubig

Admatechs, Japan

Opdn

Sio,

Aerosil, Japan

15 nm
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Figure 1 Sectional morphology graph of epoxy resin nano-ma@mposite.
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