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ABSTRACT: Epoxy/core-shell particle blends were pre-
pared using a diglycidylether of bisphenol A epoxy and
acrylics-type core-shell particles. The impact strength of the
blends was tested, and the result showed that the epoxy was
greatly toughened with optimum core-shell particle content.
Meanwhile, the dielectric properties of both epoxy and its
blends were investigated using a broadband dielectric ana-
lyzer. It was found that the dielectric constant of the epoxy
blends with lower core-shell particle content were less than
that of the epoxy in the investigated frequency range, while the
dielectric loss was less than that of the neat epoxy over a low
frequency range, even for the epoxy blends with the optimum
core-shell particle content. The dielectric breakdown strength

of the epoxy blends at room and cryogenic temperature were
also investigated. To identify the primary relationship of the
above properties and structure of the epoxy blends, the micro-
structure of the core-shell particle and the morphology of the
samples were observed by transmission electron microscopy
and scanning electronmicroscopy. It was considered that these
epoxy/core-shell particle blends with improved toughness
and desirable dielectric properties could have a potential appli-
cation in the insulation of electronic packaging system. � 2007
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INTRODUCTION

Epoxy resins have been widely used in aerospace,
semiconductor, and microelectronic industry, espe-
cially for electrical insulation system because of their
excellent chemical and dimensional stability, as well
as good adhesive and dielectric properties. However,
the well-known drawbacks of epoxy resin are their in-
herent brittleness, which limit a further application of
epoxy resin under severe conditions. For this reason,
ways to improve the toughness of epoxy resin have
been studied intensively in recent years. Besides mod-
ifying epoxy resin with liquid rubbers,1–5 it’s usually
considered that modifying epoxy resin with core-shell
particles is a good way to solve the toughness prob-
lem. It may be because of the unique multilayer struc-
ture of core-shell particles.6–10

As we know, if epoxy resins are used as insulating
materials for electronic packaging applications or inte-

grated circuit fields, it is necessary to meet the require-
ments of good toughness and dielectric properties,
such as low dielectric constant, low dielectric loss, and
high dielectric breakdown strength. When epoxy res-
ins are toughened by core-shell particles, some dipolar
groups (��OH, ��COOH, etc.) would be introduced.
Simultaneously some interfaces would also be intro-
duced and interfacial polarizations could occur in the
bulk epoxy under applied electrical field.11 The
implanted dipolar groups and the interfacial polariza-
tions will affect the overall dielectric properties of
the epoxy resins. However, there have been few re-
ports on the epoxy/core-shell particle blends with
improved dielectric properties and toughness simulta-
neously. In this article, the epoxy was modified by
core-shell particles. The dielectric behavior of the
toughened epoxy blends over a broad frequency range
was investigated at room temperature, as well as the
dielectric breakdown strength at room and cryogenic
temperature. The impact property of the modified ep-
oxy was also tested.

EXPERIMENTAL

Materials

The epoxy used in this study was a diglycidylether of
bisphenol A (DGEBA; 6101, Wuxi Resin Factory of
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Blue New Chemical Materials, Jiangsu province,
China) with an equivalent weight of 250 g/equiv. and
average molecular weight Mn ¼ 450. The curing agent
was methyltetrahydrophthalic anhydride, MTHPA
(Xi’an Resin Factory, Shaanxi province, China). The
accelerator was 2,4,6-tri (dimethylaminomethyl) phe-
nol (DMP30, Shanghai Chemical Reagent Factory,
Shanghai, China). The core-shell particles (EXL-2330)
were commercially available from Rohm and Haas,
which consisted of crosslinked poly (butylacrylate)
core and grafted poly (methylmehthacrylate) shell.
The chemical structures of the reagents and core-shell
particles were described in Table I.

Sample preparation

The epoxy/core-shell particle blends were prepared
as follows. After heating the DGEBA to 708C, the acid
anhydride curing agent and core-shell particles (dried
for 2 h under vacuum at 808C before use) were added
into the epoxy resin under stirring. Then the mixture
was placed in a high-energy ultrasonic bath for 15 min
to obtain a uniform dispersion. After that, the mixed
epoxy system containing a proper content of accelera-
tor was poured into a preheated mold at 1158C and
cured for 2 h, and it was postcured at 1458C for 5 h
and allowed to cool gradually to room temperature.

The contents of epoxy resin, hardener, and accelerator
were 100, 65, and 1 g, respectively. The core-shell par-
ticle was employed in ranging from 2 to 15 wt %. The
epoxy/core-shell blends were named EPIM0 to
EPIM15, according to the core-shell particle content.

Characterization of the blends

Fourier transformed infrared spectroscopy

The FTIR spectra were recorded with a Nicolet AVA-
TAR-IR 360 spectrometer (Nicolet Instrument) by a
solid potassium bromide method. Spectra in the opti-
cal range of 4000–500 cm�1 were obtained by coadd-
ing 20 scans at a resolution of 4 cm�1.

Transmission electron microscopy

The morphology of core-shell particle in the bulk ep-
oxy was observed by a JEOL JEM-100 CX II transmis-
sion electron microscope (TEM) with an accelerating
voltage of 80 kV. Thin sections of about 70 nm thick
from the sample were obtained by ultramicrotomy at
an ambient temperature using a Leica Ultracut micro-
tome and a diamond knife. The thin sections were
stained with OsO4 vapor for 3 h to generate contrast
between the phases.

TABLE I
Chemical Structures of the Reagents and Core-Shell Particles

Materials Chemical structure

DGEBA

Curing agent

Accelerator

Core-shell particle
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Scanning electron microscopy

The fracture morphology of epoxy/core-shell particle
blends was studied using Hitachi S-2700 scanning
electron microscopy (SEM) with an accelerating volt-
age of 20 kV. The selected specimens were coated with
a thin layer of gold prior to microscopy to avoid
charge buildup.

Differential scanning calorimeter

Differential scanning calorimeter (DSC) analysis of the
epoxy and its blends was carried out by using a
Netzsh DSC 200PC. The calorimeter had previously
been calibrated with the indium standard. The
temperature error in the DSC is 60.28C. The samples
(� 6 mg) were heated continuously from room tem-
perature to 2508C at a heating rate of 108C/min. All
measurements were carried out under nitrogen
atmosphere.

Measurements

Mechanical test

The specimens for Izod notched impact test were 4
6 0.05 mm in thickness. These standard specimens
were conditioned at the temperature of (236 2)8C and
the relative humidity of (50 6 5)% for 40 h. The Izod
notched impact test was assessed according to ASTM
D256.

Dielectric measurements

The specimens for dielectric measurement were made
in the form of circular discs with � 1 mm in thickness
and 20 mm in diameter. Both sides of the disks
were suitably sprayed with gold powder to improve
electrical contact. The dielectric measurement was
performed on a broadband dielectric spectrometer
(Novocontrol Technology Company, Germany) with
Alpha-A high performance frequency analyzer. The
measurement was carried out in the frequency range
from 10�1 to 106 Hz under room temperature. Gener-
ally, at least two samples were tested to check repro-
ducibility. All measurements were carried out in the
cryostat to avoid possible surrounding effects.

The specimens for dielectric breakdown strength
were also 1 mm in thickness. The dielectric break-
down strength of epoxy/core-shell particle blends
was measured using a ball–rod electrode arrangement
under a continuous ac voltage loading supplied by a
50 kV, 50 Hz transformer. The arrangement and sam-
ple were immerged in insulated oil to prevent the sur-
face discharges and flashovers. The test for each sam-
ple was performed at room temperature and cryo-
genic temperature, respectively. For the test at room
temperature, the sample was directly placed between

the ball and rod electrodes. Then the ultimate break-
down voltage was recorded quickly when the test fin-
ished. For the test at cryogenic temperature, firstly the
sample was completely immerged into liquid nitrogen
for at least 30 min. After that, the cryogenic sample
was quickly placed between the ball and rod electro-
des. Then the ultimate breakdown voltage was
recorded quickly when the test finished. The dielectric
breakdown strength of each sample was determined
as the average of five tests.

RESULTS ANDDISCUSSION

Characterization of core-shell particle

Surface conditions

The core-shell particle is a type of organic particle
with unique structure. Some functional groups may
be on the surface. When the particles are added into
the epoxy resin, there may be a possibility of some
chemical reactions occurring between them. To iden-
tify the possibility, therefore, it is necessary to charac-
terize the functional groups on the surface of core-
shell particles. Before starting the analysis, the core-
shell particles were dried for 2 h under vacuum at
808C. In this way, the possible moisture of the core-
shell particles absorbed from the environment could
be reduced to a minimum. Figure 1 shows the FTIR
spectra for the surface of core-shell particles. As
expected, in Figure 1, it is seen that the peak at 3440
cm�1 is attributed to the H��O stretch absorption of
hydroxyl group, and the peaks at 1247 to 749 cm�1 are
attributed to the C��O��C stretch absorption of ester
group and epoxy group. Therefore, these groups on
the surface of core-shell particles may be reacted with
the epoxy matrix during the curing preparation,
which in turn would lead to a formation of reactive

Figure 1 FTIR spectra for the core-shell particles.
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interfaces in the epoxy blends. As for other groups,
peaks presented in the FTIR spectra, although they
could not react with the epoxy, may have a well rela-
tively organic compatibility with the epoxy matrix.

Morphology in the blend

Figure 2 shows the micrograph of core-shell particle in
bulk epoxy. In TEM micrograph, the microstructure of
the particle with core and shell layers is clearly
observed. The particle appears with an average diam-
eter of 400–500 nm and with approximate several
nanometers shell layer. In addition, the surrounding
of the particle is not easily distinguished from the
bulk epoxy, which indicates that there is a compatibil-
ity of the core-shell particle with bulk epoxy because
of the natural properties of the two organic materials.

Mechanical properties of epoxy/core-shell
particle blends

Figure 3 shows the Izod notch impact strength for the
epoxy/core-shell particle blends. It can be seen that
the impact strength of the epoxy blend firstly gradu-
ally increases with increasing core-shell particle con-
tent from 0 to 6 wt %, and then decreases slightly with
the further increase of the particle content. The impact
strength of the epoxy blend reaches the highest value
at about 6 wt %, which is � 50% higher than that of
the neat epoxy. It is clear that the impact strength of
the epoxy is greatly improved because of the addition
of core-shell particles. For more understanding of the
toughness of the epoxy/core-shell particle blends, the
fracture surface morphology is observed.

Figure 4 shows SEM micrographs for fracture surfa-
ces of epoxy-based blends with core-shell particles. It

can be seen that the smooth glassy fractured surface
with cracks in different planes displays for the neat
epoxy resin, which is a typical brittle fracture mor-
phology and leads to poor impact strength. However,
as the content of core-shell particles increases, the frac-
ture morphology of epoxy blends shifts and shows the
rich characteristics of a toughened fracture surface
morphology, as shown in Figure 3(b–d). Since the par-
ticle size is large (Fig. 2) enough to allow their defor-
mation energy to be higher than their interfacial bond-
ing to the epoxy matrix, the cavitations will occur dur-
ing fracture.12 The generation of the voids arising
from the cavitations of core-shell particles is obviously
viewed in all samples of epoxy-based blends, which
can dissipate the fracture energy when a loading is
applied. In addition to that, some stress-whitened
zones may be seen from Figure 4(c), which is related
with the stress concentration. The local bulk plastic
deformation would occur in these zones and absorb
impacting energy. Therefore, both the core-shell parti-
cle cavitations and the plastic deformation are con-
tributed to the energy absorption in epoxy/core-shell
particle blends, which improves the toughness of
epoxy-based blends. In Figure 4(d), it is found that
more cavitations are introduced with higher core-shell
particle content. According to the point of the dissipa-
tion of fracture energy, the impact strength of the
blend would also be increased. Xiao and Ye reported
that there is an average interdistance between core-
shell-rubber particles, which plays a very important
role on improving fracture toughness of brittle
epoxies. They deduced that a critical interdistance
between the particles exists, at which the maximum
improvement of fracture toughness can be obtained.13

In our case, it could be considered that the critical
interdistance between the core-shell particles becomes
smaller at higher particle content, which may weaken

Figure 2 TEM micrographs of core-shell particle in bulk
epoxy.

Figure 3 Impact strength of epoxy and its blends with
core-shell particles.
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the dissipation of fracture energy. Just as shown in
Figure 3, the impact strengths of EPIM6 and EPIM10
are 11.33 and 9.47 kJ/m2, respectively. The results of
improved toughness of epoxy blends in this study is
also in accordance with other works.13–15 The fine dis-
persion of core-shell particle in the epoxy blends may
also have a contribution to the improved toughness.16

Dielectric properties of epoxy/core-shell
particle blends

Figure 5 shows the dependence of dielectric constant
[Fig. 5(a)] and dielectric loss [Fig. 5(b)] of the neat ep-
oxy and its blends on the frequency range of 10�1 to
106 Hz. It is seen that the dielectric constant of the neat
epoxy and its blends at low frequencies (10 Hz) is
higher than that at high frequencies (1 MHz), and
decreases slowly with the increase of frequency. Over
the investigated frequency range, the dielectric con-
stant of the blends with 2 wt % core-shell particles is
the lowest among the tested samples. When the core-
shell particle content is 6 wt %, it is found that the
dielectric constant of the blend is still less than that of
the neat epoxy. It is speculated that this may be attrib-
uted to interfacial polarization, which will be dis-

cussed in detail later. Therefore, it is concluded that
the dielectric constant of the epoxy blends can be
reduced with the certain content of the core-shell par-
ticles. In Figure 5(b), it is found that the dielectric loss
of the neat epoxy and its blends sharply decreases
with increasing frequency over a range of 0.1–10 Hz
and increases greatly over a frequency range of 10 Hz
to 1 MHz. It should also be noted that the dielectric
loss of the epoxy blends increases with the content of
core-shell particles but still is less than that of the neat
epoxy over the frequency range of 0.1–10 Hz. This
may be related to complicated interfacial polarization
also.

It is well known that a complicated interfacial polar-
ization, which is a kind of dielectric relaxation phe-
nomena, could be initiated when an alternating cur-
rent field is applied to dielectric materials. Meanwhile,
it is considered that the interfacial polarization usually
includes the polarization in bulk sample and the sam-
ple-electrode interface polarization.

Some researchers have introduced the electric mod-
ulus to explain the dielectric relaxation behavior of the
polymer.17–21 Using the electric modulus, the familiar
difficulties of electrode nature and contact, space
charge injection phenomena and absorbed impurity

Figure 4 SEM micrographs for fracture surfaces of modified epoxy with core-shell particles (a) 0 wt %; (b) 2 wt %; (c) 6 wt %;
and (d) 10 wt %.
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conduction effects, which appear to obscure relaxation
in the dielectric constant presentation, can be resolved
or even ignored. Therefore, to identify the interfacial
polarization in the epoxy blends, the variation of elec-
tric modulus will be very helpful. Electric modulus,
M*, is defined by the following equation:

M� ¼ 1

e�
¼ 1

e0 � je00
¼ e0

e02 þ e002

þ j
e00

e02 þ e002
¼ M0 þ jM00 ð1Þ

where M0 is the real and M00 the imaginary electric
modulus, e0 the real and e00 is the imaginary permittiv-
ity.

Figure 6(a,b) show the dependence of the real (M0)
and imaginary (M00) part of electric modulus on the
frequency, respectively. In Figure 6(a) it is seen that
theM0 of the neat epoxy and its blends at low frequen-
cies (10 Hz) is lower than that at high frequencies (1
MHz), and increases slowly with the increase of fre-

quency. In addition, the M0 of the blends with 2 wt %
core-shell particles is the highest among the tested
samples. Over the investigated frequency range,
therefore, it is found that the variation of M0 of the ep-
oxy blends is inverse to the variation of dielectric con-
stant, as displayed in Figure 5(a). This indicates that
the motion of dipoles in the blend with 2 wt % particle
content has the biggest contribution to the relaxation
in the epoxy blend. It is interesting that the variation
of M00 of the epoxy blends is almost the same as the
variation of dielectric loss displayed in Figure 6(b),
which implies there is no sample–electrode interface
polarization during the dielectric measurement.

Therefore, it may be concluded that the sample–
electrode interface polarization could be ignored, and
here the interfacial polarization in bulk epoxy would
be merely discussed. The microdefects are introduced
during the preparation process of a polymer, as it is
the multiphase polymer material. Consequently, car-
riers (free electrons and ions, trappings, etc.) would
accumulate in the defects, and be polarized under

Figure 5 Dependence of (a) dielectric constant and (b)
dielectric loss of neat epoxy and its blends on frequency at
different contents of core-shell particles at room tempera-
ture.

Figure 6 Dependence of (a) real part and (b) imaginary
part of electric modulus of neat epoxy and its blends on fre-
quency at different content of core-shell particles.
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applied electrical field. This polarization could affect
the internal field distribution in the polymer and lead
to a slight increase in both the dielectric constant and
the dielectric loss.

In the study of epoxy blends, it is considered that
the interfacial polarization in the epoxy/core-shell
blends is directly related to the core-shell particles.
Figure 1 indicates that interfacial reactions between
the core-shell particles and the epoxy resin occurred.
Therefore, some reactive interfaces may be formed
between the core-shell particles and the bulk epoxy,16

while other reactive interfaces coming from the core-
shell particles by themselves are also introduced.
Under an applied electrical field, the motion of dipoles
and charge carriers in the epoxy blends may be con-
fined to some extent because of these reactive interfa-
ces, which in turn would weaken the polarization abil-
ity of the epoxy resin. In short, this is the most possible
explanation for the decrease of dielectric constant and
dielectric loss at low frequency range for the epoxy
with low core-shell particle content. As far as the
increase of dielectric constant and loss of the epoxy
blends upon the further addition of core-shell par-
ticles is concerned, one may conclude that this is a
direct result of the relatively high dielectric constant
of the core-shell particles (the e0 of the core-shell parti-
cle is about 5–6, investigated under the same condi-
tion).

Dielectric breakdown strength of epoxy/
core-shell particle blends

The dielectric breakdown strength is an important pa-
rameter for the use of polymers as electrical insulation
materials. Figure 7 shows the dielectric breakdown
strength of the epoxy and its blends as a function of
the core-shell particle content at room and cryogenic
temperature. It is found that the cryogenic dielectric
breakdown strengths of both epoxy and its blends are
higher than that at room temperature, while their var-
iations with the core-shell particle content are in simi-
lar trends. Furthermore, the dielectric breakdown
strength of the blends is lower than that of the epoxy,
both at room and cryogenic temperature. Normally,
defects in a polymer material would cause the
decrease of dielectric breakdown strength because
charge carriers may get accumulated. During the
preparation of the epoxy blends, defects are carried in
the interfacial zones although the interfacial reaction
could decrease the formation of defects to some
extent. It should be noted that the dielectric break-
down strength of the epoxy blend with 6 wt % of par-
ticle content is 27.9 MV/m at room temperature and
29.3 MV/m at cryogenic temperature, which are
approximately the same as that of the neat epoxy (28.6
MV/m at room temperature and 30.4 MV/m at cryo-
genic temperature), as seen in Figure 7. The results

could be attributed to the interfacial reaction intro-
duced by the optimum content of core-shell particles.
In this case, it is considered that an enough interfacial
reaction results in a strong interfacial adhesion in the
epoxy blends, which may be the major contribution
for the improved dielectric breakdown strength. As a
result, the enhanced interfacial adhesion, just as men-
tioned before, may weaken the mobility of dipoles.

When an external electrical field is applied, the
interfacial zones would become the interfacial polar-
ization zones, which could enhance the local field in
the bulk epoxy. If the enhanced local field cannot be
released in time, the epoxy blends will be broken
down in no time under a high continuous ac voltage
loading. Studies on increased dielectric breakdown
strength by releasing the enhanced local field have
been previously reported by other researchers. Nagao
et al. reported that the increased dielectric breakdown
strength was attributed to an improved electron scat-
tering associated with the increase in polar groups.22

Yamano and Endoh reported that this resulted from
either the trapping effect or the excitation effect of
electric dipoles.23 Ma et al. reported that the increase
of dielectric breakdown strength was because of
charge scattering or trapping, or excitation effects
related to them. They also mentioned that a formed
homo charge carrier distribution was beneficial to the
improved dielectric breakdown strength.24 Here, it is
considered that the enhanced local fields, originated
from the accumulated charge carriers, and may be
released through a scattering effect coming from the
confined dipoles in the interfacial reaction zones such
as reacted molecular groups or nonreacted molecular
groups. Therefore, starting from this point, the epoxy
blend with optimum content of core-shell particles
could be considered as a quasi-homogeneous bulk,

Figure 7 Effect of core-shell particle content on the dielec-
tric breakdown strength of epoxy/core-shell particle blends
at room temperature (n) and cryogenic temperature (*).
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which shows the enhancement of dielectric break-
down strength.

From the above discussion, it can be seen that the
enhanced interfacial adhesion due to an optimum con-
tent of core-shell particles, corresponding with the
reduction of local field, is one reasonable explanation
for the improved dielectric breakdown strength of ep-
oxy blends. Furthermore, are there any possible rea-
sons on the basis of molecular motion for the variation
of dielectric breakdown strength of the epoxy blends?
It has been shown that the variation of free volume
also affects the dielectric breakdown strength of poly-
meric materials. Sabuni and Nelson reported that the
dielectric breakdown strength of polystyrene with
plasticizer was obviously reduced because of the
increase of free volume compared with that of no plas-
ticizer. Moreover, they explained that the dielectric
breakdown strength was reduced with the increase of
temperature on the view of free volume, and con-
firmed it by calculation.25 For a polymer, it is well
known that the glass transition temperature, Tg, is
directly related with the free volume. In this study, to
deeply understand the mechanism of the variation of
dielectric breakdown strength, the glass transition
temperature of the neat epoxy and its blends is inves-
tigated.

Figure 8 shows an example of DSC curve of epoxy
blends, because the DSC curves of these materials
have a similar trend without the various glass transi-
tion temperatures. The glass transition temperature
is obtained from the point of intersection on the
curve, shown in Figure 8. Figure 9 shows the varia-
tion of Tg of the neat epoxy and its blends as a func-
tion of core-shell particle content. It is clear that the
Tg of the bulk epoxy is obviously changed as the
addition of core-shell particles. Especially, the epoxy
blend shows the highest Tg when the core-shell parti-
cle content is � 6 wt %. Usually toughened polymers

show a lower glass transition temperature than that
of the based polymers. While for the rigid–rigid
toughening mechanism,26 in the polymer processing,
they will be increased simultaneously. In this study,
both the toughness and the Tg are increased for the
epoxy blends. Therefore, it may be considered that
the improved toughness of our prepared epoxy
blends is also due to the toughening mechanism
resulting from the unique structure of core-shell par-
ticle. The variation of Tg indicates that the free vol-
ume of the bulk epoxy is apparently reduced
because of the change of microstructure coming
from the interfacial interaction of the neat epoxy and
core-shell particles.

It should be noted that the free volume of the epoxy
blend reaches the lowest value, whereas the dielectric
breakdown strength of the epoxy blend is greatly
improved. It is known that the molecular motion of a
polymer will be confined because of less space of
action if the free volume of the polymer is reduced.
Actually, in this study, it may be exactly considered
that this is a good condition for the dielectric break-
down strength enhancement of the bulk epoxy. As a
result of the reduction of free volume, compared with
the neat epoxy, there would not be enough molecular
space for the charge carriers to accumulate easily
when an external electrical field is applied to the ep-
oxy blends. Therefore, much more polarized charge
carriers in the bulk epoxy would be released immedi-
ately, which helps the improved dielectric breakdown
strength of epoxy blends.

In a short conclusion, as a result of the addition of
core-shell particles, it can be considered that the
improved dielectric breakdown strength of the epoxy
blends is due to two sides: the fine dispersion of an
optimum content of core-shell particles and the
change of molecular macrostructure.Figure 8 Pattern of glass transition temperature.

Figure 9 Glass transition temperatures of the neat epoxy
and its blends.
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CONCLUSIONS

The impact strength and dielectric properties of neat
epoxy and epoxy/core-shell particle blends were
investigated. It has been shown that the impact
strength of epoxy with 6 wt % of core-shell particles
increased by � 50% compared with the neat epoxy.
The improvement in toughness of the epoxy blends
was discussed by SEM fracture morphology. The anal-
ysis of dielectric behavior showed that the dielectric
constant and dielectric loss of the epoxy with a proper
content of core-shell particles was lower than that of
the neat epoxy at lower frequencies. Meanwhile, the
dielectric breakdown strength of the epoxy blends
with 6 wt % core-shell particles was similar to the neat
epoxy at room and cryogenic temperature. One may
conclude that the simultaneously improved toughness
and dielectric properties of epoxy/core-shell blends
were likely because of fine particle dispersion and
enhanced interfacial zones between the core-shell par-
ticles and the epoxy resin. Therefore, in this study, all
results showed that the epoxy/core-shell particle
blends with improved toughness displayed desirable
dielectric properties, indicating potential application
in insulating of electronic packaging industries.
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