
Effect of External Electric Field on Morphologies and
Properties of the Cured Epoxy and Epoxy/Acrylate Systems

Jingkuan Duan,1,2 Jun Zhang,2 Pingkai Jiang2

1Institute of Material Engineering of Ningbo University of Technology, Ningbo, People’s Republic of China
2Shanghai Key Laboratory of Electrical Insulation and Thermal Aging, School of Chemistry and Chemical
Engineering, Shanghai Jiaotong University, Shanghai, People’s Republic of China

Received 3 June 2010; accepted 8 September 2010
DOI 10.1002/app.33368
Published online 29 December 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: In this article, the influences of the external
electric field exerted to the curing epoxy and epoxy/acry-
late systems on their cured microstructures and macro-
scopic performances were investigated by means of
morphological investigation and some characteristic analy-
ses. Epoxy and epoxy/acrylate (an interpenetrating poly-
mer network) systems were subjected to the action of the
alternating electric field during the curing process. The
changes in the nanolamellae microstructure in the cured
epoxy and the nanoellipsoid microstructure in the cured
epoxy/acrylate systems resulting from the electric field
treatment were observed using atomic force microscopy.
Dynamic mechanical analysis showed that the external
electric field treatment made the low and high relaxation

peaks shift to the lower and higher temperatures, respec-
tively. Thermogravimetric analysis implied that the curing
reactions of the epoxy systems with the aid of the external
electric field resulted in some negative influences on their
thermal stability. The dielectric measurements demon-
strated that the electrical properties of the epoxy system
for vacuum pressure impregnation insulation of the high-
voltage electric machines could be much improved with
the aid of the external electric field. VC 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 125: 902–914, 2012
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INTRODUCTION

Epoxy resins as the main insulating materials are
widely used in high-voltage electrical applications,
and the demand of further improving its performan-
ces is necessarily increasing with the rapid develop-
ment of the electrical and electronic industries.
Therefore, much effort has been given to the
research on how to improve the electrical, mechani-
cal, thermal, and physicochemical properties of the
cured epoxy resin systems.

As well known, electric, magnetic, and electro-
magnetic fields can be effectively used for modifying
the properties and morphologies of the polymeric
materials and their composites. In some kinds of the
single polymeric materials, multifunctional proper-
ties can be obtained by other technologies such as
self-assembly and field-aided microtailoring by
which the local optimization of microstructure in
polymeric material can be obtained.1,2 Field-aided

microtailoring technology is an approach in which
the external field, such as electric, magnetic, or
mechanical field, is used to modify the structure of
liquid or melt polymeric materials, and it makes the
resulting polymeric materials own locally micro-
tailored aligned or orientated structures.3

It is well known that the physical properties of
the polymers strongly depend on their microstruc-
tures. The ongoing quest for designing novel molec-
ular materials, understanding their intrinsical prop-
erties, and improving their performance in real
devices, therefore, requires control fully over their
spatial arrangement. The molecular alignment and
orientation have attracted great interest for a long
time in physics and chemistry because of their im-
portance to fundamental research and technology
applications.4,5

There are many methods to achieve uniform ori-
entation or alignment in polymeric materials, such
as mechanical, magnetic, and electric fields. To
achieve large-scale alignment throughout a macro-
scopically extended bulk sample, most prominently,
external mechanical fields have been successfully
applied to orient some polymers.6–9 However, these
technologies susceptibly lead to an inhomogeneous
microstructure observable as a characteristic striped
pattern of the direction orientation.10 In addition,
they are not applicable to thin films.
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Magnetic field is another effective method to
obtain alignment or orientation in polymers, which
is applied only to the material having large magnetic
susceptibility anisotropy.11,12

Recently, the potential of electric field application
for microdomain alignment is attracting increasing
interest because it may also have a considerable
technological possibility and benefit.13–17 The appli-
cation of the electric field to fluids has been explored
in a number of systems, including molecular liquids,
ferrofluids, electrorheological fluids, materials that
exhibit liquid crystalline phase showing the dielec-
tric anisotropy on a molecular scale, and the block
copolymers.18–23

Some thermosets such as liquid crystalline
epoxides can offer the possibility of producing bulk
layered structures with macroscopic orientation if
their curing reaction proceeds in an aligning field.
However, little studies on orientation or alignment
behaviors of cycloaliphatic epoxy resin (CER), which
owns a relatively regular structure, and its compo-
sites, e.g., CER/acrylate system, has been reported
up to now.

The objective of this work was to investigate the
effects of the external electric field on the morpho-
logical, chemical, physical, and thermal properties of
a single network system (the anhydride-CER system)

and an interpenetrating polymer networks (IPNs)
system composed of CER and acrylate.

EXPERIMENTAL

Materials

A difunctional CER (marketed under the trade
designation UVR6105) was purchased from Dow
Chemical Company, Midland, MI. The epoxy equiv-
alent weight was 126–135 g/mol. The curing agent
was methyl-hexahydrophthalic anhydride (marketed
under the trade designation LHY-807), obtained
from Shanghai Li Yi Science and Technology Devel-
opment Co., China. The molecular weight was
168.19 g/mol. The latent accelerator used was alumi-
num(III) acetylacetonate (Al(III)AcAc), purchased
from Aldrich Chemical Co. (St. Louis, MO). Trime-
thylol-1,1,1-propane trimethacrylate (TMPTMA) was
obtained from Jinshi Tech-Development Co., China.
The viscosity of TMPTMA was 30–60 mPa s (25�C).
The dicumyl peroxide (DCP) initiator was purchased
from Aldrich Chemical Co. The chemical structures
of the raw materials are shown in Figure 1.

Experimental setup

The curing setup is depicted in Figure 2. The exter-
nal electric field was applied between an upper elec-
trode amounted on the upper insulating plate (glass)
and the metal container. The electric field intensity
E at the interelectrode space of 3.3 mm (the sum of
the sample and the air layer thickness) was kept
constant as E ¼ 1.2 kV/mm. The total weight of the
liquid sample taken for the curing reaction was
around 6,537,412 g, and then each sample was cured
at 160�C for 10 h using this setup placed in a closed
clamber.

Samples preparation

All the liquid raw materials were purified before
mixing with one another to afford the excellent and
uniform properties to the cured samples. The epoxy
resin, curing agent, and modifier agent were
degassed in vacuum at 80�C for 30 min. The latent
accelerator and initiator were used without any fur-
ther purification. The epoxy resin and latent

Figure 1 Chemical structures of the cycloaliphatic
epoxy resin, UVR6105; the curing agent, MeHHPA; the
modifier, TMPTMA, the latent accelerator, Al(III)AcAc;
and initiator, DCP.

Figure 2 Scheme of setup for curing of CER and CER/
TMPTMA systems with the aid of the electric field.
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accelerator were weighed in proper equivalences
and mixed vigorously with each other at 120�C until
the latent accelerator was completely dissolved.
Then, the blends of epoxy resin and accelerator were
rapidly cooled down to the ambient temperature,
and the curing agent, modifier agent, and initiator
were added in suitable amounts according to the
composition given in Table I, and mixed for about
10 min to give the homogeneous liquid blends.

The liquid compounds were added into the setup
as shown in Figure 2. The conducting stainless steel
mold was maintained electrically at the ground
potential, and a copper-coated glass plate, where the
circular copper-coated part is electrically at the high
potential, covered the conductive mold containing
the liquid mixture. The curing reaction was carried
out in this air-tight setup placed in an oven. The
cured pellets were cut relatively sharp to measure
the different properties.

Characterizations and measurements

Atomic force microscopy

For atomic force microscopy (AFM) observation, the
specimens cured with and without the aid of the
external electric field were trimmed using a Leica
Ultracut UCT ultramicrotome either parallel or per-
pendicular to the direction of the applied electric
field, and the thickness of the specimens was about
70 nm. The morphological observation of the sam-
ples was conducted on a Nanoscope IIIa scanning
probe microscope (Digital Instruments, Santa
Barbara, CA) in a tapping mode.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR)
reflection measurement was performed by means of
a Paragon 1000 (Perkin–Elmer, Waltham, MA) with
a resolution of 4 cm�1.

Wide-angle X-ray diffraction

X-ray diffraction measurements were performed
using a D/max-2200/PC X-ray diffractometer with
CuKa radiation (Rigaku Corp., Japan; k ¼ 1.5405 Å).

Diffraction spectra were obtained in a 2y range of
1–60�, and the diffraction angle was scanned at a
rate of 2� min�1.

Dynamic mechanical analysis

The tangent delta of the cured samples was meas-
ured with TA 2980 dynamic mechanical analyzer by
using single cantilever mode. The geometry of speci-
mens is 25 mm � 5.0 mm � 1.3 mm (length � width
� thickness). Scans were conducted in a temperature
range of 50–250�C at a heating rate of 3�C/min and
a frequency of 1 Hz.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed
using a Cahn TG systems 41 thermogravimetric ana-
lyzer. Samples were heated up to 800�C from the
ambient temperature at the heating rate of 5�C/min
under air atmosphere.

Dielectric measurements

The dielectric breakdown tests of the cured samples
were performed at the room temperature using 50-
Hz, 100-kV high-voltage transformer (Shanghai
Lanpo High Voltage Technology and Equipment
Co., Shanghai, China). The cured samples were
inserted between two spherical electrodes with the
radii of 10 mm, and then the measuring electrode
system containing the measuring specimen was
immersed in a tank filled with silicon oil so as to
prohibit the flashover along the surface of the speci-
men. During testing, the applied voltage was raised
step by step (the voltage ratio between adjacent
steps is 2),24 and the voltage at each step was kept
for 1 min. The initial test voltage was 20 kV and the
rate-of-rise of the test voltage is 2 kV/min.
Dielectric responses were measured using a CON-

CEPT 40 brand frequency impedance analyzer
(NOVOCONTROL, Hundsangen, Germany) in the
comparatively wide frequency range of 1 kHz to
10 MHz and at room temperature.

RESULTS AND DISCUSSION

Curing mechanisms of the CER and
CER/TMPTMA systems

For the sake of elucidating the influences of the
application of the external electric field during
the curing reaction on the network formation and
the morphological structures of the cured epoxy sys-
tems studied, it is necessary to understand the cur-
ing reaction mechanisms of the CER and CER/
TMPTMA system.

TABLE I
The Formation and Conditions of Experiment

Sample CER system
CER/TMPTMA

system

6105, pbw 100 100
MeHHPA, pbw 95 95
Al(III)AcAc, pbw 0.4 0.4
TMPTMA, pbw 0 30
DCP, pbw 0 0.03
Curing conditions AC E ¼ 1.2 kV/mm; frequency ¼ 50 Hz

pbw, parts by weight.
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In the CER system, there exists a polyaddition
reaction during the thermal curing, the mechanism
of which is more complicated owing to the catalytic
action of the aluminum acetylacetonate. Many
researchers have studied the catalytic behaviors of
metal acetylacetionates for the epoxy curing reac-
tions.25,26 Figure 3 depicts the possible schematic
reaction between epoxy and anhydride, accelerated
by aluminum acetylacetonate.

In this case, a metal chelate with the first-row
transition metal ions is possibly yielded by Al(III)A-
cAc when the systems are heated, and the anhydride
thermally disassociates into super acids because of
the catalysis of the metal chelates as shown in Figure
3. The super acids attack the oxirane rings fused to a
cyclohexyl ring in the epoxy resin to initiate the
opening of the oxirane rings, which, in turn, results
in the presence of many dipoles in the system dur-
ing the curing reaction. Some dipoles present in the
anhydride-CER system take part in the polyaddition
reactions, and some new types of dipoles are newly
formed. These reactions play an important role in
the chain extension, branching, and cross-linking
of the molecules resulting from the reaction,
which finally leads to the formation of the three-
dimensional network.

In the CER/TMPTMA system, there exist two
kinds of the curing reactions to proceed sequentially
during the formation of IPNs consisting of both
TMPTMA and CER networks, that is, the free-radical
polymerization of TMPTMA and the thermal poly-
addition of the epoxy resin.
One should keep in mind that the polymerization

of TMPTMA monomers is likely independent of the
polyaddition reaction between the epoxy resin and
the hardener. Owing to the much shorter half-life of
DCP, the free-radical polymerization of TMPTMA is
prior to the polyaddition of the anhydride-CER sys-
tem, which leads to a sharp enhancement of the vis-
cosity in the system before the occurrence of the
CER curing. The much higher viscosity would be an
obstacle to the mobility of epoxy molecules. As the
curing reaction proceeds, the curing reaction of the
CER system just begins to occur in the presence of
the network of TMPTMA as the reacting course. The
possible schematic reaction between TMPTMA and
DCP is given in Figure 4.
From Figures 3 and 4, it is found that there exist

large amount of induced and permanent dipoles in
the CER and CER/TMPTMA systems during their
curing reaction. The molecules containing permanent
dipole moments in the systems are subjected to
external fields during cure stage, and because of the
induced polarization, an orientation torque exists.
This torque that causes the alignment is proportional
to the square of the applied field when the electric
field is relatively small. Therefore, even if no perma-
nent dipole moment is considered, the charged mac-
romolecules formed during cure should rotate to
align with the external field.

Figure 3 The schematic reactions between epoxy and
anhydride accelerated by aluminum acetylacetonate.

Figure 4 The schematic reaction of TMPTMA monomers.
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In addition, it is generally thought that large
amount of microgel particles would occur in certain
sections at the beginning of the curing reactions of
the thermoset systems. As curing reaction proceeds,
the sizes of these microgel particles gradually
become larger until the gelation takes place. Before
gelation occurs, these microgel particles can be

regarded as spherical dielectric. Under the action of
the sufficiently high electric fields, it should be pos-
sible to deform spherical microdomains into ellip-
soids and, for a liquid system in which there are
many charged microgel particles formed during
cure, the ellipsoids can be sufficiently stretched such
that they interconnect to form lamellae that pene-
trate through the samples.27 Thus, by using an amor-
phous structure to a well-regulated structure transi-
tion, a simple route to achieve highly ordered arrays
of nanoscopic lamellae domains may be possible.
It can be easily expected that the external electric

field may ‘‘purify’’ the cured epoxy systems: under
the actions of the dielectrophoresis and electrophore-
sis as a result of the external electric field, free ions,
voids, and other polar molecules can migrate toward
two corresponding electrodes, respectively, accord-
ing to whether the sign of the charge amount is
positive or negative.
Figure 5 gives the comparison of FTIR results

measured on the different positions of the cured
CER/TMPTMA system along its thickness, that is,
on the front (?, up surface) and rear (?, down sur-
face) surfaces of the sample and on the middle posi-
tion (//, fractured surface) of the sample thickness.
Of interest is that the IR absorption behaviors on

these three positions are obviously distinguished
from one another. As shown in Figure 5(a), the dif-
ferences of IR absorption intensity values at the
bands centered at 3528 and 1157 cm�1 are character-
istic of AOH group and low molecules of anhydride,
respectively; however, these peaks cannot be found
at the sample surface [the bottom of the sample in
Fig. 5(b)] contacted with the earth-grounded elec-
trode and at the middle position of the sample thick-
ness [Fig. 5(c)], revealing that the impurities move in
the direction of two opposite electrodes under the
action of the electric field applied. Especially, from
the fact that the metal mold used is ground-earthed,
it can be considered that the free ions and other
charged particles arrived at the surface of the metal
mold by the action of the electric field may be elec-
trically neutralized, which may be the main reason
why the characteristic IR absorption peaks cannot be
observed at the sample surface ever contacted with
the metal mold during the curing process.

Morphological characterization

Shown in Figure 6 are the AFM topographic and
phase contrast images obtained in the cured CER
and CER/TMPTMA systems with and without
external electric field treatment during the curing
process. The left and right images are the topogra-
phy and phase contrast images, respectively.
It should be noted that the effect of the electric

field treatment on the microstructures are more

Figure 5 FTIR spectra of the different dispositions in AC-
treated CER/TMPTMA system: ?, up surface (a); ?, down
surface (b); and //, fractured surface (c).
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conspicuous: for the systems cured without the
external electric field treatment, the homogeneous
microstructures are observed as shown in Figure
6(a,d), which may depict the developed cross-linked
networks of the CER and CER/TMPTMA systems;
when the external electric field are applied during
the curing reaction of the CER and CER/TMPTMA
systems, the apparent changes in the microstructures
become visible, that is, the resulting anhydride-CER
and CER/TMPTMA systems newly display the
nanostructured two-phase morphologies (e.g., nodu-
lar structures) along the directions of both parallel
and perpendicular to the external electric field
applied. The dark regions may be assigned to the
‘‘softer’’ nature compared with the nodules with
higher cross-link densities. Moreover, there are
apparent differences between the microstructures of
the CER and CER/TMPTMA systems.

The phase contrast image reveals the presence of
oval black domains that may be related to the softer
phase, that is, the lower cross-linking density phase.
These domains have the typical sizes of 40 and

20 nm along the longer and shorter axis, respec-
tively. The lower phase contrast region is observed
to occupy approximately 90% of the total surface
area. These contours can be related to the rigid ep-
oxy phase, the cross-linking density of which is rela-
tively higher than that of the black domains regions.
By comparing two phase contrast images in

Figure 6(b,c) or (d,e), one can affirm that the black
domains in the AFM images for the cured anhy-
dride-CER and CER/TMPTMA systems really corre-
spond to the ‘‘soft’’ phase which, has the relatively
lower cross-linking density, and confirm the presence
of the higher cross-linking density domains where
nanoparticles are dispersed over the sample volume
and they are found to further elongate in the direc-
tion parallel to the external electrical field applied to
the epoxy systems under the curing process.
Additionally, it is noteworthy that for the cured

CER and CER/TMPTMA systems, the topography
images corresponding to the directions perpendicu-
lar and parallel to the external electric field differ
considerably from each other.

Figure 6 AFM images of nontreated CER system (a); treated CER system with // electric field (b); treated CER system
with ? electric field (c); nontreated CER/TMPTMA system (d); treated CER/TMPTMA system with // electric field (e);
and treated CER/TMPTMA system with ? electric field (f). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7 gives the AFM topography images of the
different cured epoxy systems. As shown in Figure
7, the topography images of the CER and CER/
TMPTMA systems cured without any aid of the elec-

tric field are characterized by much lower roughness
and rather homogeneous surface, and the surface
roughness of these two systems remains almost the
same as shown in Figure 7(a,d). Whereas after they

Figure 7 AFM topography images of nontreated CER system (a); treated CER system with // electric field (b); treated
CER system with ? electric field (c); nontreated CER/TMPTMA system (d); treated CER/TMPTMA system with // elec-
tric field (e); and treated CER/TMPTMA system with ? electric field (f). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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are subjected to the external electric fields during
curing process, their topography images display
remarkable changes: (i) in comparison with the
cured systems without any electric field treatment,
the topography images for the cured samples with
treatment become more rugged in the directions
both parallel and perpendicular to the direction of
electric field as shown in Figure 7(b,c,e,f); (ii) for the
systems cured with the aid of the external electric
field, the topography images along the direction per-
pendicular to the external electric field is different
from those parallel to the external electric field.
Although the topography images along the direction
parallel to the electric field also display rugged
structure, they show relatively more regular struc-
ture in contrast with those along the direction per-
pendicular to the electric field [Fig. 7(b,e)], which
reveals that external electric field treatment during
the curing reaction for the CER and CER/TMPTMA
systems has an important effect on the modification
of their microstructures.

The microstructure changes in the directions both
parallel and perpendicular to the direction of electric
field in the CER and CER/TMPTMA systems also

are confirmed by wide-angle X-ray diffraction pro-
files as shown in Figure 8.
The knowledge of the curing reaction process of

the epoxy systems under the action of the applied
electric field is helpful to understand the mechanism
of the formation of the nanostructures in the CER
and CER/TMPTMA systems. The formation of the
microstructures in the CER and CER/TMPTMA
systems can be schematically illustrated as depicted
in Figure 9.
In the absence of the action of the external electric

field, the molecules containing the permanent
dipoles are in disorder dispersion in the uncured
systems as shown in Figure 9(a) (the curve shapes
between two plate electrodes stand for the molecules
containing the permanent dipoles), whereas in the
presence of the electric field between two plate elec-
trodes, these molecules containing the permanent
dipoles can display time-varying fluctuations with
the changes of the applied electric field before the
beginning of the curing reaction [Fig. 9(b)]. As the
curing reaction proceeds, the particles in microgel
state begin to appear as nucleation centers in the
system as shown in Figure 9(c)21 (the black dots
between two plate electrodes stand for the microgel
particles). The types of response of these microgel
particles on the external electric field are rotation,
deformation, orientation, and alignment along the
direction of electric field, respectively, in the liquid
medium as shown in Figure 9(d) (the irregular rods
between two plate electrodes stand for the microgel
particles, which have been rotated, deformed, and
aligned along the direction of electric field).
According to Figures 3 and 4, before the gelation

occurs in the systems, the microgel particles can be
regarded as ‘‘active microgel particles’’ owing to
their reactivity. With the aid of the applied electric
field, these active microgel particles have to be
deformable (nonrigid) in the liquid medium

Figure 8 Wide-angle X-ray diffraction profiles of CER
(a) and CER/TMPTMA (100/20) IPNs (b) with or without
the aid of electric field (1250 V/mm, 50 Hz) during the
curing process.

Figure 9 Formation of microstructures in the CER and
CER/TMPTMA systems.
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[Fig. 9(d)], leading to the transformation into asym-
metric dielectric spheres, that is, ellipsoids. The elec-
tric field inside these asymmetry spheres is nonuni-
form and can be calculated by using depolarization
factor for ellipsoid. Considering an ellipsoid has
the axes a, b, and c aligned with the x, y, and
z axes, respectively, according to Stratton,28 and is
immersed in a dielectric medium, its dipole moment
is defined as:

la¼A
Eaðep � ecÞ
1þ bna

; lb ¼ A
Ebðep � ecÞ
1þ bnb

; lc¼A
Ecðep� ecÞ
1þ bnc

A ¼ 4pabc=3; b ¼ ðep � ecÞ=ec ð1Þ

where la, lb, and lc are the dipole moments along
the directions of axes of a, b, and c, respectively; ep
and ec are dielectric permittivities of an ellipsoid and
a dielectric medium, respectively; Ea, Eb, and Ec are
the electric field intensities along the axes of a, b,
and c, respectively; and na, nb, and nc are the depola-
rization factors along the axes of a, b, and c,
respectively.

From eq. (1), the value of ec is variable in the dif-
ferent curing stages. Thus, the dipole moment of a
microgel particle is also changeable. In the presence
of electric field, the microgel particles with different
dipole moments along the axes of a, b, and c can be
orientated, and the response of the longest axis of
the particle on the orientation angle displays asym-
metric distribution. These may lead to the formation
of the microstructures in the cured anhydride-CER
and CER/TMPTMA systems as shown in Figures 6
and 7. In addition, it is thought that the nanoellip-
soid microstructure in the CER/TMPTMA system is
closely related to the formation of sequential IPNs,
and the nanolamellae microstructure existing in
the CER system may be ascribed to the ‘‘dynamic
curing reaction’’ between microgel particles and/or
oligomers continuously under the action of AC
electric field.

Changes in physical properties

It is well known that the macroscopic physical prop-
erties of organic materials, such as polymers and
molecular aggregates, strongly depend on their
microscopic structures. The polymers in which the
minor phases are oriented or aligned in a desired
direction should demonstrate unique electrical, opti-
cal, and mechanical properties.

Thermal property

The CER and CER/TMPTMA systems with and
without the applied electric field treatment

were subjected to the dynamic mechanical analysis.
Figure 10 shows the variation in mechanical tan d.
From Figure 10, it is clear that there is a similar

tendency in tan d between the aligned and the
unaligned networks in the CER system as well as
the CER/TMPTMA system. A relatively strong low-
temperature relaxation peak (l-Tg), which is clearly
separated from the high-temperature relaxation peak
(h-Tg) centering at 198�C and 203�C is observed
between 100�C and 150�C. In addition, an obvious
difference is that the h-Tg values of the systems
cured with the aid of the applied electric field fur-
ther shift toward the high temperature compared
with those cured in the absence of the applied elec-
tric field, whereas the l-Tg values shift toward low
temperature, which reveals that the applied electric
field shows the significant effects on the cross-link-
ing networks of the CER and CER/TMPTMA
systems during the curing reaction. It can be consid-
ered that the existence of two relaxation peaks in the
resulting systems studied may be attributed to the
isothermal curing condition, which leads to the for-
mation of the defective structures in the systems.
The high- and low-temperature relaxation peaks
should be assigned to the higher and lower cross-
linking density phases, respectively. However, the
shift in the Tg value implies a ‘‘very high degree of
structural heterogeneity’’ in the systems subjected
to the applied electric fields. This is in good agree-
ment with the results observed in AFM images in
Figures 6 and 7.
It is also thought that the alignment taking place

during curing influences the cross-linking structure
of polymer. The lower cross-linking density regions
of aligned polymers [the dark regions in
Fig. 6(b,c,e,f)] indicates that there exists less intermo-
lecular interaction, which may explain the shift of

Figure 10 Dynamic mechanical analysis spectra as a
function of temperature for the cured CER and CER/
TMPTMA epoxy systems with and without the electric
field treatment.
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l-Tg values observed in the dynamic mechanical
thermal analysis measurement. The lamellae and
nodular structures induced by the external electric
field seem to display much stronger rigidity than
that found in the systems cured without the external
electric field (Fig. 6), revealing the enhancement of
cross-linking density in these regions, which results
in the shift of h-Tg values. The enhancements of the
glass-transition temperature and the cross-linking
density in polymers aligned or orientated by the
external field have been found in some literatures.29

To understand the influence of the external elec-
tric fields on the thermal stability of the cured sys-
tems, TGA measurement is carried out. Results from
TGA measurement are shown in Figure 11. From
Figure 11, it is very clear that in contrast with the
resulting anhydride-CER and CER/TMPTMA sys-
tems in the absence of the applied electric fields, the
thermal stability of the systems in presence of the
applied electric fields becomes deteriorated. It is
thought that the thermal stability of the cured sys-
tems is strongly associated with their network struc-
tures. From the results of AFM and dynamic me-
chanical thermal analysis measurements, we have
confirmed that despite the existence of high cross-
linking domains, the structure obtained after align-
ment contains a large number of defects, e.g., some
low cross-linking domains occur in the whole cross-
linking networks of the cured systems with being
subjected to the applied electric fields. The low
cross-linking domains are approximately 10% of the
total surface area, which may cause reduction in the
thermal stability.

Dielectric measurements

From the above-mentioned experimental results, it
can be expected that the curing systems studied
here, which have been cured under the action of

various kinds of external electric field, may display
their own unique dielectric properties.
Figures 12 and 13 show the dependences of dielec-

tric permittivity and loss tangent on the frequency in
the range of 100 Hz to 10 MHz for the cured CER
and CER/TMPTMA systems, respectively.
As can be seen in Figure 12, the dielectric permit-

tivity seems to be a little lower for the cured CER
system with the electric field treatment than for that
without any treatment, whereas the dielectric loss
tangent is nearly the same for two cases. The
decrease in the dielectric permittivity is likely attrib-
uted to the increase in the degree of the cross-link-
ing by the aid of the electric field treatment.
As well known, the dielectric permittivity can be

expressed as

e ¼ 1þ
PN

i¼1

qili

e0VE
(2)

where N is the total number of the dipoles; V is the
volume; E is the electric field; e0 is the permittivity

Figure 11 TGA curves of the different systems as a func-
tion of temperature.

Figure 12 Dependences of dielectric permittivity (a) and
loss tangent (b) for the cured CER systems with and with-
out the aid of the external electric field.
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of vacuum; and qi and li are the electric charge and
the effective length of an arbitrary dipole in a dielec-
tric, respectively.

As can be easily expected, the only variable pa-
rameter in eq. (2) is the effective length of a dipole,
provided that the dielectric material system is not
changed in its composition. In the other hand, the
effective length of a dipole can be considered to
vary, depending on the degree of the motion of the
dipole, that is, the molecular motion. The higher the
degree of the cross-linking for a cured epoxy system,
the more difficult the motion of the molecules, lead-
ing to the reduction of the effective length values of
the dipoles and, as a result, the decrease in the
dielectric permittivity and loss tangent.

Compared with the neat CER system, the differen-
ces of the dielectric properties are so obvious
between the cured CER/TMPTMA systems with
and without the electric field treatment as shown in
Figure 13: the electric field treatment leads to signifi-
cant reduction in both the dielectric permittivity and
loss tangent of the cured CER/TMPTMA systems.

As mentioned above, two sequential cross-link-
ing reactions can occur during the curing process
of a CER/TMPTMA system, and the cross-linking
network of TMPTMA likely gives an obstacle to
the formation of the CER cross-linking network,
which may cause a decrease in the total density of
the cross-linking for the cured epoxy system
considered.
Also, it may be rather difficult for CER and

TMPTMA in the liquid state to be mixed with each
other to form a completely homogeneous dispersion
system because of their high values of viscosity,
although great attention is paid to the mixing
process.
In the case of the multicomponent medium like

the CER/TMPTMA system investigated, the poorer
the dispersion of the individual component, the
larger the effective contact area between the compo-
nents with different dielectric properties, resulting in
the increase in the interfacial polarization, which can
be also one of the main reasons why the electric
field treatment effect is more significant for the

Figure 13 Dependences of dielectric permittivity (a) and
loss tangent (b) for the cured CER/TMPTMA system with
and without the aid of the external electric field.

Figure 14 Weibull plots for the cumulative breakdown
strength characteristics of CER system (a) and CER/
TMPTMA system (b).
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cured the CER/TMPTMA system than for the cured
CER system.

The dielectric measurement results are in good
agreement with the above-considered data of the
physicochemical and thermomechanical analyses,
which suggests that the external electric field
applied to the CER/TMPTMA system under curing
may play an important role in further improving the
dispersion of the TMPTMA into the CER region and
also accelerate the curing reaction of CER, so that
the density of the cross-linking network for the
cured CER/TMPTMA system can be much denser
compared with that for the system without any aid
of the external electric field.

Weibull statistical analysis has been widely used
in determining the dielectric breakdown characteris-
tics of the dielectric and insulating materials.30,31

Figure 14 gives the results of Weibull statistical anal-
ysis on the dielectric breakdown characteristics of
the cured CER and CER/TMPTMA systems, respec-
tively. The values of the Weibull shape parameter b
are 24.01 and 12.55 for CER cured with and without
the aid of the electric field, respectively, whereas
they are 25.29 and 13.3 for CER/TMPTMA cured
with and without the aid of the electric field, respec-
tively. An increase in the shape parameters b
(a decrease in the scatter) means that the structure
of the epoxy system cured under the action of elec-
tric field is more homogeneous than that of the sys-
tem cured without any aid of the external electric
field. This may be attributed to the ‘‘purification’’ of
the curing systems caused by the external electric
field as depicted in Figure 5.

As can be seen from Figure 14 and Table II, the
cured CER/TMPTMA system, in the absence of the
electric field treatment, shows a little higher dielec-
tric breakdown strength than the cured CER, that is,
the introduction of TMPTMA into the conventional
CER system does not give any negative influences
on the dielectric breakdown characteristics of the
resulting CER/TMPTMA system.

Of greater interest is that the dielectric breakdown
strength is significantly increased by the aid of the
external electric field during the curing reaction of
the CER and CER/TMPTMA systems. This result can
be also ascribed to the increase in the density of the

cross-linking network and the reduction of defects in
the networks by the electric field treatment.

CONCLUSIONS

In this article, the effects of the external electric field
on the morphological and physical properties of the
CER and its blend (CER/TMPTMA) were studied
through the characterization by means of the physi-
cochemical measurements, e.g., dynamic mechanical
analysis, FTIR, dielectric spectroscopy, and AFM
observation.
The experiment results clearly show that align-

ment of the apparent spherical micelles whose size
are roughly tenth of nanometer can be observed in
the resulting anhydride-CER system and IPNs sys-
tem subjected to the external electric field during
their curing stages.
These microstructures obtained by the electric

field treatment method can result in the modification
of thermal and dielectric properties for the cured
epoxy systems. The electric field treatment during
the curing process of an epoxy system can increase
significantly the dielectric breakdown strength of the
cured epoxy insulation system and at the same time
reduce its dielectric permittivity and loss without
any additive economic investment, which is of great
practical significance.
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