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ABSTRACT

The conductive path formed by carbon nanotube (CNT) in polymer matrix is one of
the most attractive topics for developing multifunctional nanocomposites. In this
study we studied the evolution of conductive paths and interactions in the interfacial
regions in epoxy based composites reinforced by urchin-like hybrid of CNTs and
alumina microparticles (nAl,O3). A homogeneous dispersion of CNTSs in the epoxy
matrix was achieved thanks to the core-shell structures of CNTs-pAl,O3 hybrids,
resulting in interpenetrated epoxy’s cross-linking network which strongly bonded
with CNTs. Furthermore, thermal treatments at different temperatures around glass
transition temperature (Tg) were conducted under vacuum condition on composites
near percolation threshold. It was found that the dielectric behavior and the Tg were
shifted in spite of constant CNT’s mass fraction used. This was mainly due to the fact
that thermal treatment generated the adjustment of cross-linking network of epoxy,
and the distances between adjacent CNTs were reduced gradually. This study can
provide an insight into the evolution of conductive paths in the interfacial regions

from a more straightforward perspective.


mailto:jinbo.bai@ecp.fr
mailto:delong.he@ecp.fr

INTRODUCTION

The addition of carbon nanotube (CNT) enables to induce fundamental changes from
insulation to semi-conductivity for polymer matrix composites when the volume of
CNTs (fent) IS approaching to the vicinity value, known as the percolation threshold
(f). ™2 This transition depends on the evolution of conductive paths in the composite.
On the one hand, from the perspective of interfacial polarization, the dielectric
performances of wide frequency ranges can effectively detect the evolution of
conductive paths since polarizations at different frequencies enable to provide
information for molecular motions and structural changes. Especially at low
frequency, the significant increase of dielectric permittivity (¢’) is attributed to the
strong interfacial polarization aroused by tunneling effect in the polymer interface
between two adjacent CNTs. B On the other hand, from the perspective of
interaction between CNTs and polymer matrix, conductive network is associated with
the polymer chain dynamic at the interface region between CNTs and matrix which
can be characterized by the glass transition temperatures (Tg). 7 The shift of Tg
between neat polymer and polymer matrix in the composite can illustrate the
dispersion state of CNTs and the mobility of the polymer in interfacial regions. The
shift to a higher temperature usually infers an “attractive” interfaces while to a lower
temperature infers a “repulsive” one. The change of magnitude of Tg depends on the
thickness of interface, the interparticle spacing and the friction of CNT and polymer
in the interface, etc. [ Therefore, combining dielectric properties and glass transitions
of the composite near f. can provide more interesting and useful details for better
understanding the evolution of conductive paths in the composites and the interaction
in the interfacial regions.

Actually, the study of conductive paths formed by CNTs and their interfacial
interactions has always been attractive which appeals huge amounts of research works.
[2-4. 8101 Most of them have been focused on the property’s dependence of CNT’s
content in the various polymer matrices. This is the commonest and most direct way,
which provides numerous classical conclusions and fruitful experiences for guiding

practical applications, % but a shortage of this way has to be pointed out is that as



CNT’s content increasing, the system becomes more uncontrolled and difficult due to
unavoidable influences from processing and the agglomerations of CNTs. Another
kind of study is from the aspect of CNT’s surface modification and different interface
creations by surfactants and grafting other polymers with short chains. 2 However,
this way introduces multi-interfaces besides the original CNT-polymer matrix one,
which makes the discussion and analysis become more complicated and various.
Hence, the discussion on the evolution of CNT’s conductive paths from a simple and
physical perspective, namely, fixing CNT’s content but adjusting the conductive paths
in the matrix by the external stimulation can be more reliable and straightforward.

Our previous studies have reported that when the CNTSs reinforced polymer composite
approaches to f., the dielectric property is sensitive to the thermal treatment. *3*°!
Thus, we take advantage of this sensitivity of dielectric behavior and design suitable
thermal treatments based on polymer matrix’s glass transition to study the evolution
of CNT’s conductive paths. The polymer matrix we used in this study is epoxy, which
is widely-used in industrial manufactory. The cross-linking nature of epoxy has an
advantage compared with linear polymers that it will shrink itself after thermal
treatments. *®! This feature makes epoxy matrix composite an ideal candidate because
CNT’s conductive paths can be altered directly by tailoring matrix’s structure. But a
basic requirement has to be met is to establish a well-dispersed CNT’s network which
can interpenetrate with epoxy’s cross-linking structure so that the interaction between
CNTs and epoxy can be mutually affected. Hence, in order to achieve a
well-dispersed CNT’s network in the epoxy matrix, a kind of hybrids with a urchin
structure is synthesized by chemical vapor deposition (CVD) where Al,O3 particles is
as the core and CNTs grow outsides as the shell. *7 8 Carried by Al,O; particles,
CNTs can be dispersed homogeneously which makes the f. of the composite at a low
level and remains epoxy matrix’s mechanical property. Therefore, in the following
parts, by detecting and comparing dielectric and viscoelastic behaviors of the
composite before and after annealing treatment, the evolution of CNT’s conductive
paths and the interaction in the interfacial region will be discussed from both

experimental and theoretical aspects.



EXPERIMENTAL

Materials and methods

Spherical alumina microparticles (Al,O3) with the diameter ranging from 1 to 10 pum
marked as pAl,O3; (u means micrometer scale) were purchased from Performance
Ceramic Company (Peninsula, OH, USA). Xylene and ferrocene were purchased from
Sigma Aldrich. Epoxy resin (1080S) and curing agent (1084) were purchased from
Resoltech Ltd., France.

The synthesis of urchin-like CNTs-uAl,O3 hybrids was carried out by CVD in a
quartz tube reactor heated by an electrical resistance furnace (CARBOLITE®), as
reported in reference. ™ The CNT’s weight fraction in the CNTs-pAl,05 hybrids is
20% measured by a thermal analyser (NETZSCH STA 449 F3) from 30 to 700 °C. N,
and O, flow rates are 60 : 60 ml/min and the heat rate is 20 °C/min.

The CNTs-pAl,Oz/epoxy composites were processed as follows. First, the hybrids
with a calculated amount were mixed with epoxy resin by a three-roll mill (EXAKT
80, Germany). Afterwards, the curing agent was added to the collected suspension at
mass ratio of 1/3 to the epoxy resin by manually mixing to obtain a homogeneous
suspension. After degassing for 30 min at room temperature in a vacuum oven, the
mixture was poured into an aluminum mold with dumbbell-shape which was 1 mm in
thickness, 50 mm in length and 4 mm in gage width. Curing is in the oven of 60 °C
for 15 h. The densities for CNT, Al,O3 and epoxy for the calculation of volume
fractions are 2.00, 3.69 and 1.14 g/cm?®, respectively. We mark the composite as the
form of CNTs-pAl,Os/epoxy-x%, and X% means with the weight fraction of CNTSs in
the composite. The concrete contents involving weight fractions of CNTs-pAl,Ozand

1Al,O3 and their volume fractions of CNTSs are presented in Table 1.

Table 1 The Weight Fractions for CNTs-pAl,O3, pAlL,O3 in the Composites And

the Relatively Volume Fractions of CNTs in the Composites

Sam P le Number WtCNTS-pAlZOE (Wt%) thA1203 (Wt%) fCNTs (VO | %)




CNTs-pAl,Oz/epoxy-0.1%, 0.5 04 0.06

CNTs-pAl,Oz/epoxy-0.3% 1.5 1.2 0.2
CNTs-pAl,Oz/epoxy-0.5% 25 2 0.3
CNTs-pAl,Ox/epoxy-1% 5 4 0.6

Characterizations

The morphology characterization for CNTs-uAl,O3 hybrids and the fracture surface of
CNTs-pAl,Os/epoxy were conducted by scanning electron microscope (SEM) (LEO
Gemini 530). The composites were broken after impregnated in liquid nitrogen for 5
min in order to keep their original matrix states, and the fractured surfaces were
coated by a thin layer of gold to increase the samples’ surface conductivity.

Dynamic mechanical analysis (DMA) for samples of epoxy and composites were
conducted in tension mood by Netzsch DMA 242C. The measurement was conducted
from 30 °C to 150 °C and with a heating rate of 2 °C/min at 1 Hz. The size of the

sample for the measurement was 10 mm x 6 mm x 1 mm. The loss tangent for the
modulus is defined as tan 0 = i—, (91 \where E’ and E” correspond to the real and

imaginary parts of the storage modulus E, respectively.

The dielectric properties of composites were characterized as a function of frequency
by an impedance analyzer (Solartron 1260) at room temperature (25 °C) from 50 Hz
to 10’ Hz. The sample’s size for the measurement was 10 mm x 10 mm x 1 mm.
Before the measurement, silver pastes were applied on both sides of the sample for
reducing contacting resistance. The samples are considered as plane capacitors and
described by parallel resistor-capacitor (RC) circuit systems. The complex dielectric
permittivity (¢") is calculated as follows % ¢* = ¢' — j&', where &> and €” correspond

to the real and imaginary parts of the complex g, respectively. o = 2znf is the angular
1
frequency, and j = (—1)z , imaginary unit. The dielectric loss tangent (tand) is

defined as tan & = ‘Z—



RESULTS AND DISCUSSION

Morphology Characterization for the Hybrids And the Composite

The morphology of urchin-like CNTs-pAl,O3 hybrids is presented in Figure 1. As
shown in Figure 1 (a), a specific urchin-like structure is observed for CNTs-uAl,O3
hybrids where Al,O3 particles are as the core and CNTs grow outside as the shell.
Figure 1 (b) shows that the diameter range of CNTs is from 50 to 80 nm and the

length range is about tens micrometers.

() (b)
Figure 1. SEM images for the morphology of urchin-like CNTs-pAl,03 hybrids

The SEM images for the fracture surface of CNTs-uAl,Os/epoxy-1% are presented in
Figure 2. It can be found in Figure 2 (a) that the original structures of
CNTs-uAlOs/epoxy are partly destroyed after blended by three-roll machine but
fortunately, there are still some CNTs remained on the surface of Al,O3 particles in the
composite. Meanwhile, CNTs and Al,O3 are dispersed in a relative compatible state
where they are not separated by the individual agglomerate, which supports the
formation of the interpenetrated structure with epoxy cross-linking network. This
good dispersion is attributed to CNTs-pAl,O3 hybrid’s structure where CNTSs array
individually on Al,O3 carriers at first rather than in an initial entangled mode when
incorporated into epoxy resin. After blending, such a core-shell structure of hybrids
helps CNTs to detach from the carriers and be dispersed into the matrix in a more

homogeneous state. Moreover, the addition of hybrids does not destroy the epoxy



matrix as there are no obvious voids and defects observed in fracture surface. Besides,
as shown in Figure 2 (b), there is an epoxy coating layer outside the CNT which
indicates that blending processing may enable to form a polymeric interface layer
wrapped around the CNT. This provides the evidence for the existence of CNT-epoxy

micro-capacitors in the composite which we will discuss in the dielectric part.

(a) (b)
Figure 2. (a) Fracture SEM image of CNTs-pAl,Os/epoxy-1%. (b) The morphology

of epoxy layer coating on CNT’s surface.

Frequency Dependence of Dielectric Properties of Composites Before Thermal
Treatment

The frequency dependence of dielectric property for the composites with different
weight fractions of hybrids before thermal treatment is presented in Figure 3. The
dielectric properties of composites show strong dependence on tested frequency and
CNT’s content especially at low frequency range (10%-10* Hz). A dramatic increase in
both ¢’ and tan & can be observed for the sample of CNTs-pAl,Os/epoxy-1%. This
can be explained by the classical percolation theory aforementioned. In our system,
when CNT’s content is low (less than 1% weight fraction), the epoxy layer isolates
the conductive CNTs and the effective conductive paths of micro-capacitors fail to
form, which makes ¢’ at the low level. However, when fcnt iS approaching to the f,
each micro-capacitor is well correlated with the significant increase in the intensity of
the local electric field. This usually generates the surface plasma resonance or charges

injection at the CNT-epoxy matrix interfaces which promotes the migration and



accumulation of the charge carriers and consequently cause the interfacial
polarization. The shift of peaks of tan & at higher frequency as CNT’s contents
increasing in the inset graph can also give the evidence for the strong interfacial
polarization at low frequency. As we mentioned previously, the dielectric property is
very sensitive when the content of CNTSs is approaching to f. which can be a good
candidate for studying the evolution of conductive paths and the interaction between
CNTs and polymer matrix. Hence, we take advantage of this feature and using
thermal treatments on the sample of CNTs-uAl,Os/epoxy-1% based on the results

from DMA to compare the change of dielectric properties between before and after.
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Figure 3. Frequency dependence of dielectric property for the composites with
different hybrids content before thermal treatment. The larger one is for ¢’ and the

insert one is for tan 9.

Influences of Thermal Treatment on Glass Transitions for the Epoxy And
CNTs-pAl,Os/epoxy-1%

The measurement of viscoelasticity in a temperature’s range from 30 to 150 °C for
both epoxy and CNTs-pAl,Os/epoxy-1% are conducted by DMA and the results are
presented in Figure 4 (a) and (b), respectively. Before the discussion, the thermal

treatment procedure is explained firstly as follows: the sample is annealed at the set



temperature for 1 h and then cooling to the room temperature naturally. Three
annealing temperatures are 100, 120 and 140 °C, respectively. Each thermal treatment

and DMA measurement is conducted after the sample cooling to the room

temperature.
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Figure 4. DMA curves for the epoxy (a) and the CNTs-pAl,Os/epoxy-1% (b)



At first, we discuss the storage modulus (E’) of epoxy and the composite which are
shown in the left y axis in the two graphs of Figure 4. Before the thermal treatment as
shown in the black curves, E’ of the composite is a bit higher than that of the epoxy
which is attributed to the reinforcement of hybrids. Moreover, after each time’s
thermal treatment, the plateaus of E’ for both epoxy and composite prolong to higher
temperature which infers stronger attraction between the cross-linking epoxy and
hybrids after thermal treatments. It is known that epoxies cure through an
auto-catalytic process. The curing condition used for preparing samples is 60 °C and
15 h. But curing process actually does not stop once the temperature is high enough to
stimulate the remaining reactive sites. The annealing treatment happens to provide
sufficient kinetic energy to quickly initiate chemical reactions at even the most
hindered locations and give the molecules enough mobility to fill the network which
consequently strengthens materials with higher storage modules at higher
temperatures. Thus, a more fully formed cross-linking network helps to keep E’ and
prolong the plateau of E’ to higher temperature. Besides, the dependence of
temperature on the tan 0 peaks for these two samples shown in the right y axis also
have shifts to higher temperatures depending on different annealing temperatures. The
peak of tan 6 demonstrates an important index, Tg, which can evaluate the polymer
chains’ mobility at interfacial region in the composite. We list the Tg and the
magnitude of tan 6 according to the curves in figure 4 (b) in the Table 2 for comparing
the influence of thermal treatment on the interaction between hybrids and epoxy

cross-linking network.

Table 2 Values of Tg And Tan 0 of Epoxy And CNTs-pAl,Os/epoxy-1%

Epoxy CNTs-nAl,Os/epoxy-1%
Tg (°C) tan 0 Tg (°C) tan @
Before 113.1 0.554 115.5 0.485
After 100 °C 123.9 0.544 126.4 0.472

After 120 °C 128.4 0.503 130.9 0.432




After 140 °C 130.3 0.482 130.0 0.436

Comparing the values in Table 2, it can be found that in each raw, the Tg and the
magnitudes of tan 6 do not change much between the neat epoxy and
CNTs-uAlOs/epoxy-1% even after each time’s thermal treatment. It may be
attributed that the content of hybrids inclusion is not high enough to change epoxy
matrix’s viscoelastic property thoroughly. However, if comparing the data in each
column of the table, it can be found that after each time’s thermal treatment, the Tg of
both epoxy and composite shifts to a higher temperature until being stable after the
third annealing. Two primary factors mainly affect Tg’s shift of the polymer matrix in
a composite: the modified mobility of the polymer in the interfacial region and the
dispersion state of the fillers. Concretely, the mobility of the polymer in the interfacial
region reflects the interaction between the filler and the matrix. Thus a higher Tg after
annealing at higher temperatures similarly infers a better interfacial adhesion between
hybrids and epoxy due to the more fully cross-linking. Meanwhile, a bit decrease of
magnitude of tan 6 after thermal treatments demonstrates that a lower damping in the
epoxy and less viscous loss during the chains mobility.

In order to derive semi-quantitative analysis related to the cross-linking network of
epoxy, a procedure of the peak fitting for the curves of the temperature dependence on
tan 0 is followed. The Lorentz peak is assigned to fit the peak of tan 6 by Origin’s
fitting routines. The peak factor, I', assessing the homogeneity of epoxy network, is
defined as the full width at half maximum (FWHM) of the tan 6 peak divided by its
height (1). #*%2

T = FWIHM (1)

The calculated results of " for both epoxy and CNTs-pAl,Os/epoxy-1% are presented

in the Figure 5. Basically, the lower peak factor, the better homogeneity will be
achieved in the epoxy cross-linking network. #? As illustrated in Figure 5, after each
time’s thermal treatment, the homogeneity of cross-linking reduction proves a greater

degree of curing reaction occurring. However, differently from the neat epoxy, the



value of I for CNTs-uAl,Os/epoxy-1% increases after annealing at 120 °C while
finally decreases by the third annealing at 140 °C. The difference of I" caused by the
annealing comparing with the one for epoxy may infer a stability of the composite’s
viscoelastic behavior and this stability is possibly attributed to the good dispersion of
CNT by hybrids in the epoxy matrix which favors to form an interpenetrating network
to support the matrix’s cross-linking network. Furthermore, the residual stress from
the processing in the sample is also enough released after three times annealing which
enables to combine of CNT’s conductive network and epoxy cross-linking network in
a more stable state. Therefore, the study of the results measured by DMA for both
epoxy and CNTs-pAl,Os/epoxy-1% provides a tool to investigate the interaction
between hybrids and matrix from the viscoelastic perspective which helps to

understand the dielectric behaviors after thermal treatments in the following parts.

80; B cpoxy

0 _ -CNTs-pAlzos.’cpnxy-l“/a
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Figure 5. Peak factors calculated by fitting routine of the DMA measurement of the

epoxy and CNTs-pAl,Os/epoxy-1%

Influences of Thermal Treatment on Dielectric Behavior of the
CNTs-pAl,Os/epoxy-1% Composite
The dielectric properties of CNTs-uAl,Os/epoxy-1% composites are measured after

thermal treatments which is similar as the DMA measurement. The results of



frequency dependence of € and tan & are presented in Figure 6 and Table 3,
respectively. The thermal treatment brings an improvement on dielectric property of
CNTs-uAl,Os/epoxy-1%. After the first and second annealing at 100 °C and 120 °C as
shown in Table 3, the ¢’ has increased in the whole measured frequency. And if
continuing the third thermal treatment at 140 °C, the &’ of the composite will decrease
a bit and stabilize eventually. The increase of &’ after the thermal treatment is also
attributed to the shrinkage of epoxy’s cross-linking network which enables to
influence epoxy’s dipole polarization and the interfacial polarization occurring in the
interfacial region between CNTs and epoxy matrix aforementioned. On the one hand,
from the perspective of the polymer dipole polarization, annealing at a higher
temperature produces a greater degree of cross-linking which affects the relaxation of
epoxy'’s dipoles at high frequency. As a denser network forming, the dipoles of epoxy
will mutually affect in an easy mode which favors to arouse the resonance and
polarization. But once the cross-linking becoming over dense, the movement of
dipoles is restricted by the stiff network and then makes the decrease of €’. As listed in
Table 3, the change that ¢’ at 10° Hz increases after the first two thermal treatments
and then decreases after the third one well indicates the influence of epoxy
cross-linking network on epoxy’s dipole polarization.

On the other hand, from the perspective of interfacial polarization, this denser
structure may induce the shrinkage of the interface layer between two adjacent CNTs
so that decreases the tunneling barriers of the electrons which consequently
strengthens interfacial polarization and increases €’ at low frequency. Thus, the values
of ¢ increase after the first and second thermal treatment. However, it is known that
the sample’s sensitivity to the thermal treatment is also influenced by its percolation
behavior. Once the shrinkage of epoxy’s cross-linking becomes over dense, it will also
possibly cause the departure of CNTs from other agglomerates and weaken the
interfacial polarization. As a result, after the third thermal treatment, the ¢’ of the
sample reduces a bit but the decrease is not much since the existence of p-Al,O3
particles can support the conductive paths in the epoxy. The shifting of the peak of tan

d in the inset graph of Figure 6 to higher frequency also infers a stronger interfacial



polarization aroused after three thermal treatments. Although the flexibility of epoxy
chains becomes less due to forming denser network, but the decrease of the distance
between two neighboring CNTs makes interfacial polarization easy to occur and catch
up with a higher frequency. Thus, the degree of cross-linking increased by thermal
treatments will influence the evolution of CNT’s conductive paths and interaction
between CNTs and epoxy which consequently affect the dielectric behavior of the
composite. We use a schematic in Figure 7 to have a brief summary of this influence
caused by the interpenetrated network of hybrids in the epoxy cross-linking network

of epoxy.
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Figure 6. Frequency dependence of dielectric properties for CNTs-pAl,Os/epoxy-1%.

The inset one is for tan & and the big one is for ¢’.

Table 3 Dielectric Property of CNTs-pAl,Os/epoxy-1%

At 100 Hz At 10° Hz
g tano g tano
Before 265.9 2.43 12.43 0.14
After 100 °C 381.0 3.44 14.65 0.16
After 120 °C 533.4 2.92 15.67 0.17

After 140 °C 503.0 1.83 12.50 0.17
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Figure 7. Schematic figure of the evolution of CNT’s conductive paths after three
thermal treatments in the sample of CNTs-pAl,Os/epoxy with 1% weight fraction of

CNT

The calculation works based on the combination of the tunneling model with the
Reciprocity mixing model is done to illustrate the change of the distance between two
adjacent CNTs more directly. ** 2" According to the percolation theory, the electrical
conduction of CNT in the polymer matrix composite is primarily governed by the
tunneling of electrons through gaps between adjacent CNTs before f.. The tunneling
resistance and tunneling conductivity of a CNT’s pair with polymer interface between

can be approximated by

o

Re=2-d-exp(B-d) (2)
h2 4n
0= Py vemh

where m is the mass of an electron, e is the elementary charge, h is Planck’s constant,
d is the distance between CNTSs, A is the cross-sectional area of the junction and A is
the tunneling energy barrier height (Epoxy is 1.5 eV), 2> 2! respectively. If we use AC

conductivity (oy) at 100 Hz to estimate, the equation will change into:

~=qa-exp(B-d) (3)

t



In the case of the CNTs-pAl,O3 hybrids, the conductivity is made by two parts which
is schematic in the left above part of Figure 8: one is CNT’s conductivity and the
other is the conductivity of tunneling effect in an effective distance. We use the series

model for the conductivity of CNTs-pA1,O3 hybrids.

1-¢ ¢ 4—
OCNTs-pAl203 = [G—t + GCNT] )

Where oents-paros 1S the conductivity of CNTs-pAlLOs, o is the tunneling conductivity
and ocnrt IS the conductivity of CNT (104 S/m), respectively. o is the ratio of ocnt and
ocNTs-uako:  (2/3 is used for the calculation). Similarly, in the case of
CNTs-pAl,Os/epoxy, the conductivity is also made of two parts: one is the
conductivity of CNTs-uAl,03, and the other is conductivity of epoxy. The Reciprocity
mixing model ! is employed for estimating the electrical conductivity of the

composite with the random filler’s inclusion.

Sepoxy
i 14+( [——— ——-Dfcnr
Ocomposite __ OCNTs-pAl203 (5)

Gepoxy 1+( "CNTs—pAlZOS_I)fCNT
Sepoxy

Where Geomposite and  Gepoxy are the AC conductivity measured at 100 Hz. The
calculated results of the distance’s change for before and after thermal treatments are
plotted in Figure 8. If we compare data among before and after thermal treatments, we
can find that the decrease in distances is around 2 A in the whole process which is in
agreement with other reports. ** 2"} This decrease is an average value since the
complicated cases including various locations of CNTs, overlapping area at the
CNT-CNT junction, CNT’s diameter, the thickness of epoxy layer between adjacent
CNTs and Al;O3’s influence are not considered. But as we have mentioned before, the
distance between neighboring CNTs is dependent on the epoxy’s cross-linking
network. An effective shrinkage of cross-linking network due to the annealing will
strengthen the interfacial polarization by tunneling effect and then improve and

stabilize the dielectric property of the sample near f.
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Figure 8. Results of calculating by the tunneling model and the Reciprocity model.

The inset schematic is the CNT’s pair with a tunneling gap between.

CONCLUSION

The altering of conductive paths and the interaction in the interfacial region between
CNT and epoxy’s cross-linking are key factors for understanding the improvement of
dielectric property after thermal treatments. By the effective shrinkage of the epoxy
cross-linking network after annealing at the certain temperature, we can observe the
evolution of CNT’s conductive paths in the composite with a fixed CNT’s content. At
low frequency of dielectric spectrum, this shrinkage enables to induce tunneling effect
and consequently strengthen the interfacial polarization. At high frequency, this
shrinkage favors to affect the relaxation of epoxy chains and then reinforce the dipole
polarization. Moreover, with the support of hybrid’s interpenetrating with epoxy even
the cross-linking becomes dense, the dielectric property of composites will still be

stabilized at a high level.
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