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A brand new phenomenon, namely, electrical conduction via soliton-like ultra fast space charge pulses, recently identified in
unfilled cross-linked polyethylene, is shown for the first time to occur in insulating polymer nanocomposites and its characteristics
correlated with the electromechanical properties of nanostructured materials. These charge pulses are observed to cross the
insulation under low electrical field in epoxy-based nanocomposites containing nanosilica particles with relative weights of 1%,
5%, 10%, and 20% at speeds orders of magnitude higher than those expected for carriers in insulating polymers. The characteristics
of mobility, magnitude and repetition rate for both positive and negative charge pulses are studied in relation to nanofiller
concentration. The results show that the ultra fast charge pulses (packets) are affected significantly by the concentration of
nanoparticles. An explanation is presented in terms of a new conduction mechanism where the mechanical properties of the
polymer and movement of polymer chains play an important role in the injection and transport of charge in the form of pulses.
Here, the charge transport is not controlled by traps. Instead, it is driven by the contribution of polarization and the resultant
electromechanical compression, which is substantially affected by the introduction of nanoparticles into the base polymer.

1. Introduction

Insulating polymers are a category of organic materi-
als widely used in electrical apparatus, exhibiting low
charge carrier concentration and mobility (usually 1071—
107 m?2V-1s7!), thus low electrical conductivity, even at
high fields [1]. Carriers in insulating polymers are intro-
duced by impurities and contaminants, as well as by charges
injected from the electrode-insulation interface. When the
electrical field applied to the polymer is higher than the
threshold for space charge accumulation, charge would be
injected into the bulk material from the interface of polymer-
electrode and accumulate [2-4], forming homocharge or
heterocharge. Based on this traditional conduction mech-
anism, the current is a continuous flow of carriers, which
gradually approaches a steady state value at a given time after
the onset of voltage application.

Recently, a brand new phenomenon of charge transport
was discovered in some insulating polymers (e.g., minicable
with polyethylene insulation [5, 6] and nanostructured
epoxy-based material [7]) at relatively low electrical fields,
through the use of an ultra fast space charge acquisition
system and a conduction current measurement apparatus
endowed of low-pass filter [8]. Charge pulses (packets) are
observed to travel very rapidly through the insulation bulk
with mobility 4 to 5 orders of magnitude higher than that
for conventional conduction. These repetitive charge packets
have magnitudes that are almost independent of field and
temperature and do not show appreciable pulse distortion
and attenuation during transit, thus behaving as solitons.
Such a mechanism should be, therefore, different from that
responsible for traditional charge transportation by hopping
through localized states (traps). Previous research work
has indicated that this new conduction mechanism could


mailto:xumman@mail.xjtu.edu.cn

2
TaBLE 1: Specimen description.

Specimen Weight percentage of Nano-SiO; in epoxy resin
No. 0 0%

No. 1 1%

No. 5 5%

No. 10 10%

No. 20 20%

be associated with the electromechanical compression of
the polymer and polarization mode. It is known that the
morphology of a polymer can be modified by nanofillers
(e.g., nanoparticles, nanowires, and nanolayers), due to the
large interface interaction (surface to volume ratio) [9], so
that the mechanical, thermal, and electrical properties of the
polymer could be affected significantly by the introduction
of nanofillers [10, 11].

Here, we report evidence for the presence of such soliton-
like ultra fast space charge packets in epoxy-based nanocom-
posites. The relationship between polymer structure and me-
chanical property is discussed, and the influence of nano-
particles on the characteristics of the ultra fast charge pulses
is investigated in order to determine whether the relation-
ship expected of a mechanism based on electromechanical
compression is viable. The experimental results show that
the mechanical properties of the nanocomposite material do
indeed affect the ultra fast charge packet conduction to a
great extent.

2. Experiments

2.1. Materials. Flat specimens of pure epoxy resin and nano-
filled composites were prepared. The base epoxy resin (bis-
phenol A) and the nanocomposites were cured by anhydride
hardener with flexibilizer (20 wt%). The specimens were
Imm in thickness. The diameter of the filling particles,
nanosilica (SiO,), was about 25 nm with a density of 2.1 X
10* kgm~3. The description of the specimens is reported in
Table 1.

Epoxy resin and nano-SiO, (Nanopox masterbatch) were
mixed for 5 to 10 minutes at 65°C with four blades stainless
steel propeller at the speed of 240 r/min. The hardener was
added and mixed under the same conditions for another 15
minutes. In the end, the cure accelerator was added into the
mixture. The mixture was degassed at about 200 Pa pressure
at 65°C. Casting was performed into preheated stainless steel
moulds. After casting, degassing was performed once again
to remove any air bubbles created during the casting process.
Curing was carried out at 80°C for 4 hours and postcuring
was performed at 120°C for 10. The casting parameters used
in sample preparation follow procedures recommended by
epoxy manufacturers within the permitted range.

2.2. Test Device. Structure of the specimen (nanoparticle
dispersion) was observed by Scanning Electron Microscope
(SEM) EL20 produced by FEI corporation. The specimen
was broken in liquid nitrogen and metallized on the fracture
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section for observation. Space charge accumulation was
investigated through the Pulsed Electro Acoustic (PEA)
technique. The measurements were performed under the
electrical field of 10kVmm™"' and a temperature of 70°C.
The ultra fast charge packets were recorded by means of
Digital Signal Averager, which can acquire, average, and
store PEA signals at a very high rate (up to several MHz).
Therefore, the space charge profiles were recorded every
0.02s, each profile being an average of 100 acquired PEA
signals.

3. Results and Discussion

The dimension and dispersion of nanoparticles in epoxy
resin are shown in Figure 1. The observed specimen is no. 10
(10% of nanoparticles). It could be seen that nanoparticles
are dispersed evenly in the base polymer with the average
diameter less than 80 nm. The interface of nanoparticles and
base polymer is not very clear which indicates the particles
are coated well by the polymer chains. The abundant micro-
topography in the fracture section presents the ductile
rupture of the specimen. This kind of structure is beneficial
to the improvement of mechanical property.

The space charge patterns of pure and nanofilled com-
posites during the first 30 seconds of polarization are shown
in Figure 2. The polarity of charge is indicated by different
colors, that is, cold colors for negative charge (e.g., black,
blue, purple) and warm colors for positive charge (e.g.,
red, vellow, green). Hence, the distribution, density, and
dynamic of the charge can be found in the figure reporting
the charge pattern. Heterocharge was accumulated at the
electrodes of opposite polarity in all the specimens within the
first few seconds of polarization (4~10s). This phenomenon
is associated with the injection of charge pulses at one
electrode, which then cross the bulk insulation at high speed
and accumulate at the counterelectrode interface due to a
delay in charge extraction.

The existence of ultra fast space charge pulses is evi-
denced in specimen no. 0 (the pure Epoxy resin) by the
evolution of charge profiles, shown in Figure 3, Figures 3(a)—
3(c) for the positive charge and Figures 3(d)-3(f) for the
negative charge. The charge pulse (packet) is labeled by a
circle. At time t = 0s, the charge pulse appears near one
electrode and begins to move towards the counterelectrode.
The relative time is indicated on the top of each profile to
highlight the transport velocity of each charge packet. It
can be seen that positive charge pulses move slower than
negative pulses. In pure epoxy resin it takes about 0.08 s and
0.06s to cross through the bulk insulation (1 mm thick) for
positive and negative fast charge packet respectively. It can
be seen also that the shape of the charge pulse does not
change appreciable, as a function of traveling time. Ultra fast
space charge profiles obtained under the same measurement
conditions for specimens nos. 1, 5, 10, and 20 containing
nanoparticles are depicted in Figures 4 to 7. All the fast
charge pulses have similar features to those detected in
pure epoxy resin, that is, the shape of the charge profile
does not change and the pulse mobility remains constant
during transit of the bulk insulation. However, the transit
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FiGure 1: SEM image of nanocomposite (specimen no. 10, xX50000).
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FIGURE 2: Charge patterns of specimens in the first 30 seconds of polarization. (a) No. 0, (b) no. 1, (c) no. 5, (d) no. 10, and (e) no. 20.
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F1GURE 3: Evolution of charge profiles in specimen no. 0 under an electrical field of 10 kV/mm

pulse (a)—(c) and negative charge pulse (d)—(f).

8
61 t=0s
P %
* 2 *
2 oo )
£ —2 -
£ £
s 4 &)
-6
-8
0 02 04 06 038 1
Thickness (mm)
(a)
6
4 =0s .
T 2 T
g E
0 S
% B
< 74 <
S 5
-6
-8
-02 0 02 04 06 0.8 1
Thickness (mm)
(d)

10

8 t=0.06s

6

4

2

0

-2

-4

-6

-02 0 02 04 06 08
Thickness (mm)
(b)

02 04 0.6
Thickness (mm)

(e)

0.8

0 0.2 0.4 0.6 0.8 1
Thickness (mm)
(b)

0 0.2

Thickness (mm)

(e)

04 06 038 1

Charge (C*m™3)

Charge (C*m™3)

Charge (C*m~3)

Charge (C*m™3)

Journal of Nanotechnology

0 02 04 06 08 1
Thickness (mm)
(0)
t =0.06s
0 02 04 06 08 1
Thickness (mm)
(f)

and temperature of 70°C for a positive charge

02 04 0.6

Thickness (mm)

(c)

0.8 1

02 04 06 038 1
Thickness (mm)
(f)

F1GURE 4: Evolution of charge profiles in specimen no. 1 under an electrical field of 10 kV/mm and temperature of 70°C for a positive charge
pulse (a)—(c) and a negative charge pulse (d)—(f).
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F1Gure 6: Evolution of charge profiles in specimen no. 10 under an electrical field of 10 kV/mm and temperature of 70°C for a positive
charge pulse (a)—(c) and a negative charge pulse (d)—(f).
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FiGure 7: Evolution of charge profiles in specimen no. 20 under an electrical field of 10 kV/mm and temperature of 70°C for a positive

charge pulse (a)—(c) and a negative charge pulse (d)—(f).

time in nanocomposites is longer than that in pure epoxy
resin. In particular, it takes 0.34 s and 0.14 s for positive and
negative charge pulses to cross the material containing 20%
nanoparticles compared to the 0.08s and 0.06 s of the pure
epoxy. These figures show clearly that the transport of
positive and negative charge pulses is affected significantly by
the presence of nanofillers.

The injection and transport of soliton-like charge pulses
in pure epoxy resin can be explained by considering the
effect of the electromechanical compression at the electrode-
insulation interface. Figure 8 shows a sketch explaining such
charge injection mechanism. According to Lewis et al. [12],
the applied electric field produces a precompression at the
electrode-polymer interface. A critical amount of charge,
AQ), needs to be available at the electrode-insulation interface
in order to create an extracompression of the polymer
chains against the electrode suitable for the charge AQ
to tunnel into the chain in the form of a charge layer.
After charge injection, the electric field decreases by AE,
leading the polymer chain to release, thus stopping further
charge injection while simultaneously carrying the layer of
charge into the polymer. Charge pulse transport occurs
through the polymer chain displacements produced by
electromechanical compression and electrical polarization at
the charged boundary AQ, AE, which bring polymer chains
close enough to allow for charge tunneling or the opening
up of free space [13], thereby allowing the coherent advance
of the charge layer. This mechanism allows the charge to be
injected as pulses of magnitude AQ and transported in the
bulk insulation [7, 8, 13] as a coherent unit that is, a charge
soliton.

The results obtained here for the pure epoxy resin are
different to those reported previously dealing with ultra fast
space charge transport in nanostructured epoxy-based mate-
rials [7]. In [7], ultra fast charge pulses could not be found
in the pure epoxy material unless an external compression
was applied. To understand the difference in behavior, two
aspects about the materials must be highlighted. On one
hand, the main chemical structures (shown in Figure 8) of
the two kinds of base epoxy resin are different. The epoxy
studied in the former paper is Aldrich cycloaliphatic-epoxy.
The typical chemical structure is summarized in Figure 9(a).
This is a kind of epoxy resin with short molecular chain and
rigid groups in the main chain, such as the ring structure

o

and ester bond (—COO-). The glass transition temperature
Ty is very high (usually higher than 200°C [14]). Hence,
molecular chains cannot move easily for lack of flexibility,
that is, it is difficult to compress the polymer as required
for the charge soliton mechanism. In contrast, the epoxy
resin studied here is a bisphenol A epoxy, see Figure 9(b),
which has longer polymer chains. There are several different
kinds of flexible bonds in the main chain, such as carbon-
carbon bonds (C-C) and ether bonds (—-O-), which will
provide more flexibility to the molecular chain. In addition,
the curing procedures of the two epoxy-based materials are
different. The epoxy resin studied previously is solidified by
means of radiation without hardener, according to which,
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the solidification of epoxy resin involved the ring-opening
reaction at the epoxide groups

CH,—CH—
(€]

of chains, cross-linked with each other. Therefore, the struc-
ture of the epoxy is tight and polymer chains are close to
each other. In the specimen investigated here, the epoxy
hardening system consists of hardener (Anhydride) and
20 wt% flexibilizer. The epoxy chains are connected by small
molecules. It is because of the presence of so many small
molecules dispersed in the polymer chains that there is
enough free volume for chains to move and change position,
so that the T, of this kind of epoxy resin is rather low (about
20°C). As mentioned above [13], it has been proposed that
the generation and transport of ultra fast charge pulses in
polymers is related to electromechanical compression and
movement of polymer chains undergoing the corresponding
relaxation process (e.g., § and y relaxation in polyethylene
(5, 6, 8]). Hence, the more flexible the molecular chain is,
the easier ultra fast charge pulses are generated.
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The different behavior of the two pure epoxy specimens,
that is, cycloaliphatic and bisphenol, the former in its glassy
state and the latter in its flexible state, lend support to the
proposed conduction mechanism in which electromechani-
cal compression, which may be influenced by the structure of
polymer, controls the ultra fast charge pulse conduction.

The mobility (¢) of charge packet can be calculated from

= (1)

where v is charge velocity (ms™!) and E is the average electri-
cal field (Vm™1).

An estimate of the velocity of a charge packet, v, can
be obtained from the charge profiles (e.g., Figures 3—7) and

used to calculate the mobility of both positive and negative
charge pulses in specimens acquired under the condition
of 10kVvmm~™! and 70°C, see Figure 10. It can be seen
that the mobility of the ultra fast charge pulses is in the
range of 107°-1071 m? V=1 571, which is much higher than
conventional charge mobility. In particular, the mobility is
5.6 X 1071m?V-!s7! for positive charge pulses and 9.1
x 10719 m? V-l s7! for negative charge pulses, respectively,
in the pure epoxy resin. The introduction of nanoparticles
into the base polymer causes the charge pulse mobility and
amplitude to decrease, the latter to 1/3—1/4 of its value in the
pure resin. It should also be noticed that the positive charge
pulse mobility decreases much more than that of negative
charge pulses when increasing the nanoparticle content in
the composite.

In [13] it was speculated that the positive solitons (charge
pulses) move by means of the single bond rotation (e.g., y-
mode in PE), which allows hole transfer to a neighboring
chain by reverse tunneling of electrons, which then travel a
distance by the subsequent chain displacement. In the case of
negative soliton (charge pulse) motion, it was suggested that
electron packets injected and trapped in free volume move
into neighboring free volume through an easy path produced
when the hindering chains are opened up by chain relaxation
(e.g., p-mode in PE). The different modes of motion of
positive and negative charge pulses result in a different charge
mobility and lack of superposition of positive and negative
pulses. When nanoparticles are added to the base polymer,
their large specific surface area and surface energy allows each
particle to act as a cross-link point in the polymer by means
of the physical absorption effect (H-bond) or chemical
bond (e.g., silane coupling agent) created between particle
surface and polymer chains. The chemical structure of cross-
linking in the polymer through nanoparticles is sketched in
Figure 11. Therefore, the cross-link degree of epoxy resin is
increased by the presence of nanoparticles. In other words,
the molecular chain movement and bond rotation in the
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polymer are all restricted by the presence of nanoparticles.
In this circumstance, it is more difficult, for example, for
positive charge pulses to tunnel into other chains or negative
charge pulses to move into neighboring free volume. Con-
sequently the mobility of both positive and negative charge
pulses should decrease as observed.

The charge pulse amplitude (Cm™2) is obtained as the
area of the pulse shown in Figure 3 to Figure 7, that is, it is
calculated as the integral of the charge volume density over
the pulse width. The resultat T = 70°Cand E = 10 kV mm™!
is plotted in Figure 12. Here it can be seen that the absolute
amplitudes of positive and negative charge pulses in pure
Epoxy resin are 2.88 x 107> Cm™2 and 3.58 x 107> Cm™2,
respectively, and that both positive and negative pulse
amplitudes decrease with rising nanoparticle concentration.
In particular, the amplitude in the nanocomposite with 20%
nanoparticles is only 37.0% and 38.5% of that relevant to
the pure material for positive and negative charge pulses
respectively.

Interestingly, the influence of nanoparticles on amplitude
and mobility of ultra fast charge shows a similar trend to
that found for conventional (slow) high-field space charge
packets. It is reported that both the amount of charge and
mobility in MgO/LDPE nanocomposite decrease with nano-
filler content, which is considered that the trapping effect of
the injected charge by MgO nanofiller may hinder the space
charge injection and charge transport in polymer [15].

The number of electronic charges contained in one fast
charge pulse can be calculated by multiplying the pulse
charge amplitude (Cm™2) by the area of the PEA electrode
and dividing by the charge quantity of an electron (1.6 X
1071 C). The results are listed in Table 2, which shows that
there are more than 10'> charges in one pulse injected
from the electrodes in the case of the pure polymer with
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TasLE 2: Number of electronic charges per fast packet.

. Number of charge/(x10'*)
Specimen . .
Positive charge Negative charge

No. 0 14.1 17.6
No. 1 9.8 13.2
No. 5 8.9 10.5
No. 10 7.0 8.7
No. 20 5.2 6.8

the amount decreasing monotonically with the increase in
concentration of nanoparticles in the composite. This shows
that the number of electronic charges per pulse injected
into insulating polymer is reduced by the presence of nano-
particles.

The charge repetition rate (RR) was estimated from the
space charge patterns (Figure 2). As an example, Figure 13
shows an enlargement of the regions near the anode (a)
and near the cathode (b) in Figure 2(a) in order to estimate
the charge repetition rate (the charge pulses are labeled by
circles). It can be seen clearly from Figure 13(a) that several
positive and negative charge packets are injected into the
insulating bulk. There are 20 positive and 24 negative charge
packets injected into the material in 100 acquisition files,
respectively, that is, about 2 s (the acquisition time is set to
be 0.02 s for obtaining one charge profile). Hence, the charge
packet repetition rate for positive (RR") and negative charge
(RR7) could be calculated as

20

+_ _ -1
RR" = 100 x0.02 = 1067
24 (2)
RR = — 2%y (s,
100 x 0.02

Therefore, 10 positive and 12 negative fast charge packets
are injected into pure polymer in one second, which is a
higher rate than that observed in XLPE [6]. Figure 14 shows
the repetition rates of the nanofilled composites counted in
the same way as for specimen no. 0. As can be seen the
repetition rate reduces when nanoparticles are added into
the material. In [13], it was suggested that the repetition rate
was governed by the replenishment of the charge reservoir at
the electrode-polymer interface to the level AQ at which it
is capable of initiating pulse injection. The reduction of RR
with increasing nanofiller content may, therefore, be due to
the modification of the electrode-polymer interface caused
by the presence of nanofiller.

It must be emphasized again that this new conduction
phenomena occurs under relatively low electrical fields, that
is, close to the operating field for electrical equipment, and
has a fundamental interaction with the electromechanical
property of the insulating polymer, thus with its structural
characteristics. Therefore, it might be possible to apply it
to the online diagnosis of insulation ageing in electrical
equipment, as well as an indication of the proper nanofiller
concentration to achieve specific electromechanical charac-
teristics.

Journal of Nanotechnology

4. Conclusions

Ultra fast space charge pulses have been observed in flexible
pure epoxy resin and epoxy-based nanocomposites. The
characteristics of these ultra fast charge pulses, that is, mobil-
ity, amplitude, and repetition rate, are affected significantly
by the concentration of nanoparticles, for both positive and
negative charge pulses. Such phenomena can be explained by
a new conduction mechanism associated with the chemical
structure and electrical/mechanical properties of an insulat-
ing polymer, which can be modified by nanoparticles. The
effects of the nanoparticles are regarded as changing the
mechanical properties by increasing cross-link degree and
chain stiffness. This gives further support to the contention
that the mechanism of the ultra fast soliton transport
is governed by the electromechanical compression of an
insulating material.
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