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Abstract. Four kinds of nanosilica particles with different surface modification were employed to fabricate low-density
polyethylene (LDPE) composites using melt mixing and hot molding methods. The surface chemistry of modified nanosil-
ica was analyzed by X-ray photoelectron spectroscopy. All silica nanoparticles were found to suppress the space charge
injection and accumulation, increase the volume resistivity, decrease the permittivity and dielectric loss factor at low fre-
quencies, and decrease the dielectric breakdown strength of the LDPE polymers. The modified nanoparticles, in general,
showed better dielectric properties than the unmodified ones. It was found that the carrier mobility, calculated from J-V
curves using the Mott-Gurney equation, was much lower for the nanocomposites than for the neat LDPE.
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1. Introduction

Polymer nanocomposites have recently drawn great
attention of scientists [ 1-3]. Research has shown that
nanofillers can improve the dielectric breakdown
strength [4], enhance the voltage endurance [5],
depress the space charge formation [6] and weaken
the partial discharge degradation [7] of the pristine
polymers more significantly than the micro-sized
fillers. These improvements are of importance to
electrical insulation applications and shed light on
further advancement in dielectric materials [8].

The dispersion of nanoparticles in the polymer matrix
[11, 12] and the property of the interface between
nanoparticle and polymer are regarded as key fac-
tors affecting the electric insulating properties of
nanocomposites [13, 14]. The interaction zone around
nanoparticles can be considered as a ‘quasi-conduc-
tive’ region that partially overlaps in the nanocom-
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posites, as proposed by Lewis [15]; they describe the
interface as the pathway, charge would be trans-
ferred between a metal electrode and a dielectric
phase, which can even control the conductive prop-
erties of the latter. Furthermore, another working
hypothesis, so-called ‘multi-core’ model has also
been proposed, which divides the ‘interaction zone’
of polymeric nanocomposites into three layers from
particle surface to matrix [16, 17]; this model is used
to illustrate several electrical performance of the poly-
mer nanocomposites. Both the hypotheses believe
that the charge dissipation in the interfacial regions
could be the main reason to improve the dielectric
breakdown strength and space charge suppression.

To improve the properties of the nanocomposites,
the fine interface characteristics of nanoparticles as
well as the homogeneous dispersion are needed.
The common solution is to modify the nanoparti-
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cles using coupling agents [18, 19]. Roy et al. [20]
show that the vinylsilane modified nanosilicas offer
XLPE a larger increase in the dielectric breakdown
strength and double time to failure in voltage
endurance strength, as compared to unmodified nano-
silica filled materials. Using cold atmospheric-pres-
sure plasma to modify nanosilica particles, Yan ef al.
[21] find that modified nanosilica/polymer nanocom-
posites show higher dielectric breakdown strength
and extended endurance under a constant electrical
stress, compared with the unmodified nanocompos-
ites and neat polymer.

Besides the above, some other views have been pro-
posed to explain why and how the nanoparticles
affect the dielectric properties of polymer materials.
Huang et al. [9] consider that inorganic particles may
reduce the carrier mobility in the composite materi-
als, thereby increasing their insulating properties.
Takada et al. [10] propose a trapping model of
‘induced dipole polarization’; it is proposed that the
deep potential well induced by nanoparticles becomes
trapping sites for carriers, which hinder the move-
ment of carriers and avoid the space charge accu-
mulation in the defect positions.

So far, a few researches have systematically studied
the effects of different nanoparticle surface chem-
istry on the performances of composite materials.
And this is the main goal of the present work. The
dielectric breakdown strength, space charge, volume

Table 1. Properties of the silica nanoparticles

resistivity and permittivity of the SiO,/LDPE nano-
composites were measured and compared with those
of the neat LDPE. The carrier mobility was evaluated
from the quadratic J—V curves of the samples using
the Mott-Gurney equation. It is demonstrated that the
space charge suppression and volume resistivity of
the nanocomposites with surface-modified fillers
were significantly improved, which is probably due
to the lower carrier mobility in the nanocomposites.

2. Experimental

2.1. Materials

LDPE (2220H) with density of 0.923 g/cm? and
melt flow rate of 2.0 g/10 min was purchased from
BASF-YPC Company (China). High purity fumed
nanosilica (purity >99%) with the trademarks of
A200, R312, R805 and R974 were obtained from
Evonik Degussa AG (Germany). The nanosilicas
A200 were un-surface-modified, while others were
modified by vinyltrimethoxysilane, octyltrimethoxy-
silane and dimethyldichlorosilane, respectively, as
stated by the supplier. The detailed information of the
nanoparticles is listed in Table 1.

The different nanosilicas were mechanically mixed
with LDPE granules at the processing temperature of
130°C using the HAAKE PolyLab mixer (HAAKE
Rheomix600, Germany). Films of the neat LDPE and
nanocomposites were prepared by a hot-press method
at the temperature of 150°C and the pressure of

Average primary | BET specific
Trademark particle size surface area Surface modifier Chemical structure of surface modifier
[nm] [m*/g]
A200 12 200+25 - -
HC—O0
- CH==CH,
0o}
R312 12 210+30 vinyltrimethoxysilane H.C - /
O
/
H.C
H.C—0O.
3 \ . /\/\/\/\
o— Si
R805 12 150+£25 octyltrimethoxysilane | H,.C— f
0]
H‘C/

(I.‘ 1
R974 12 170+20 dimethyldichlorosilane H.C——Si—CH,

Cl
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20 MPa. The prepared films were placed in a vac-
uum oven at 95°C for 30 min, and then cooled down
to room temperature to eliminate thermal history.
To banish the remainder charge, the films were put
between two polished copper plates in a vacuum
oven at 80°C for 48 h short-circuiting.

2.2. Characterization

The surface chemical characteristics of the nano-sil-
ica were measured using X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific ESCALAB 250X,
USA) performed with Mg Ka radiation. C, O and Si
were recorded.

The dispersion level of nanosilica in LDPE was
observed using a field emission SEM (Hitachi S-
4800, Japan) at 6 kV accelerating voltage. The com-
posite samples for SEM were fractured in liquid
nitrogen and sputtered with thin gold layer.

DC (direct-current) dielectric breakdown strength of
samples was measured using a dielectric strength
tester (HT-50, Guilin Electrical Equipment Scientific
Research Institute, China). The sample (70£10 pm
thick) was placed between 6 mm diameter copper
cylindrical electrodes and tested at a voltage ramp-
ing rate of 500 and 2 kV/s until the sample failed.
The whole setup was immersed in silicone oil.
Weibull distribution was employed to fit the experi-
mental data and determine the characteristic DC
dielectric breakdown strength of the samples accord-
ing to the IEEE Standard 930-2004 [22].

The space charge distribution was tested by pulsed
electroacoustic measurement (PEA, Harbin univer-
sity of science and technology, assembled by them-
selves) carried out under an electrical field of
40 kV/mm for 0.5 and 10 min at 25°C. The sensi-
tivity of space charge was 0.6 uC/cm? with spatial
resolution of 18~19 pm. During the measurement,
the sample (300 um thickx10 cm longx10 cm wide)
was sandwiched between an aluminum electrode
and a semi-conductive polymer electrode (both
7.5 cm in diameter).

Dielectric properties of the composite samples were
measured by a high-resolution ALPHA analyzer
(Novocontrol, Germany). The film samples (1 mm
thick, 20 mm in diameter) were placed between two
gold-coated stainless steel electrodes. The permittiv-
ity and loss tangent were measured in the frequency
range from 1072 to 10° Hz at 25°C.

Volume resistivity, polarization current and short-
circuited current of the samples were measured

Guarded
electrode

6517A
Picoammeter

v

Figure 1. Experimental set-up for measuring volume resis-
tivity and polarization current of samples

with a Keithley electrometer model 6517A. A stan-
dard three-electrode system was used, as illustrated
in Figure 1, where the conductive rubber pad diam-
eter (dp) is 54 mm and the thick of sample (%) is
0.1 mm. The volume resistivity was tested at a DC
voltage of 50 V and the polarization current at 1000 V.
The short-circuit current was obtained by letting the
upper and lower surfaces of the sample short circuit
after applying 1000 V for five minutes [7].

3. Results and discussion
3.1. Characterization of the particle surface
and dispersion level
Figure 2 shows the surface chemistry of four types
of nanosilica, i.e. A200, R312, R805, R974, using
XPS. The signal ratio of C (1s) to O (1s) is 0.76 for
unmodified nanoparticles (A200). The ratios are
relatively higher for the modified ones, which are
1.86, 1.69 and 3.60 for R312, R805 and R974, respec-
tively. The high intensity ratio of carbon signal indi-
cates the presence of organic species for surface
modified silica [23]. Note that the signal of C(1s)
for A200 is probably due to the presence of carbon
impurity in these fillers, such as carbon dioxide,
according to the literature [25].The shift of O (1s) sig-
nals (Figure 2b) and Si (2p) signals (Figure 2¢) of
modified silica (R312, R805 and R974, respectively)
toward lower binding energy indicates the silane
coupling reaction has done on the surface of silica
[24]. It can be seen from Figure 2a that as the inten-
sity of carbon signals increases, the intensity of sili-
con and oxygen signals reduce accordingly, indicat-
ing the coating of silane on the silica surface, which
may offer nice interfacial properties.
The SEM micrographs in Figure 3 show the disper-
sion levels of nanosilicas in LDPE on the fracture
surface of nanocomposites. All the nanosilicas (A200,
R312, R805, R974) are dispersed well with no big
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Figure 2. XPS spectra of (a) the silica nanoparticles used and comparison of four types of silica on (b) oxygen signals and

(c) silicon signals

agglomerates in the nanocomposites. The arrows in
Figure 3 indicate some cavitations between nanopar-
ticles and polymer matrix, suggesting the relatively
weak interfacial adhesion. This situation seems more
obvious for the unmodified nanoparticles (A200)
than the other modified nanoparticles (R312, R805,
R974). This means the chemical surface modifica-
tion does improve the interfacial adhesion.

3.2. Dielectric breakdown strength

The dielectric breakdown strength of the nanocom-
posites is analyzed within the framework of Weibull
statistics. The Weibull parameters, a and S (represent-
ing the characteristic dielectric breakdown strength
and shape parameter), are shown in the insert table
in Figure 4. o is found to be strongly affected by the
filler modification in the nanocomposite samples
and the voltage ramping rate [5]. Addition of nano-
silica particles reduce o values of the LDPE poly-
mers, which is likely due to the more defects in the
composite samples that result in charge accumula-
tion and partial discharge. The defects are formed due
to the relatively weak interface, voids as well as the
larger aggregates. Comparatively, the modified nano-
particles show the relatively higher a values than the

unmodified ones, owing to the improved interface,
good dispersion level and smaller aggregates [26].
In addition, a values of the samples increase as the
voltage ramping rate increases from 500 V/s to 2 kV/s
due to the viscoelastic behavior of LDPE polymer.

3.3. Space charge

Figure 5 shows the PEA curves of the neat LDPE
and nanocomposite samples (silica content = 5 wt%)
tested at an applied electric field of 40 kV/mm. The
curves show the evaluation of space charges in the
samples. After applying the electric field for
0.5 min, the space charges are found to accumulate
near the electrodes. After applying the electric field
for 10 min, the space charges obviously diffuse to the
middle of the sample, as indicated by black arrows
in Figure 5 [27]. Nevertheless, the space charge injec-
tion has been significantly inhibited for the modi-
fied silica nanocomposites. The space charge accu-
mulation in the middle of the sample is reduced,
while only a small amount of charge is found near the
electrodes. Interestingly, the heterocharges are found
near the anode of R974/LDPE, as shown by the red
arrow in Figure 5, which may originate from the
chemistry nature of the silica surface. The outer elec-

685



Ju et al. — eXPRESS Polymer Letters Vol.8, No.9 (2014) 682—691

Figure 3. SEM micrographs of the fracture surfaces of composites filled with 5 wt% silica nanoparticles: (a) LDPE,
(b) A200/LDPE, (c) R312/LDPE, (d) R805/LDPE, and (¢) R974/LDPE

trons of chlorine originating from dimethyldichloro-
silane coated on R974 are far from the nucleus. It is
susceptible to deform and polarize due to the
applied electric field. The polarized reactions are
particularly likely to occur at the anode. Changes in
the distribution of space charge caused by surface

modification are also reported by Huang et al. [9]
and Ma et al. [28]. As the space charge is the initia-
tor of aging, it is very meaningful to do the filler
surface modification to improve its interfacial adhe-
sion and dispersion in the matrix, in order to sup-
press space charge injection.
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Figure 4. Weibull probability plots of DC breakdown strength of LDPE and its nanocomposite films at voltage ramping rate
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Figure 5. Space charge distribution of neat LDPE and its
nanocomposites with the thickness of 300 um

3.4. Dielectric properties

Figure 6 shows the dielectric constant and loss tan-
gent (tand) as a function of frequency at 25°C for the
neat LDPE and nanocomposites. At low frequencies
the dielectric constant of LDPE increases strongly
with decreasing frequencies up to very high values

(Figure 6a) which cannot be explained by molecular
relaxation processes. Such a behavior is a clear sign
of electrode polarization, which originates from the
blocking of charge carriers at the sample/electrode
interface [29]. Medjdoub et al. [30] show similar
results of LDPE appears at a low frequency. How-
ever, they consider this reflects conductivity effects
due to free charge motion within the material. More-
over, at low frequencies the dipoles have sufficient
time to align with the field before it changes direc-
tion giving rise to high permittivity. At high frequen-
cies the dipoles do not have time to align before the
field changes direction and the permittivity is lower
[31]. The addition of A200 make permittivity of
LDPE increase in the 1-1000 Hz range, but decrease
in the 10 000-100 000 Hz range, while the permit-
tivities of R312/LDPE, R805/LDPE and R974/LDPE
all reduce to different extents (the insert of Fig-
ure 6a), indicating that the charge carriers movement
was inhibited in the functionalized nanocomposites
[32]. Moreover, the slope of the dielectric loss of
functionalized nanocomposites is lower than A200/
LDPE (Figure 6b), suggesting that the conducting
sheath present in the case of functionalized nanocom-
posites is less-conducting according to the O’Kon-
ski’s model [33]. By this model, an induced polar-
ization occurs at the polar ends of the particle by the
applied electric field. Then charge carriers are effi-
ciently transferred around the interface and become
the conducting sheath [30]. This will lead to a per-
mittivity higher than the particle itself. It is interest-
ing to find that there is a relaxation peak in the range
of 1000-100 000 Hz in A200/LDPE, indicating
changes of the LDPE molecular structure. A200
disrupt the original crystallization process of LDPE,
resulting in more free volume, while the poor inter-
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Figure 6. Dielectric constant (a) and loss tangent (b) for neat LDPE and the nanocomposites

face also introduces more defects, the relaxation of
the polymer occurs [34].

3.5. Polarization current and volume resistivity
Figure 7 shows polarization currents and short-cir-
cuit currents measured for 5 min. Both and short-cir-
cuit currents decrease exponentially with time, and
subsequently reach an equilibrium value. LDPE
needs 150 s to reach the equilibrium value of polar-
ization currents, while only 20 s for nanocomposite
(Figure 7a), and the initial value, equilibrium value
of polarization current and short-circuit current of
LDPE are much larger than those of nanocomposite.
It could be indicated that a large amount of charges
inject into and go through the LDPE. However, the
nanosilica can inhibit the charges to inject into the
interior of nanocomposite, and make most of charges
gather on the surface of the sample [35]. It seems
that the addition of nanosilica decrease the carrier
mobility of nanocomposite. Meanwhile, the volume
resistivity are 3.74x10'7, 7.53x10!7, 6.88x10'7,
7.12x10'7 Q-cm for A200/LDPE, R312/LDPE,
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Figure 8. Volume resistivity at 20°C of neat LDPE and its
nanocomposites

R805/LDPE, R974/LDPE respectively, about one
order of magnitude larger than that of LDPE
(5.65%x10' Q-cm) as shown in Figure 8 [36].

3.6. Carrier mobility

The current density-voltage (J—F) curves are obtained
from the equilibrium value of polarization current
at different voltages (Figure 9). It is consistent with

00F
< -5.0x10" |
£
5 A
5
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Figure 7. Polarization currents measured (a) at 1000 V and (b) in a short-circuit
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the well-known Mott and Gurney equation [37]. At
low applied voltages the J—)V characteristics may
follow Ohm’s law (Equation (1)):
J= qpoupg (1
where py is the density of thermally generated free
carriers inside the sample, u;, is the carrier mobility
and d is the thickness of the sample. So we can use
the slope of the linear fit, kj = gpouy/d, to calculate
the volume resistivity of the materials. The results
are shown in the Table 2, which are consistent with
the experimental results.

Due to the increased space charge, quadratic rela-
tionship of J~V curves fitting are obtained (Figure 9)
at high applied voltages as shown by Equation (2):

9 V2

J = g ok 3

(2)
where ¢, is the relative permittivity of the material,
and o= 8.854x107'2 F/m, is the permittivity of
vacuum. Then the carrier mobility u are calculated
from the fitting constants &, where Equation (3):

_ 98r80I'Lp (3)
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Figure 9. Current density-voltage (J-V) curves from the
equilibrium value of polarization current at differ-
ent voltages

Table 2. The carrier mobility calculated by the fitting con-
stants

Sample

k

Carrier
mobility p,
[em?/(V+s)]

k

Volume
resistivity p
[Q-cm]

LDPE

5.02x10718

6.97x10712

1.52x10°1°

6.60x101°

A200/LDPE

1.16x10718

1.61x10712

2.64x10710

3.81x10"

R312/LDPE

1.98x1071

2.75%10713

1.02x10716

9.79x10"

R805/LDPE

2.16x107"
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Figure 10. Schematic of the deep-trap hypothesis at high
voltage in the insulating nanocomposites

As seen in Table 2, the carrier mobility of LDPE cal-
culated by the above equations is
6.97x10712 cm?/(V-s), which is comparable to pub-
lished values [38, 39]. The addition of silica
decreases the carrier mobility of composites, espe-
cially the silica modified by silane coupling agent,
about an order of magnitude.

As the trapping model of ‘induced dipole polariza-
tion’ proposed by Takada, the potential well induced
by nanoparticles is much deeper than that induced
by chemical defects [10]. It makes the nanosilica
become effective trapping site to fix carriers and
decrease the carrier mobility. As illustrated in Fig-
ure 10, charges injected from electrodes generate in
the deep trap induced by the nanosilica after electric
voltage applied. The charges are difficult to move
and accumulate near the electrodes to produce an
additional electric potential reversed to the applied
voltage. Therefore the potential difference near the
electrode becomes small. It inhibits the dissociation
of small molecule and prevents further injection of
the charges. Therefore, the space charge inside the
sample is reduced.

4. Conclusions

Bare silica (A200) and silane modified nanosilica
(R312, R805 and R974) were incorporated to LDPE
using a melt-mixing approach, to improve the dielec-
tric properties of silica/LDPE nanocomposites. SEM
revealed that modified nanosilicas were dispersed
more evenly in the matrix than the unmodified ones.
All nanosilicas lowered the space charge injection
and accumulation, increased the volume resistivity,
but decreased the dielectric breakdown strength of the
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LDPE. The surface modified silica/LDPE nanocom-
posites showed relatively higher dielectric breakdown
strength, than the unmodified ones. It was found from
polarization currents and short-circuit currents analy-
sis that nanosilica prevented further injection of
charges from electrodes into samples. The carrier
mobility of modified silica/LDPE nanocomposites
calculated from J—V curves was about 5 times lower
than those of unmodified ones, more than one order
of magnitude lower than neat LDPE. The results
obtained confirmed that the surface modification of
nanoparticles was very necessary for improving the
insulating properties of LDPE polymer.
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