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ABSTRACT

The electrical properties of polymer nanocomposites are governed by the behavior of the internal charges. In particular, the interphase
around the nanoparticles strongly influences the distribution and mobility of charge carriers within the nanocomposites, which, in turn,
impacts the performance of these materials. In this work, we probe the internal charge behavior in the presence of nanoparticles with a
focus on the low-frequency regime using a suite of techniques. By investigating the depolarizing currents and the dependence of the dielec-
tric properties on the frequency and temperature, we demonstrate that the interphases redistribute the space charges, increase their trap
depth, and suppress the electrode polarization in an elastomeric nanocomposite. Additionally, we study the effect of the nanoparticle
content on the dielectric behavior by comparing the internal charge behavior of 1, 2, and 4 vol. % nanocomposites. At only 4 vol. % loading,
the mobility of charge carriers is effectively limited, leading to lower dc conductivity compared to the unfilled elastomer, and 1 and 2 vol. %
nanocomposites. These findings are based on the model materials used in this study, TiO, nanoparticles and polydimethylsiloxane, and can
be extended to other nanoparticulate-filled elastomer composites to design lightweight dielectrics, actuators, and sensors with improved
capabilities. Judicious manipulation of interfacial phenomena in polymer nanocomposites—especially those with a dilute content of nano-
particles—provides a promising path forward for the design of materials with exceptional electrical and other physical properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141243

I. INTRODUCTION

Much of the research in nanoparticulate-modified polymers
has focused on the important gains in mechanical properties,
where the significant role of the interphase is usually stated as the
reason for the improved properties.' ™ For example, Zhao et al. and
Sun et al. investigated the mechanical properties of epoxy with dif-
ferent nanoparticles and using various chemical treatments."” Zhao
et al. showed an improvement in both Young’s modulus and ductil-
ity by chemically functionalizing alumina nanoparticles compared
to the unfilled epoxy and nanocomposite with untreated particles.’
Similarly, Sun et al. found that the tensile strength and the tough-
ness were increased for Fe,O3;—epoxy when the surface of the nano-
particles was chemically functionalized compared to the unfilled
epoxy.” In both studies, the toughening of the epoxy in the pres-
ence of chemically treated nanoparticles was attributed to the inter-
phase. The authors claim that the interphase contributed to an

increase in the dissipation energy during fracture, with increased
crack deflection compared to the unfilled epoxy and the composite
with untreated nanoparticles. Similarly, interesting interfacial
effects have been observed in the dielectric behavior of polymer
nanocomposites.'*>" For example, in their recent review, Luo et al.
discussed how the interphase can affect the distribution and
motion of space charges in the nanocomposites by creating traps,
changing the trap depths, and acting as scattering points, with a
positive impact on the polarization and electrical conductivity of
the nanocomposites.'” Carroll et al. showed significant changes in
the secondary relaxation peaks of the dielectric spectra, in both the
peak shape and the peak position, with the addition of silica nano-
particles to poly(vinyl acetate). They pointed to polymer chain
dynamics in the interphase as the mechanism responsible for the
observed changes.'* Klonos et al. investigated the interfacial effects
on the segmental mobility of semicrystalline polydimethylsiloxane
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(PDMS) as the matrix in nanocomposites using thermal and dielectric
measurements. >’ They found that the presence of the nanoparticles
suppressed the crystalline phase formation and reduced the mobility
of the elastomer chains in the interphase. Theoretical studies have
also investigated the effects of the interphases on the properties of
polymer nanocomposites and have predicted the significant role that
the interphase may play in determining the nanocomposites’ behav-
ior. These studies include modeling and analytical calculations, such
as molecular dynamics,”** Havriliak-Negami analysis,” density
functional theory (DFT) calculations,” and homogenization
methods.””™’ Liu et al. used DFT simulations to estimate a dipole
moment in barium titanate-Vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene terpolymer [BTO-P(VDEF-TrFE-CFE)]. This
induced dipole moment, induced at the interphase between the nano-
particles and the paraelectric polymer, resulted in a ferroelectric
behavior in the nanocomposite.z/1 In our own work, we combined the
experimental and theoretical methods to demonstrate that the manip-
ulation of interfacial charges, via particle surface treatments, for
example, provides a promising path for the design of materials with
exceptional dielectric, mechanical, and coupled properties.””** We
investigated the effects of the interphase on the dielectric properties®
and the mechanical properties™ of polydimethylsiloxane (PDMS) at
low loadings of TiO, nanoparticles. With a focus on the mechanical
properties, we determined the presence of three different PDMS
phases in the nanocomposites, which exhibited different properties
than those of the control PDMS. These phases, from closest to fur-
thest from the nanoparticles, are (1) “occluded” PDMS, where the
chains are constrained within the nanoparticle agglomerates, (2)
“interfacial” PDMS, where the elastomer chains surround the agglom-
erates, forming a layer much stiffer than those chains further from the
particles, and (3) “bulk” PDMS where chains have higher mobility.

Building further on our work and the literature discussed above,
in this paper, we study the behavior of the internal charges and the
dielectric relaxations of TiO,~PDMS nanocomposites at three low
loadings (1, 2, and 4 vol. %) and compare them to the control PDMS.
The goal of this study is to advance the understanding of the effects
of the interphase on the macroscopic dielectric properties and relate
those effects to the nano- and microscale properties.

Our experimental approach combines dielectric spectroscopy
and thermally stimulated depolarization current (TSDC) techniques
together with transmission and scanning microscopy as well as mea-
surements of the degree of cross-linking in the elastomeric matrix.
We demonstrate that with the higher volume content of interphases
at 4vol. % loading, the electrode interfacial polarization was sup-
pressed, and the low-frequency losses were decreased by redistributing
the charges and inhibiting their mobility. Additionally, we determine
that the interphases in the 4 vol. % nanocomposite acted as anchoring
agents, leading to the highest degree of cross-linking. We selected
PDMS as the matrix material because (i) it is a versatile elastomer
that affords control over its curing kinetics, including the availability
of cross-linking agents, which respond to thermal energy, (ii) it is
available in a wide range of molecular weights, and (iii) it has shown
potential for applications in new high-end technologies such as artifi-
cial muscles and energy harvesters.”*™' For the nanoparticles, TiO, is
selected because (i) it is a representative hard filler dielectric that (ii)
is amenable to in situ synthesis through solgel, (iii) it is available com-
mercially in a wide range of equiaxed sizes from nano to micro, and
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(iv) the presence of OH groups on its surface facilitates a number of
chemistries for functionalization, which is key to controlling disper-
sion.”>” Although the model materials investigated here are TiO,
nanoparticles and Sylgard 184 PDMS, these findings can be extended
to other nanoparticulate-filled elastomer composites to design light-
weight dielectrics, actuators, and sensors with improved capabilities.

Il. MATERIALS AND EXPERIMENTS

Sylgard 184 was used as the PDMS elastomer kit in this study,
and it was purchased from Dow Corning. It consists of two parts, a
base and a hardener, used at a weight ratio of 9:1. Anatase TiO,
nanoparticles, 15nm diameter, were acquired from NanoAmor.
N-heptane, purchased from Sigma-Aldrich, was used as a solvent,
at a base-to-solvent ratio of 5:1 by weight, to reduce the viscosity of
the solution and improve the dispersion of the nanoparticles. More
details on particles’ dispersion can be found in Ref. 26. All the pro-
duced films were cured at 120°C for 6h, and then, any residual
solvent was removed by applying vacuum for 6 h at 120 °C. Three
nanocomposites were fabricated at 1, 2, and 4 volume percent
(vol. %). The thickness of the resulting films was uniform but
varied from 160 to 350 um for the different films.

The equilibrium swelling experiment used toluene as the
solvent with five samples from each film. The cut samples were
first weighed (between 0.10 and 0.35 g), and then, each sample was
submerged in a 20 ml vial filled to % with toluene for 5 days. The
weights of the swollen samples were measured on days 4 and 5
with no statistically significant change, indicating that the equilib-
rium was reached. Then, the swollen samples were dried first at
room temperature under vacuum. The dried samples’ weights were
recorded in intervals of 24h of drying until no change was
observed in the measured values. The equilibrium degree of swell-
ing Q, the average molecular weight between cross-links M,, and
the cross-linking density v were calculated using Eqs. (1)-(4) fol-
lowing the procedure described in Ref. 34,

Marylp, + (Mg — Mary)/,
Q= drypp ( sw dry)ps’ (1)
md,y/pp
where mg, and my, are the dried and swollen weights of the
sample, respectively, and p,, and p; are the densities of the polymer
and the solvent, respectively,

()
CLn(l— @)+ ¢+ xd

where V; is the molar volume of the solvent (106.2 cm®/mol), ¢ is
the volume fraction of the elastomer in the equilibrium swollen
state (¢ =1/Q), f is the functionality of the cross-link (f=4 in this
case),””” and y is the dimensionless Flory—Huggins polymer
—solvent interaction parameter given by the following equation:

2

c=

7 = 0.459 + 0.134¢) + 0.59¢. 3)

The cross-linking density v (in mol/cm?®) can then be calculated
from the average molecular weight between cross-links M, (in g/mol)
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using the following equation:
v=—+. (4)

For the electrical measurements, impedance spectroscopy, and
thermally stimulated depolarization currents (TSDCs), a 2-cm
diameter electrode was applied to both sides of each sample using
gold leaves. Impedance spectroscopy was carried out using a
Modulab XM MTS system at frequencies ranging from 0.01 Hz to
100 kHz. The temperature was increased from 25 to 150°C at a
step of 25°. DC conductivity, opc, at different temperatures was
taken as the electrical conductivity of the low-frequency plateau.
TSDC technique works by applying a DC electric field, E,, to the
sample at a temperature, Tp, higher than T, for a duration £,
Then, while the electric field is still applied, the temperature is
quickly dropped to below T,. Once the temperature is stabilized,
the electric field is turned off and the temperature is increased at a
selected rate, f, while the depolarization current is recorded. For
this study, TSDC tests were performed using a computer-controlled
home-built system consisting of a 4140B pA meter/DC voltage
source, a Trek amplifier, a Keithley multimeter, an oven, and a
K-type thermometer. Two polarizing fields were used in this study:
7.5 and 15 MV/m. The sample was first poled at 55°C for 5min.
Then, the temperature was decreased to —140 °C at a cooling rate
of 15°C/min. After 2 min, the electric field was turned off, the
sample was short-circuited for about 20s to dissipate the stray
charges, then the temperature was increased at a 7 °C/min rate up
to 130 °C, and the discharged current was measured. Three samples
were tested for each film to ensure measurements’ repeatability.

The nanocomposites were imaged at the microscale with a
Verios G4 SEM and at the nanoscale with a Philips 420 TEM.

Ill. RESULTS AND DISCUSSIONS

Impedance spectroscopy provides insight into the interfacial
effects on the dielectric behavior of the nanocomposites over a
wide range of frequencies and temperatures. Figure 1 shows the
dielectric permittivity (g,), dielectric loss (¢”), and electrical con-
ductivity (o) of the unfilled PDMS and the nanocomposites at 25
and 150 °C. As shown in Fig. 1(a), at 25 °C, the dielectric permittiv-
ity moderately increased as the nanoparticle content increased from
1 to 4vol. %. The dielectric loss, Fig. 1(c), also increased with the
addition of the nanoparticles at frequencies above 0.1 Hz. Below
0.1 Hz, the dielectric loss of the 4 vol. % nanocomposite was lower
than that of unfilled PDMS. At the higher temperature, the unfilled
PDMS, and 1 and 2 vol. % nanocomposites exhibited a significant
increase in the dielectric permittivity and loss as the frequency
decreased, as shown in Figs. 1(b) and 1(d). The dependence of the
dielectric permittivity and dielectric loss on the frequency can give
insight into the dominant contributions to the dielectric behavior,
distinguishing between dc conductivity and electrode polarization,
for example.36 Looking first at unfilled PDMS, at 150 °C, the dielec-
tric permittivity as a function of frequency had three slopes
[Fig. 1(b)], given as follows:

(1) In the higher frequency range, between 100 kHz and 10 Hz, the
dielectric permittivity had limited frequency dependence.
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(2) From 10 to 0.1 Hz, the dielectric permittivity started increasing
as the frequency decreased. This first increase in the slope is
due to dc conductivity contributions, which is also indicated
by the slope of —1 of the dielectric loss vs the frequency in the
log scale, log(e") vs log(f).*

(3) In the lower frequency range, 0.1-0.01 Hz, the dielectric per-
mittivity slope further increased, which corresponds to addi-
tional contributions from electrode polarization.”®

The 1 and 2 vol. % nanocomposites exhibited similar dielectric
behavior as unfilled PDMS with contributions from dc conductivity
and electrode polarization to the dielectric response. The 4 vol. %
TiO, nanocomposite had the lowest dielectric losses at low fre-
quency compared to the other samples. The slope of the dielectric
loss as a function of frequency [log(e”) ~ —log(f)] indicates that
the dc conductivity contributions were still present in the 4 vol. %
nanocomposite. However, the independence of the dielectric per-
mittivity of the low frequencies for the 4 vol. % nanocomposite
indicates the absence of electrode polarization. To summarize,
unfilled PDMS, and 1 and 2 vol. % nanocomposites exhibited con-
tributions from electrode polarization and dc conductivity to their
dielectric behavior, while the electrode polarization was suppressed
in the dielectric response of the 4 vol. % nanocomposite, especially
at higher temperatures. The dielectric spectroscopy results are
showing the evidence of changes in the internal charges behavior
as the nanoparticles content increased, namely, the suppression of
charges with 4 vol. % loading of the nanoparticles. The factors that
drive the behavior of a composite are the properties of the compo-
nents and the interactions between them. From the internal charge
behaviors exhibited by the nanocomposites investigated in this
study, we can state that the noticeably different properties with
4vol. % loading cannot be solely attributed to the nanoparticle
properties. With the increase in the nanoparticles’ content, the
interphase volume fraction increases, and its contribution to the
effective properties becomes more dominant. One possible reason
for the suppression of charges is if the mobility of the charge is
hindered by an increase in the cross-linking density of the elasto-
mer.”””® In addition, the presence of the nanoparticles and their
interphase might lead to changes in the cross-linking density of the
elastomeric matrix. To probe this hypothesis, the equilibrium
degree of swelling (Q) and the cross-linking density (M,) were cal-
culated for the nanocomposites and unfilled PDMS using an equi-
librium swelling experiment. The experimental procedure and the
equations to calculate Q and M, are detailed in Sec. II. As shown in
Table I, the 1 and 2 vol. % nanocomposites had a higher equilib-
rium degree of swelling, ie., a lower cross-linking density, than
unfilled PDMS. The nanoparticles at the lower contents interfered
with the elastomer’s cross-linking during the curing process.
However, the 4 vol. % loading of nanoparticles increased the cross-
linking density compared to unfilled PDMS. There are possibly
competing factors in the way the nanoparticles affect the cross-
linking of the elastomer chains, namely, disrupting the chains
cross-linking while also anchoring the chains through the inter-
phase. With the 4 vol. % nanocomposite, the swelling experimental
results indicate that anchoring through the interphase is the domi-
nant factor. The higher cross-linking density of the 4vol. %
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FIG. 1. Relative dielectric permittivity at (a) 25 and (b) 150 °C, dielectric loss at (c) 25 and (d) 150 °C, and electrical conductivity at (e) 25 and (f) 150 °C of PDMS, and
1, 2, and 4 vol. % TiO,~PDMS nanocomposites.
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TABLE |. The cross-linking density v and equilibrium degree of swelling Q of
unfilled polydimethylsiloxane (PDMS) and the nanocomposites with 1, 2, and
4vol. %.

PDMS 1 vol. % 2 vol. % 4 vol. %

Equilibrium degree
of swelling, Q
Cross-linking
density,

v (107> mol/cm?)

1.98 £0.04 2.06 +0.06 2.18 £0.07 1.70 +0.02

nanocomposite contributed to the charge suppression observed in
the impedance spectroscopy results.

To further investigate the internal charge behaviors, the dc
conductivity and TSDC spectra of the nanocomposites were ana-
lyzed and compared to unfilled PDMS. DC conductivities were
extracted from the plateau of the electrical conductivity at low
frequencies, and they are plotted as a function of temperature for
unfilled PDMS and the TiO,-PDMS nanocomposites (Fig. 2). At
1 and 2 vol. % loadings, the dc conductivity did not significantly
change compared to unfilled PDMS. The dc conductivity of the
4vol. % nanocomposite was lower than unfilled PDMS by 1-2
orders of magnitude. The decrease in the dc conductivity and the
suppression of the electrode polarization, which were most prom-
inent in the 4vol. % nanocomposite, can be attributed to the
interphase dominating the effective properties due to its higher
volume fraction compared to the lower contents. Plotting Ln
(opc) as a function of I/T (Fig. S1 in the supplementary
material) showed that the dc conductivity followed an Arrhenius
behavior. Using Eq. (5), the activation energies of the dc conduc-
tivity, Epc, for unfilled PDMS and the nanocomposites were
extracted, and their values are summarized in Table II. The addi-
tion of the nanoparticles did not lead to statistically significant
changes in the activation energy. We surmise that at low electric

10° 2 B B R
—_ Ao Pure PDMS
£ 107 q  1vol% TiO,
£ [ A 2vol%TiO, A b
b% 10" O 4vol% TiO, A Q < E
| 5o
‘B : A o ]
E i 8 <o
"g 1072 L A <> u
s 1 3 o ;
2 107k o
10—14 L e b b b by by L
0 25 50 75 100 125 150 175

Temperature (° C)

FIG. 2. DC conductivity of unfilled PDMS, and 1, 2, and 4 vol. % TiO,-PDMS
nanocomposites as a function of temperature.
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TABLE Il. DC conductivity activation energy of the unfilled PDMS and the 1, 2, and
4 vol. % TiO,~PDMS nanocomposites.

PDMS 1vol. % 2vol. % 4vol. %

Epc(eV) 053+£0.03 046+0.03 048+0.03 0.46+0.03

fields, charges are detrapped and released at the same rate
throughout the bulk of the elastomer matrix, and the changes in
the conduction are governed by space charge movement through
the material.”” Therefore, the decrease in the dc conductivity is
mainly due to the space charges being neutralized at the inter-
phases—which are at a higher volume fraction with the 4 vol. %
loading—and not due to a change in the charge trap depths, i.e.,
their activation energy,

E
Opc o< exp (— %) . (5)

TSDC is a powerful technique to investigate the dielectric
relaxations of polymers and polymer nanocomposites, as it has
an excellent resolution because of its low equivalent frequency,
usually below 1mHz. Figure 3 shows the representative TSDC
thermograms for unfilled PDMS and TiO,-PDMS nanocompo-
sites, with 1, 2, and 4 vol. % loadings, after poling at 7.5 and
15MV/m. The Bucci-Fieschi theory, which assumes a Debye
single relaxation behavior, was used to analyze the peaks identi-
fied in the TSDC spectra and extract the activation energies.'’™**
Common dielectric materials investigated using TSDC have mul-
tiple relaxations, and in order to use the Bucci-Fieschi model
and extract activation energies for the different polarizations, the
depolarization current density as a function of temperature, J(T),
is decomposed into single peaks, and each peak is fitted to the
following equation:

P, E, 1 kT? E,
J(D) = exp (— ﬁ) exp {— e B, P (— ﬁ)] > (©

where T is expressed in Kelvin, P, is the equilibrium polarization
reached at the poling temperature, E, is the activation energy, k is
the Boltzmann constant,  is the heating rate, and 7, is the relaxa-
tion time at infinite temperature, which is calculated using the

following equation:
E,
_ R 7
exp( p Tm> (7)

where T,, is the temperature at which the current density reaches
the maximum.

Table III lists the fitting results for the activation energy
values (E,) and the peak temperatures (T,,) for the different
relaxations for all the samples after polarizing at 7.5 and
15MV/m. The equivalent frequencies for the relaxations cap-
tured by TSDC were calculated using Eq. (8), and they ranged
between 30 and 90 uHz,

kT?
T, =—2=
BE,

95:60:91 €202 Joquisydes z|

J. Appl. Phys. 133, 155106 (2023); doi: 10.1063/5.0141243
Published under an exclusive license by AIP Publishing

133, 155106-5


https://www.scitation.org/doi/suppl/10.1063/5.0141243
https://www.scitation.org/doi/suppl/10.1063/5.0141243
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

(a)5><10_7_ T T T T T T T T T T

- P — PDMS |
—~4x107F == 1vol%
g [ -—= 2vol% |
< i e 4vol%
Z"3X10_7._ A
G
= L
q') 3
2 2107} -
[0
= [
=} L
© 107 ]

| i
-150 -100  -50 0 50 100 150

Temperature (°C)

ARTICLE scitation.org/journalljap
(b) 10_6 T T T T T T T T T T
I P“ — PDMS |
~8x107F  § == 1vol%
= ' -— 2vol% T
< s 4vol%
2’6”07
B7
IS
% L
E4x10"_
[0
g
= L
© 2x107
0 ' '. ‘ ;
-150 -100 —50 0 50 100 150

Temperature (°C)

FIG. 3. Comparative TSDC thermograms for PDMS, and 1, 2, and 4 vol. % TiO,~PDMS nanocomposites after poling at (a) 7.5 and (b) 15 MV/m.
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It is important to identify the origins of the relaxations ther-
mally activated in the unfilled elastomer and the nanocomposites,
whether it is dipolar polarization or space charges, to understand
the fundamental electrical conduction mechanisms. When the
polarizing field E, is varied, the peak temperature of relaxation
originating from dipolar polarization remains unaffected and its
intensity varies proportionately with E,. On the other hand, the
space charge relaxation peak temperature depends on the polariz-
ing field and their intensities have a non-linear dependence on
E,”™" The space charges can be due to intrinsic charges
detrapped from the dielectric (heterocharge) or the injection of
charge carriers from the electrode during the polarization step
(homocharge).”®"” When the space charges are thermally stimu-
lated and they start moving, either (1) they would move toward the
electrode with the opposite sign or (2) they are depleted by recom-
bining with their counterparts within the dielectric.”” Additionally,
space charge relaxations occur at temperatures higher than those of
dipolar orientation origins, since space charges would need to
move over multiple atoms, while dipoles only require local rotation.

Space charge relaxations in polymers would occur above the glass
transition temperature where an increase in the free volume facili-
tates the movement of the charges. The TSDC space charge relaxa-
tion in polymers is typically related to the electrical conductivity of
the dielectric, with activation energy similar to that of the dc con-
ductivity.”>*” In a heterogeneous system, the contrast between the
electrical properties of the different components would create an
interfacial polarization, namely, the Maxwell-Wagner-Sillars
(MWS) polarization.”*****

As shown in Figs. 3(a) and 3(b), three distinct peaks were
present in the TSDC spectra, and they will be referred to as Py,
Pt and P, from lower to higher temperatures. Some of the
spectra have an additional peak between P, and Pyyr; which will be
referred to as P,’. With both polarizing fields, the first peak, Py, is
centered around —116 °C and is present in the depolarizing current
spectra of all the samples. The narrow peak P, is assigned to the
segmental relaxation of the polymer backbone around the glass
transition temperature (T,) and is in good agreement with the liter-
ature for PDMS.**" The activation energy for P, ranged between
0.49 and 0.61 eV, with unfilled PDMS having the highest value,
0.61 eV. While the activation energy values of P, decreased as the
TiO, nanoparticle content increased, they were not affected by the

TABLE Il Activation energies and peak temperatures extracted from TSDC measurements for polarizing fields 7.5 and 15 MV/m corresponding to the three relaxations (the
standard deviations ranged between 0.01 and 0.08 eV and 0-2.5 °C for E, and T,,,, respectively).

P, (7.5|15 MV/m)

P, (7.5/15 MV/m)

E, (eV) Tm (°C) E, (eV) Tm (°C) E, (eV) Tm (°C)
PDMS 0.59]0.61 —116|-116 0.48]0.48 9|7
1vol. % 0.54/0.55 —116|-116 0.56/0.55 —25|-23
2vol. % 0.54[0.55 —116|-116 0.41]0.38 —31|-30
4vol. % 0.49]0.51 ~117|-117 0.22]0.22 —34|-32 0.66]0.60 13(8
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polarizing field. The intensity of P, did not significantly change
with the addition of the nanoparticles, and that is expected with
the low contents investigated in this study. When the polarizing
field was increased from 7.5 to 15 MV/m, the intensity of relaxation
P, in all the samples almost doubled, and the peak temperature
remained unchanged, confirming its orientational origin due to the
glass-to-rubber transition.

Above T, the nanocomposites produced a depolarizing
current peak, Py, between —70 and —10 °C, that was absent in the
PDMS spectra under both poling conditions. Multiple observations
indicate that Pyt is due to the TiO,-PDMS interphase: (1) it was
only present in the nanocomposites, (2) it appeared at a tempera-
ture higher than T, because the interphase is more constrained by
being bound to the particles and within the agglomerations, requir-
ing a higher temperature than the bulk polymer chains (those far
from the nanoparticles) to move and create relaxation, and (3) the
intensity of the peak increased with the nanoparticles content,
hence the interphase volume fraction. Scanning electron micros-
copy (SEM) images (Fig. 4) show the examples of TiO, agglomera-
tions, which consist of nanoparticles held together by thin layers of
PDMS, bonded to the surrounding elastomeric matrix.
Transmission electron microscopy (TEM) enables a closer look at
the agglomerations as shown in Fig. 5. The TEM images illustrate a
significant presence of the elastomer represented by the lighter
regions between the darker nanoparticles within the agglomera-
tions. The elastomer layers within and around the agglomerations
make up the interphases that produce the Pyt depolarization cur-
rents. There are multiple potential contributors to the Ppyr peak
such as dipolar disorientations and space charges in the interphase.

With the addition of the TiO, nanoparticles to PDMS, a
hydrogen bond between Ti-O-H and Si-OH groups can form, and
the creation of Si-O-Ti bonds is also possible, leading to an
increase in polar groups in the nanocomposites.”’ The presence of
these polar groups might contribute to the depolarization currents
of the nanocomposites. The contrast in the electrical properties of

ARTICLE scitation.org/journalljap

the TiO, nanoparticles and the PDMS matrix can lead to MWS
polarization, leading to space-charge induced relaxation present
only in the nanocomposites. The different relaxations originating
from the presence of the interphase led to a distribution of relaxa-
tions encapsulated under a broad Pjyr peak. Under both polarizing
conditions, the Pyt peak became broader as the particles’ volume
fraction, i.e., the interphase volume fraction, increased. A small
peak or “shoulder,” P, around —75°C appeared with 2 vol. %
TiO, loading while it was not identified with the 1 vol. % nanocom-
posite. With the 4 vol. % nanocomposite, the P, and Pyt peaks
are not clearly separated, resulting in the broadest interphase peak
among the nanocomposites. The additional relaxation, P,’, can be
associated with the elastomer chains around the agglomerates that
are more constrained than bulk PDMS but looser than the chains
bound to the nanoparticles and constrained within the agglomer-
ates, leading to a relaxation temperature between the peak tempera-
tures of P, and Ppyr.'”?" It was not possible to extract clear peaks
for P, relaxations in the different spectra; therefore, this relaxation
was not fitted and was not included in Table III.

The third peak, P,, appeared between —10 and 40 °C, with
both polarizing fields. With 7.5 MV/m polarizing field, the intensity
of P, in the three nanocomposites is much smaller compared to
unfilled PDMS. After polarizing at 15 MV/m electric field, the peak
increased, especially for the 4 vol. % TiO,-PDMS nanocomposite;
yet, it remained lower than that of unfilled PDMS. For the 1 and
2vol. % nanocomposites, the third relaxation remained practically
suppressed. The maximum intensity of P, was not proportional to
the polarizing field, indicating the space charge origin: the
maximum intensity remained nearly unchanged for the case of
PDMS, while it quadrupled for the 4 vol. % TiO,-PDMS nanocom-
posite. Additionally, the peak temperature for both PDMS and
4vol. % TiO,-PDMS slightly shifted to lower temperatures as the
polarizing field increased, which is consistent with a relaxation due
to the release of trapped charges in the dielectric bulk and/or at the
interface with the electrodes (heterocharge).">”” The suppression of

o | HV bias  curr
10.00kV OV 0.10nA 50000x 3.7 mm TLD

mag O WD det || W 2um
Materials Research Lab

FIG. 4. Representative SEM images of agglomerations in the (a) 1 and (b) 4 vol. % nanocomposites, which consist of nanoparticles and occluded rubber encapsulated

within the elastomer matrix.
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FIG. 5. Representative TEM images of agglomerations in the (a) 1 and (b) 4 vol. % nanocomposites. In these images, the lighter and darker regions correspond to the

PDMS and TiO, nanoparticles, respectively.

the space charge relaxation in the nanocomposites with 1 and
2vol. % loadings indicates that either (1) when thermally stimu-
lated, the space charges were depleted by recombination with their
counterparts possibly present around the particles, or (2) the
trapped charges had deeper traps in these nanocomposites and
were not released at this relaxation’s temperature. The latter point
can explain the increase in the depolarized currents seen about 50 °
C with the 1 and 2vol.% nanocomposites. While at 4 vol. %
loading, there are possibly more charge carriers with a distribution
of trap depth compared to the 1 and 2vol. %, leading to more
charge detrapping and releasing, increasing the intensity of peak
P,. The activation energy of the 4 vol. % nanocomposite is slightly
higher than that of unfilled PDMS, pointing to overall deeper traps
in the nanocomposite. In addition, as mentioned in the dc conduc-
tivity discussion, the activation energies from dc conductivity and
TSDC space charge relaxation are very similar in polymers,”
which is the case for unfilled PDMS, where the calculated energies,
Epc and E, (P,), are 0.53 +0.03 and 0.48 +0.05 eV, respectively. A
similar comparison was not done for the nanocomposites, since
such a claim has not been established for heterogeneous systems. It
was challenging to extract enough experimentally measured depo-
larized current for peak P, for the 1 and 2 vol. % nanocomposites
for an adequate fitting following Eq. (6). Therefore, their fitting
parameters were not included in Table ITI.

IV. CONCLUSIONS

In this work, we investigated the effects of the interphase on
the electrical behavior and relaxations of TiO,~PDMS nanocompo-
sites with contents of 1, 2, and 4 vol. %. The combination of low-
field and low-frequency measurements confirms that the effects of
the interphase on the electrical charges redistribution and mobility
were most significant at 4 vol. % loading. At this content, there is a
drastic reduction of the dielectric property dependence on the fre-
quency and temperature, and a lowering of the dielectric losses

over a widening range of frequencies as temperature increases. To
further identify the mechanism responsible for these differences, dc
conductivity activation energies and TSDC spectra are analyzed;
the 1-2 orders of magnitude reduction in dc conductivity indicate
the limited mobility of the charge carriers and suppression of the
electrode polarization in the 4 vol. % loading, which can be related
to redistribution and limited mobility of the charges throughout
the nanocomposite due to the presence of the nanoparticles and
the interphase surrounding them. We stipulate that the 4vol. %
exhibiting more charge suppression compared to the 2 vol. % nano-
composite is due to the bigger volume of the interphase, demon-
strating that the interphase has a stronger effect on the internal
charges than the nanoparticles themselves. The effects of the inter-
phase on the electrical properties of the nanocomposites agree with
the trend observed with the degree of cross-linking. After an initial
decrease in the degree of cross-linking with the nanoparticles
loading, an increase was measured for the 4 vol. % nanocomposite.
The nanoparticle-polymer interphase strongly influences the nano-
composite behavior due to its significant volume when the particles
are nano-sized, affording an opportunity to tune the dielectric
response of the resulting nanocomposite. In this work, we have
shown the significant impact of the interphase at very low loadings
by employing a variety of techniques.

SUPPLEMENTARY MATERIAL

See the supplementary material for the Arrhenius plots of dc
conductivity as a function of temperature for unfilled PDMS and
TiO,-PDMS nanocomposites.
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