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Molecular dynamics (MD) simulation was performed to investigate the structure and dielectric permittivity of poly(vinylidene
fluoride)- (PVDEF-) based composites with different contents of barium titanate (BT). The f-phase PVDF model with 100
structural units and the spherical BT particle model with a radius of 0.495nm were built and applied in the initial models
with three PVDF macromolecular chains and BT particles for the MD simulations of the BT/PVDF composites. The
influences of BT content on the morphological structure, the free volume fraction, and glass transition temperature of the
composites were explored according to the simulated results and the experimental ones of X-ray diffraction (XRD) and
scanning electron microscope (SEM). A model was proposed to predict the static dielectric permittivity of the composites,
the results of which were compared with the Cole-Cole fitting results of dielectric spectroscopy. Attempts were made to

reveal the structure evolution and the micropolarization mechanism with the increasing content of BT.

1. Introduction

Polymer-based dielectric composites have been widely
applied in the industries of information, energy, electrical,
and electronics thanks to their good processability, excellent
mechanical properties, low dielectric loss, and high break-
down strength [1, 2]. Recently, polymer-based composites
with high dielectric permittivity have attracted great atten-
tion [3-7]. To obtain the composites, adding ceramic parti-
cles with high dielectric permittivity into the polymeric
matrices is considered to be one of the most common and
promising strategies, which takes the advantages of colossal
permittivity of ceramic particles and good dielectric strength
of polymers [8]. Poly(vinylidene fluoride) (PVDF), a ferro-
electric polymer with relatively high dielectric permittivity
[9, 10], was widely investigated in the formation of the
dielectric composites with addition of ferroelectric ceramic
fillers, such as BaTiO,, SrTiO,, and Ba, (Sr,,TiO; [11-18].

A dielectric permittivity of 27.9 at 1kHz and breakdown
strength of 117kV/mm were reported by Ma et al. [19] for
PVDF-based composites with 30vol% core-shell structured
fillers of vinyl functionalized BaTiO, wrapped with thiol-
terminated PVDF. Wang et al. [20] reported a high dielectric
permittivity of 97.4 at 100 Hz in PVDF-based nanocompos-
ites with 60vol% Ba(Fe,-Ta,;)O;. Hu et al. [21] prepared
PVDEF composites with hydroxylated Ba, (Sr, ,TiO; (BST)
as filler and reported the dielectric permittivity of 40 at
1kHz and the loss tangent of 0.19 for the composites with
40vol% BST.

To date, remarkable progresses have been achieved in
the investigation of polymer-based composites with high
dielectric permittivity. Meanwhile, some studies on the
polarization mechanism and the simulations on dielectric
permittivity were attempted [22, 23]. Molecular dynamics
(MD) simulation on the basis of classical mechanics equa-
tions and quantum calculations is capable of investigating
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the motion of the atoms in the simulation system and shows
great potential in studying dielectric permittivity [24-27].
Shen et al. [28] established a composite model of epoxy resin
(EP) with graphene nanosheets and investigated the dielec-
tric permittivity through MD simulation. Huang et al. [29]
calculated the dielectric permittivity of polydimethylsiloxane
(PDMS) composites with graphene oxide (GO) by MD sim-
ulation. Feng et al. [30] used MD simulations to study the
dielectric behaviors of polymer composites with three-
dimensional particle networks and revealed the increased
dielectric permittivity of the composites when the particle
network formed and the adjacent particles were polarized
due to the continuous coupling effect. Thus, it can be seen
that MD simulations would be useful in understanding the
polarization mechanism and predicting the dielectric per-
mittivity of the composites, which makes it possible to pro-
vide guidance for the design of polymer composites with
high dielectric permittivity without the time-consuming
and laborious experiments.

In view of the fact that BaTiO,/PVDF dielectric compos-
ites (BT/PVDF) have been extensively researched while the
MD simulations on the structure and polarization mecha-
nism of the composites are very limited, this paper focuses
on the simulation of the structure of BT/PVDF composites
and the prediction of dielectric permittivity by MD simula-
tions. Therefore, the simulation model of BT/PVDF com-
posites was built according to the crystalline structure of
PVDF, BT, and their composites. The microstructure of
the composites with different BT contents was simulated to
study the effect of BT content on the microstructure of the
composites. The free volume fraction and the glass transition
temperature of BT/PVDF composites were calculated by
molecular dynamics simulation to reveal the segment
motion of macromolecules in the composites. The calcula-
tion method of static dielectric permittivity of the compos-
ites was established. In comparison with the experimental
data, the polarization mechanism of the composites was
proposed.

2. Experimentals

2.1. Raw Materials. Poly(vinylidene fluoride) (PVDF) was
purchased from American 3M Co. Ltd. Barium titanate
(BT) with a particle size of 100nm was purchased from
Aladdin Co. Ltd.

2.2. Preparation of the Composites. BT/PVDF composites
were prepared by a melt blending method according to the
compositions in Table 1. PVDF was added into a torque rhe-
ometer (ZJL-200, Changchun Intelligent Instrument Equip-
ment Co., Ltd.), preheated to 190°C at a rotating rate of
60 rpm, and blended for 5 minutes to prepare PVDF sample.
PVDF and BT particles were added to the torque rheometer,
preheated to 190°C, and mixed at 60 rpm for 20 minutes to
obtain BT/PVDF composites. The PVDF and composites
were melt pressed with a flat vulcanizer (XLB25-D, Huzhou
Shuangli Automation Technology Equipment Co., Ltd.) at
190°C and 15MPa for 15 minutes and naturally cooled to
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TaBLE 1: Compositions of BT/PVDF composites.

Sample PVDF (vol%) BT (vol%)
BT10/PVDF 920 10
BT15/PVDF 85 15
BT20/PVDF 80 20

room temperature under a pressure of 15MPa to obtain
the samples for further characterization.

2.3. Characterization. A field emission scanning electron
microscope (SEM, Sirion200, FEI) was used to observe the
morphological structure of the composites with the sample
fractured in liquid nitrogen and the section metalized with
gold. X-ray diffractometer (XRD, D/max-yB, Rigaku Elec-
tric) was used to characterize the crystalline structure of
the composite at a voltage of 40kV and a current of 30 mA
with the step of 0.013° and the scanning speed of 8°/min in
the 20 range of 5°-90°. A broadband dielectric spectrometer
(Alpha-A, Novocontrol, Germany) was used to analyze the
dielectric permittivity and loss at room temperature at a
voltage of 3V in the frequency range of 1~10”Hz on the
sample coated with circular aluminum electrodes with a
diameter of 25 mm by a high-vacuum resistance evaporation
coating machine (Model ZHD-400, Beijing Techno Tech-
nology Co., Ltd.).

3. Molecular Dynamics Simulation

3.1. Crystalline Structure. PVDEF, a semicrystalline polymer,
has a variety of crystalline forms, among which the -phase
structure is desirable for dielectric composites due to its fer-
roelectric characteristic. The crystalline structure of PVDF
shows dependence on synthesis methods, melting tempera-
ture, processing conditions, and annealing conditions [31].
PVDF and its composites were prepared by the melt blend-
ing method, and the XRD patterns of the composites are
shown in Figure 1. As a result, PVDF prepared by the melt
blending method has a polycrystalline structure. The peaks
at 20 of 17.8°, 18.4°, 19.9°, and 26.6" are assigned to (100),
(020), (110), and (021) diffractions of a-phase PVDF [32].
The peak at 20 of 36.1° is assigned to (001) diffraction of
B-phase and that at 20 of 38.7° to (020) diffraction of y-
phase. BT (PDF No. 31-174) has a typical cubic crystalline
structure and shows the diffraction peaks at 20 of 22.1°,
31.5% 38.8%, 45.2°, 50.8°, and 56.2°, corresponding to (100),
(110), (111), (200), (210), and (211) diffractions, respec-
tively. For BT/PVDF composites with different contents of
BT, the strong diffraction peaks of BT are observed while
the diffraction peaks of PVDF are relatively weak. A diftrac-
tion peak at 20 of 20.2° assigned to (110) diffraction of f3-
phase PVDF [33] is observed and strengthened with the
increasing content of BT, which indicates the preferential
growth of f3-phase crystalline structure in the composites.
No emergence of new diffraction peaks suggests the physical
interaction between BT and PVDEF.
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FiGure 1: XRD patterns of PVDF (a), BT10/PVDF (b), BT15/PVDF (c), and BT20/PVDF (d).

3.2. Model Building. According to the XRD results in
Figure 1, the polycrystalline structure of PVDF and the cubic
crystalline structure of BT could be inferred in the BT/PVDF
composites. Considering that f-phase crystalline structure
of PVDF has the highest degree of polarization among all
the crystalline forms, a macromolecular chain model of
PVDF was constructed according to the -phase crystalline
structure (Figure 2(a)), which was composed of 100 struc-
tural units. The 3-phase PVDF molecular chain conforma-
tion adopts the all-trans- (TTT) serrated conformation, as
shown in Figure 2(b). Meanwhile, a cubic BT structure with
a space group of Pm3m was used to establish a spherical BT
particle model with a radius of 0.495 nm. The ball-and-stick
model and scale model of BT spherical particles are shown
in Figure 2(c). Three PVDF macromolecular chains and
BT particles were used to construct the models of BT/PVDF
composites. Figure 2 shows the initial models of PVDF, BT,
and BT20/PVDF.

The rationality of the initial models was evaluated by the
density simulations. Figure 3 shows the density of PVDF and
BT20/PVDF by MD simulations according to the initial
models. As shown in Figure 3(a), the density of PVDF
according to the initial model composed of 3 strips of 100
structural units is 1.68 g/cm’, which is close to the measured
density of PVDF (1.71 g/cm3). As shown in Figure 3(b), the
density of BT20/PVDF according to the initial model is
2.00g/cm’, which is close to the measured density of
BT20/PVDF (2.38 g/cm”). The established initial models of
PVDF and BT20/PVDF are proved to be reasonable and
practical while taking into account the complexity of the
model and the length of calculation.

3.3. Simulation Details. Material Studio 2019 software was
applied to carry out MD simulation by using the Forcite
module. After constructing the initial models, the geometric

structure was optimized by the Smart algorithm, which com-
bined the steepest descent, conjugate gradient, and Newton
minimization algorithm, and the convergence level was set
to 0.0001 kcal/mol in a cascade manner. After the geometric
structure was optimized, MD simulation was performed on
the optimized model. Firstly, the model system was annealed
and 5 annealing cycles were set; i.e., the system was heated to
500K and then cooled back to 298 K at 40 K intervals in one
cycle. The annealing cycle was performed in the NVT
ensemble (constant particle number, constant volume, and
constant temperature) with a total of 1000 ps MD simula-
tion. The complete atomic trajectory output results were
recorded every 20ps during the annealing cycle. After
annealing simulation, the BT/PVDF model was relaxed to
reach the global minimum, and thus, the unreasonable con-
formations and low-probability conformations were elimi-
nated. Secondly, 2000ps MD simulation was performed
under the condition of 298 K in the NVT ensemble to bal-
ance the system with Nose as the temperature control
method. After that, under the conditions of 298K and 1
standard atmosphere, 500 ps MD simulation was performed
in the NPT ensemble with Nose as the temperature control
method, Berendsen as the pressure control method, and
Universal Force Field (UFF) as the force field. van der Waals
was calculated by an atom-based method. Electrostatic was
calculated by a group-based method, and the cut-oft radius
was 12.5A. The velocity Verlet algorithm was selected to
solve the classical motion equation with a time step of 1fs.
Consequently, the NPT dynamic trajectory of 500 ps was
used for calculation and structural analysis.

Generally, temperature fluctuations and energy fluctua-
tions were used as the standard to judge whether molecular
dynamics simulation has reached equilibrium. If the fluctua-
tion of temperature and energy is within 5%, the system was
considered to be in equilibrium. In order to obtain accurate
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F1GURE 2: The initial models of PVDF f-phase structural unit (a), PVDF macromolecular chain (b), BT spherical particle (c), PVDF (d), and

BT20/PVDF (e).
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FIGURE 3: MD simulation of the final 500 ps PVDF (a) and BT20/PVDF (b) density based on the initial model.

analysis results, all molecular dynamics simulation results in
this study were obtained under system equilibrium condi-
tions. Figure 4 shows the energy and temperature curves of
the final NPT-MD simulation process taking the PVDF
and BT20/PVDF hybrid system as an example. Supplemen-
tary figure 1 shows the temperature and energy distribution
during the final NPT-MD simulation of BT10/PVDF and
BT15/PVDEF composites.

Accurate simulation close to the real PVDF model is
essential. To verify the balanced PVDF model, we must first
obtain specific properties and simulated values through
comparative experiments. As shown in Table 2, the cohesive
energy density and solubility parameters of PVDF are
4.991 x 10% J/m” and 22.342 (J/cm?)"?, respectively. The dif-
ference between these data and the actual value from the
experiment is small, indicating that the force field and model
method used here can reproduce the condensed phase prop-
erties of PVDF.

4. Results and Discussion

4.1. Morphological Structure

4.1.1. Simulated Structure. The simulated structure of the
BT/PVDF composites with the different BT contents was

obtained by MD simulations on the basis of the initial
models. Figure 5 compares the initial models and the simu-
lated structure of the composites. For BT10/PVDF, BT par-
ticles are well dispersed in the system and PVDF
macromolecular chains tend to assemble together. With
the increasing content of BT, the agglomeration of BT parti-
cles and the assembling of PVDF macromolecular chains are
found in the simulated structure of BT15/PVDEF. Such phe-
nomena are more remarkable for BT20/PVDEF. The initial
model of BT20/PVDF describes a uniformly dispersed struc-
ture of BT particles and an extended macromolecular chain
of PVDF, while the structure after the simulation presents
agglomerated BT particles and assembled macromolecular
chains. The results indicate the strong influences of BT con-
tent on the structure of the composites. The composites with
higher BT content than 10 vol% show the agglomerating ten-
dency of BT particles and the enhanced assembling of PVDF
macromolecular chains, which is consistent with the XRD
results in Figure 1.

4.1.2. Morphological Analysis. Morphological structure of
BT/PVDF composites with different BT contents was inves-
tigated by SEM, the results of which are shown in Figure 6.
For BT10/PVDF, it can be observed in Figure 6(a) that BT
particles are well dispersed in PVDF. The obvious interface
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FIGURE 4: Temperature and energy distribution during the final NPT-MD simulation of the PVDF (a, b) and BT20/PVDF (c, d) hybrid

system.

TaBLE 2: Simulated and experimental values of PVDF cohesive
energy density and solubility parameters.

o ((Jlem®)™)
22342
23.200

CED x 10% (J/m®)
4.991
5.382

Analog value

Experimental value [34]

structure between BT and PVDF reveals their weak interac-
tion, which can be further evidenced by the holes left due to
the abscission of BT particles during the brittle fracture in
liquid nitrogen. With the increase of BT content, the
agglomeration of BT particles becomes notable for
BT15/PVDF as shown in Figure 6(b). The undulating cross
section is observed with the fractured cracks formed due to
the agglomeration of BT particles and its weak interaction
with PVDF. As the BT content increases to 20vol%, the
agglomerated BT particles are full of the fractured section
and the matrix of PVDF is hardly observed in the SEM
micrographs of BT20/PVDF as shown in Figures 6(c).
Based on the MD simulations and the SEM observations
of BT/PVDF composites with different BT contents, it can
be inferred that the morphological structure is closely related

to the BT content. Both methods come to the common con-
clusion that the agglomeration of BT particles forms when
the BT content is higher than 10vol%. Furthermore, the
MD simulations also reveal the assembling of PVDF macro-
molecular chains, which gives the reasonable evidence for
the XRD results. It follows that MD simulation can be help-
ful in understanding the change of morphological structure
by revealing the assembling process of PVDF macromolecu-
lar chains and the agglomeration of BT particle. The simu-
lated structure gives a useful supplement to SEM and XRD
results.

4.2. Fractional Free Volume and Glass
Transition Temperature

4.2.1. Fractional Free Volume. The conformation of PVDF
macromolecular chain and its interaction with BT particles
are important factors that influence the performances of
BT/PVDF composites. Considering the weak interaction
between PVDF and BT particles, as evidenced by Figure 6,
the spatial structure of the composites including the free vol-
ume (Vi) and the occupied volume (V. ypiea) Would be
important to understand the segment motion and the
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(d)

FiGurg 5: The initial model (a-c) and the simulated structure (d-f) of BT/PVDF composites BT10/PVDF (a, d); BT15/PVDF (b, e);

BT20/PVDFE (g, f).

conformation of PVDF macromolecular chain. According to
the principle shown in Figure 7, the hard ball probe method
is used to calculate the free volume of PVDF and BT/PVDF
composites. A probe with a radius of 1 A moves on the van
der Waals surface to produce a Connolly surface. The part
of the space isolated on the Connolly surface that does not
contain the atoms of the system is the free volume.

Figure 8 shows the spatial structure of PVDF and
BT/PVDEF composites, where the blue area represents the
free volume, and the gray area represents the occupied vol-

ume. It can be observed that the free volume of the compos-
ites with different BT contents shows noticeable difference in
terms of its position, shape, and size. Compared with PVDF,
the free volume of BT10/PVDF becomes smaller. As the BT
content increases, the free volume of BT15/PVDF and
BT20/PVDF increases in size when compared with
BT10/PVDEF. Such phenomenon is more significant for
BT20/PVDF. Based on the simulated results in Figure 8,
the fractional free volume (FFV) was calculated according
to Equation (1) to reveal the effects of the BT content on
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FIGURE 6: SEM micrographs of the BT/PVDF composites: (a) BT10/PVDEF; (b) BT15/PVDEF; (c) BT20/PVDEF.

Probe atomic radius

Connolly surface

|

FIGURE 7: Schematic diagram of Connolly surface.

the conformation of the macromolecular chains [35]. The
results are shown in Table 3.

FRV = _free (1)

where V., is the total volume of the model and V., is the
free volume of the model.

According to the FFV values in Table 3, it can be found
that the FFV of PVDF with the value of 28.22% is higher
than that of BT10/PVDF. As the BT content increases from
10vol% to 20vol%, the FFV value increases from 20.65% of
BT10/PVDF to 24.95% of BT20/PVDF. However, the FFV of
BT20/PVDF is still lower than that of PVDF. As observed in
Figure 8, the gathering of BT particles and PVDF macromo-
lecular chains can be found in the spatial structure of the

composites, which indicates that the BT particles occupy a
considerable part of the volume and result in the decreased
free volume. With the increasing BT content, the agglomer-
ation of BT particles, together with the assembling of PVDF
macromolecular chains as shown in Figure 5, leads to the
release of the free volume. As a result, the FFV of
BT20/PVDF increases comparatively.

Therefore, the MD simulation is capable of mimicking
the spatial structure of the BT/PVDF composites and the
calculated results reflect the effects of BT particles on the
FFV, which could be related to the segment motion of mac-
romolecular chain. The free volume is the intermolecular
space among the materials, which provides space to enable
the movement of the macromolecular chain. The introduc-
tion of BT particles reduced the FFV of the composites,
which hindered the segment motion and made it difficult
to change the conformation of the macromolecular chains.
Thus, the performance of the composites related to the seg-
ment motion and the conformation of the macromolecular
chain would be changed, such as glass transition tempera-
ture (Tg).

4.2.2. Glass Transition Temperature. T, is a property of the
amorphous materials or the amorphous portion of a semi-
crystalline materials, which is described as the temperature
at which the amorphous regions experience transition from
a rigid state to a more flexible state. T, of PVDF and
BT/PVDEF composites was studied by MD simulation. The
specific method was on the basis of the simulation details
in Section 3.3. After the simulation of 2000 ps in the NVT
ensemble, the following processes were performed. Firstly,
the initial temperature was set to 550 K, and then, the system
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F1GURE 8: The spatial structure of PVDF (a), BT10/PVDF (b), BT15/PVDF (c), and BT20/PVDF (d) by MD simulation. The free volume is

shown in blue, and the occupied volume in gray.

TABLE 3: Free volume fraction.

Sample Viee (A7) V occupied (A% Vi (A FEV (%)
PVDF 6511.31 16562.49 23073.80 28.22%
BT10/PVDF 554351 21305.25 26848.76 20.65%
BT15/PVDF 6239.67 21931.98 28171.65 22.15%
BT20/PVDF 7477.57 22487.03 29964.60 24.95%

was cooled down to 150K at a temperature interval of 40 K.
Secondly, 100 ps NVT and 300 ps NPT simulations at each
temperature were performed, and then, the final 150ps
NPT dynamic trajectory was taken to calculate the specific
volume. The curves of the specific volume vs. temperature
are shown in Figure 9.

As seen in Figure 9, T, of BT10/PVDF is 80.71 K higher
than that of PVDF, and T, of the composites tends to

decrease with the increasing BT content from 10vol% to
20vol%. When the BT content is 20 vol%, Tg of BT20/PVDF
is 47.08 K lower than that of BT10/PVDEF; however, it is still
33.63 K higher than that of PVDF. These results show good
consistence with those of FFV, which can be well explained

according to the glass transition theory [36]. The higher T,

could be a result of the decreased FFV, which signifies the
confined segment motion. For BT10/PVDF, BT particles
(shown in Figures 5(d) and 6(a)) occupy the free volume
(shown in Figure 8(b)) and decrease the FFV (shown in
Table 3), which hinders the segment motion and gives rise
to the higher T, than PVDF. As the BT content increases
to 20vol%, the agglomeration of BT particles (shown in
Figures 5(f) and 6(c)) results in the increase of the free vol-
ume (shown in Figure 8(d)) and the FFV (shown in
Table 3), which provides more space for the segment motion
and gives rise to the lower T, than BT10/PVDF. Moreover,
the BT particles increase the density of entanglement points
of the macromolecular chains and restrict the segment
motion, as a result of which T, rises. Thus, the higher T,
of BT20/PVDF than PVDF can be contributed to the lower
FFV than PVDF and the restriction effect of the BT particles
on the segment motion. The similar results were reported by
Nerantzaki et al. in their investigation of polylactic acid/si-
lica nanocomposites [37].

In view of the simulation results of the FFV and T, and
the morphological structure of the MD simulations and the
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FiGure 9: The specific volume vs. temperature curves of PVDF (a), BT10/PVDF (b), BT15/PVDF (c), and BT20/PVDF (d) by MD

simulation.

SEM observations, the high consistency between the experi-
mental results and the simulations is revealed, which pro-
vides the evidences for the rationality of the model and the
accuracy of the calculation. On the basis of the MD simula-
tions, the dielectric permittivity of the composites was
studied.

4.3. Dielectric Permittivity

4.3.1. Dielectric Spectroscopy. Dielectric spectroscopy is a
powerful tool for the characterization of dielectric mate-
rials by the measurement of the permittivity as a function
of frequency and temperature. Figure 10 shows the curves
of the real part of the complex permittivity (¢') and the
loss factor (tan §) of PVDF and BT/PVDF composites as
a function of frequency. As shown in Figure 10(a), the
curves of ¢ show a stepped downward trend with the
increase of the frequency. A rapid decrease of & was

found at 1-10°Hz, which is attributed to the effect of
interface polarization. As the frequency increases from
10 Hz to 10°Hz, only a slight decrease of ¢’ is found. A
significant decrease of &' was found at 10°-10” Hz, which
is attributed to the effect of dipole orientation polarization.
The response of the dielectric constant of the BT/PVDF
composite to frequency is mainly due to the influence of
different polarization mechanisms. With the introduction
of BT particles, ¢’ of BT/PVDF composites shows marked
increase with the BT contents. At 1kHz, ¢' is 8.98 for
PVDEF, 13.91 for BT10/PVDF, 17.76 for BT15/PVDF, and
19.38 for BT20/PVDF, respectively. An increase of &'
about 115% can be found while comparing between
BT20/PVDF and PVDF. When the BT content increases
from 10vol% to 20vol%, ¢’ increases by about 40% and
the increasement rate of &' slows down, which can be
explained by the agglomeration of BT particles.
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FiGure 10: The real part of the complex permittivity (a) and the loss factor (b) of PVDF and BT/PVDF composites as a function of

frequency.

Two peaks of tan§ corresponding to the interface
polarization and the dipole orientation polarization are
found at the frequency range of 1-10°Hz and 10°-10" Hz
in Figure 10(b), respectively. The composites with different
BT contents show the similar tan & curves as a function of
frequency. The same frequency corresponding to the peak
of tan & due to dipole orientation polarization for PVDF
and BT/PVDF composites is found, indicating the same
polarization mechanism. At 1Hz, tan § of the composites
is slightly higher than that of PVDF, which can be
explained by the enhanced interface polarization due to
the addition of BT particles. At 1kHz, tan § of the com-
posites tends to be the same as that of PVDF due to the
similar polarization process. At 1 MHz, tan § of the com-
posites is lower than that of PVDF, which can be
explained by the impaired dipole orientation polarization
due to the decreased content of PVDEF.

4.3.2. Permittivity by Cole-Cole Equation. Figure 11 shows
the relationship between the real part (¢') and the imagi-
nary part (¢") of the complex permittivity for PVDF and
BT/PVDF composites. It can be seen that the curves con-
sist of two parts, a circular arc (the left part of the curve)
and a straight-like line (the right part of the curve). The
right part is related to the interface polarization at low fre-
quencies, while the left part is related to the dipole orien-
tation polarization at high frequencies. The circular arc at
the left reveals & decreases as &' increases, which corre-
sponds to the increase of ¢” at high frequency. In this sce-
nario, &¢'-¢” curve is mainly dependent on the dipole
orientation polarization, which reflects the dielectric relax-
ation of the composites. Dielectric spectroscopy is sensitive
to dipolar relaxations, which are usually analyzed using
theoretical models based on the well-founded Debye equa-
tion to describe the experimental spectroscopy. Hereinaf-

ter, the Cole-Cole equation as shown in Equation (2)
was adopted to describe the dielectric relaxation of
BT/PVDF composites according to the method reported
by Wang et al. in the study of carbon nanotube/epoxy
composites [38].

& —¢

S o0

(2)

er=¢ —je'l=g +—5 "X
/ 1+ jor(9)’

where &* is the complex permittivity, ¢, is the static per-
mittivity, e., is the optical frequency permittivity, 7 is
the average relaxation time, and « (0<a<1) represents
the dispersion of the relaxation time.

The Cole-Cole equation is used to fit the circular arc
in the &'-¢” curves, and the fitted curves are shown in
the solid line in Figure 11. The calculated values of the rel-
evant parameters are shown in Table 4. It can be seen that
g, and e, increase with the increasing BT content while 7
and « show no significant changes. Accordingly, there are
no or few effects of BT particles on the dielectric relaxa-
tion of PVDF at high frequency, which is originated from
the dipole orientation polarization of PVDEF. The
BT/PVDF composites present the same dielectric relaxa-
tion process as PVDF, and the increased permittivity of
the composites is mainly due to the high permittivity of
the BT particles.

4.3.3. Permittivity by MD Simulation. Based on the principle
of statistical mechanics and the fluctuation dissipation theo-
rem, a script was written to calculate the total dipole moment
of the model system. The MD simulation mainly considers the
influence of polarization on the dielectric properties. Accord-
ing to the contribution of the dipole orientation polarization
to the permittivity, the theoretical static permittivity is calcu-
lated by Equation (3) [39]. The result of Equation (3) is usually
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TaBLE 4: The calculated parameters by the Cole-Cole equation.

Sample & €0 7 (s) o
PVDF 8.97 3.58 0.96 x 1077 0.374
BT10/PVDF 13.83 6.15 0.86x 1077 0.390
BT15/PVDF 17.65 8.23 0.86 x 1077 0.393
BT20/PVDF 19.26 8.80 0.84x 1077 0.405
corrected by Equation (4) [40].

<M?> — <M>?

, (3)

.
Mp 3e,Vky T

where €, is the theoretical static permittivity; <M > is the
total dipole moment; ¢, is the vacuum permittivity; V is the
volume of the system; kj is the Boltzmann constant; and T
is the temperature.

<M?> — <M>?

_— 4
3eVkgT )

Empy = & T

where &y is the modified theoretical static permittivity and
€, is calculated by [40]

e—-1  dmy
e, +2 3<V>’

()

where <V > is the average molecular volume and y is the
polarizability.

Considering the relationship between the polarization
intensity (P) and the external electric field (E) and y, shown
in Equation (6) and Equation (7), the external electric field
can be used to calculate €, and then &, can be obtained.
To simplify the correction process, <V > was determined
according to Equation (8).

<M >
pP= ) 6
! (©
P=yE, (7)
<V>:E+7V(l_(p), (8)
Nl NZ

where ¢ is the volume fraction of BT; N, is the number of
BT particles in the model; and N, is the number of PVDF
molecular chains in the model.

The external electric field was calculated according to
Equation (9) with the voltage applied during the characteri-
zation of dielectric spectroscopy. In order to simplify the
correction process of the static permittivity by MD simula-
tion, no other corrections were adopted to modify the effec-
tive electric field.

; 9)



12 Advances in Polymer Technology
TaBLE 5: Calculated parameters for MD simulations of BT/PVDF composites.

Sample V (A% <V> (A% x (cm?) E (V/mm) d (mm)

BT10/PVDF 3.88 x 10* 12933.3 1.53 x 1072 9.68 0.31

BT15/PVDEF 4.06 x 10* 13025.8 1.79 x 1072 10.00 0.30

BT20/PVDF 4.13 x 10* 12390.0 1.80x 1074 11.54 0.26

TABLE 6: Static permittivity of BT/PVDF composites obtained from
Equation (2) (&), Equation (3) (gyp), and Equation (4) (eypy)-

Sample & EMD EMDY
BT10/PVDF 13.83 10.76 13.64
BT15/PVDF 17.65 13.18 17.32
BT20/PVDF 19.26 15.52 20.02

where U is the voltage during the test of dielectric spectros-
copy and d is the thickness of the sample.

BT is a typical ferroelectric material with spontaneous
polarization, which mainly originates from ion displace-
ment polarization and electron displacement polarization.
In the absence of an external electric field, the spontane-
ous polarization directions are randomly distributed and
no dipole moments are observed. Under an external elec-
tric field, the spontaneous polarization can be adjusted
along the direction of the electric field to form dipole
moments. For BI/PVDF composites, the dipole moments
generated by BT particles would effectively increase the
permittivity of the composites. To perform the MD simu-
lation, <M > was continued to drop from a relatively large
value (about 200D) to 5-7 D, approaching the ideal limit
for “zero net dipole moment.” During the correction pro-
cess, the testing value of the external electric field was
introduced to make a comparison between the results of
the MD simulations and the dielectric spectroscopy.
Table 5 shows the calculated parameters by MD simula-
tion, and Table 6 shows the static permittivity calculated
by MD simulation together with that by Cole-Cole
equation.

In Table 6, ey, is the static permittivity obtained by
MD simulation, eypy is the static permittivity corrected
by the testing electric field, and ¢, is the static permittivity
obtained by fitting the &'-¢" curves according to the Cole-
Cole equation. It can be seen that both ey, and &ypy
increase with the increase of BT content, which coincides
with the results of dielectric spectroscopy. Moreover,
empy 1s very close to ¢ in value, indicating the very good
consistency among the static permittivity corrected by the
applied electric field and that obtained by the Cole-Cole
fitting of the dielectric spectroscopy. As a result, the per-
mittivity of BT/PVDF composites can be successfully pre-
dicted by the simulation model and the calculation
method. The proposed MD simulation acts as a bridge
between the microscopic polarization mechanism and the
macroscopic dielectric properties and would be in favor
of the investigation and the design of dielectric
composites.

5. Conclusions

In this work, we reported the MD simulations on the struc-
ture, glass transition temperature, and dielectric permittivity
of BT/PVDF composites. The initial models which are com-
posed of three PVDF macromolecular chains and BT parti-
cles were proposed on the basis of the crystalline structure
of PVDF, BT, and BT/PVDF composites. The models were
proved to be reasonable and practical in the MD simulations
on the structure of BT/PVDF composites. As a result, the
simulated structure showed well consistence with the mor-
phological observation by SEM and revealed the assembling
of PVDF macromolecular chains and the agglomeration of
BT particle with the increasing content of BT in the compos-
ites. Thanks to this featured structure of the composites, the
segment motion and the conformation of the macromolecu-
lar chain were influenced, which were affirmed by the MD
simulations on FFV and T,. The composites presented the

higher T, than PVDF due to the lower FFV and the restric-

tion effect of the BT particles on the segment motion. Mean-
while, the physical interaction between BT and PVDF was
suggested according to the simulated structure and the
experimental results of XRD and SEM. More evidences came
from the same frequency corresponding to the peak of tan §
due to dipole orientation polarization and the average relax-
ation time (1) of the same order by Cole-Cole fitting while
investigating the dielectric spectroscopy. Furthermore, the
static dielectric permittivity was calculated by the molecular
dynamics simulation statistical dipole moment and cor-
rected by the electric field during the testing of dielectric
spectroscopy. The calculated results were found in good
agreement with the static dielectric permittivity obtained
by the Cole-Cole fitting of the dielectric spectroscopy.
Accordingly, the rationality of the model and the accuracy
of the calculation were indicated. The structure and the
dielectric permittivity of BT/PVDF composites can be suc-
cessfully simulated by the proposed simulations and the cal-
culation models. MD simulations would be helpful in the
research of dielectric composites by acting as a bridge
between the micropolarization mechanism and the macrodi-
electric properties.
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Supplementary Materials

Supplementary 1. Supplementary figure 1: the temperature
and energy distribution during the final NPT-MD simula-
tion of BT10/PVDF and BT15/PVDF hybrid systems. It is
proved that the MD simulation of BT10/PVDF and
BT15/PVDF models reaches equilibrium.

Supplementary 2. The original data file of material dielectric

properties is the original data of ¢’, ¢”, and tand of PVDF,
BT10/PVDF, BT15/PVDEF, and BT20/PVDF composites.

Supplementary 3. The original data file of the glass transition
temperature is the original data of the parameters related to
the glass transition temperature of PVDF, BT10/PVDF,
BT15/PVDF, and BT20/PVDF composite materials calcu-
lated by MD simulation.
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