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The basic idea of this work, from the beginning of the laboratory work till now, is to develop innovative polymer composite materials
using nanoparticles that can polarize in such a way that electrical energy can be stored. A number of thermosetting polymers have
been laboratory-polymerized and then mixed with barium titanate nanoparticles, in order to develop new polymer nanocomposites.
Barium titanate is a well-known dielectric material, which is used in sensors and actuators as it is a piezoelectric and ferroelectric

material. In this work, we examine the storage capability between different types of such composites by creating passive filters.

1. Introduction

Nowadays, the use of capacitors with dielectrics from com-
posite materials of polymeric matrix constitutes an important
and catalytic research field in applications of electronics,
power electronics, and biomedicine. The search and research
of composite materials with specific dielectric and electri-
cal characteristics are in the heart of today’s technological
development and innovation. Polymer-ceramic composites
have been of great interest as embedded capacitor materials
because they combine the processability of polymers with
the desired electrical properties of ceramics. Manufacture of
capacitors with composites materials for RF applications has
started since 2004 by Rao and Wong who developed a novel
nanostructure polymer-ceramic composite with a very high
dielectric constant [1].

This article referred to the electrical and dielectric char-
acteristics of composite materials, whose reinforced phase
consists of barium titanate nanoparticles (BaTiO;). The poly-
meric matrixes that were used in these composite materials
belong to the categories of resins phenol-formaldehyde, the
polyester resins, and epoxy resins. Then, passive filters were
constructed with the use of the improvised capacitors. These
passive filters belong to the categories of low pass, high pass,

bandpass, and bandstop filters. Finally, the cutoff frequencies
and the zones of transit or excision of these filters were
recorded.

LI Raw Materials. The composite materials that were used
as dielectric materials in the construction of capacitors
are as follows: Novolac with 10% BaTiO; w/w, unsaturated
polyesters with 10% BaTiO; w/w, and commercial epoxy resin
(CER) with 10% BaTiO; w/w [2].

L11. Novolac- (NV-) BaTiO; 10% w/w. The resin of phenol-
formaldehyde constitutes the polymer matrix of the com-
posite material Novolac-BaTiO; 10% w/w. Novolac resin is
a phenol-formaldehyde resin and was created in our labo-
ratory by progressive polymerization and polycondensation
mechanism. The design of phenol-formaldehyde consists of
the following raw materials:

(1) Phenol (chemical type: C;H;OH, molecular weight:
94.11 gr/mol).

(2) Solution of formaldehyde 37% v/v (chemical type:
CH,O, molecular weight: 30.03gr/mol). The 37% v/v
formaldehyde solution had the water (H,O) as a solvent.

(3) Hydrate oxalate acid (chemical type: C,H,0,2H,0,
molecular weight: 127.07 gr/mol).
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TABLE 1: Molar ratio of raw materials.

Polyester code

% mol of diacids/total mol

% mol Diol/total mol

Maleic acid (M) Adipic acid (A) Phthalic anhydride (PA)  Ethylene glycol (EG)
M, A;PA, 10 30 60 110
M,A,PA, 30 40 30 110
M,A,PA, 40 40 20 110
M,A,PA, 70 20 10 110
MA, 60 40 0 110

The solution of phenol-formaldehyde was in substoichio-
metric ratio: 1 mol of ethanol for 0.75 mol of formaldehyde
(1:0.75). The nano-barium titanate (BaTiO;) which con-
tained in the NV-BaTiOj is in form of nanopowder and has
got cubic crystalline phase, size of particles less than 100 nm,
purity > 99%, density: 6.08 g/mL, and true dielectric constant
150 at 25°C.

The composite material Novolac-10% BaTiO; w/w has
been produced by the process of hot molding technique.
According to this method, there are two different types of
die molds. The first one is the “open type mold” used for
resins whose hardening raw materials (resin and hardener)
are in solid form and the second one is the “closed mold”
used for liquid resins. Both of the above molds are made of
stainless steel. The open type mold also has four aluminum
parts that control the thickness of the finished specimens,
so they are also 3.0mm thick. While the molded mold
has four lead caps, whose role is to seal-seal the mold
so that no liquid material escapes before it is completely
cured. The die molds (open or closed type) are placed
inside the thermopress, which follows a particular cur-
ing program, depending on the type of polymer matrix
[2,3].

1.1.2. Unsaturated Polyesters-BaTiO; 10% w/w. The unsatu-
rated polyesters with the formations M; A;PA,, M;A,PA;,
M,A,PA,, M;A,PA,, and M¢A, constitute the polymer
matrixes of the following composites materials. They have
been produced by the reaction of gradual polymerization and
polycondensation mechanism. The individual compounds of
these unsaturated polyesters are given below:

(1) Adipic Acid (A). Molecular formula: C;H,,0,, molecular
weight: 146.14 gr/mol, and purity greater than 99%.

(2) Maleic Acid (M). Molecular formula: C,H,O,, molecular
weight: 116.07 gr/mol, and purity greater than 99%.

(3) Phthalic Anhydride (PA). Molecular formula: CgH,O;,
molecular weight: 148.12 gr/mol, and purity greater than 97%.

(4) Ethylene Glycol (EG). Molecular formula: C,HO,, molec-
ular weight: 62.07 gr/mol, and purity greater than 99.5%.

The molar ratio of each major raw material is shown in
Table 1.

Before the development and curing process of the com-
posite materials consisting of unsaturated polyesters and 10%

w/w BaTiO;, via hot molding technique, chain polymer-
ization of the unsaturated polyesters through free radical
mechanism took place. In conclusion, the nano-barium
titanate (BaTiO;) contained in these composite materials is
in the form of nanopowder and it is similar to what is used
for the composition of NV-BaTiO; [3].

1.1.3. Commercial Epoxy Resin (CER) and Commercial Unsat-
urated Polyester (CUP) and 10% BaTiO; w/w. The composite
material CER-BT consists of the commercial epoxy resin
named Epoxol 2874, which consists of the following compo-
nents: Component A (resin) and Component B (hardener).
The composite material CUP-BT consists of the commercial
unsaturated polyester (CUP) and 10% BaTiO; w/w. Also,
the method of hot molding technique took place for the
composition and hardening of these composite materials with
10% BaTiO5 w/w [4].

1.1.4. Nano-Barium Titanate (BaTiO;). The presence of
BaTiO; nano-particles in this type of polyester polymer com-
posites adds to the materials’ system performance piezoelec-
tric, ferroelectric, and pyroelectric properties. These proper-
ties can be exploited in developing “intelligent” or “smart”
materials. Intelligence, at its most basic level in materials, is
characterized by three fundamental functions associated with
sensing, actuation, and control. These fundamental func-
tions are also related to energy conversion mechanisms and
information-transfer mechanisms which involve essential
concepts at the atomic and molecular levels. Barium titanate
is a wide band gap semiconductive ferroelectric material with
perovskite structure which has been of practical importance
for over 60 years due to its specific electrical properties.
Barium titanate’s great significance is expressed in its appli-
cations, which include ceramic capacitors, PTCR thermis-
tors (positive temperature coefficient resistors/thermistors,
or posistors), piezoelectric sensors, optoelectronic devices,
transducers, and actuators. Furthermore, it is being applied
as a capacitive material in dynamic random access memories
(DRAM) in integrated circuits [3].

2. Design and Construction of Capacitors by
Composite Materials

The design of the capacitors, which have been developed,
is shown in Figure 1 (dimensions are in cm). The dielectric
material is each of the composite materials containing 10%
w/w BaTiO;. In Figure 1 (dimensions are in cm), the Facade
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—A TABLE 2: Dimensions of the composite materials and the copper
e 8 sheets.
__________ Lo ] _
- < E Ttem of composite D1m§n51ons o'f Dl.mensmns of the
< s . s material composite materials reinforcements of
] : - [X Y- Z] (mm) each capacitor (mm)
S | NV-BT 19 %17 % 3.0 12x10.5
7 M, A,PA,-BT 24 %17 x 3.0 8 x 14
L. M,A,PA,-BT 23x 17 x 313
M;A,PA,-BT 16 x 17 x 3.09
. 13.5 % 12
FIGURE I: Faade. M,A,PA,-BT 19 x 17 x 3.01
M,A,-BT 16 x 11 x 3.0 Bx7
CUP-BT 16 x 13 x 3.0
CER-BT 18.5 x 16 x 2.90 15x13
«—— Composite
material
Reinforcement
/ Copper
/ electrode reinforcement
15
FIGURE 2: Incision.

of the capacitors is given while, in Figure 2 (dimensions are
in cm), the incision of these is shown. The main building
blocks of these capacitors are the wooden base, the PVC
screws, and the metallic stainless steel supports for the
proper compression of dielectrics. The choice of PVC screws
is recommended for the nonconductive contact with the
reinforcements of the capacitors. The wooden base aids the
insulation of the capacitors. In Figure 2, there is a horizontal
hole with 0.5 cm diameter in the center of screws, in order to
pass through the wires of the reinforcements. Table 2 shows
the dimensions of the composites materials and the copper
sheets that were used as reinforcements on each capacitor.
The dimensions of the reinforcements are smaller than
the dimensions of the composite materials, so as there is no
overlap of homogeneous electric field between two copper
sheets [5]. The wires and reinforcements change in our device
each time, depending on the dielectric-composite material.

3. Procedures of Electric Measurements

The respective reinforcements were placed each time in the
measuring device that was described above. In Figures 3 and
4, the composite materials were placed in our device, so that
there is no angle between the sides of the reinforcements
and the composites materials. This eliminates the coating of
electric field between the reinforcements.

The measurements were performed as follows: the com-
posite materials were placed in the adjustment device and the
cables were connected in the adapter of the LCR meter. The
capacitance and conductance of the composite materials were
measured in the range of frequency, 10 kHz to 1 MHz. For the
electric measurements, the parameters that were defined in
the LCR meter (Figure 5) are given below:

FIGURE 3: Right side of the capacitor.

(1) Frequency range: analog

(2) Measured quantities: Cp and Gp (capacitance, con-
ductance: in parallel connection)

(3) Connector of the LCR meter: 1J1011

(4) Bandwidth of frequency: fstart =10 kHz and fstop =
1MHz

(5) Frequency step: 10100.8 Hz

(6) Speed of the measurements: maximum speed
(7) Time between measurements: 70 ms

(8) Width of voltage: 1V

(9) Integration factor: log(internal regulation of the
instrument)

(10) In each frequency, the result was the average of 16
measurements.

All measurements were performed at ambient conditions
(temperature: 20-30°C and humidity: 30 to 40%). Except
the composite material Novolac-BT, the mechanical pressure,
which was exerted each time in the composite materials,
was the maximum from the PVC screws. This composite
material is characterized with a porous structure and it has
poor mechanical properties [6, 7].

4. Results and Discussion

4.1. Graphs: Capacitance (C)-Frequency (f). In Figure 6, the
unsaturated polyester M; A;PA-BT is distinguished with the
highest capacitance, in the range of frequency 10 kHz up
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FIGURE 4: Left side of the capacitor.

F1GURE 5: Connection: capacitor-LCR instrument.

to 1MHz. The capacitance of the commercial unsaturated
polyester CUP-BT characterized with the minimum capaci-
tance from the other unsaturated polyesters. The capacitance
of the composite material CUP-BaTiO; 10% w/w (commer-
cial unsaturated polyester-nano-barium titanate) tends to get
a constant value.

The capacitor with dielectric composite material
M, A;PA¢-BT 10% w/w presents higher capacitance than the
capacitor with dielectric composite material M,A,PA,-BT
10% w/w in the range of frequency, 10 kHz to 1 MHz. The first
one contains six times greater amount of phthalic anhydride
than the composite material M,A,PA,-BT 10% w/w [8, 9].

The capacitance of the composite material M;A,PA;-
BT 10% w/w is higher than the capacitor with dielectric
composite material MyA,PA,-BT 10% w/w in this range of
frequency. Over 50 kHz, the difference of their capacitances
is almost 0.5 pF. This happens because the proportions of the
initial unions which were used are similar.

Also, the capacitance of the composite material Novolac-
BT 10% w/w decreases exponentially, while the frequency is
increased. At frequencies greater than 50 kHz, the capaci-
tance of this composite material presents several peaks. This
happens because Novolac-BaTiO; 10% w/w is distinguished
with a porous structure. Moreover, this capacitor is charac-
terized with the lowest capacitance in this range of frequency.
The capacitance of the composite material CER-BaTiO; 10%
w/w includes fewer peaks compared to Novolac-BaTiO; in
the range of frequency, 10kHz to 1MHz. This composite
material is characterized with cavities on its surface.

Furthermore, the capacitance of these composite materi-
als is reduced exponentially, while the frequency is increased.

In Figure 6, the capacitance of the capacitor with dielec-
tric Novolac-BaTiOj, has been measured with 10™'* sensitivity
in the range of frequency, 10 kHz to 1 MHz. There are many
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FIGURE 6: C- f graph of composite materials.

peaks in this chart due to the fact that this composite material
has got a porous structure.

The equations which verify the capacitance of capacitors
by composite materials are found by the Software OriginPro
and these are the nearest equations of the straight lines or
curves of capacitance of each composite material. They are
given below:

(1) y =1,7468 - 10711 007141
(2) y = 1,0965 - 1071157002009

(3) y = 3,6226-10712+6,9224-107"3 . e¥/792%) 11 7915.
10712 'e(—x/12165,04) +6,0588 - 10713 .e(—x/530433,45).

(4) y =3,1181- 1072 +7,5036 - 1072 . £ /6978) 11 4792 .
10712 . e(fx/11942,35) + 5’5409 . 10713 . e(fx/412683,72).

(5) y = 4,8692 - 1071200433

(6) y =1,6335-10712+9,7105-107'*. £ */1549582) 1 8 7869.
10714 . o(-x/70358.8) 9,4579 - 10714 . (~x/60140236)

(7) y = 1,4141-10 712 +6,9058 - 10714 . e ¥/126376) 4 77507 .
10714, e(fx/sss%,ss) +7,5323 - 10714 .e(—x/558771,98).

(8) y =2,8927-10712+1,5019- 10713 /65387961 1 1 925).
10713 'e(—x/111661,92) +1,4724 - 10713 . p(X/1951L3),

4.2. Graphs: Conductance (G)-Frequency (f). In Figure 7,
the capacitor with dielectric composite material M, A;PA,-
BaTiO; 10% w/w presents the greatest conductance in the
range of frequency, 10 kHz to 1 MHz. The commercial unsat-
urated polyester CUP-BaTiO; 10% w/w presents the lowest
conductance from the rest of unsaturated polyesters [10]. The
capacitors with dielectrics composite materials M;A,PA;-
BaTiO; 10% w/w and M,A,PA,-BaTiO; 10% w/w are char-
acterized with similar conductance up to 300 kHz while the
composite material M,;A,PA,-BaTiO; 10% w/w has got the
same conductance up to 150 kHz. The composite material
Novolac-BaTiO; 10% w/w is distinguished with the lowest
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FIGURE 7: G- f graph of composite materials.

conductance. The composite materials CUP-BaTiO3 10% w/w
and Novolac-BaTiO; 10% w/w is characterized with similar
conductance up to 200 kHz.

Moreover, the conductance of all capacitors is increased
exponentially, in the range of frequency 10 kHz to 1 MHz.

The equations which verify the conductance of capacitors
by composite materials are found by the Software OriginPro
and these are the nearest equations of the straight lines or
curves of conductance of each composite material. They are
given below:

(1) y =1,8903 - 107° — 1,8856 - 1072 ¥/37785E0),
(2) y = 2,0014 - 107> — 1,9945 - 10 °¢(*/6:3932E6),

(3) y = 1,6109 - 10™° — 1,4918 - 1077l ¥/6%49428) _ g 1386 .
10—68(—x/1,2245-E7) — 77762 - 106 e(—x/5,397-E6).

(4) y = 1,318 - 107 x"%0,
(5) y = 1,7165 - 1072x*7°,

(6) y =1,0919 - 107 — 1,0771 - 10 e */31634E0) _ 7 4186 .
10—86(—x/69023,2-E6)

(7) y = 1,0171- 107° — 9,9815 - 1077 */4+3572E0) _1 9488 .
10—86(—x/98862,34)

(8) y =1,1861- 10712, 0:94645

4.3. Comparative Chart of the Capacitance and Conductance
of the Composites Materials. A comparative table of the
capacitance (C) and the electrical conductivity (G) in the
frequency f =100 KHz is given in Table 3.

We observe that, for f =100kHz, the capacitor with the
dielectric-composite material M;A;PA¢-BT has the largest
capacity (C) and electric conductivity (G) while the compos-
ite material with the dielectric NV-BT has got the smallest
capacitance (C) and electric conductivity (G) (Table 3). This
happens because the composite material M, A;PA;-BT has
got the bigger quantity of phthalic anhydride [7, 11].

5
Potentiometer
[
=
5 T :
s 2 ‘G | Composite | 2
& 2’ 8.1 Material | =
5] & — 2
G Qi le)

FIGURE 8: Electric circuit of low pass filter.

4.4. Passive Filters. The filters, which were manufactured
and described below, belong to the category of the passive
filters and specifically they are as follows: low pass, high pass,
bandpass, and bandstop filters. The role of the capacitor in
these filters was the improvised device in which the respective
composite materials were placed each time as dielectric.
Then, the capacitors were connected with potentiometer that
had maximum resistance 500 K(, on a breadboard device.
For the synthesis of the bandpass and bandstop filters, we
also used 20 mH inductor in parallel and serial connection,
respectively. With the use of sinusoidal voltage signal Vin
(Generator: Hung Chang 9205), the passive filters were
powered. An oscillograph (Tektronix TBS 1052B) which was
connected in parallel at the output of the filters recorded the
cutoff frequencies of the low pass and high pass filters, as
well as the bands of crossing or cutting of the bandpass and
bandstop filters.

4.4.1. Low Pass Filters. Figure 8 illustrated the wiring diagram
of the low pass filters, in which, for each composite material
that was placed in the improvised device each time, we set the
value of the potentiometer, by help of a multimeter, giving
specific values in the potentiometer. Specifically they are as
follows: Rpoten. = 50 K, 100 KQ, and 200 KQ [9]. Then, for
each potentiometer value we changed the frequency of our
generator in order to check at what frequency exactly the
cutoff frequency of the filters appears. In the frequency band
from 10 Hz up to 2 MHz the frequency cutoft appears when
the formula below applies:

Vout = 0.707 = Vin. (1)

The cutoff frequencies of the low pass filters are given
in Table 4.
When resistance of potentiometer is R = 500 k(, then

Vout < 0.707 - Vin,

2)
10Hz < f <20Hz.

4.4.2. High Pass Filter. Figure 9 illustrated the wiring diagram
of the high pass filters. In these circuits, it was not observed
cut-off frequency in the oscillograph. There is no frequency
between 10Hz and 2MHz in which the below formula
applies:

Vout = 0.707 * Vin. (3)
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FIGURE 9: Electric circuit of high pass filter.

Generator
Potentiometer

This behavior of the filters is due to the fact that these
capacitors are characterized by very small capacitance on the
order of pF, and as a result the cutoff frequency of these filters

extends beyond the generator limits (10Hz < fgperaor <
2 MHz).

4.4.3. Band Pass Filters. Figure 10 illustrated the wiring
diagram of the band pass filters. The bandwidth of the
bandpass filters is defined between the frequencies f-, and
fc: the output voltage Vout is equal to 0.707 of the input
voltage Vin [11, 12]

When: Vout = 0.707 * Vin,

f=ra (4)

and  f = fo,.
The bandwidth of each filter is given by the formula:

then

BW = w, — w,. (5)

The formula of the quality factor of the filters is given
below:

- Y

Q=

The frequencies f-; and f, of the bandpass filters and the
resonance frequency f,, were measured in the oscillograph
and then the quality factor of the filters was calculated. When

[Voue/Vinl = 1 then f = f;. A comparative table of the quality
factor of the bandpass filters table is given in Table 5.

wo = 27fo. (6)

4.4.4. Bandstop Filters. Figure 11 illustrated the wiring dia-
gram of the bandstop filters. These circuits do not present
appropriate behavior of bandstop filters, because when the
resistance of potentiometer is

(i) Rpoten. <100 KQ then:
When f — f;
7)

out

then:

# 0.

in

When the frequency of the generator is near the cutoff
frequency of the filter, it is observed that the sinusoidal signal
pass from the circuit.
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(ii) Rpoten. > 100 KQ then:

When f — f,
(8)

Vout

then: < 0.707.

in

There is no upper frequency limit for passing the sinusoidal
signal from the bandstop filter. This happens because we have
a large voltage drop on the resistance of potentiometer when
Rpoten. > 100 KQ [13].

5. Conclusions

From the composite materials of polymeric matrix that were
used as dielectric materials in the construction of the capac-
itors and then in the design of electronic passive filters, it is
observed that the capacitor with the dielectric material, the
unsaturated polyester M; A;PA, has the highest capacity (C).
In the frequency range from 10 kHz to 1 MHz this capacitor
recorded capacitance values greater than the other capacitors.
Also, this capacitor was featured by the highest electrical
conductivity G (S). The following capacitor with higher
capacitance and electrical conductivity is the capacitor with
dielectric composite material M;A,PA,-BT, in the frequency
range from 1 MHz to 10 KHz. The capacitor with dielectric
material NV-BT is characterized by the smallest capacitance
and the lowest electrical conductivity G (S). This is due to
the fact that this composite material is porous. The relative
dielectric constant of this material e, is the result of the
dielectric constant of the composite material: e material

r,comp.
and the dielectric constant of air: e, ,;,. The capacitor with

r,air*
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composite material, the commercial unsaturated polyester-
barium titanate (CUP-BT), occupies the second position with
the smallest capacitance and electrical conductivity [14].

At high frequencies (>900KHz), the capacitors with
dielectric materials M; A;PA,-BT and M;A,PA,-BT tend to
take a constant value of capacitance. It happens because the
dipoles, due to the inactivity, do not follow the orientation
of the homogeneous electric field. The capacitors with the
dielectric materials M;A,PA;-BT and M,A,PA,-BT acquire
a constant value of capacitance in frequencies greater than
700 KHz. Also, the capacitor with the dielectric MgA,-
BT tends to take a constant capacitance value for f >
300 KHz, while the capacitor with dielectric, the commercial
unsaturated polyester CUP-BT, presents an almost constant
capacitance value (C) across the frequency range from 10 KHz
to 1 MHz.

Finally, the capacitor with the dielectric material CER-BT
has an almost constant capacitance after 600 KHz, while, for
the capacitor with dielectric NV-BT, it happens after 200 KHz.

The circuits, which were designed by using the above
capacitors, present behavior of cutoft filters, because of the
fact that, for low frequencies, the input signal passes while,
for high frequencies, the signals are cut off. By increas-
ing the resistance value of the potentiometer, the cutoft
frequency of the filters is decreased. The bandpass filters,
which were designed based on these capacitors, present a
good behavior as bandpass filters for values potentiometer
resistance Rpoten. < 50 KQ, while, for values of resistance
potentiometer R > 50 K, it is observed that the ratio of the
output voltage to the input is

Vour <1 for f — f,. 9)

IN

This happens because of the fact that large voltage drop
is observed on the resistance of the potentiometer; as a
result these circuits do not have an appropriate behavior
as bandpass filters. It is also observed that the increase of
potentiometer’s resistance from 10 KQ to 50 KQ improves the
quality factor Q of the bandpass filters significantly [15]. The
bandpass filter with the capacitor that has as dielectric the
composite material M; A;PA,-BT presents the highest value
of the quality factor. The classification of bandpass filters
(RLC) based on the quality factor can be made as follows:

L = constant

(i) For Rpoten. =10 KQ is
Qrrcmzasras-sr) > Qricviazpas-sr) > Qric(Moeas-BT)
> Qrrc(MaA4PA2-BT)
(10)

> Qricm7a2pat-er) > QRLC(CER-BT)
> Qrrc(cur-sr) > Qrrc(v-sr)-

(ii) For Rpoten. = 20 KQ is

Qricmiazeas-Br) > Qric(Marspa2-BT)

> Qrrcmsaaras-sr) > Qric(Meas-BT)
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> Qricicur-ar) > Qricv-Br)

> Qrrcmzazpat-et) > QRLC(CER-BT)-

(11)
(iii) For Rpoten. = 50 KQ is
Qrrcmiazpas-Br) > Qrrc(M3A4PA3-BT)
> QRric(M4A4PA2-BT)
> Qrrcovzazearr) > Qricovsassry  (12)
> Qrrccerpr) > Qrrc(cur-sr
> Qrrc(v-BT)-

These passive filters can be applied to electronic integrated
circuits, to antennas of transmitting and receiving signal
and combined with active filters can be applied in power
compensation systems and cutoff harmonic of electricity
networks.
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