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Abstract

Polyvinylidene fluoride (PVDF) is valued for its properties of transparency to light, lightness, flexibility, mechanical
strength, chemical stability, ease of processing, and low-cost production. Ceramics have low mechanical strength and
poor processability, but have excellent piezo- and pyroelectric characteristics. The deficiencies of ceramics can be
minimized by combining them with polymers. Accordingly, PVDF samples with different percentages of bentonite or
LiNbO, were used to obtain composites via “casting,” and the modulus of elasticity (E) of the composites was studied
using a specially designed system. The method used to obtain E took into account the strain energy and the strength of
the materials. Based on the results, E decreased with an increased percentage of bentonite and, in the case of LiNbO,,

for the percentages of 30% and 35% increases.

Keywords: bentonite, deformation energy, LINDO,, modulus of elasticity, PVDF.

1. Introduction

This study uses a specially designed system to determine
the modulus of elasticity (E) of the tensile strength of
polymer composites. Several methods and techniques
can be used to obtain E, including static testing (tensile,
torsion, bending), dynamic testing (resonant frequency
method), wave propagation methods (ultrasonic echo-pulse
method), and nanoindentation testing. Each method has
advantages and disadvantages. Moreover, the measured
Young’s modulus values obtained from these methods
are different, even for the same sample material. Of these
methods, the pulse-echo ultrasound method is most commonly
used?). This technique is nondestructive and does not
alter the sample’s physical or chemical properties; thus, it
has significant practical interest. However, the pulse-echo
ultrasound method can only measure E values for a single
sample temperature and for well-defined sizes. In such
cases, Poisson coefficient information is needed to obtain
E, and the sample dimensions may be crucial. Clay and
polymeric materials have complementary characteristics
regarding the preparation of ferroelectric materials. Such
materials are widely used in the electronics, sensors, and
transducers industries, which require piezoelectric materials
and easy processability. We used polyvinylidene fluoride
(PVDF), which is an important transducer material because
of'its mechanical resistance, chemical inertness’*), and high
piezoelectricity!. PVDF is used in hydrophones, industrial
acoustic materials, and vibration sensors. Depending on
the conditions used to process PVDEF, it presents at least
four crystalline phases, known as a, B, y, and 8°7. PVDF
has a spherulitic crystallization morphology in which the
spherulites are formed by lamellar crystalline regions, which
grow from the center to the edges in a radial direction, and by
amorphous regions, located between the crystalline lamellae
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of the spherulites®. In a dimethylformamide (DMF) solution
from which, in the crystallization of PVDF, both the o and
B phases are obtained, it has been found!'”! that, depending
on the crystallization temperature (T), the predominantly
a-phase films crystallize at T < 160 °C. The influence of the
PVDF phases is scientifically and technologically important
because these phases can influence the physical and chemical
properties of PVDEF. In addition, PVDF is easy to process
and its production costs are low!'". Unfortunately, neat
PVDF cannot completely meet the mechanical, thermal, and
oxidation resistance property requirements of some harsh
environments!'>"3, Many efforts have been made to improve
the properties of PVDF. For example, the incorporation of
organic polymers or inorganic fillers into the PVDF matrix
to produce composites has been extensively studied to
further improve its propertiest'*!*l. This present study aims
to introduce and apply a technique to measure the modulus
of elasticity (E) of polymeric composites.

2. Materials and Methods

The casting method was used to incorporate ceramic
LiNbO, or bentonite into the PVDF, in which the PVDF
grains (Florafon F4000 HD; Atochem) were dissolved in
DMEF under stirring and heating at 100 °C for 30 minutes
in a shaker magnetic heater. The ceramics were dispersed
in the DMF, and they were mixed with and dissolved in the
PVDF. After stirring and heating the mixture for 10 minutes
until it was homogenized, the resulting solution was poured
into petri dishes and placed in an oven at 100 °C for three
hours to dry and evaporate the solvent. Once all the samples
were prepared, they were cut and fixed, one at a time, and
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measurements were taken (Figure 1A). A caliper or micrometer
was used to obtain the parameters (a and b) for determining
the area of the rectangular cross-section (A) and the length
(L) at the instant the tensile force was applied (Figure 1B).
The values for six samples of PVDF/LiNbO,, with increasing
percentages, by weight, of LINbO,, are shown in Table 1,
while the values for 10 samples of PVDF/bentonite, with
increasing percentages, by weight, of the bentonite, are
presented in Table 2.

2.1 Deflection energy method for obtaining E

Consider an elastic structure submitted to applied loads
and deformed elastically. In this deformation process, the
principle of energy conservation!'®! is used, expressed as:

Wg+Q=AE (1)

W, is the work carried out by the applied external forces,
Q is the heat that the structure exchanges with its surrounding
area, and AE is the variation in the associated energies of
the structure: kinetic energy (K) and internal energy (U).
Considering that the increase in these loads is gradual and
that a state of equilibrium is maintained during this process,
then the variation of kinetic energy is zero and AE is due
only to the variation in internal energy U. Under these
conditions, Equation 1 is reduced to:

Wy, =AU )

The work, which is energy stored in the structure due
to tensile force in an infinitesimal volume element®”],
is represented by the strain and stress tensors, o, and e,
respectively. The energy, dU, which is stored in this element
when the deformation has reached its final value € is:

Prismatic bar X1 )
(polymer film) Cross section

B

Figure 1. (A) System for measuring E: (1) Pieces of attachment of samples; (2) Force sensor (FS-PASCO: CI16537); (3) XY table;
(4) Samples: PVDF/LiNbO3 or PVDF/Bentonite; (5) Rotational movement sensor (RMS-PASCO: CI6538; [*]); (6) Motor for moving
XY table; (7) Key to activate motor; (8) Computer with specific software; (9) Interface (PASCO: CI17650-750); (B) Schematic diagram
of the XY table, Pieces of attachment of samples and FS; Cross section of sample of area A; Prismatic bar width a, height b and length L.

Table 1. Results of PVDF/LiNbO,.

LiNbO,, wt. % B, (N/rad) L (mm) a (mm) b (mm) A (mm?) E (MPa)
4 1.480 + 0.004 18.23 £ 0.05 15.45+0.05 0.04 +0.01 0.6+0.1 1510 £ 378
10 1.347 £ 0.004 13.66 + 0.05 15.50 +0.05 0.03 +0.01 05+0.2 1369 + 458
15 0.727 +0.002 12.67 +0.05 13.75+0.05 0.04 +0.01 0.6+0.1 579 + 145
25 0.727 £ 0.002 12.67 £ 0.05 13.75+0.05 0.04 +0.01 0.6+0.1 579 + 145
30 7.34+0.02 8.48 £0.05 11.6 £0.05 0.07 +£0.01 0.8+0.1 2651 +379
35 4.97 +0.02 5.29+0.05 10.7 +£0.05 0.04 +0.01 0.4+0.1 2126 +532

Table 2. Results of PVDF/bentonite.

bentonite, wt. % B, (N/rad) L (mm) a (mm) b (mm) A (mm?) E (MPa)
1 5.45+0.01 12.26 £ 0.05 8.80+£0.05 0.15+0.01 1.32+0.09 1752 £ 118

3 5.62+0.02 12.38 £ 0.05 10.50 +0.05 0.16 +0.01 1.7+0.1 1435+91
4 7.05+0.02 11.96 +0.05 12.05 +0.05 0.15+0.01 1.8+0.1 1613 £108

5 6.52+0.01 10.89 + 0.05 9.20+0.05 0.21+0.01 1.93 +£0.09 1271 £ 61
10 6.59 +0.02 11.37+0.05 12.20 +0.05 0.14+0.01 1.71£0.01 1518 £109

15 6.52+0.01 11.37+0.05 11.60 £ 0.05 0.18 +£0.01 2.09+0.01 1228 + 69

20 7.26 +0.02 10.28 £0.05 12.20 +0.05 0.20+0.01 24+0.1 1057 £ 53

25 5.93+0.02 10.11 £0.05 12.80 + 0.05 0.22+0.01 2.8+0.1 737 + 34

30 6.63 +0.04 10.66 + 0.05 13.90 +0.05 0.20+0.01 2.8+0.1 880 + 45

35 2.90+0.01 13.40 +£0.05 13.30 £ 0.05 0.23+0.01 3.06+0.01 439+ 19
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€ij

dU= | oyde; (€)
0

By integrating the total volume (V) of the structure,
we obtain the total internal energy U due to the deflection,
which is expressed as:

%

U=[(] oyde;)dV 4)
0

In cases where the elastic structure shows linear behavior,
itis isotropic, and it is subjected to pure tensile stress. Using
Hooke’s law!', it is established that:

I >
U=[—opdV
IZEG” 5)

where E is the modulus of elasticity of the tensile force.
To measure E, a prismatic bar is used with a uniform
cross-section of area A and length L, subjected to applied

force F by a force sensor (FS) at one end with another
attached to XY table (Figure 1A and B).

With regard to material resistance!'”) it is known that the
stress state of an internal point of a polymer, x,, based on the
experimental conditions shown in Figure 1, is expressed as:

F
O 1 (6)
The cross-sectional area is represented by A, which is
given by the product of the sides: width (a) and height (b).
Substituting this stress component in Equation 5 yields
the internal strain energy in the structure for this specific
application:

_ F2L (7
2EA

The external work conducted by F is:
Wy =FAL ®)
From Equation 7 and Equation 8, we obtain:

F:”TAAL:B*AL ©)

If we replace the values of the cross-sectional area (A)
and use B* and the calibration factor of the force sensor (f),
we obtain the equation for the calculation of E:

B'L
=—= 1
E 2 f (10)

2.2 Measurement of the modulus of elasticity of tensile
force

Arotation movement sensor (RMS) was used to measure
the turning angle, ¢ (rad), of the screw that moves the XY
table when it shifts from AL!'8). A pulley, with a diameter
of $=28.70 + 0.05 mm, was attached to the RMS shatft.
With the belt that passes through this pulley, and in the other
pulley of the same diameter ¢ affixed to the shaft of the table
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transmission mechanism, one can register ¢. On the same
side as the rotation sensor, we used a microwave motor with
a constant torque to move the XY table in the two required
directions: one for approximation and the other for drawing
XY table away from the force sensor. One piece of the XY
table is attached to the opposite side of the rotation sensors,
and screws are used to fix one side of the sample. The force
sensor (FS) has a fixture that is similar to that of the table.
That fixture is attached with a screw to the other end of the
sample (Figure 1A and B). The FS is fixed to a steel base
that sits on a countertop. Turning the screw moves the XY
table at an angle ¢ (rad), displacing the sample. The motion
is measured by AL, i.e., ¢ (0.000160 m).

Thus, tensile force is slowly applied to the sample by
force F. FS is zeroed before measuring F. The value of F is
automatically recorded for each angle ¢ with an RMS.
The two sensors are connected at an interface to a computer.
Using PASCO software, the experimental points for F (N)
and ¢ (rad) are obtained in real-time, simultaneously. Thus, we
can adjust the straight line and obtain the slope of B because
the points are linear in a regime in which the material shows
elastic behavior. The slope B has units expressed in N/rad,
which is transformed to N/m using the B*=B (1/0.000160)
ratio, since it was evaluated for the measurement system in
question where 1 rad equals 0.000160 m.

To determine these measurements, we had to obtain
a calibration factor (f) because the value of F measured
(Feasuren) 10 FS is different from that of F applied
(F,ppisp)- Factor f can be obtained experimentally by
applying known forces (F,,, .,)» and then measuring
the forces with FS (F, ;. ppep)- For this, we used known
masses: 0.020 kg, 0.050 kg, 0.100 kg, 0.200 kg, 0.500 kg,
and 1.00 kg. They were fixed at one end of an inextensible
cord passing over a pulley at the other end, and attached
to FS. Before placing the samples of polymer/LiNbO, or
polymer/bentonite into clamps, their dimensions (a and b)
were measured with a caliper and a micrometer.

At the beginning of the experiment, the samples were
fixed on the XY table and FS by locking the components
without an applied tensile force. L) was measured with
a caliper. The length, L, was obtained from the curve of
force F (N) as a function of the angle ¢ (rad). For each
of the samples studied, three measures of F as a function
of the angle ¢ were obtained. The first measurement was
very important for providing information about how many
rotations (¢ [ rad ]) were needed to turn the screw of the XY
table to exert tensile force on the sample. L is reported as
the sum of (L, + ¢ [0.00016 m]). For the second and third
measures, the screw was turned counterclockwise to apply
new tensile force again, taking care to drive the XY table
into a position where the sample would not be submitted to
initial tensile stress. The value of L, which was the same as
that measured in the first experimental curve (F as a function
of ¢), was used in Equation 10. At the beginning of every
measurement, the force sensor was reset.
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3. Results and Discussion

The results presented in Figure 2 show the calibration
curve of the FS. The value obtained was f=11.0697 = 0.0003.
This value was used in Equation 10 to obtain E. A typical
curve, F, as a function of ¢ fora PVDF/LiNbO, (65/35 wt. %)
composites, is shown in Figure 3. The slope B of the
three curves shown in Figure 3 was obtained by fitting a
straight line to each of the curves when they showed the
linear behavior that is characteristic of an elastic regime.
For the proposed method to be applied, it is important that
a region on the curve of force F (N) as a function of the
angle ¢ (rad) represents linear behavior. In our experimental
procedure, the limits of elasticity of these samples were
not exceeded. Thus, we achieved good reproducibility for
the E value. On the other hand, a different procedure can
be adopted that uses various samples cut from the same
sample source. Then, the complete experimental curve
(F as a function of @) can be determined for each sample.
In that case, we can determine E using the strain energy
method. It is possible to obtain the values of the forces
for the limit of elasticity and for the rupture of the sample.
Toward that end, we must consider the maximum load
limits of FS (+ 20N). Because we had a number of reduced
samples, we chose the method described in this paper.
An examination of the samples under a microscope shows
the presence of isotropic and anisotropic structures, which
could be due to the method in which these compounds were
prepared®). This may explain the greater or lesser rigidity
ofthe samples when adding increasing mass percentages of
LiNbO,. The procedure to obtain E shows that these samples
behaved as an elastic structure, but that does not mean that
they were completely isotropic, and it does not invalidate
the proposed method. As the crystallization temperature is
decreased to < 160 °C, it is expected that there would be a
predominance of the a phase!®!%, For each PVDF sample with
different percentages of LINbO,, we calculated the average
value of B, measured by the sensors FS and RMS, relative
to the three measurements of the curves as a function of the
angular position. Equation 10 was then used to calculate the
value of E. The results are shown in Table 1.

Figure 4 shows the final results of E, which is expressed
in MPa for all the studied samples with increasing percentages
of LiNbO,. Using our method, the E value of the PVDF was
close to 2000 MPa, which is close to the expected value!™..

A typical curve, F, as a function of ¢ for a composite
based on PVDF/bentonite (90/10 wt. %), is shown in Figure 5.
The same procedure for PVDF/LiNbO, was performed for
PVDF/bentonite. For each PVDF sample with different
percentages of bentonite, we calculated the average value
of B,, measured by the sensors FS and RMS, relative to
the three measurements of the curves as a function of the
angular position. Equation 10 was then used to calculate
the value of E. The results are shown in Table 2.

Figure 6 shows the final results of E, which is expressed in
MPa for all the studied samples with increasing percentages of
bentonite. In this case, the rigidity of the composite decreases
with the increasing percentage, by weight, of bentonite.
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Figure 2. Calibration curve of the force sensor. The calibration
factor fis 11.0697 = 0.0003.
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4
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PVDFILiNbO3 (65/35, wt. %)
R B,=-4,9620.02 £-5
6] © B=514:003 F 6
A B=-4,82£0.02
a T T T T T %
0 1 2 3 4 5 6
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Figure 3. Typical curves of force F (N) as a function of the
angular position ¢ (rad). Sample of PVDF/LiNbO,:
L,=4.65+0.05 mm; L =4.65+4.0 (0.16) = 5.29 mm + 0.05 mm;
a=10.70 £ 0.05 mm; b =0.04 + 0.01 mm; A= 0.4+ 0.1 mm?;
B,=4.97+0.02 N/rad; B*= 31083 + 148 N/m. E is calculated using
Equation 10: E=2126 + 532 MPa.

3000 -
2500 -

PVDF/LINbO4 {

—_
@ 2000

S =
~1500
w

1000

500 - E E

0+ T T T T T T T 1
0 5 10 15 20 25 30 35 40

Content of LiNbO3 (wt. %)

Figure 4. Experimental values of E obtained in the samples
(PVDF/LiNbO,) at different percentages by weight. The value
of E for the sample PVDF/LINbO, (100/0, wt. %) was obtained
according to Wallner et al.l'"?), that is, 1771 + 46 MPa.
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Figure 5. Typical curves of force F (N) as a function of the
angular position ¢ (rad). Sample of PVDF with bentonite:
L,=11.00+0.05mm; L=11.00+2.3 (0.16) = 11.37 mm0.05 mm;
a=1220+0.05mm; b=0.14£0.01 mm; A=1.71+0.01 mm?;
B,=6.59 +0.02 N/rad; B*= 41188 + 119 N/m. E is calculated by
Equation 10: E = 1518 + 109 MPa.

2000 4 PVDF/bentonite

1800-% E

1600 ] E
1400 4 {
1200 4 [} ]

10004 L]

E (MPa)

800
600 -
400 4 =

T T T T T T T T 1
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Content of bentonite (wt. %)

Figure 6. Experimental values of E obtained from the samples
(PVDEF/bentonite) at different percentages by weight. The value
of E for the sample PVDF/bentonite (100/0, wt. %) was obtained
according to Wallner et al."”), that is, 1771 + 46 MPa.

4. Conclusions

The system described in this study is an alternative method
for obtaining E in polymer composites. This method took
into account the tensile strain energy and the strength of the
materials. The method was applied to PVDF samples with
different percentages, by weight, of LiNbO, or bentonite.
It can be used with other types of materials in cases where
the elastic structure shows linear behavior. Based on our
results, the studied samples showed variations in the values
of E when the percentage of LiNbO, or bentonite changed.
The values of E decreased as the percentage of bentonite
increased. The value of E increased when the percentages,
by weight, for LiNbO, were 30% and 35%.
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