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Abstract: This paper introduces a new category of electrical current transducers based on
piezoelectrets with thermoformed channels exhibiting magnetic characteristics. These magnetic
characteristics gave rise to a new class of piezoelectrets called Thermoformed Magneto-Piezoelectrets
(MPTs). Testing the MPTs reaction to external electrical currents showed that these devices respond
proportionally to the magnetic fields generated by the applied electrical current. The occurrence of
the direct piezoelectric effect is thus verified, and when subjected to magnetic fields produced by
electrical currents, the sensor evidenced piezoelectric and piezo-magnetic coefficients of 8300 pC/N
and 4980pC/ G, respectively. Therefore, the additional layer of magnetostrictive material optimized
the piezoelectric characteristics of the MPTs, but also allowed them to respond to external magnetic
fields produced by electrical currents.

Keywords: Electrets; polymers; piezoelectricity; Magnetrects

1. Introduction

Ferroelectrets, also known as electromechanical films, received considerable attention after
the demonstration of their ability to exhibit a high piezoelectric effect. In a piezoelectric material,
the positive and negative electrical charges are separated but symmetrically distributed, making it
electrically neutral. When mechanical stress is applied, this symmetry is disturbed, and the electrical
charge caused by the introduced asymmetry generates an electrical potential throughout the material
[1-3].

Piezoelectric materials, such as porous polymers and polymeric foams, are widely used in
applications with mechanical stimulation, obtaining a valuable electrical response and high charge
trapping. This result, along with its inherent low density, contributes to a piezoelectric coefficient
higher than those found in natural polymers [4,5].

The trapping of electrical charges in piezoelectrets, as well as the control and distribution of the
cavities, are directly related to a high piezoelectric coefficient of the material. The method used to
trap the electrical charges is the thermoforming process, based on the application of an electric field at
high temperatures, followed by a cooling stage while maintaining the application of the electrical field
[6-9].

With the technological advances, which includes the improvement of equipment and the discovery
of new materials and methods, in addition to the evidence that the apparent piezoelectricity was related
to the elasticity of the material, some studies found that the combination of two different polymers
promotes the increase of the efficiency of the retention process of electrical charges [4,10,11]. Thus, such
combination of polymers provides high coefficients of electromechanical sensitivity, overcoming the
equivalent piezoelectric coefficients evidenced by the best ceramic materials used nowadays [12,13].

This combination of polymeric materials with different elasticities enabled the production of
piezoelectrets with porous dielectric films, mainly because polymers exhibit the flexibility required for
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the lamination process, as well as the production of piezoelectrets with cellular polymeric films, with
internal structures formed by microscopic cavities that result inherently from the lamination process
[14]. It is also referred in the literature that the highly organized structure of the cavities promotes the
homogeneity of the electrical charge field, improving the piezoelectric characteristics of the material
[7,15].

Among the polymer materials, fluoropolymers, such as polytetrafluoroethylene (PTFE) and
its fluoroethylene propylene copolymer (FEP), can be successfully used as porous materials with
piezoelectric effect, producing interesting and new ferroelectrets, evidencing a noticeable and valuable
thermal stability [16].

A fluoropolymer matrix with tubular air channels is one of the potential architectures for such
purpose. The method proposed by Altafim [7] allowed the construction of tubular channels of
fluorinated ethylene propylene (FEP), that were artificially created using PTFE rectangular templates
perfectly aligned in a parallel arrangement. This methodology enables the tailoring of the geometric
parameters of the internal cavities that form the air channels, allowing the proper characterization of
such structures with organized multiple layers. These layered structures are formed by overlapping
polymer layers, creating voids or tubular channels during a thermoforming process [15,17,18].

These layered structures can also exhibit a magnetoelectric (ME) effect. The magnetoelectricity
is the effect arising from the joining of materials with ferroelectric or magnetic characteristics by
hysteresis, and this characteristic is observed due to the magnetoelectric (E-ME) effect, which can be
direct or inverse [19].

In the direct E-ME effect, for polarization (P), it is necessary to apply a magnetic field (B) to a
magnetostrictive material, causing mechanical stress that interacts with the piezoelectric material,
resulting in a deformation effect and, consequently, the generation of an electric field (E) response [20].

Magnetoelectric or magnetostrictive materials undergo deformation resulting from the change
of the magnetizing state of the material. These materials exhibit a bidirectional response since the
presence of an external electrical field is able to generate a magnetization state, while the presence of a
magnetic field generates electrical polarization [20].

For a biphasic material, joining magnetostrictive and piezoelectric materials, the E-ME is given
by the product of the magnetostrictive effect, in the phase of the magnetostrictive material, and the
piezoelectric effect, in the phase of the piezoelectric material [21].

When the deformation occurs at the piezoelectric or piezomagnetic resonance frequency of the
material, an electric field is generated, resulting in a maximum ME response. The variation between P
and B is given by eq. (1) [22].

AP = aAB. (1)

where & is the magnetoelectric constant or the magnetoelectric field coefficient.
In the inverse E-ME effect, when an electrical field is applied to a piezoelectric material,
magnetization (M) is generated in the magnetostrictive material, as shown in eq. (2) [22].

AM = aAE. )

To improve this effect, composite materials with a multilayer arrangement, combining
magnetostrictive and piezoelectric layers, have been developed. Recently, electrets made of soft
rubber overlaid with a magnetic material have been proposed and investigated. The charges captured
in the interface between two layers of materials with different magnetic properties were extremely
efficient in converting the applied magnetic field into an electrical signal [21,23].

Based on the configuration developed by Altafim et al. [24] for modeling piezoelectrets with
magnetic characteristics, called Magneto-piezoelectrets Thermoformed (MPTs), a non-invasive electric
current transducer, sensitive to magnetic fields of different intensities, is herein proposed and
characterized.


https://doi.org/10.20944/preprints202308.0568.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2023 doi:10.20944/preprints202308.0568.v1

30f 10

2. Materials and Methods

2.1. Materials and Characterization of Magneto-Piezoelectrets Thermoformed (MPTs)

The method described in [24] was applied in the creation of the MPTs proposed and studied
in this work. Two 50 pum thick fluoroethylene propylene (FEP) films were fused together at 300°C
in a lamination machine to create the multilayer structure. Before the lamination, a 100 yum thick
polytetrafluoroethylene (PTFE) template with rectangular cuts was inserted between the FEP layers,
allowing the fusion of the FEP films following this template. In this work, the applied template was
designed to create four channels with a width of 2 mm, evenly distributed and following a parallel
arrangement.

In the following processing stage, each channel was covered by a set of magnetic tape strips.
These magnetic tape strips were laser cut into rectangular shapes (1,5 mm x 15 mm) from a laminated
magnetic adhesive mat that was 300 um thick and purchased from Fermag-BR. The magnetic layer
generated an uneven surface that was unsuitable to the formation of the electrodes. Therefore, a third
50 ym FEP film was laminated on top of the layer of magnetic strips at 300°C.

Finally, the PTFE template was removed, leaving the open channels in the FEP matrix. The
production process is represented schematically in Figure 1.

FEP layer
4R Zr g =
Aluminum electrodes N i T AR
\—‘——_'__, i “ < =
Magnetic layer Bl AR &
I —— o

Open-tubular channel
(@ (b)
Figure 1. (a) Fabrication procedure for Magneto-Piezoelectret Thermoformed (MPT) with open tubular
channels and piezoelectric-magnetic response. (b) Magneto-Piezoelectret Thermoformed.

After the layered structure production, an aluminum deposition process was applied onto the
external layers to form the conductive electrodes. Using these aluminum electrodes, the MPT devices
were electrically charged for 10 seconds using a DC voltage of 3,5 kV.

Once the MPT devices were produced, an external magnetic field created using a neodymium
magnet was applied to each device. In response, an electrical potential was generated between the
MPT electrodes, demonstrating both the magnostrictive and the piezoelectric effects [24].

2.2. Assembly of the Current Transducer

After the MPT production and charging stage, each sample was inserted into a metallic casing, as
shown in Figure 2 (a), to conduct the experimental tests.

Inside the metal casing, it is introduced an insulating material separator made from Polyvinyl
chloride (PVC), followed by two planar electrodes that enclose the MPT. This assembly is closed by the
threaded sealing ring. The front part of the sensor, Figure 2 (b), is open to provide the required access
(mechanical and magnetic) to the MPT. The two electrode plates are internally wired to a Bayonet
Neill-Concelman (BNC) connector located at the rear side, Figure 2 (c). This BNC connector has an
impedance of 75 () and a frequency range up to 2 GHz and allows the direct connection using a coaxial
cable to the Keithley 6517 Digital Electrometer used in this study to measure the electrical charge
generated during the tests.
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Figure 2. (a) Schematic representation of the current sensor with metallic housing. (b) Image of the
front of the metal casing. (c) Image of the back of the metal enclosure.

2.3. Sensitivity Test to Electrical Current

After the production of the MPTs, the construction of the current sensor with the metallic housing,
the coupling of the electrometer and its calibration, as well as the shielding of the wires and connections,
experimental tests were carried out to verify the concept and to characterize the current transducer.

For the transducer concept validation, a variable alternate current (AC) power supply was applied
to control the voltage and current that flows through a live wire, as depicted in Figure 3.

Figure 3. (a) Metal housing with the MPT. (b) Schematic drawing of current flow and magnetic field
orientation. (c) Current Transformer.

With the aid of the gaussmeter, the magnetic field generated by the variable current flowing
along the live wire was measured for the values of 2, 10, 20, 30, 40, 50, 60, 70 and 80 A. After these
measurements, the developed transducer was connected to the electrometer to measure the electrical
charges with its metallic casing located at 1, 5, 10, and 20 cm away from the live wire.
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3. Results and Discussion

This research is an extremely important and innovative contribution to the study and development
of current transducers, in this case, by using multiple thermoformed polymeric structures with
artificially formed channels, showing/providing magnetic characteristics. Following previous works
[25], the characterization process was improved, and it was possible to control, with more precision, the
geometric parameters of the cavities, besides enhancing the effect of the magnetostrictive component
on the MPT.

The five-layer channel construction technique used herein maximized the response of the
magnetostrictive and piezoelectric materials. The deformation imposed to the magnetostrictive layer,
due to a magnetic field, is mechanically transmitted to the piezoelectric layer through the coupling
between them.

It is worth mentioning that the magnetic layer is highly sensitive to oscillating magnetic fields
caused by alternate current (AC), producing thus an oscillating loading onto the piezoelectric layer.

3.1. Measurement Results

The graph depicted in Figure 4 relates the electrical response of the transducer due to the different
levels of electrical current applied to the live wire, for the four distances considered in this study
(distance between the transducer and the electrical wire).

One important feature that can be observed from this graph is that the response of the MPT, in
terms of electrical charge output, to the electrical current field at different distances is notoriously
distinct. This indicates that the magnetic field produced by the electrical current has an inverse relation
to the distance between the sensor and the electrical wire, as expected.
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Figure 4. Piezoelectric charges generated at different electric currents and distances.

In addition, the MPT clearly shows the increase of the amount of the electrical charge produced,
with the increase of the electrical current, evidencing also a near linear relation between these two
entities.

3.2. Piezoelectric and Piezo-Magnetic Coeficients

The piezoelectric coefficient (d33) of the material represents the proportion between the
dimensional variation of the piezoelectric material (6) and the potential difference applied, that
is, between the generation of electrical charges and the mechanical stress () applied. The dimensional
variation (0) is represented by:
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A
- (ZF
0= ( Y% ) d. (3)
where Y is Young’s modulus, Aj is the variation of the applied mechanical stress and d is the total

thickness.

The deformation caused in the polymer by the program of mechanical stress changes the balance
of the electrical charges generated in the electrodes. The variation (AQ) of these electrical charges is
given by eq. (4) [26].

AQ = Ay [oo(d — 9) — ood] . (4)

where A1 is the surface area of the electrodes, Q is the piezoelectric charge, oy is the density of positive
charges on the electrode and ¢ is variation in the thickness of the air layer. Thus, the calculation of the
piezoelectric coefficient ds3, in the polymer, is given by eq. (5) [26].

Ny ed doy Q

dg = ¢ =200 _ & 5
BTN Y(dted? F ©)

where AQ/A; was considered equal to the electrical charge density A,, € is the permittivity of
piezoelectric polymers, ¢ is the density of positive charges trapped on the surface of piezoelectric
polymers and F is the force.
In eq. (5), the material Young’s modulus is inversely proportional to the piezoelectric coefficient,
that is, by increasing the elastic stiffness of the polymer, its piezoelectric coefficient decreases [3,27].
For the piezoelectric-magnetic coefficient (d,—n), the equation is like the one involving the
piezoelectric coefficient. In this case, the applied loading is the mechanical stress caused by the
magnetic field generated by the electrical field, eq. (6):
(6)

dpfm —

Sile)

where B is the magnetic field (Gauss).

In relation to the piezoelectric coefficient (d33) and the piezo-magnetic coefficient (dp—), in this
experimental procedure, it is noted that high mechanical stress created by the magnetic field reduces
this linear behavior in the MPTs. As described in [6], for low compression states, the piezoelectric and
piezomagnetic coefficients increase.

This observation is also in good agreement with the data presented in Tables 1 to 4. Obviously,
this behavior was expected, since the piezoelectric activity of the samples remains the same, and only
the amount of force applied via the magnetic field produced by electrical current changes in a direct
and linear relation.

Table 1. Piezoelectric and piezoelectric-magnetic coefficients obtained with the sensor 1 ¢ away from
the electric current wire.

Electrical Current Piezoelectric Coefficient d3;  Piezoelectric-magnetic Coefficient d,_,

[A] [pC/N] [pC/G]
2 710,00 195,25
10 25,50 35,80
20 8,80 24,50
30 3,40 14,10
40 2,00 11,12
50 1,20 8,27
60 0,80 712
70 0,60 6,13

80 0,50 5,33
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Table 2. Piezoelectric and piezoelectric-magnetic coefficients obtained with the sensor 5 ¢ away from
the electric current wire.

Electrical Current Piezoelectric Coefficient d33  Piezoelectric-magnetic Coefficient d;,_,

[A] [pC/N] [pC/G]
2 3494,12 990,00
10 105,00 145,00
20 34,53 98,10
30 13,76 57,71
40 7,13 43,24
50 5,09 35,66
60 3,09 25,94
70 2,53 24,83
80 1,94 21,68

Table 3. Piezoelectric and piezoelectric-magnetic coefficients obtained with the sensor 10 cm away
from the electric current wire.

Electrical Current Piezoelectric Coefficient d33  Piezoelectric-magnetic Coefficient d;,_,

[A] [pC/N] [pC/G]
2 5440,00 1360,00
10 229,58 324,12
20 60,33 168,18
30 27,09 113,88
40 13,67 76,49
50 8,05 56,37
60 6,00 50,26
70 4,79 46,90
80 3,72 42,17

Table 4. Piezoelectric and piezoelectric-magnetic coefficients obtained with the sensor 20 cm away
from the electric current wire.

Electrical Current Piezoelectric Coefficient d33  Piezoelectric-magnetic Coefficient d;,—,

[A] [pC/N] [pC/G]
2 8300,00 4980,00
10 459,09 631,25
20 114,44 321,88
30 43,03 181,03
40 26,49 148,61
50 18,40 128,81
60 11,46 96,14
70 7,75 75,89
80 6,35 71,01

It was observed that, when a high intensity electrical current was applied, the stress and resulting
displacement fields in the piezoelectric cavities were outside the Hookean limits, the relation between
the electrical current and the output signal ceased to be linear, and the piezoelectric-magnetic response
becomes saturated.

The material behavior becomes thus non-linear and the transducer response loses the direct linear
relation to the measured electrical field intensity.
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It stands out from the optimization procedure, that the MPTs were able to exhibit a magnetoelectric
effect when subjected to an external magnetic field, suffering an elastic deformation in the magnetic
component and, consequently, promoting the macroscopic electrical polarization, due to the
piezoelectric direct effect, which created a potential difference between the FEP layer and the magnetic
layer.

Although there is still no research in the literature allowing the comparison of these results, it is
inferred that the mechanical stress produced by magnetic fields produced by electrical currents, within
the structure Hookean limits, present high piezoelectric and piezo-magnetic coefficients. In addition,
it also proves the capacity of retention and storage of electrical charges of the here in proposed and
developed MPTs. Finally, the results also demonstrate that MPTs are sensitive to electrical currents
and can be used as valid and interesting non-invasive electrical current transducers.

4. Conclusions

This paper presented a proposal for the development and characterization of novel electrical
current transducers, based on thermoformed magneto-piezoelectrets.

The developed electrical current transducer was able to detect the electromagnetic field created by
an electrical current traveling along an electrical conductor (electrical wire). This magnetic effect was
able to produce an electrical charge in the piezoelectric layer, assessing thus the transducer response.
Therefore, the additional magnetostrictive material layer not only optimized the piezoelectric effect of
the MPTs, but also allowed them to respond to external magnetic fields with optimal piezoelectric and
piezo-magnetic coefficients.

The results gathered through experimental tests, aiming at the characterization of the transducer
sensitivity to electrical currents, demonstrated that the electrical charge in this configuration has a
linear relation to the observed electrical current. In relation to the piezoelectric coefficient and the
piezo-magnetic coefficient, it was observed that the voltage in the MPTs, caused by the presence of a
magnetic field produced by electrical currents, when high, tends to cancel this linear relation.

Finally, the obtained results confirm the investigation relevance to understand the optimization of
the transducers, and their physical principle of operation.
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