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Abstract: First of all the paper presents a solid solution of piezoelectric ceramic that was
synthesized according to the general formula Pb-xSrx(Tio4sZros2)ay»NbyOs with x = 0.05 and y =
0.02, using wet ceramic processing technology and using an oxide mix as prime material. The
effects of dopants (Sr?* and Nb%) on phase constitution, on microstructure and on the dielectric and
piezoelectric properties were determinate. The Zr/Ti ratio was chosen near the morphotropic phase
boundary of the PZT system in studied composition. The XRD data revealed that the PZT doped
composition had tetragonal perovskite structure. Secondly the paper presents the design of the
novel piezo-motor based on a surface wave which translates the linear extension of different
piezoelectric segments of a piezoelectric cylinder into a rotational bending movement. This
rotational bending of the piezoelectric cylinder is then transformed into a continuous rotation of
the rotor through a calculated contact. The design of the motor takes advantage of the high
piezoelectric constants of the developed material in an optimal way in order to increase the
energetic efficiency. A brief mathematical model of electromechanical answer of piezoelectric
materials is presented as it was used in the modeling of the material during the numerical
simulations.

Keywords: PZT; mixed-oxides techniques; dielectric properties; piezoelectricity; ultrasonic
piezo-motor; piezoelectric cylinder; numerical simulation

1. Introduction

The lead zirconate titanate (PZT) with different dopants can be used in different applications for
electromechanical devices like sensors, actuators, transducers, medical-applications [1-5]. The
structure of PZT ceramics is a perovskite type structure described by the ABOs formula. Near the
morpf/tropic phase boundary (MPB) the piezoelectric properties have maximum values [6]. In ABOs
structure the Pb? ions occupying the A-site and the Ti** and Zr* ions occupying the B-site.

© 2019 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints201905.0265.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2019 d0i:10.20944/preprints201905.0265.v1

Depending on the radius ionic dopants can get in A or/and B position. The influence of different
dopants like Sr?, Ba%, Sm¥, La%, Nb*, etc. have been investigated for various specific properties
required by the applications. We can modify the values of electro-physical parameters of the
ceramics by dopping PZT system. We can obtain materials of increased or decreased
ferroelectric-hardness by doping. Nb%* can be considered as a donor dopant for PZT ceramics since it
substitutes Zr#+*/ Ti* ions. Nb oxide is a good sintering aid for PZT compositions [7]. Sr?* is an
isovalent dopant for PZT ceramics substituting the Pb?". Sr2* improved the dielectric permittivity (¢)
and increases the electromechanical coupling coefficient (kp) [8]. In the present work we have
obtained and characterized the PZT ceramic doping by Nb% and Sr?* which are used for piezo-motor
application. In this paper, the PZT based ceramics with a composition described by the general
formula PbaxSrx(Tio4sZros2)ay)NbyOs; x = 0.05 and y = 0.02 were prepared by conventional
mixed-oxides techniques. The sintering temperature used was 1140 °C for 2 hours. The effects of
dopants (Sr2+ and Nb5+) on phase constitution, on microstructure and on the dielectric and
piezoelectric properties were determinate. The XRD data revealed that the PZT doped composition
had tetragonal perovskite structure. The dielectric constant (er) measured at 1 kHz is about 1100 and
the dielectric loss factor (tand) is 16x103. The maximum value of the planar electromechanical
coupling coefficient (kp) is 0.45. These parameters obtained for the PZT doped composition are
useful for the development of piezo-motor applications. In the broad field of electric generated
motion, the piezo motion gains increasingly more applications thanks to some outstanding technical
qualities: fast response, high precision, high force or torque, long life, maintenance and lubricants
free, compact dimensions, non-magneticc UHV compatible [9-11]. The up mentioned properties
seem to recommend the piezo motors for numerous applications in space industry. Although
piezoelectric linear actuators are studied in detail and the research field offer many constructive
solutions, the piezoelectric rotary engines appear to offer yet unexplored fields of application.
Ultrasonic motors are very compact and can attain relatively small speeds combined with resolutions
down to a few nanometers or better. Rotary motors feature high torques, especially at low rpm,
[12-15]. The drawback to these piezomotors has traditionally been their difficulty of control. These
problems were solved with the latest generation of ultrasonic motor controllers [16]. An autotuning circuit
constantly keeps the oscillator frequency in the optimum range; and a fast processor automatically
switches between gainsets, enabling the user to take full advantage of excellent velocity constancy, wide
dynamic range, and the exceptional stability. The main aim of this paper was to present a new conceptual
solution of a rotating ultrasonic piezo motor where the driven rotor is set in motion considering a friction
coupling with a vibrating bending piezoceramic tube of a special structure [17,18]. A careful attention was
payed to clear describing of the mooving mechanism by considering some simulation of a real laboratory
demonstrator. Special analysis of the output performances were considered.

2. Materials and Methods

2.1. Material Composition

The piezoelectric material used in the design of the piezoelectric motor has been a modified
lead zirconate titanate (PZT) with different dopants to enhance the desired piezoelectric properties.
At room temperature, PZT compositions with Zr/Ti ~ 52/48 show high electromechanical properties
close to the morphotropic phase boundary (MPB), [6, 19, 20]. The usage of Nb%* as a donor dopant on
the B side inhibits grain growth resulting in an increase of the density of the ceramic [20].
Furthermore, it is possible to improve the dielectric and piezoelectric charge coefficients through the
doping of the Nb-doped PZT with Sr?, [21]. According to this phenomenon, the configuration
chosen for the study of the material has been a PZT with a ratio Zr/Ti = 52/48 and using as dopants
Sr2+ and Nb*, [22].

2.2. Manufacturing Procedure

The experimental research to characterize the modified PZT created focused on the composition
described by the general formula: Pba-Srx(Tio4sZros2)a-»NbyOs with x = 0.05 and y = 0.02. This
formula corresponds with a group of compositions denoted as PZTSN. High purity oxides (purity
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>99%) were used in the fabrication of the material and presented together with the provider: PbO
(from Fluka), ZrO:z (from Merck), TiO2 (Aldrich), SrCOs (Carlo Erba) and Nb20s (Fluka).

The required quantity of each of the oxides was determined according to the formula and the
mix homogenized in a Fritsch planetary type mill for a time of 10 hours using a water mixing
environment. The resulting slurry was then dried at 80 °C in a box oven and uniaxially pressed in a
stainless-steel die at a pressure of 50 MPa. Pellets were obtained with a measured density of 70% of
the final theoretical density. The pellets were then calcinated in a high temperature Carbolite furnace
at a temperature of 850 °C for 5 hours. Ball-milling of the resulting powder followed in a Fritsch
planetary mill for another 10 hours in a media of H20. The resulting suspension was dried at 80 °C in
the oven, mixed with a 5% aqueous solution of (APV) acting as a binder and then pressed uniaxially
into 24 mm diameter and 2 mm thickness discs at 70 MPa. The formed samples were then sintered
for 2 hours at 1140 °C. The sintering process was performed in a high temperature Carbolite furnace
heating and cooling down at a rate of 5 °C/min.

The density of each of the samples was calculated through their weight and dimensions. The
crystal phases of the sintered phases were analyzed using X-ray diffraction (Brucker AXS D8
Advance) with CuKa radiation and a Ni filter. The microstructure development was characterized
using a scanning electron microscope (Workstation Auriga). All the sintered samples were polished
and covered with a film of silver paste to act as electrodes.

The dielectrically properties were measured using an LCR meter (HAMEG type) at 1 kHz. The
samples were poled in silicon oil at 1.6 kV/mm at 160 °C for 60 minutes and then allowed to cool
down to room temperature while maintaining the applied electric field. The resulting piezoelectric
properties were measured using an impedance analyzer 4294A (Agilent type).

2.3. Experimental Characterization
A single perovskite phase was detected on the samples sintered following the aforementioned
procedure. The diffraction image for these samples is presented in Figure 1.
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Figure 1. The diffraction image for samples sintered for 2 h at 1140°C.

A densification of the material is evident from the experimental measurements, which were
correlated with SEM images. In Table 1 are presented the mean density measurements for 10
samples. The microstructure of one of the sintered samples that is obtained with the SEM
microscope are illustrates in Figure 2.
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Figure 2. SEM micrographs of sintered PZTSN at 1140 °C for 2 hours.

Through the measurement of the capacitance as a function of temperature while exciting the
piezoelectric samples at 1 kHz the Curie temperature was determined. The results of the average
Curie temperature for the 10 samples together with the mean values of the relative permittivity, the
loss angle tangent and the electromechanical coupling factor are presented in Table 1.

The sintering temperature has a direct effect on the dielectric constant (er= e33/€0). The analysis
of the resonance and antiresonance frequencies for the sintered samples allowed for the calculation
of the electromechanical coupling factor (kp).

Table 1. Physical and piezoelectrical properties for the sintered samples.

Relative Loss
Density Pa Abs Curie Electr.omechanical dielectric angle
temperature coupling factor (kp) constant  tangent
(er=€33/e0)  (tand)
[g/cm’] [%] [%] [°C] - - [x107]
7.40 0.32 0.04 340 0.38 - 0.45 1100 + 250 16

3. Motor Principle
3.1. Theoretical Considerations

The equations that describe the behavior of the used piezoelectric material in terms of the
electromechanical coupling are presented in (1) or alternatively in (2) where indexes i,j=1, 2,..., 6
and indexes m, k =1, 2, 3 describe the material directions. Superscripts D, E and o represent the
determined values in constant electric displacement, constant electric field and constant elastic stress
conditions. E and D are the electric field and displacement respectively, o and ¢ the stress and strain
tensors, C and B the permittivity constants in [F/m] and in [m/F] respectively, S the compliance
matrix, d the piezoelectric deformation constants matrix in [m/V], and g the piezoelectric constants
matrix in [m2/N].
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These equations present the quasi-static approach to the behavior of the piezoelectric materials. Such
hypothesis restricts the application of the model to cases in which the piezoelectric material operates
well under its resonance frequency. Simple modal analysis of the piezoelectric cylinder
demonstrates first two bending eigenmodes around 21 kHz as presented in Figure 3, [11] and the
simulated nominal functioning regime of the motor resulting from Figure 10 denotes a frequency of
about 1.67 kHz. This observation legitimates the quasi-static approach.

e f=21297 Hz. d. f=21329 Hz.

Figure 3. The first two bending eigenmodes of the PZT cylinder, [11].

A set of boundary conditions as presented in the following paragraphs will particularize the
relations (1) and (2) for the conceptual design of the piezo-motor and allow integrate the relation
between the external interactions and the model. These interactions between the modeled system
and the external environment are either electric or mechanic. The electric interactions between the
system and the external environment are an electric field, an electric potential or an electrical charge
flow. In the analyzed case an electric potential was applied to the opposing electrodes of the
piezoelectric cylinder. The piezoelectric cylinder was divided in 8 cylindrical sectors along the
generatrix, as presented in Figure 4, each comprising an internal electrode surface (covered in a
conducting plate) and an external electrode surface through which a voltage differential was
applied. The actuation of the motor consisted in a sinusoidal actuation of the electrodes with a phase
shift proportional to their position around the piezoelectric cylinder.

Condneting plates Piezo-ceramic tube
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Figure 4. The conceptual design of the piezo-motor.
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Two sets of mechanical boundary conditions (MBC) have been applied to the model, one for each of
the studied cases. The idle case considered a model that had a degree of freedom: #rotation of the
rotor as presented in Figure 5. The cylinder was constrained displacement-wise in all directions in
one of the ends while free in the other end to allow for bending deformation. The rotor was fixed in
order to only allow rotation about its symmetry axis.

U.=0
Uy = 0 (Maximum torgue case only)

U.=0

Us =0,

. =0\
S

V=0 V= Agsin(wt +8)

Figure 5. The boundary conditions for two functioning regimes.

MBC for the maximum torque case differ slightly from the idle case. An additional MBC is
considered restricting the rotor rotation. This second simulation does not consider any degrees of
freedom in the system. These boundary conditions are represented in Figure 5 as well as in Figure 6.
The MBC are shown in black color for both simulation cases while the electrical boundary conditions
(EBC) are shown in red.

3.2. Functioning Principle

The motor designed is based on the bending deformation of a piezoelectric tube. A piezoelectric tube
is mounted inside a concentric rotor leaving a uniform and carefully calculated clearance. When the
piezoelectric is actuated, the bending tube contacts the rotor with a pressure function of the applied
tension on the electrodes of the piezoelectric tube. As the piezo-ceramic tube bends, the contact point
between the cylinder and the rotor rotates about the motor axis dragging the rotor and generating
the rotational motion in the motor. The contact force between the free end of the piezoelectric
cylinder and the rotor, as a result of the movement of each contact point in an elliptical motion,
generates a coulombian friction force and, as a result, a rotational motion of the rotor takes place.
The maximum value of the torque is limited by the friction force:

Mr = FeratS/‘FcRmt (3)

Where: M - torque; Fr — friction force; Rt — inner radius of the rotor; u - friction coefficient and Fc —
contact force. The gap between the piezo-ceramic tube and the rotor must be carefully considered. A
gap too large may result in no contact between the tube and the rotor or not enough contract
pressure to produce motion in the rotor. On the other hand, too much pressure between the
components leads to loss of efficiency. A tradeoff study of the gap dimension with respect to the
resulting maximum friction force value as wel as to technological and functional implications will be
welcome.
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3.3. Numerical Simulation

The numerical simulations performed aimed to solve two different aspects of the motor functioning;
firstly, to prove that the concept behaves in the desired manner; and secondly, to quantify the
performance of the designed motor.

3.3.1. Finite element model

The model performed consisted of two major components, an inner tube composed of piezoelectric
material and an outer rotor. Because of the geometry of the motor, 3D elements were used in the
simulation with electromechanical coupling capabilities, as described in (1) and with physical and
piezoelectric properties resulted and presented in Table 1. The model used in the rotor is adapted to
the simulation needs, which are defined by its function which is to acquire the movement of the
piezoelectric tube and transmit it to the motor shaft. Two approaches have been considered:
non-deformable solid and a 3D elastic solid. The later has been used in the simulation because of the
necessity to account for the local deformations in the contact zones with the piezoelectric tube. The
piezoelectric tube presented different requirements in terms of the physical model required as it
needed to describe the coupling between electric and elastic fields. Additionally, the model used also
needed to be compatible with contact elements to transmit the motion to the rotor of the motor. The
numerical element selected was a 3D 8-node cubic solid with both piezoelectric and contact
capabilities as presented in Figure 7. The conducting plates covering the different segments of the
piezoelectric cylinder were not modeled. It was considered that in order to demonstrate the
functioning of the motor, the effect of the plates on the performance could be neglected without
significantly affecting the results obtained.
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Figure 6. Supplementary MBC to block the rotational movement.

The simulation has been performed in two different cases: an idle-case, in which no external
opposition torque was applied to the rotor, and a maximum torque case, in which the rotor was
blocked (in terms of torque) to calculate the maximum torque that the motor could produce. The
boundary conditions applied to the model are both mechanical and electric as shown in Figure 5.
The piezoelectric cylinder was displacement-restricted at the base in all axes while the rotor was
restricted to allow one degree of freedom (rotation around the symmetry axis) in the idle case. The
model was further restricted mechanically in the maximum torque case blocking the rotational
movement as presented in Figure 6.
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Figure 7. Contact region modeling.

The piezoelectric tube presented different requirements in terms of the physical model required as it
needed to describe the coupling between electric and elastic fields. Additionally, the model used also
needed to be compatible with contact elements to transmit the motion to the rotor of the motor. The
numerical element selected was a 3D 8-node cubic solid with both piezoelectric and contact
capabilities as presented in Figure 7. The conducting plates covering the different segments of the
piezoelectric cylinder were not modeled. It was considered that in order to demonstrate the
functioning of the motor, the effect of the plates on the performance could be neglected without
significantly affecting the results obtained. The simulation has been performed in two different
cases: an idle-case, in which no external opposition torque was applied to the rotor, and a maximum
torque case, in which the rotor was blocked (in terms of torque) to calculate the maximum torque
that the motor could produce. The boundary conditions applied to the model are both mechanical
and electric as shown in Figure 5. The piezoelectric cylinder was displacement-restricted at the base
in all axes while the rotor was restricted to allow one degree of freedom (rotation around the
symmetry axis) in the idle case. The model was further restricted mechanically in the maximum
torque case blocking the rotational movement as presented in Figure 6.

3.3.2. Numerical Results

The finite element calculations led to the results that are presented in this section. In the Figure 8 and
Figure 9 is presented the electric field map and the z-displacement field map for the inner tube
respectively to appreciate the extent of the electrodes placed around the tube and the electric
excitation of the piezoelectric.

Fringe Levels
8.200e+02
5.580e+02
4.9608+02
4.340e+02
3.720e+02
3.100e+02
2.4B0e+02
1.860e+02
1.240e+02
5.200e+01
0.0008+00
-6,200e+01
-1.240e+02_|
1.860e+02_|
-2.480e+02 _|
-3.100e4+02__
-3.720e+02

-4.340e+02
-4.960e+02
-5.580e+02
-6.200e+02

Time= 16749
max=625.217, at elem# 44554

Figure 8. Electric field map.
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Figure 9. Displacements field map [mm].

In the Figure 7 is presented the configuration of the motor elements for the first case studied, in
which no outside reaction torque was applied on the rotor. The rotor and the inner tube can be seen
in blue and red elements. The darker blue groups of elements in the Figure 7 are the control points
used to analyze the output torque of the motor, which is presented as a function of time in Figure 10.
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Figure 10. Torque - time variation of the rotor idle case.

The graphic of the output torque of the motor shows an initial peak consistent with the motor
accelerating to its operating speed. After that the inertial effects minimize and the motor enters a
steady state phase in which the net output for every cycle of the motor is zero. This result is
consistent with the expected performance given that no friction is considered in the model apart for
the friction developed in the contact between rotor and stator, which in this case dissipated no
energy because the relative velocity between the two components is zero when the motor produces
no output mechanical power. The case with fixed rotor was considered to determine the maximum
torque that the motor could develop. Figure 6 depicts the configuration of the motor illustrating the
elements that were considered blocked in the rotation direction of the rotor to determine the torque
exerted by the motor. The rest of the boundary conditions applied to the idle-case simulation were
maintained in this simulation. The graphic of the resulting torque produced by the motor is shown
in Figure 11. The graphic shows a transitory response of the motor lasting for approximately one
millisecond after which the motor torque output becomes steady with small oscillations about a
value of 47 Nm (for a friction coefficient of 0.25).
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Figure 11. Torque - time variation of the rotor, maximum torque case.

In this case, the net torque output of the motor is no longer symmetric about zero moment. As the
rotor is constrained and not allowed to freely rotate, a relative velocity appears at the contact points
between the piezoelectric tube and the rotor which results in the friction force between the two
components producing a work. Hence, the motor produces torque in this simulation. On the other
hand, as the rotor is not allowed to rotate, the power output of the motor is, like in the idle-case,
zero.

4. Conclusions

A solid solution of piezoelectric ceramic was synthesized according to the general formula
Pba-xSrx(Tio4sZros2)a-yNbyOs with x = 0.05 and y = 0.02, using wet ceramic processing technology and
using an oxide mix as prime material. The Zr/Ti ratio was chosen near the morphotropic phase
boundary of the PZT system in the studied composition. The developed ceramic sintered at 1140 °C
for 2 hours allowing for good dielectric and piezoelectric properties such as, the dielectric constant
(er) measured at 1 kHz is about 1100 and the dielectric loss factor (tand) is 16x103. Also, the
maximum value of the planar electromechanical coupling coefficient (kp) is 0.45. Such properties
recommended the developed material composition to be used in piezo-motors with surface wave
“actuation”. The simulation demonstrates good output parameters of the piezo-motors especially in
torque values and stability terms. The transitory response of the piezo-motors lasting for
approximately one millisecond to the steady state regime demonstrates good terms of performance.
The friction coefficient can be a leading manner to improve the performances. A future analysis of
the thermal influence of the friction in time functioning terms will be welcomed. The designed
piezo-motors was proven to work and for simulated case, demonstrates that for rotational velocities
around 27 rpm could develop a torque of about 47 Nm.
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