
Eberhard Hennig 

PI Ceramic GmbH, Germany 
  

 

 

 

Designing with Piezoceramics 
 

UIA 44 Symposium, Washington, April 2015 
  Autor: Hennig | Seite: 1 



Introduction 

 

 

 

 

  Autor: Hennig | Seite: 2 



Introduction 

Piezoelectric Ceramics known since the end of the 1940’s 

 

There are no common rules 

 

Designing is still based on: 

 

 Theory derived from thermodynamic principles 

 Set of Linear equations of state without losses 

 Set of linear small signal coefficients 

 Knowledge ceramics behavior under different boundary conditions 

 Analytical and FEM models 

 Trial and error 

 IP, not shared with the public 
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Introduction 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 

 High power application 

 High static and dynamic stresses 

 Quasistatic direct piezoelectric effect 

 Resonant vibration behavior 

 Large signal excitation 

 3-D deformation 

 Heat dissipation 

 Combination of different materials 

 Mismatch in the thermal expansion 
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Piezoelectric effect 

Designing with Piezoceramics 

Synthetic polycrystalline materials 

All length scales must be considered 
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Piezoelectric effect 

Piezoelectric Ceramics 

 

Why we have a macroscopic piezoelectric effect? 

• Ferroelectric material 

• Domains can be switched 

• After polarization we have a remnant strain and polarization 

• Aligned domain structure 

• Higher internal energy 
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Piezoelectric effect 

Piezoelectric Ceramics 

 

Why we have a macroscopic piezoelectric effect? 

 

Piezoelectricity is the Electrostriction linearized by the remnant polarization 

 

 

Total strain 
 

S3t = Q33(Pr + P3)
2 = Q33Pr

2 + 2Q33PrP3 + Q33P3
2  

 

Remnant strain 
 

Sr = Q33Pr
2 

 

Induced strain 
 

S3 = 2Q33PrP3 = g33P3 = g33ε33E3 = d33E3 
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Thermodynamic Theory 

Piezoelectric Ceramics 

 

Why we have a macroscopic piezoelectric effect? 

 

•Material is considered as homogeneous 

•After sintering - isotropic 

•After polarizing – anisotropic (symmetry 6mm) 

•Polarization direction – 3-axis 
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Thermodynamic Theory 

Piezoelectric Ceramics 

Existing piezoelectric, elastic and dielectric coefficients 

• Small signal – linear behavior 

• Dependent and independent variables 

• Boundary conditions (intensive, extensive) 

• Real part (do we need the imaginary part?) 
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Standards 

IEC 483 / EN 50324-1,2:1998 

 



Thermodynamic Theory 

Piezoelectric Ceramics 

Basic equation of state 

 

• Small signal coefficients (matrix) 

• Dependent and independent variables (vectors) 

• linear behavior 
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S=sET+dE  D=dT+εTE 

S=sDT+gD E=-gT+βTD 

T=cES-eE D=eS+εSE 

T=cDS-hD E=-hS+βSD 



Material properties 

Piezoelectric Ceramics 

 

Data sheet 

• Mostly typical values 

• Not all coefficients are given 

• Not recommended for FEM 

 

Coefficient matrix 

• Measured on (a small number of) 

special samples 

• Not representative for normal 

production variations 

• Quality define the simulation 

results 

• Critical interpretation required 
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Material properties 

Piezoelectric Ceramics 

 

Data sheet 

• Mostly typical values 

• Not all coefficients are given 

 

Material selection 

• More than100 different 

compositions on the market 

• Most of then classified as PZT 4 or 

PZT 8 comparable 

• Selection is difficult 

• Every composition have his own 

characteristic 
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Parameter Hard PZT 

Common PZT 4 PZT 8 

DOD-STD-

1376A 

DOD I DOD III 

EN 50324-1 100 300 

TC [°C] ≥ 310 ≥ 290 

ε33 / ε0 1300 1300 

tan δ [10-3] 6 4 

tan δ [10-3] 

400 V 

40 10 

d33 [pm/V] 290 220 

kp 0,56 0,51 

Qm 500 1000 



Construction 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 Piezo ceramic elements 

 Head and tail mass 

 Preload by a Bolt 

 Metal shims for electrical connection 

 

 Spring – Mass - Model 

 λ / 2 - Resonator 

 

 Problem 

 Boundary conditions at the interfaces 

 Push no pull 
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Mechanical stress 
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Typical behavior  

•Ferro elastic hysteresis – non-linear behavior 

•Comparison “hard” and “soft” 

•Change in remnant strain after load 

•“hard” PZT strongly time dependent 
 

9

GS-Charakterisierung von PZT

CR/ARM1-Ko | 21.10.2009 | © Robert Bosch GmbH 2009. Alle Rechte vorbehalten, auch bzgl. jeder Verfügung, Verwertung, Reproduktion, 

Bearbeitung, Weitergabe sowie für den Fall von Schutzrechtsanmeldungen.

2. Mechanische Belastung

Unpolarisierte Proben

 Für Nb-dotiertes PZT: 

Ferroelastisches Verhalten für 

53/47 am besten ausgeprägt

 Für Nb-dotiertes PZT: Höhere 

max. Dehnung für 50/50 als 

56/44

 Für Nb-dotiertes PZT: Höhere 

Koerzitiv- und Sättigungs-

spannung für 50/50 als                 

56/44

Probe s_c [Mpa] s_s [Mpa] e_m e_r

56/44 1,0 Nb -22.6 -92.2 -4.29 -2.13

53/47 1,0 Nb -20.6 -107.5 -5.67 -3.42

50/50 1,0 Nb -62.7 -171.2 -4.92 -2.03

Stress vs. strain 



Mechanical stress 
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Typical behavior  

•Uniaxial compression stress parallel to polarization 

•Non-linear charge release 

•Change in remnant polarization after load 

•Change in piezoelectric properties 

•Difference between 1. and 2. cycle 

•Stronger effect at elevated temperatures 

3 

4 

2 

5 

1 

 Mol% 

 PbTiO3 

1 40 

2 44 

3 44,5 

4 46 

5 50 



Discussion 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 Preload changes the material properties  

 After mounting a settling must be expected 

 Big influence from the elasticity of the bolt 

 Take into account the real stress distribution 

 

D=dT  Q/A=nd33T3 

 
 Preload cannot be measured by the charge 

 Good method to control the mounting 

 

 Non-linearity's 

 Inhomogeneous stress distribution 

 Surface matching at the interfaces 

 Time dependence and relaxation 
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Mechanical stress + Electric field 
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Typical behavior constant load  

•Mechanical stress – depolarizing effect (only 90° domains) 

•Electrical field – polarizing effect (90° and 180° domains; parallel to Pr) 

•Electrical field – depolarizing effect (90° and 180° domains; anti-parallel to Pr) 

•Domain contribution increases strain 

•Domain contribution increases losses  

•Dependent on crystal structure (composition) 
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Mechanical stress + Electric field 
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Typical behavior constant load  

•Mechanical stress – depolarizing effect (only 90° domains) 

•Electrical field – polarizing effect (90° and 180° domains; parallel to Pr) 

•Electrical field – depolarizing effect (90° and 180° domains; anti-parallel to Pr) 

•Domain contribution increases strain 

•Domain contribution increases losses  

•Dependent on crystal structure (composition) 

0

0,5

1

1,5

2

0 25 50 75 100 125 150 175 200

mech. Spannung [MPa]

 n
o

rm
ie

rt
e

 V
e
rl

u
s
tl

e
is

tu
n

g

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 25 50 75 100 125 150 175 200

mech. Spannung [MPa]

n
o

rm
ie

rt
e

 A
u

s
le

n
k

u
n

g



Mechanical stress + Electric field 
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Typical behavior Spring load  

•Domain reorientation depending on field direction and amplitude 

•Changes in the state of polarization (Pr, Sr) 

•Changes in the small signal coefficients 

•Nonlinear behavior 

•Increase of loss power 



Mechanical stress + Electric field 
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Typical behavior (longitudinal mode)  

Without preload amplitude is limited by 

•Tensile strength of the ceramic 

•Non-linearity’s 

•Self-heating 

•Electrical ( AC) depolarization 
 

With preload higher amplitudes are possible 

•No tensile stress 

•Non-linearity’s 

•Self-heating 

•Electrical ( AC) depolarization 

Tmax Tmax 

T0 

Simplified explanation 



Discussion 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 Preload changes the material properties  

 After mounting a settling must be expected 

 Big influence from the elasticity of the bolt 

 Take into account the real stress distribution 

 
 Deformation stress dependent 

 Preload increases losses 

 Expansion – acting against a spring 

 Contraction – supported by the spring 

 

 Non-linearity's 

 Inhomogeneous stress distribution 

 Surface matching at the interfaces 

 Time dependence and relaxation 
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AC Electric fields 
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Typical behavior Constant voltage, serial resonance

  

•Nonlinear behavior 

•Current proportional to vibration velocity 

•Frequency shift 

•Changes in the small signal coefficients 

•Increase of loss power 



AC Electric fields 
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Typical behavior Constant voltage, serial resonance 

  

•Nonlinear behavior 

•Current proportional to vibration velocity 

•Frequency shift 

•Changes in the small signal coefficients 

•Increase of loss power 



AC Electric fields 

  Autor: Hennig | Seite: 24 

Typical behavior Constant voltage, out of resonance 

  

•Nonlinear behavior 

•Current proportional to vibration velocity 

•Frequency shift 

•Changes in the small signal coefficients 

•Increase of loss power 



AC Electric fields 
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Typical behavior Dielectric properties  

•Domain reorientation depending on field direction and amplitude 

•Changes in the state of polarization (Pr, Sr) 

•Changes in the small signal coefficients 

•Depending on field strength, temperature, time 

•Increase of capacitance and loss tangent and loss power 
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AC Electric fields 
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Typical behavior Dielectric properties  

•Domain reorientation depending on field direction and amplitude 

•Changes in the state of polarization (Pr, Sr) 

•Changes in the small signal coefficients 

•Depending on field strength, temperature, time 

•Increase of capacitance , loss tangent and loss power 
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AC Electric fields 
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Typical behavior  Deformation 

•Longitudinal effect 

•Transversal effect 

•Both effects must be considered 

S3 = d33 E3 

S1 = d31 E3 

S2 = d31 E3 

Radius: R 

Thickness: h 

∆h = d33 U 

∆R = d31 R / h  U 

Longitudinal effect 

Transversal effect 



AC Electric fields 
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Typical behavior  Deformation 

•Longitudinal effect 

•Transversal effect 

•Both effects must be considered 

•Rings are driven below the lowest resonance 

Radius: Ra; Ri 

Thickness: h 



AC Electric fields 
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Typical behavior  Deformation 

•Longitudinal effect 

•Transversal effect 

•Both effects must be considered 

•Rings are driven below the resonance (example 40 kHz) 

 

New Measuring Equipment – MSA - 100 - 3D 

(3 videos) 



Discussion 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 Preload changes the material properties  

 After mounting a settling must be expected 

 Big influence from the elasticity of the bolt 

 Take into account the real stress distribution 

 

No surface clamping 

 
 Full longitudinal stroke 

 Large transversal stroke 

 Friction at the interfaces 

 Additional (local) heat generation  

 Inhomogeneous stress distribution 
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Discussion 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 Preload changes the material properties  

 After mounting a settling must be expected 

 Big influence from the elasticity of the bolt 

 Take into account the real stress distribution 

 

Full surface clamping 

 
 Reduced longitudinal stroke 

 No transversal stroke at the interfaces 

 Additional stresses from the clamping  

 Inhomogeneous stress distribution 

 Exciting of radial resonances 
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Temperature 
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Thermal Properties – Self heating 

•Loss power 

P ~ f  tanδ C U2 

effective values must be used for tanδ and C 

 

•Specific heat capacity 

Approx. 350 J / kg K 

 

•Thermal conductivity 

Approx. 1,1 W / m K 

 

Temperatur distribution in a Stack actuator (Dm=16mm; l=120 mm) 



Thermal expansion 
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Typical behavior  

•Nonlinear behavior 

•Contraction in poling direction 

•Expansion perpendicular to poling direction 

•Expansion in poling direction (mechanically de-poled) 

•Irreversible change between 1. and 2. cycle 

Quelle: H. Arndt, E. Hennig, KTB MLU Halle, Ferroelektrizität 84, 1984 



Thermal expansion 
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Typical behavior  

•Nonlinear behavior 

•Contraction in poling direction 

•Expansion perpendicular to poling direction 

•Expansion in poling direction (mechanically de-poled) 

•Irreversible change between 1. and 2. cycle 

Quelle: ETH Zürich / PI Ceramic, interner Untersuchungsbericht 1996, unveröffentlicht 



Thermal expansion 
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Typical behavior  

•Nonlinear behavior 

•Contraction in poling direction 

•Expansion perpendicular to poling direction 

•Expansion in poling direction (mechanically de-poled) 

•Irreversible change between 1. and 2. cycle 



Discussion 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 

 Langevin transducer is more than a compromise 

 

 Most heat dissipation in the ceramic volume 

 Large temperature gradients 

 Risk of overheating 

 Temperature control recommended 

 
 End masses have a cooling effect 

 Additional cooling at the outer and inner surfaces 

 

 Strongest influence from the driving voltage or 

input power 

  Autor: Hennig | Seite: 36 



Discussion 

Bolted Langevin-Transducer is a good example 

to discuss the typical material behavior 

 

 

 Difference in the thermal expansion behavior 

between ceramic and metal parts  

 Reduced preload during heating 

 Big influence from the expansion of the bolt 

 Irreversible change of the ceramic thickness 

 
 Relaxation of mounting stresses 

 Irreversible change of the ceramic properties 

 

 Temperature cycling is a good method for 

stabilization  

 Control of preload recommended 
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Lead-free 

RoHS – Restriction of the use of certain hazardous substances 

Directive 2011/65/EU since 21.07.2011 (RoHS II) 
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Lead-free 

PI Ceramic starts their own R&D activities in 2004 
•Investigation of promising compositions 

•Working temperature range -40 to 150 °C 

•BNT based compositions with MPB 

•KNN – LTS and KNN – LT 

•Investigation of technological routes 

Development focused on: 

(1-x)(Bi0,5Na0,5)TiO3- xBaTiO3   BNBT x 

(1-x-y)(Bi0,5Na0,5)TiO3- xBaTiO3- ySrTiO3  BNBST x-y 

(KNaLi)(NbTaSb)O3    KNN-LTS, KNN-LT 
BNT-based - Sensor and Transducer applications 

KNN-based – Actuator, Sensor and Transducer applications 

 

PI Ceramic: 

Two patent applications for BNT and KNN based materials 

  Autor: Hennig | Seite: 39 



Lead-free 

PI Ceramic:  since 2011 

Technology development 
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Lead-free 

PI Ceramic: Pilot production for PIC 700 in 2014 
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Parameter PZT 
BNT 

based 

PIC 255 PIC 700 

TC/Td 
[°C] 350 ~200 

ε33 / ε0 1750 700 

ε11 / ε0 1650 570 

tan δ [10-3] 20 25 

tan δ 400 V [10-3] 70 

d33 [pm/V] 400 120 

d31 
[pm/V] -180 (-40) 

d15 
[pm/V] 550 110 

kp 0,62 (0,15) 

kt 0,47 0,4 

k33 0,69 0,4 

k31 0,35 (0,14) 

k15 0,66 0,3 

(*) calculated according standard; Correct?  



Lead-free 

Piezoelectric Ceramics 

Data sheet 

• Mostly typical values 

• Not all coefficients are given 

Coefficient matrix 

• Measured on (a small number of) 

special samples 

• Not representative for normal 

production variations 
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Lead-free 

PIC 700 – Sensor Application 

  Autor: Hennig | Seite: 43 

 Transmitted and Received Signal (in water without flow, 20°C) 

 

 

 

 

 

 

 

 

 

 approx. 90% of signal amplitude has been achieved (PIC 700 vs. PIC 255) 

 Functional behaviour of PIC 700 comparable to PIC 255 

 BNT based materials have high potential for use in ultrasonic transducers 

 

  



Lead-free 

PIC 700 – Transducer Application 
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Lead-free 

  Autor: Hennig | Seite: 45 

Typical behavior  

•Longitudinal effect 

•Transversal effect 

•Both effects must be considered 

•Rings are driven below the lowest resonance 

Radius: Ra; Ri 

Thickness: h 
(3 videos) 



Lead-free 

Typical material behavior 

• Td  depolarization temperature 

• Tm  temperature of max. capacitance 

• Piezoelectric effect stable below Td 

• Anisotropic behavior 
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Lead-free 

Typical material behavior 

• Stronger planar coupling for rhombohedral compositions 

• Strong anisotropic behavior for tetragonal compositions 

• Low quality factor for tetragonal compositions 

• Higher quality factor for rhombohedral compositions 

• High coercive fields 
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Lead-free 

PFM analysis of BNBST x-y 
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• No ferroelastic switching up to 80 Mpa 

• On Microscopic as well as on macroscopic scale 



Lead-free 

Modifications of BNT-based compositions 

Next targets 
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Parameter BNBT based BNBST based 

BNBT 2 BNBT 3 BNBT 15 BNBST 2-3 BNBST 3-3 PIC 700 

Td 
[°C] 195 190 235 180 180 200 

ε33 / ε0 340 360 500 380 430 700 

tan δ [10-3] 10 12 20 10 17 25 

kp (0,18) (0,19) (0,14) 0,22 0,25 (0,15) 

kt 0,42 0,39 0,42 0,45 0,42 0,40 

Qm  

(radial) 

570 540 110 570 380 100 

Qm 

(thickness) 

350 300 70 220 290 65 

(*) calculated according standard; Correct? 



Lead-free - Summary 

Similar behavior of PIC 700 compared to PIC 255 

 

BNT based materials are promising Lead-free alternatives to PZT 

 

BNT based materials have high potentials for ultrasonic transducers 

 

Learn, how the materials behave in real applications 

 

Input and strategies for modifications necessary 

 

At PI Ceramic the two systems will be investigated further: 

 

(1-x)(Bi0,5Na0,5)TiO3- xBaTiO3   BNBT x 

(1-x-y)(Bi0,5Na0,5)TiO3- xBaTiO3- ySrTiO3  BNBST x-y 

(KNaLi)(NbTaSb)O3    KNN-LTS, KNN-LT 
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Thank you for your attention! 

 

 

Questions? 

PI Ceramic GmbH 

Lindenstrasse  

D-07589 Lederhose 

 

Eberhard Hennig 

Tel. +49 36604 882-4300 

Fax +49 36604 882-4109 

e.hennig@piceramic.de 

www.piceramic.com 
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