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Introduction

PIEZOTECHNOLOGY | P I
—~

Tuesday morning, 21 April,
will feature a workshop pre-
sented by Eberhard Hennig
from Pl Ceramic, Germany,
on Designing with Pie-
zoceramics Workshop.

This workshop will present
an overview of Pl's rule-of-
thumb design guidelines for
piezoceramics with specific
application examples tailored
to power ultrasonic transduc-
ers and sensors. It will also
include an update on Pl's
latest lead-free piezoceramic

materials with detailed com-

parisons versus leaded mate-
rials on their performance
and application differ-
ences. The workshop will
include step-by-step examples
on applying
the technolo-
gy along with
applications

information

such as mate-
rial selection,
preload, heat
-treatments,

electrodes, finish/

flatness, power handling, au-

Eberha.rr.lHennig

surface

toclave cycling and vibrational

life.
Other  presentations on
Tuesday  include  invited

speaker Kenji Uchino (see
below), Active Needle Tech-
nology for Safe Needle Inter-
vention, Intellectual Property
Considerations; Sonic and
Ultrasonic Measurements in
Qil and Gas Well Logging and
A Genesis of Commercial
Low Frequency High Power
Ultrasonics.
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Introduction i PI

Pi ezoel ectric Ceramics known sinc

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

I I v I > I D
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Introduction i PI

Bolted Langevin-Transducer is a good example

to discuss the typical material behavior S
El Metall 1 (Fe)
Piez0- . . <)
A High power application e AT
A High static and dynamic stresses % un 7 Rt
A Quasistatic direct piezoelectric effect i aking ibike
A Resonant vibration behavior ———
A Large signal excitation i e
A 3-D deformation 8 ”‘mﬁi =
A Heat dissipation e
A Combination of different materials ) S NN
A Mismatch in the thermal expansion Abstrablungstische,
A

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF
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Piezoelectric effect i PI

Designing with Piezoceramics
Synthetic polycrystalline materials
All length scales must be considered

Multiskalenmodellierung

—

Ab-initio- und Phasenfeld- Mikromechanik-» =) (e
Atomistik Modellierung Modellierung c (A
(Fh-IWm) (UKA) (RB, SAG) O

= (&)}
=
=
=
) ore®
2 gel®
= S
<
O
y
2 X
£ ot
= d2vP
(e}
Gittereigenschaft Domanenstruktur Klein/GroRsignal- O] : \,\e(
im TEM/XRD im AFM/PFM eigenschaften 3 503\0
(RB, CT, PIC) (RB) (RB, SAG, PIC, CT)| =

Experimentelle Verifikation
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Piezoelectric effect i PI

Piezoelectric Ceramics

Why we have a macroscopic piezoelectric effect?

A Ferroelectric material

A Domains can be switched

A After polarization we have a remnant strain and polarization
A Aligned domain structure

A Higher internal energy

50 - 3,0 5
45 - 4,5 ]
40 4 4.0 1
: 3,5 1
—3;0 1
£ 2,5
@ 2.0
1,5 1
1,0 1
0.5 1
. . . 0,0 . .
0.0 0.5 1.0 1.5 2.0 2.3 3.0 3.3 0,0 0,5 1,0 1,3 2,0 2,3 3,0 3,3
E [kV/mm] E [kV/mm]

PuC/cm?]
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Piezoelectric effect i PI

Piezoelectric Ceramics
Why we have a macroscopic piezoelectric effect?

Piezoelectricity is the Electrostriction linearized by the remnant polarization

Total strain

Sat = Qa3(Pr + P3)? = Qg3Pr® + 2Qg3PP3 + Qg3P3?
Remnant strain

S; = Qs3P/?

Induced strain

S;=20Q43P, P53 =033P3 = 93303.3E3 = dg3E;

Autor: Hennig | Seite: 7
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Thermodynamic Theory i PI

Piezoelectric Ceramics
Why we have a macroscopic piezoelectric effect?

Aviaterial is considered as homogeneous
Anfter sintering - isotropic

Aafter polarizing T anisotropic (Symmetry 6mm)
Molarization direction i 3-axis

ﬁ Autor: Hennig | Seite: 8
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Thermodynamic Theory i PI

Piezoelectric Ceramics

Existing piezoelectric, elastic and dielectric coefficients
A Small signal i linear behavior

A Dependent and independent variables

A Boundary conditions (intensive, extensive)

A Real part (do we need the imaginary part?)

T, | To | Ts [T | Ts | Te = = | = {Sij}E
D
S; | S11 | S12| Sz d;, {Slj}E
S, | S | S41] Su3 dyy {Clj}
:3 S13 | S13 | S33 - . d;; {CIJ}D
4 44 15 T
s, o a {Eij}S
Se 2(51)1' {Elj}
S12
{9}
D, dys €11 {ei'}
|
D, %is €11 {h} Standards
D; |dy |dy | dyg €33 W |EC 483/ EN 50324-1,2:1998
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Thermodynamic Theory i PI

Piezoelectric Ceramics
Basic equation of state

A Small signal coefficients (matrix)

A Dependent and independent variables (vectors)
A linear behavior

o

S=stT+dE D=dTEU
T=cES-eE D=¢e SSEU
S=sPT+gD E=g T +'D
T=cPS-hD E=-h S +D
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Material properties

PIEZOTECHNOLOGY

- Pl1

Piezoelectric Ceramics

Data sheet

A Mostly typical values

A Not all coefficients are given
A Not recommended for FEM

Coefficient matrix

A Measured on (a small number of)
special samples

A Not representative for normal
production variations

A Quality define the simulation
results

A Critical interpretation required

Complete material data set PIC181
Coefficient Unit Value Coefficient Unit Value
Density kg/m? 7,85E+03 N1 Hzm 1646
N3 Hzm 2004
Qm 2200 N5 Hzm 1222
Np Hzm 2265
e 11Tr 1224 Nt Hzm 2302
€ 33Tr 1135
¢ 11Sr 740 d31 m/V -1,08E-10
£ 33Sr 624 d33 m/V 2,563E-10
tan & 3,0E-3 di5 m/V 3.89E-10
k31 0,315 g31 Vm/N -1,08E-02
k33 0,662 g33 Vm/N 2,52E-02
k15 0,629 g15 Vm/N 3,59E-02
kp 0,551
kt 0,459 e31 N/Vm -4,50
e33 N/Vm 14,70
Poisson (o) 0,35 el5s N/Vm 11,00
s11E m2/N 1,175E-11 cl1E N/m2 1,523E+11
s33E m2/N 1,411E-11 c33E N/m?2 1,341E+11
s55E m2/N 3,533E-11 ch5E N/m2 2,830E+10
s12E m2/N -4,070E-12 c12E N/m?2 8,909E+10
s13E m2/N -4,996E-12 c13E N/m2 8,547E+10
sd4E m2/N 3,533E-11 c44E N/m2 2,830E+10
S6BE m2/N 3,164E-11 cBBE N/m?2 3,161E+10
s11D m2/N 1,058E-11 c11D N/m?2 1,550E+11
s33D m2/N 7.930E-11 c33D N/m2 1,664E+11
s55D m2/N 2,134E-11 ¢55D N/m2 4,686E+10
s12D m2/N -5,235E-12 ci2D N/m?2 9,182E+10
s13D m2/N -2,268E-12 c13D N/m2 7,061E+10
544D m2/N 2,134E-11 c44D N/m?2 4,686E+10
s66D m2/N 3,164E-11 c66D N/m2 3,161E+10
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Material properties

PIEZOTECHNOLOGY

_PI

Piezoelectric Ceramics

Data sheet
A Mostly typical values
A Not all coefficients are given

Material selection

A 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

To Do e

D

Parameter Hard PZT
Common PZT 4 PZT 8
DOD-STD-
1376A DOD | DOD Il
EN 50324-1 100 300
Te [AC] O 310 O 29
U,/ G 1300 1300
tan 0 [1079] 6 4
Y -3
tan U [10-] 40 10
400 V
dss [pm/V] 290 220
K, 0,56 0,51
Qm 500 1000

WWW.PICERAMIC.DE
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Construction il PI

Bolted Langevin-Transducer is a good example
to discuss the typical material behavior

A Piezo ceramic elements piezo- ol

A Head and tail mass %

A Preload by a Bolt

A Metal shims for electrical connection

A Spring i Mass - Model Searopotas

A o |- ReRonator - NN
e 8 e

A Problem ez LN

A Boundary conditions at the interfaces T

A Push no pull
/\

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF

Autor: Hennig | Seite: 13
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Mechanlcal stress PIEZOTECHNOLOGY _:_ PI

Typical behavior

Aerro elastic hysteresis i non-linear behavior
Aomparison fihardo and fisoft o
AChange in remnant strain after load

Ahardo PZT strongly time dependent

-400 Zr/Ti50/50 Al1,0
J Zr/Ti50/50 AlO,5
-350 4
g Zi/Ti 53/47 Al 0,5
T 300+
o
g ------ Z0/Ti56/44 Nb 1,0
o -250
§ | Y N R Bl B A G Zi/Ti50/50 Nb 1,0
3 s Zr/Ti50/50 Nb 0,5
c  -200+
5]
Q J
%) " ZuTi 53/47 Nb 1,0
< -150
[S)
% -
-100 S
50 -
0 T T T T T T
0 -1 2 -3 4 5 6

Dehnung [%o]

Stress vs. strain

Autor: Hennig | Seite: 14
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Mechanical stress

PIEZOTECHNOLOGY

. PI

Typical behavior

AJniaxial compression stress parallel to polarization

40 42 44 46 48 50 % PbITiO,

ANon-linear charge release T
AChange in remnant polarization after load Ge— 1
AChange in piezoelectric properties T 03
Mifference between 1. and 2. cycle S 02
MStronger effect at elevated temperatures o 01
|
a3'z'}‘:"’ 03
1 oz 10445 02, 10/455 -
\B&: 0'77, o (16’?:;3v)
$ 10 200 300 400 560 100 200 300 400 500 200
-g 03: 03] \
& 02 10/44 9 ; x
OJJ“ / (0} 200 N -
100 200 300 400 500 160 200 300 400 500
03 = 03- 100
02 2 ———
OA o1 2 10/50 SUCS| PR i |
‘ { 0 100 200 300 400

100 200 300 400 500
einachsialer Druck (MPa)
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S

Druck(MPa)

aa b~ wWNPEF

Mol%
PbTiO3
40

44

445
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50
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DISCUSSIOH PIEZOTECHNOLOGY _:_ PI

Bolted Langevin-Transducer is a good example
to discuss the typical material behavior

A Preload changes the material properties

A After mounting a settling must be expected
A
A

Big influence from the elasticity of the bolt

Take into account the real stress distribution N\ bt aniingsribiie
—_— —_— Spannbolzen
D=dT Q/A=nd.,T, e
Piezo- TS T R -
L Karamik O I g
A Preload cannot be measured by the charge SN N
A Good method to control the mounting 170 B NN
Abstrablungstiaehe.
A Non-linearity's A
A Inhomogeneous stress distribution 23 comamar ves wenamscre wenxe Hensoonr
A Surface matching at the interfaces
A Time dependence and relaxation

Autor: Hennig | Seite: 16
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Mechanical stress + Electric field i PI

Typical behavior constant load

Mechanical stress i depolarizing effect (only 90Adomains)

Klectrical field i polarizing effect (90Aand 180Adomains; parallel to P,)
Klectrical field i depolarizing effect (90Aand 180Adomains; anti-parallel to P,)
Aomain contribution increases strain

Aomain contribution increases losses

MDependent on crystal structure (composition)
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Mechanical stress + Electric field i PI

Typical behavior constant load

Avlechanical stress i depolarizing effect (only 90Adomains)

Alectrical field i polarizing effect (90Aand 180Adomains; parallel to P,)
Alectrical field i depolarizing effect (90Aand 180Adomains; anti-parallel to P,)
ADomain contribution increases strain

ADomain contribution increases losses

Mependent on crystal structure (composition)

N
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Mechanical stress + Electric field i PI

Typical behavior Spring load

ADomain reorientation depending on field direction and amplitude
AChanges in the state of polarization (P,, S,)

AChanges in the small signal coefficients

ANonlinear behavior

Ancrease of loss power

Al Al

¥

K-"‘_':-;_; F'-
—~
{\"'3—
=
Fig. 36: Load case with spring preload: Drawing,
displacement/voltage graph, working graph with
waorking curve
A 2
A B

Autor: Hennig | Seite: 19
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Mechanical stress + Electric field

PIEZOTECHNOLOGY | P I
—~

Typical behavior (longitudinal mode)

Without preload amplitude is limited by
Aensile strength of the ceramic

Mon-l i nearityos
fSelf-heating

Alectrical ( AC) depolarization

With preload higher amplitudes are possible

Mo tensile stress

Mon-l i nearityos
fSelf-heating

A lectrical ( AC) depolarization

15

Stress T
(=]

-15

15

Stress T
o

max

Tmax

ANNANN T

VVVVVV

-15

Simplified explanation

WWW.PICERAMIC.DE
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DISCUSSIOH PIEZOTECHNOLOGY _:_ PI

Bolted Langevin-Transducer is a good example

to discuss the typical material behavior Spannboizen

A Preload changes the material properties

A After mounting a settling must be expected

A Big influence from the elasticity of the bolt A

A Take into account the real stress distribution \ Abstrahtungsfidche

A Deformation stress dependent Metall fsmnégélff

A Preload increases losses ) ‘mfm&_;

A Expansion i acting against a spring heramif” IRy

A Contraction i supported by the spring i L’Lu
Abstrablungsfische,

A Non-linearity's _

A Inhomogeneous stress distribution e R W I

A Surface matching at the interfaces

A Time dependence and relaxation

Autor: Hennig | Seite: 21
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vibration velocity-\yms (mmis)

AC Electric fields i PI

Typical behavior Constant voltage, serial resonance

ANonlinear behavior

ACurrent proportional to vibration velocity
Arequency shift

AChanges in the small signal coefficients
Ancrease of loss power

Domanenreorientierungen bei Resonanzbetrieb Domaénenreorientierungen bei Resonanzbetrieb

Vibrationsgeschwindigkeit

Eigenerwarmung
60
v =foVv Ty
Q33
800 s 3
L SR e
I 5 50
50 ] '_!
l -.‘t““ X AT
400 T —‘} = %
40
B ﬁ ST
300 = Uy =08
g 335 .
20 o 30 — - — S =1
. o8 o,
100 IR, gzslig g‘-’u’f -—
$ ! o o
0 IR R G R PR 20 } } } } } } 1
450 455 460 £5 470 475 4550 4575 4600 4625 4650 4675 4700 4725 410

control frequency {kHz) control frequency - feera (kHz)
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AC Electric fields i PI

Typical behavior Constant voltage, serial resonance

ANonlinear behavior

ACurrent proportional to vibration velocity
Arequency shift

AChanges in the small signal coefficients
Ancrease of loss power

Doménenreorientierungen bei Resonanzbetrieb
Nichtlineares Verhalten

Jwe b Cer wone ten Ceactwen 3k ete T e S e Ltk e (L0 ete tet)

- 0 — I | 160 E\
[
e s = 500 / 120 §  Af2
i / Sk - =1 =
P = Sl I o = \ 5
i | e 5 1000 / — 80 % -
- —= == = i
i. X - i’jwr E /X / g -
§ v"':f g -1500 - =" 40 w Imax 2
¥ <t =
g 7 j__v_f,, g //,X 8 i 3
g:‘z 4 L] / Q max
; 2000 0 =
» L] 10 210 410 610 810 1010
v ~: vibration velocity v ims (mm/s)

Ak da Falda e (Lo madliew)
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AC Electric fields i PI

Typical behavior Constant voltage, out of resonance

ANonlinear behavior

ACurrent proportional to vibration velocity
Arequency shift

AChanges in the small signal coefficients
Ancrease of loss power

300 56,00
250 // 50,00
n
E /
L
0
200 44,00
£ [ " Y ’
5 | 3
2 < £
= E
£150 ! 38,00 E
= / @
= o
] E
w @
> / / P
§ 100 -~ 32,00
g " SRR
s
=
50 — - - - 26,00
] 20,00
0 20 40 60 80 100 120 140 160 180 200

elektrische Feldstirke (Vimm; ms)
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AC Electric fields i PI

Typical behavior Dielectric properties

ADomain reorientation depending on field direction and amplitude
AChanges in the state of polarization (P,, S,)

AChanges in the small signal coefficients

Mepending on field strength, temperature, time

Ancrease of capacitance and loss tangent and loss power

[EY
SN
|

[ | =—PI2
=PIl

=
N

[EEY
o

z

o
N
Verlustfaktor tan d in %

Relative Kapazitatsanderung in %

/ A
4 7 ! =
> /
/ —
0 . T 0
0 100 200 300 400 0 100 200 300 400
MeRspannung in Veff MeRspannung in Veff
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AC Electric fields i PI

Typical behavior Dielectric properties

ADomain reorientation depending on field direction and amplitude
AChanges in the state of polarization (P,, S,)

AChanges in the small signal coefficients

Mepending on field strength, temperature, time

Ancrease of capacitance , loss tangent and loss power

PI5-4 ; tand/E,T) ; 100Hz ; iPR PI5-4, tand(E,T) ; 112 Hz ; ePR

00,35-0,4 00,35-0,4

m0,3-0,35 ®0,3-0,35

% @0,25-0,3 T (@0,25-0,3

= M0,2-0,25 L oas £ |m0,2-0,25

00,15-0,2 , L 108 00,15-0,2

Eg,géo,oli ' 00,1-0,15

E (kV/mm 500,05 E (kV/mm ) B0,05-0,1

b m 0-0,05

Unipolar

_ o o Unipolar
in polarization direction

aigainst polarization direction
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AC Electric fields i PI

Typical behavior Deformation

A ongitudinal effect
Aransversal effect
MBoth effects must be considered

Longitudinal effect
S3 = dg3 E; eh zUd

Transversal effect

S; =dj; E;
S, =dj; E;

Radius: R
Thickness: h

Autor: Hennig | Seite: 27
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AC Electric fields i PI

Typical behavior Deformation

A ongitudinal effect

Arransversal effect

Moth effects must be considered

ARings are driven below the lowest resonance

@ 25 0,25

ring c181 025 i10 t4 eAg

1000000

100000 I

10000 \ i

™ |
. \‘ N \Nk

12| [Ohm]

4,0

0 50 100 150 200 250 300 350 400

Frequenz [kHz]

R.

Radius: R;;
Thickness: h
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AC Electric fields i PI

Typical behavior Deformation

A ongitudinal effect

Arransversal effect

Moth effects must be considered

ARings are driven below the resonance (example 40 kHz)

New Measuring Equipment i MSA - 100 - 3D

Autor: Hennig | Seite: 29
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DISCUSSIOH PIEZOTECHNOLOGY _:_ PI

Bolted Langevin-Transducer is a good example
to discuss the typical material behavior

A Preload changes the material properties

A After mounting a settling must be expected
A
A

Big influence from the elasticity of the bolt

Take into account the real stress distribution N\ ibitrabtingariihe
No surface clamping B e )
o N

A Full longitudinal stroke B R

A Large transversal stroke 170 B \NNNRNRNRNNY

A Friction at the interfaces Abstrantungstizche,

A Additional (local) heat generation -

A Inhomogeneous stress distribution 23 comamar ves wenamscre wenxe Hensoonr

Autor: Hennig | Seite: 30

WWW.PICERAMIC.DE




DISCUSSIOH PIEZOTECHNOLOGY _:_ PI

Bolted Langevin-Transducer is a good example
to discuss the typical material behavior

A Preload changes the material properties

A After mounting a settling must be expected
A
A

Big influence from the elasticity of the bolt ATV
Take into account the real stress distribution \_Abstrablungsfiiche

Full surface clamping B e )
R SN
Piezo- TESTI00 20l 2

A Reduced longitudinal stroke B RS

A No transversal stroke at the interfaces 170 B \NNNRNRNRNNY

A Additional stresses from the clamping Abstrahiungstiache.

A Inhomogeneous stress distribution -

A Exciting of radial resonances 23 comamar ves wenamscre wenxe Hensoonr

Autor: Hennig | Seite: 31
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Temperature 1 PI

Thermal Properties i Self heating

A oss power
P ~ f 2t anu C U
effective values must be used for t

ASpecific heat capacity
Approx. 350 J / kg K

Arhermal conductivity
Approx. 1,1 W/ m K

™
W
(e}

- 3

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

Eell el e
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Thermal expanS|On PIEZOTECHNOLOGY _:_ PI

Typical behavior

ANonlinear behavior

AContraction in poling direction

A xpansion perpendicular to poling direction

A xpansion in poling direction (mechanically de-poled)
Arreversible change between 1. and 2. cycle
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