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WWW.PICERAMIC.DE



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

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

= |P, not shared with the public

Autor: Hennig | Seite: 3
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Introduction i PI

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

Piez0- - &
Keramik %

= High power application
= High static and dynamic stresses

LA Metall 2(Al)

= Quasistatic direct piezoelectric effect i aking ibike
= Resonant vibration behavior
= Large signal excitation W mm”"‘{"’"—‘
= 3-D deformation o gm{ ""mﬁi =
= Heat dissipation keramik 1] »*/ [
= Combination of different materials ) S NN
= Mismatch in the thermal expansion Abstrablungstische,
A

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF

Autor: Hennig | Seite: 4
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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?
Ferroelectric material

Domains can be switched

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

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

S3 = 2Q33PP3 = 033P3 = 033€33E3 = d33E;

Autor: Hennig | Seite: 7
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Thermodynamic Theory i PI

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

ﬁ Autor: Hennig | Seite: 8
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Thermodynamic Theory

PIEZOTECHNOLOGY

_PI

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?)

T, | T | T3 [Ty | Ts [ Te E. |E; | E;
S1 | S11 | S12| S13 ds
S; | Si2 | Si1| S1s d;,
S; | S13 | S13| Sa3 ds;
S, Su dis
S5 Su dys
Se 2(s44-

S12)

D, dys €11
D, dys €44
D; | d3 | dy | dy €33

{Sij}E
{Sij}D
{Cij}E
{Cij}D
{Eij}T
{Eij}S
{9}
{e}
{hy}

WWW.PICERAMIC.DE

Standards
IEC 483/ EN 50324-1,2:1998
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Thermodynamic Theory i PI

Piezoelectric Ceramics
Basic equation of state

« Small signal coefficients (matrix)
» Dependent and independent variables (vectors)
 linear behavior

S=sET+dE D=dT+¢'E
T=cES-eE D=eS+&>E
S=sPT+gD E=-gT+B'D
T=cPS-hD E=-hS+BSD

Autor: Hennig | Seite: 10
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Materlal propertles PIEZOTECHNOLOGY _:_ PI

Complete material data set PIC181
. . . Coefficient Unit Value Coefficient Unit Value
Piezoelectric Ceramics
Density kg/m? 7,85E+03 N1 Hzm 1646
N3 Hzm 2004
Qm 2200 N5 Hzm 1222
Np Hzm 2265
Da'ta Sheet e 11Tr 1224 Nt Hzm 2302
° 1 £ 33Tr 1135
MOStIy typlcal Values e 11Sr 740 d31 m/V -1,08E-10
- . £ 33Sr 624 d33 m/V 2,53E-10
» Not all coefficients are given s soEs| dis o 5 89E10
* Not recommended for FEM k31 0315 g3 Vm/N -1,08E-02
k33 0,662 g33 Vm/N 2,52E-02
k15 0,629 gl15 Vm/N 3,59E-02
.. ) kp 0,551
Coefficient matrix kt 0459] o3t NV 450
e m s
* Measured on (a small number of) Poisson (c) 0.3 eis N/Vm 11,00
1 s11E m2/N 1,175E-11 c11E N/m2 1,523E+11
SpeCIaI Samples s33E m2/N 1,411E-11 c33E N/m2 1,341E+11
° 1 s55E m2/N 3,533E-11 c55E N/m2 2,830E+10
NOt representatlve for normal s12E m2/N -4,070E-12 c12E N/m2 8,909E+10
. . . s13E m2/N -4,996E-12 c13E N/m2 8,547E+10
pr0dUCtI0n variations S44E mz/N 3,533E-11|  c44E N/m? 2 830E+10
. . . . sBBE m3/N 3,164E-11 cBBE N/m2 3,161E+10
* Quality define the simulation
s11D m2/N 1,058E-11 c11D N/m2 1,550E+11
resu |tS 33D ma/N 7,930E-11 c33D N/m2 1,664E+11
.. . . . s55D m&/N 2,134E-11 c55D N/m?2 4,686E+10
e Critical interpretation requ”‘ed $12D me/N 5.2356-12]  c12D N/m? 9,182E+10
s13D m2/N -2,268E-12 c13D N/m2 7,061E+10
544D m2/N 2,134E-11 c44D N/m2 4,686E+10
s66D m&/N 3,164E-11 c66D N/m2 3,161E+10

Autor: Hennig | Seite: 11
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Material properties

PIEZOTECHNOLOGY

_PI

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

Parameter Hard PZT
Common PZT 4 PZT 8
DOD-STD-
1376A DOD | DOD I
EN 50324-1 100 300
Te [°C] > 310 =290
€33/ & 1300 1300
tan © [10-9] 6 4
-3
tan 6 [10-] 40 10
400 V
das [pm/V] 290 220
kIO 0,56 0,51
Qm 500 1000

Autor: Hennig | Seite: 12
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Construction il PI

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

= Piezo ceramic elements Piezo- —E

= Head and tail mass %
= Preload by a Bolt

= Metal shims for electrical connection

= Spring — Mass - Model reopeirm
Metoll | Ao
= A /2 - Resonator " NN
* Problem F(l:f;;ll? R \- NN
= Boundary conditions at the interfaces A s
= Push no pull
A

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF

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

Typical behavior

*Ferro elastic hysteresis — non-linear behavior
Comparison “hard” and “soft”

*Change in remnant strain after load

*“hard” PZT strongly time dependent

-400 —

Zr/Ti 50/50 Al1,0
Zr/Ti 50/50 AlO,5

Zr/Ti 53/47 Al0,5

Zr/Ti56/44 Nb 1,0

Zr/Ti 50/50 Nb 1,0
Zr/Ti 50/50 Nb 0,5

" ZrTi 53/47 Nb 1,0

Mech.Spannung [MPa]

Dehnung [%o]

Stress vs. strain

Autor: Hennig | Seite: 14
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Mechanlcal stress PIEZOTECHNOLOGY _:_ PI

Typical behavior

*Uniaxial compression stress parallel to polarization

*Non-linear charge release L i
*Change in remnant polarization after load fel 1 f\—:\; |
*Change in piezoelectric properties t 03 N\ =
*Difference between 1. and 2. cycle S 0.2 \j:lﬂ
«Stronger effect at elevated temperatures o 01
| =0
P 03 40 42 44 46 48 50 °%PbTiO,
| a2 10/64,5 a2, 10/455 - S
\B&: 0'77' o (16’1:%)
$ 100 200 300 400 500 00 200 300 400 500 300
-g a3: sl \
&l o2 10/44 9 ; x Mol%
a4 o1 200 S - PbTiO3
| 1 40
100 200 300 460 560 160 200 300 40 500 2 44
03 = 03- 100+ 3 44 5
. . = 4 46
q = 5 50
OA 01 . 10/50 L W S
‘ | 0 100 200 300 400
———— v T . —— T Druck(MPa)
100 200 300 400 500 100 200 300 400 500
soachatier Druck (MPa); Autor: Hennig | Seite: 15
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DISCUSSIOH PIEZOTECHNOLOGY _:_ PI

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 ATV
= Take into account the real stress distribution \_Abstrablungsfidche

—_— —_— Spannbolzen
(Fe) fﬂll SSSUNAN Jm&_;
Piezo- TS T R ¢z
keramik L LRSS A -
= Preload cannot be measured by the charge SN\ N
= Good method to control the mounting 170 B NN
Abstrablungstiaehe.
= Non-linearity's A
* Inhomogeneous stress distribution 23 comamar ves kenamscre weake Henvsoonr

= Surface matching at the interfaces
= Time dependence and relaxation

Autor: Hennig | Seite: 16

WWW.PICERAMIC.DE




Mechanical stress + Electric field i PI

Typical behavior constant load

*Mechanical stress — depolarizing effect (only 90° domains)

*Electrical field — polarizing effect (90° and 180° domains; parallel to P,)
*Electrical field — depolarizing effect (90° and 180° domains; anti-parallel to P,)
*Domain contribution increases strain

*Domain contribution increases losses

*Dependent on crystal structure (composition)

20 + 30

o
N
a1
I
T

R
o
N
o
|
T

Deflection [um]
&
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=
o

do
S

Absolute Displacement [um]

a1
I
T

—&— Sample 6

-100 -

o

0 30 60 90 120
Applied Stress [MPa]

-120 f f f f f
0O 200 400 600 800 1000 1200

Applied Voltage [V]
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Mechanical stress + Electric field i PI

Typical behavior constant load

*Mechanical stress — depolarizing effect (only 90° domains)

*Electrical field — polarizing effect (90° and 180° domains; parallel to P,)
*Electrical field — depolarizing effect (90° and 180° domains; anti-parallel to P,)
*Domain contribution increases strain

*Domain contribution increases losses

*Dependent on crystal structure (compaosition)

o L4 /\ ? 2
S 1,2 =
= AN 2 TN
c 1 015
o \ o
508 N T
()
o 0,6 \ i \
£ 04 5 05 ~
5 0,2 £ [
c (@)
0 T T I I I I I c 0 T T T T T T T
0O 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
mech. Spannung [MPa] mech. Spannung [MPa]
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Mechanical stress + Electric field i PI

Typical behavior Spring load

*Domain reorientation depending on field direction and amplitude
*Changes in the state of polarization (P,, S,)

*Changes in the small signal coefficients

*Nonlinear behavior

*Increase 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
*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

15

Stress T
(=]

-15

15

max

Tmax

Stress T
o

-15

ANNANN T

VVVVVV

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

= Preload changes the material properties

= After mounting a settling must be expected
» Big influence from the elasticity of the bolt ATV
= Take into account the real stress distribution \_Abstrablungsfidche

= Deformation stress dependent Metol ”‘S"’""gl'"—‘

= Preload increases losses 2 ‘m,,,m&_’ -
= Expansion — acting against a spring eromll” (REQQRRN
= Contraction — supported by the spring v NN

Abstrahlungsfiache..

= Non-linearity's

* Inhomogeneous stress distribution
= Surface matching at the interfaces
= Time dependence and relaxation

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF

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

AC Electric fields i PI

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

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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WWW.PICERAMIC.DE



AC Electric fields i PI

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

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

*Nonlinear behavior

*Current proportional to vibration velocity
*Frequency shift

*Changes in the small signal coefficients
*Increase 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

*Domain reorientation depending on field direction and amplitude
*Changes in the state of polarization (P,, S,)

*Changes in the small signal coefficients

*Depending on field strength, temperature, time

*Increase 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

*Domain reorientation depending on field direction and amplitude
*Changes in the state of polarization (P,, S,)

*Changes in the small signal coefficients

*Depending on field strength, temperature, time

*Increase 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

Autor: Hennig | Seite: 26
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AC Electric fields i PI

Typical behavior Deformation

Longitudinal effect
*Transversal effect
*Both effects must be considered

Longitudinal effect
S3 = a3 B3 Ah =d3; U

Transversal effect

S; =dj; E;

AR=d,,R/h U
S, =dj; E; >

Radius: R
Thickness: h

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

Typical behavior Deformation

Longitudinal effect

*Transversal effect

*Both effects must be considered

*Rings 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

Longitudinal effect

*Transversal effect

*Both effects must be considered

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

New Measuring Equipment — MSA - 100 - 3D

Autor: Hennig | Seite: 29
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DISCUSSIOn PIEZOTECHNOLOGY

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

_Spannboizen __
Metall 1 Pm S
(Fe) s \ ln&_.
Piezo- _ LIPS s oo v
keramik o § e ';i'?' ' ach
[ O\ ¢ N
Metall 2 \
(Al) N
Abstrablungstiache.
/\

WWW.PICERAMIC.DE

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF
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DISCUSSIOn PIEZOTECHNOLOGY

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

Metall 1
(Fe)

Piezo-

keramik

Metall 2
(Al)

\ Abstrahtungstidche

_Spannbolzen

\'
-
\‘
j o8 o
s

Abstrahlungsfiache..
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KOMBINAT VEB KERAMISCHE WERKE HERMSDORF
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Temperature 1 PI

Thermal Properties — Self heating

*Loss power
P~f tand C U2
effective values must be used for tand and C

*Specific heat capacity
Approx. 350 J / kg K

*Thermal conductivity
Approx. 1,1 W/ m K

™
W
(e}

- 3

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

Eell el e

Autor: Hennig | Seite: 32
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Thermal expanS|On PIEZOTECHNOLOGY _:_ PI

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

Abb, 3 Temparaturab-
héngigkeit der thermi-
schen Ausdehnung 33 und
ier Probenkapazitét C wm
elektrisch gepolten, me-
chanisch gedriick%en und
thermisch depolarisierten
Proben der Zusammensetzmng
y = 0,48

Quelle: H. Arndt, E. Hennig, KTB MLU Halle, Ferroelektrizitat 84, 1984 Autor: Hennig | Seite: 33
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Thermal expansion ¥l PI

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

m _ ERGEBNISSE DER PIC151 KERAMIKEN m ERGEBNISSE DER PIC151 KERAMIKEN
ZORICH Z0RICH
Temperatur - rel. Langendanderung Temperatur-Alpha
0.250 - - 10.0 ‘
% | : : : : /
3 ‘ 10%-6/K

0.200 + : ; : : -

0.150 1
6.0 |

0.100 + PICI_AK1 kurzgeschiossene Elekiroden o/

b - / I PIC1_RK1 kurzgeschicssene Eleitroden

i 4.0 1 .
0.050 ~+ - - ---- o el U oo TN Vi ; '
; /\ ol y /( PIC1_RN1 nicht kurzgeschiossene Eloktroden
& PIC1_RN1 nicht kurzgeschiossene Eektroden 20 1 / : - TESEEE S 3

0.000 -+
foae
-0.050 + + ' ' . ' ———r 99 > 2
50 100 150 200 250 300 350 400 °C
0 50 100 150 200 250 300 350 400 °C L %
— PIC1_RK1 ki hi lek!
— PIC1_RK1 kurzgeschlossene Elektroden C1 iiZgestiiossene Eleidroden
. PIC1_RN1 nicht kurzgeschlossene Elektroden
PIC1_RN1 nicht kurzgeschlossene Elektroden <

: : : Bild 4. Langenausdehnungskoeffizienten von PIC151 Keramik bei offenen und

Bild 3. Relative Langenanderung der piezoelektrisch intakten PIC151 Proben kurzggeschIossenengEleklrodenA

bei offenen und kurzgeschlossenen Elektroden.

Quelle: ETH Zirich / Pl Ceramic, interner Untersuchungsbericht 1996, unveroffentlicht Autor: Hennig | Seite: 34
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Thermal expansion

PIEZOTECHNOLOGY | P I
—~

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

0.005 < "
Thermische Dehnung 130°C  0.0815% —_ 30°C 0.0020% 1. Aufheizkurve
0.090 (Histerese Probe 4) 0.000 1'Ahk"hl h
. 50°C -0.0046% - WHphase
0.080 110°C 0.0695% 00054 2. Aufheizkurve
90°C 0.0559% 0.010 4 2. Abkiihlphase
o.010 0,015 50°C -0.0222% =
’ Ny 1. Abkuhlphase
§-060 . 70.020 °C -
= 70°C  0.0445% 130°C  0.0791% = 100°C -0.0280%
H.os0] B.oasd
%;o , 50°C 0.0365% 110°C  0.0648% 3 030 150°C -0.0494%
040 - . - -
90°C 0.0497% 0.035] 50°C -0.0237% 150°C -0.0508%
s.030.] 30°C -0.0190%
. 70°C  0.0344% 1. Aufheizk 0.040
o.020 0 0.0204% Aurhezkurve 100°C -0.0384%
L0204 | . . 0.045
2. Aufheizkurve 100°C -0.0393% 150°C -0.0506%
0.010 30°C  0.0068% 0050 150°C -0.0513%
R LE LR L L L L LR L L L L L Ll L L Ll L Laa s LA Raaa LEaad LiLal CLRRd End aiis i 1 N L e
20 25 30 35 40 45 S0 S5 60 65 0 7?5 80 85 90 95 100 105 10 NS 120 135 130 135 140 145 150 20 30 40 50 60 0 80 a0 100 o 120 130 140 150
Temperatur[geglattet] [*C] Temperatur[geglattet] [*C]
Datum/Zeit: 23.11.01 09:47:21 Probe: Piezzoke 15.02 mm Datum/Zeit: 30.08.01 07:34:15 Probe: Piezzoke 18.02 um
EBediener: Lukn Referenz:  -=-=----- 0.00 mm Bediener: Lukn Referenz:  —====-=-= 0.00 mm
Labor: ifw Jena Atmosphédre: Luft 0.00 ik Labor: ifw Jena Atmosphdre: Luft 0.00 lih
Hommentar: Piezzokeramik Null: NULL_PIl Stempel: QUARZ Hommentar: Piezzokeramik Hull: null pil Stempel: QUARZ

WWW.PICERAMIC.DE

Autor: Hennig | Seite: 35



DISCUSSIOH PIEZOTECHNOLOGY _:_ PI

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 Ramboien
Metall | rof

= Temperature control recommended (Fe) x‘.mL NN
karamir o

* End masses have a cooling effect Mtz KON

= Additional cooling at the outer and inner surfaces Abstrablungsfisshe,

= Strongest influence from the driving voltage or
Input power

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF
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DISCUSSIOH PIEZOTECHNOLOGY _:_ PI

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

= [rreversible change of the ceramic thickness Ramboien
Metall 1 T R
(Fe) Pﬂ SRNRRRANY ln&_;
Piezo- Hpesosos il —e
= Relaxation of mounting stresses s
= Irreversible change of the ceramic properties M2 RN
wf_r_go&ng.s})éém\

= Temperature cycling is a good method for
stabilization
= Control of preload recommended

KOMBINAT VEB KERAMISCHE WERKE HERMSDORF
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Lead-free il PI

RoHS — Restriction of the use of certain hazardous substances
Directive 2011/65/EU since 21.07.2011 (RoHS II)

RoHS2 Exemptions Timeline (EEE Cat. 1to 7 & 10)

Exemptions without explicit expiry date
specified in RoHS2 Annex Il |: .

y monitoring &

989

‘ Legal Compliance Date,

Today

Appiications for rer Is due EU Decisions due

07/21/2016 [and/or] 01/21 to 07/21/2017
(01/21/2015)* (o11212016)" \

' 1\mwm l\lhm-h‘" 1
f f

Selected RoHS-like Exemptions in separate \ T *** i) if Not applied for renewal 'au!omatically expire on

End of Life Vehicles Directive (ELV) reviewed***** 07/21/2016; ii) If applied but rejected/negative EU decision
- ' expire 12 to 18 months after EU decision, i.e. Early to Mid 2017
(01/21 t0 07/21/2017).
Legal References (further clarifications in slide notes)

RoHS2 Article 5.5. First Paragraph;

RoHS2 Article 5.5. Second Paragraph;

RoHS2 Articles 5.2. Second Paragraph & 5.6;
RoHS2 Article 5.2. First Paragraph;

ELV (2000/53/EC) Annex II.

ooooo

Note: Slide and information taken from the Strategic Management Team Julv meeting PPT.
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Pl 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-y)(Big sNag 5) TIO5- XBaTiO5- ySITiO, BNBST x-y
(KNaLi)(NbTaSb)O, KNN-LTS, KNN-LT

BNT-based - Sensor and Transducer applications
KNN-based — Actuator, Sensor and Transducer applications

Pl Ceramic:
Two patent applications for BNT and KNN based materials

Autor: Hennig | Seite: 39
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Pl Ceramic: since 2011

Technology development

= Conventional mixed-oxide technology (Batch sizes 30to 50 kg)

Reagent grade metal oxide and carbonate powders

Mixing YA : 2,5 0%
1 in isopropanol using 3 disk mill :
Calcining 850°C -950°C l .,
Milling in isopropanol using 3 disk mill
Granulating Spray dryer
Pres sing uniaxizl press
Sintering 1050°C - 1220°C

Autor: Hennig | Seite: 40
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Lead-free FIEZUTEGHINALACT i P I
|
Pl Ceramic: Pilot production for PIC 700 in 2014
Parameter PZT big;— d
PIC 255 PIC 700
TTy [°C] 350 ~200
€33/ € 1750 700
£/ € 1650 570
tan o [10-9] 20 25
tan d 400 v [10-9] 70
dss [pm/V] 400 120
ds; [pm/V] -180 (-40)
dys [pPm/V] 550 110
K 0,62 (0,15)
K, 0,47 0,4
Kss 0,69 0,4
Kay 0,35 (0,14)
Kis 0,66 0,3

(*) calculated according standard; Correct?
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Lead-free i PI

Pl Ceramic GmbH
Bearbeiter: |E. Hennig
Materialkoeffizienten PIC 700 (small signal)
. . . Stand 05.02.2015
Pl eZO el eCtI'IC Ceram | CS Anderungen vorbehalten
Data sheet Grafe Einhet Wert Grafe Einhet Wert
« Mostly typical values Dichte kg/m3 565E+03| N1 Hzm
o ] Q 100 N3 Hzm 2370
 Not all coefficients are given o 1 Ham 1500
P Al ; 33T 700 Nt H 2600
Coefficient matrix e zm
eps33S d31 mN__ |[-3.60E-11]
« Measured on (a small number of) n 0BT 453 _ T 20E1
. d15 m/V/ 1,10E-10
special samples i 0.14]
. k33 04 931 VmN
* Not representative for normal K15 03] g% VmiN_ | 1.84E02
. . kp [0,15] 15 Vm/N 2,18E-02
productlon variations kt 04
e31 N/Vm
sigma e33 N/Vm
e15 N/Vm
ST1E m2/N c11E N/m2
S33E m2/N 9,690E-12 Cc33E N/m2 1,580E+11
S55E m2/N 2,589E-11 C55E N/m2 3,862E+10
S12E m2/N ci2E N/m2
S13E m2/N c13E N/m2
S66E m2/N CB6E N/m2
s11D m2/N c11D N/m2
33D m2/N 8040E-12| 33D N/m2 1,200E+11
s55D m2/N 2,352E-11 55D N/m2 4,252E+10
s12D m2/N c12D N/m2
s13D m2/N c13D N/m2
66D m2/N 66D N/m2
Daten [] |formal berechnet nach Standard, nicht exakt
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PIC 700 — Sensor Application

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

PIC 255 -d7,5 x 2,1 PIC 700 - d7,5x 2,2
2013/01/23 09:2454 AVGSOMS /s 20us /div 2013/01/23 1022112 AVGS0MS /s 20us /div
Stopped ] (20us /div) Stopped 3 (20us /div)
CHI=1V : CHZ=500mV 1 : : : CHI=1V : CHZ=500mV : : :

Dc 11 Dc 11 : I : : : Dc 11 : pc 11 :

|

Tracez:: P—P 2.420v Max 1. ZIJQV din =1.220V

m approx. 90% of signal amplitude has been achieved (PIC 700 vs. PIC 255)
®m Functional behaviour of PIC 700 comparable to PIC 255
®m BNT based materials have high potential for use in ultrasonic transducers
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PIC 700 — Transducer Application

Feasibility of lead-free piezoceramic based power ultrasonic transducers

Andrew Mathieson

School of Engineering, University of Glasgow, Glasgow, UK, G12 8QQ
andrew.mathieson@glasgow.ac.uk

Abstract

Lead-based piezoceramics are currently the most widely used transduction material in power ulirasenic applications. Directives such as
the Restriction of Hazardous Substances (RoHS and RoHS2) [1] regulate the sale of electrical and electronic equipment containing
hazardous substances, such as lead, entering the European marketplace. However, lead-based piezoceramics have been exempt due
to the lack of a genuine lead-free equivalent. Lead-free piezoceramics were first developed in the 1950s, however their relatively poor
properties when compared to PZT left them largely negh d untd the implem ion of the European directive [2]. This study
investigates the incorporation of a modem lead-free piezoceramic, a variant of bismuth sodium titanate (ENT), into a commercial power
ultrasonic transducer used in semiconductor wire bonding. It is reported that a dewice containing BNT was capable of forming wire
bonds and that the lead-free transducer exhibited properties that could make them suitable in other power ulirasonic applications.

Piezoceramic elements

TABLE |: AVERAGE PROPERTIES G THE INVESTIGATED LEAD-FREE AND LEAD-
BASED SAMPLES T SUPPLED IV

Wire bonding transducers

+ The fransducers are based on a

titanium unibody design and contaln
f Z, |Capacitance tans Q. four plezoceramic plates which are
kHz ] L. [ei0acan via 3 Manum wedgs [4].

BNT
Length mode | 2454 1e52

The BNT FENsIUCET Was preloaded
o S0 MPa whiie the PETE
transducer was peelbaded to 95

Width mode | 5201 008 1854 0024 ~100t MPa.

Thick made | 2455.1 1] + The Tansducers were mounted by
tmedr suppon N 3 cating thelr

BITR Foistife I UnB0DY TRANSDUCERS molnting dmrggemr;ﬂlm:gng_ A

Length mode | 2681 28 CONTANING BNT (kear) ann PZTS [Far) caplliary tool, which foms Te wire

Width mode | 4114 g 25 0002 21000  ELEMENTE band, was 3so fastenzd to me

Thick mode | 2197.0 a transducars.

Admittance traces

* The admitance traces Indicate that the PITE
f@Ensducer Is mMore responsve mMan the BNT  qq,
transgucer. From Tabie Il It can also be seen that the
ENT Transgucer exniolis higher lossas.

= The body of e fransducer and the pEZocereamic
stack (which comains 3 high number of mechanical
Irterfacss) comingte the @ and the f, of the
transducers.

- The high Impsgance of the BNT fansoucer had a 100
negative efect on the phase KoD rescnant Tading
system. This resuied b operational condiBons
occasionally falling to be achieved.

_Operational
made

Admnanca (ms)
(L

1o 120 120
Fraguency (kHz)
BINT Transaucer

110 120 130
Fraquency (kHz)
PZTE Transducar
Fraiife I ADMITTARCE TRAZES

Transducer properties

TapLE I TRANEDUCER PROPERTIES MEASURED 1 HOUR AFTER STACHK PRELOADING

f Z, Capatitance Gain
kHz o G o b B tandmA v W
BNT Transducer 1203 412 7 03131 0.0%a8 T8 0.035 00133 003N 03745
PZTE Transducer 134 i 375 00337 02707 1700 0.006 0.0038 01235 D4@12

University of Glasgow, charity number SCO004401

Dominick A. DeAngelis

Mechanical Engineering, Ultrasonics Group, Kulicke & Soffa Industries, Inc.,
Fort Washington, PA, USA_ ddeangelis@kns.com

Transducer ageing

1225 L] o -]
| e

- o

2200 - > o & - -}

s, g Loy Tw—pon §

1214 J & - 2 , n =

&5 4 g 8 Snosy Ai. ook " dal nm!g

'g-e-mn s u}_ 3 -—g 23

o "y £ E:un-s 2 G b §

& = - : ) ——=—q i
1200355 S0 300 200 500 £00 0 26 300 400 B0 B LR A R 700,350 200 300 400 500

Time (hoers) Time (hours) Time (hours) Time mows)

Faoure Il BNT Transoucen prorerTIES (] TRANSDUCER EXPOSED TO OPERATIONAL DRIVE CONDITIONS SHORTLY AFTER PRELOADING, [} TRANSOUCER
EXPOSED To T0°C FoR 18005, and () TRANSDUCER DRIVEN UNDER OPERATIONAL DRIVE CONDITIONS FOR AN EXTENDED DURATION

+ The BT fransducer propenies were measwed al

“ n n n e

Figure Il Husirales mat even with acoslerated ageing
(Exposing the transduoer 10 ekevaled tEMperaLTEs and

55 3260 108: 40.4°C 155 44.75C 252 45.4°C anving It under operational conditions) the properies

remalned relaiively stable.

+ Galn and k.e varied very Itie, while f, Ze, @ and Q.
varted marginaly, although satting aner (.

. Figwes IV & V Nusiale tat when drven under
Operatonal conditons for @ Exiended duraton, te BNT
fransaUCEr XIS 3 I3ger EMpErature MCrEdse man
the PZTH transducer This ls due o high losses
extilited by the BNT transduces.

sz 25.5°C
FisURE iv: IWFRA-FED IMAGES OF THE BNT TRANSOUCER DRIVEN AT 2.2um FOR AN EXTENDED DURATION

ololele]

s 25.3°C S Z.E°C i0s: 30.7°C 155 32.2°C 208 33.4°C
FIBURE \ INFRA-RED IMAGES OF THE PZTE TRANSLUCER DRIVEN AT 2 Sum FOR AN EXTERDED DURATIIN

Wire bonds

= The bonds are unifonm and comecty fomed.

= The splash, which Is the subsirate cxlde layer displaced during the
bond formation, remains within the pad from which 17 slammed.
This minimises: ihe IK=inood of & short circult ocourmng batween

= The feasibify of 3 lead-Tee wie bonding TaNsOUCSr was
demonsirated.

= = N
qulE VIE SEM MAGES OF WIRE BONDS

Fioume V12 WiRE BosDs

Conclusions

- The successiul forming of wire Donds Wit 3 kead-fee fErsducer demonstratzd the feasiiity of INCOMORAlnG @ modem kead-fres plezoceramic In o 3
commendal power ufrasonic Iansducer.

« The lead-ree transducer demonsiTatad good statillty INdicating that it properties coud be prediciabie over the Ietime of the devies.
* However, the lead-Tes transducer exhibited significant (0ss26 whan driven at npemnonal ampiiudes of vibraton for an extended duration. The leacHree

miatertal Investigated In this study IS MErefors UNSWEIDIE for power that are required to be driven contnuously under high voitages.
mumamummmmmlmmamymmumatr.»er,'mmageemaymmrsmmz

It 15 Ikely thiat before: lead-Tee plezoceramics are widsly considerad In cOMMEral power Urasonk: apRcations, properties, suCh as Wsses and Impedance
will have 1o be competitive i Mose exnibhed by PZT maerials.
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Typical behavior

Longitudinal effect

*Transversal effect

*Both effects must be considered

*Rings are driven below the lowest resonance

© 25 10,25
$10°0° 1000000
100000 ‘
10000
o
P Tt
1000

4,0

= 1“‘-‘-‘-‘_-__-_.-.-"” = )
. —PIC181
I
! 100
I

' —PIC700

Radius: R,; R, 10
Thickness: h

30 40 50 60 ¢/ kHz 70 80 90 100
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PIEZOTECHNOLOGY

. PI

Typical material behavior

T4  depolarization temperature

T, temperature of max. capacitance
Piezoelectric effect stable below T
Anisotropic behavior

300 -

275 1 ) .
non piezoelectric

250 A

225 A

giant strain

E 200 A
=
175 4
150 4 _ -
ferroelectric ferroelectric
_ |rhombohedral tetragonal
125 A
100 .
0 2 4 6 8 10 12 14 16 18 20 22
mol% BT

100000

1000

WWW.PICERAMIC.DE

Fraquanz fcHz]
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060 [ BNBST x-3
0,50
§ 0,40 {’/—.—\_/—\’——\_/b—q
£
v 0,30 +
L
o
£ 020 /\f_\_/_
o 4 "
3
o 0,10 -
—Kp —Kt
0,00
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PIEZOTECHNOLOGY

. PI

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 rnombohedral compositions

* High coercive fields

radial resonance BNBST x-3 thickness reonance BNBST x-3
1,0E+05 1,0E+04
—BNBST 0-3 —BNBST 8-3
—BNBST 10-
BNEST 2-3 BNBST 10-3
o 1,06404 | o 1,0E403 - BNBST 14-3
£ —BNBST 4-3 E BNBST 16-3
£ F
o o —BNBST 20-3
o : BNBST 6-3 o
8 rops03 —0— | >~ 8 10802 -
(] m
-4 o
[ o
g ﬁ 9
E \/ \J E
= 1,0E402 4 = 1,0E+01
1,06+01 . 1,0E+00
150 160 170 180 190 200 210 220 230 240 250 4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000 6200 6400
Frequenzy [kHz] Frequenzy [kHz]
800
BNBST 2-3 700
4 BNBST x-3 Qm (r)
- 600 -
%7-?— 500
(-]
X 2,5
£ \ — { 400
J \ — 15 \
n |\ ’ \ 300 |
4
__./) 2001
‘ ‘ ‘ 100
6 4 2 0 2 4 6
Field strength kV/mm o ) ) ) ) ) ) ) ) ) |
0 2 4 6 8 10 12 14 16 18 20
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PFM analysis of BNBST x-y

» No ferroelastic switching up to 80 Mpa
» On Microscopic as well as on macroscopic scale

BNBST 12-3

Topography

BNBST12-3
Dehnung in Abhéngigkeit von Feldstarke und Druck

0 MPa

Feldstirke in kV/imm

80 MPa

TUHH

ToaAWscve LAV LLAT Mambnrg Mg

Autor: Hennig | Seite: 48

WWW.PICERAMIC.DE



Lead-free i PI

Modifications of BNT-based compositions
Next targets

Parameter BNBT based BNBST based
BNBT 2 BNBT 3 | BNBT 15 | BNBST 2-3 | BNBST 3-3 | PIC 700
Ty [°Cl | 195 190 @ 180 180 200
€5 1 € 340 360 500 380 430 700
tan & [103] 10 12 20 10 17 25
K, (0,18) (0,19) (0,14) 0,22 0,25 (0,15)
K; 0,42 0,39 0,42 0,45 0,42 0,40
Qn Csro ) Coao D G
110 380 100
O (70 ) (540 D (570 >
Qm 350 300 70 220 290 65
(thickness)

(*) calculated according standard; Correct?
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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 Pl Ceramic the two systems will be investigated further:

(1-x-y)(BigsNay 5) TIO5- xBaTiO5- ySrTiO; BNBST x-y
(KNaLi)(NbTaSh)O, KNN-LTS, KNN-LT
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Thank you for your attention!

Questions?

—
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Pl Ceramic GmbH
Lindenstrasse
D-07589 Lederhose

Eberhard Hennig

Tel. +49 36604 882-4300 © 2015 by Pl Ceramic GmbH
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