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Qutline JPL

 Review a variety of Electroactive Material Dielectric and Strain
Response

» Review the Macroscopic description of Piezoelectricity
and look a the limitations. (Nonlinear, Dispersion, L0SS)

*Present the various groups of piezoelectric materials
(Ceramic, Single Crystal, Polymer) and typical size of effects

* Present the techniques used by transducer designers to
amplify the limited strain (Cantilevers, Resonance, Stacking)

* Present the sensor examples (Quartz Crystal Microbalance QCM,
Surface Acoustic Wave SAW Devices)

* Describe the various actuation and sensing mechanisms
under development in the NDEAA Lab at JPL



Electroactive Response
Anti-Ferroelectricity

L_ow fields - counteracting domains stable
Polarization curve opens up at large external
electric field as domains switch

DvsE SVvsE

0.4 0.0018
03 0.0016 -
£ 0.0014 —
S 02 .
= — 0.0012 - '
% 0.1 - E |
£ 0 £ 00010 |
$ 00+ — £ 0.0008 - | |
@ & 0.0006 1 |
O 0.1 W
© 01 ; 0.0004 '-
T 0.2 0.0002
I MM i 0.0000 - Ll
o034 .
T I I I I I I
04 T I 40-3.0-20-1.0 00 10 20 30 40
-40-3.0-20-1000 1.0 20 3.0 4.0 E Electric Field (MV/m)

E Electric Field (MV/m)



Electroactive Response
Ferroelectricity

*Presence of a spontaneous polarization
Polarization can be switched by an

external electric field.
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Common applications include ferroelectric
RAM, electro-optic devices and displays



Electroactive Response NETSYI
Electrostriction

Electrostriction is the name given to the quadratic relationship
between the strain S and the electric displacement D present in most materials.
The most fundamental form of this relationship is
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Applications
Actuators, sonar projectors, ultrasonic transducers



Semi Empirical Modeling (Ising Spin model) =L

Start with antiferroelectric
D = [%-tanh[k-(E + E1-R2 — Ec-R1)] + %-tanh[k-(E — E1-R2 —Ec-R1)] + ¢ -E}
D is electric displacement
E is field
Ds is the Saturation Electric Displacement
+(E1 - Ec) is the field at which the anti ferroelectric becomes stable
+(E1 + Ec) is the field at which the domains switch to parallel orientation.
k is saturation coefficient (k large switching occurs abruptly k = W/KT)

R1 = l;’g’ ; Z | normalized first time derivative of the electric field

d*E | dt?
RZ:W normalized second derivative of the electric field wrt time

¢ IS a term to account for linear saturation



D D
D= [?S-tanh[k-(E + E1-R2— EcRI)] + ?S-tanh[k-(E _ELR2-EcRI)] + ¢ -E}

All constants  Antiferroelectric s
E1=0 Ferroelectric
//‘/
,/‘f

Ec small Electrostrictive

For all the above S = QD?
What about piezoelectrics?



Piezoelectric coefficient in the poled materials is
due to coupling of the electrostrictive coefficient
with the remenant electric displacement.

=210,

S =Q(D + Dr)?
= (2QDr)D + QD2 + QDr?
= gD + nonlinear term + remanent strain



Plezoelectricity SPL

Coupled “Linear” Relationship between the strain S, electric
displacement D and the electric field E and the stress T

E
Sp = Squq + dmem
T
D =¢ FE + dmep

Derived from thermodynamic potentials

sSuperscripts designate boundary conditions
*Subscripts designate anisotropy

*Notation: |IEEE Standards on Piezoelectricity



Elastic Response — Strain S, Stress T
S=sT s is compliance

Dielectric Response — Field E, Electric Displacement D

D=¢,E+P =¢E g IS permittivity
D =Q/A




Direct Piezoelectric Response — Electric Displacement D, Stress T J“

D=dT d is piezoelectric charge coefficient. T = E/A

D = %Ilat

Converse Piezoelectric Response — Field E, Strain S
S=dE d is piezoelectric charge coeff.




Coupling constant Sl

12 _ Output Mechanial Energy Density _ sT?

= Or Vice versa
Input Electrical Energy Density ek’

d 2

k° o
s \

Energy conversion per cycle



Thermodynamic Derivation

Sample under isothermal and adiabatic conditions and ignoring
higher order effects the elastic Gibbs function may be described by

Glz_%(sl]kl +2gm] n l])+2anD D

The linear equations of piezoelectricity for this potential are determined
from the derivative of G, and are

S =— 661—5 T,+g.D
ij 6T ijkl = ki nij=—n
E = g —B D —g T
"~ 9D, o Gl



L

Other Forms of Linear Piezoelectricity

S, =s.T +g,.D, S, =s,T +d, E,
_ﬁman_gmep D _SmnEn+d T
T _Cpqu_emem T _Cpqu_hmem

D,=¢lE, +e,S, E,=B5,D,~h,S,

mn n



Reduced Matrix Form
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PZT has C_ symmetry.
Therefore in ideal case only 10
Independent constants are
required to describe the response.
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Real or Actual Piezoelectrics ~ 2L

Er = Em (@B, T, Tot) v ig), (0,E,, T, T 1)
d, =d, \E,T,Tt)+id, oFE,T,T,t)
st =5t (0B, T, T t)+ist (@,E, T, Tt
Loss
Dispersion

Non-Linearities
Temperature Dependence
Aging
ALL May be Significant



Linear Loss y = bx =

where x and y can be the field E, Displacement D, stress T or strain S

x=xsin(wt)  y=|b| x ,[sin (w,t + 5 )]
*b real then y and x are in phase.

b complex then y and x are out of phase and depending on the
variables a energy loss is present .
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JPL

e Material Loss - First order correction

« Rayleigh’slaw Y= (a5 taX )X + a/2(X% - X?)
where the response increases linearly with maximum field/stress

and the remanence increases with the square of the field/stress
Rayleigh Behavior (1st order)
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Dispersion

Causal (response follows input) S
Passivity (Can only dissipate)

Example PVDF-TRFE
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Non Linearities S

e First order corrections — Rayleigh
*Higher order expand the elastic Gibbs
energy in field and stress

o Definition of how material constants are measured
1. Average response (AY/AX)
2. Differential response (dY/dX)

3. Biased small signal differential response(oY/oX at X,)



D,S

EBIAS E
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<4+—
<4—
v —
Under a large low frequency Under a small high frequency
field domain . . .
) ) field domain walls vibrate
structure changes irreversibl reversibly




Piezoelectric Properties - Ceramics

TABLE 5.2-1: Piezoelectric coefficients and permittivity at three
temperatures for three typical commercial PZT materials [Based

on: Hooker, 1998].

Performance Standard set out by Navy eg, Navy |, Navy Il, etc

Property PZT 4 PZT 5A

- 25°C 2500 - 25°C 2500
150°C C 150°C C

dy (PC/N) 210 225 360 190 350 440
dy, (pC/N) 70 85  -130  -100  -190  -270
7.1 9.7 27 5.3 10 27

€ (10° F/m)

*maximum in dielectric constant is at 180°C

150°
C
260

-115

7.5

PZT 5H*

25°C

585

-265

28

180°

900

-500

124



Piezoelectric Properties - Polymers JPL
PVDF

Relative Permittivity =10-15
Mechanical Q = 10

Coupling upto0.15
PVDF/TrFE 75/25 Copolymer

Relative Permittivity =5-10
Mechanical Q = 10

Coupling upto 0.25



Piezoelectric Properties — Single Crystals
e mode PZN-PT 8%

Table 2: The material constant for the length extensional resonance mode, at roon
temperature, sample 2.

Material constant
Re x 10! 1.73
5D33 (mZ/V )
Im x 107 -1.76
Re x 107 1.30 £
sFg (MV) {
Im x 102 -2.17
Re x 10°® 1.97
dss (C/N)
Im x 10-11 -3.32 2 107
Re x 10 3.42 “
g'ss (F/m) H
Im x 1020 -5.48
Re 0.93 (i?fz)
k33
Imx 10" -5.06
High field studies PZN-PT 4.5%

Bipolar Excitation Unipolar Excitation
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Piezoelectric Properties — Single Crystals L

AT Cut Quartz
g S 5.46x10-1(1 - 0.024i)
c P 2.96x10%°(1 + 0.00012i)
k 0.072(1 - 0.0088i)
h 1.67x10°(1 + 0.021 i)

Density = 2650 kg/m3
Q’s up to 100,000
108 in vacuum

Temperature stability extremely high about RT
Which is the reason they are used timing



Limitation of Piezoelectrics

Consider Motorola 3203 HD PZT
which has a fairly large d,; constant

T =exE
S = d,,E 53

dyg = 61010 m/V €53 = 25 C/m?
For E=10°V/m T =25 MPa

S =6x10°

Q. What do you do now?
A. Design around this. —  Resonators or
other Strain Amplification techniques




Stacks and Bimorphs
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Flextensional Devices

Cantilevers -




Resonator Example Thickness Extensional izl

2
{fiw ; _‘E
{h\wlw j

10t << wil 10t =< w2

D
Linear Equations T3 =035, —hyDy
Of Piezoelectricity E,=-h,S; +B3D;
Wave Equation O7uy _ Cu 07U,
1 1%~ p Ox
B.C. T, =0atx;=0
T, =0atx; =t
CD
Also S =du/dx and Vp=q—



Strain from Wave Equation
and Boundary Conditions

Calculate Voltage

Calculate Current

Finally Determine
the complex Impedance
VERY IMPORTANT

2 D 2cos($”j—2
s \Y
V:_833D31_ 33D3 D D
cCw . (a)t
sin| —
VD
dD, ,
| = 4 P —iwnAD,




hZ 2V s 1
4f =20 S
BHCa g ! Ve EF
0
k? tan[fj
SN s
ioAes, o
Af

Impedance
Analyzer

‘lJ Sample

Simple Measurement Method to determine the Elastic
Dielectric and Piezoelectric Constants and loss by
measuring the complex impedance as a function of frequency
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Common Modes of Sensing L

Select crystal properties, axis to monitor Af due to

\ specific environmental variable, Temperature,
Pressure, Field, Viscosity or Mass change due to
thermal or electrochemical deposition.

Select interface layer axis to monitor Af due to
W specific reactant, adsorbent in enviroment

Integrate heater/cooler for thermal adsorption-
desorption curves.




Quartz shear resonator examples




Network Representation

Solution to the wave equation
with open boundary conditions

Current/Voltage<Transformer—Force/Velocity

Zy

Zy

_CO

Mason’s Model ¢

N =C,h c,=22
t
Z,=p AP =4\ pc’
@ P
F:—:a) _
Vel c®

N
Il

. =iZ tan (Tt/2)
Zs, =—iZ,csc (Tt)



Acoustic Layer Networks Sl

Solution to the wave equation with open
boundary conditions

Il 1 I,
— . o L ) m L gL
Er=1pﬂvtan[ﬁ] Er=1pAVtm[E] o
Fy F
1i'.'ir]_ vﬂ
. i)
0 A =p.£1vfzsm[—£.] O
W
2

Rigidly Fixed

Force = Voltage
Velocity = Current

log|Velocity| (1m/s)

Layer Parameters
L thickness

A area

v velocity

p density " | | |

0 500 1000 1500 2000
Frequency (kHz)




Combination of Piezoelectric and 1 layer =N

Fieznelectric Acoustic element

Zr Loy Zhy ‘|’ Zh
/ 7k ﬂ‘
. .




Acoustic Load Regimes Sl

Depending on the acoustic length in the layer compared to the
acoustic length of the piezoelectric. Three distinct loading

regimes can load the piezoelectric differently. These include:

e Mass loading
Elastic loading
*Radiation loading



Mass Loading

L L
Z, =ip, AV, tan(a)—j = ipZA,vl(a)—j =ime
Vv Vv

! /

Elastic Loading

Z, =ip, AV, tan(w—L]
Vl

Radiation Loading

L) . :
a\j_J =ip AV, (~i)= p 4V,

/

Z, =ip, 4V, tan[




The constants (including loss) of the piezoelectric IR N
can be determine using curve fitting techniques
prior to the addition of the layer

Piezoelectric Acoustic el ement

O Known prior to deposition by analysis of
free resonator



JioL
Since Zq, Z+, Zg, N can be determined from
the free spectra prior to deposition or attachment
of the layer then we can determine the acoustic
load directly for the layer using

Z; _ZZT(ZA _ZS)
Z,-Z.-Z,

Z, =

Z N
1- %
[ ZCJ

Where Z is the impedance spectra of the composite
resonator

Z, =



Conductance (S}

Transform applied to mass loading - QCM

quartz =0.001 m
AT quartz t=0.001 m + 10um A

Sl
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Complex version of Sauerbrey equation JPL

(fi + Aai) = (fon + A,i)
(i + A i)

m*(fsz):mo

m* theory= (8.48-1.02x10-°1) mg

m* transform = (8.48-1.03x10°1) mg



Error Propagation in Transform

oL

Add 0.1 % Error to the composite resonator Impedance

91

Error does %0 -
not propagate
Into f

89 -

Im(Z ) (kg/s)

87 -

—— 0.1 % Random Error on electrical impedance
of piezoelectric and layer

86 I |
10300000 10400000 10500000

Angular Frequency o (rads/s)




oL

Error Propagation in Transform — Cont.

Add Stray capacitance to the composite resonator Impedance

4 :
j
i
I _
! N 8p=01oﬁc
. - | ; —— Cp= o
Again slope Is | R Ryt
/ K ——— Cp=10"Co
:'I N Cp= 102%Co
/ :{ —— Cp=10'Co

constant about

2 90
£
N
E
S
88 | .
85 _ . e,
87.64 . .
10335000 10338000
I
10300000 10400000 10500000

Angular Frequency o (rads/s)



Transform applied to water load

2 3
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AT Cut Quartz Resonator in air JHL

(Fm) ¢° 5.45933x10-11(1 - 0.02388i)
(N/m?) c¢?” 2.94472x10%0(1 + 0.00012i)
(#) Kk 0.0717744(1 - 0.00884i)
(V/m) h 1.67x10°%(1 + 0.02084 i)
p (kg/m3) 2650

t (m) 0.000333

A (m?) 4.195x105

m, (k) 3.701x10°

fs, (H2) (quartz) 4.99477x108 + 110.9i
f,,(Hz) (quartz + water) 4.99390x10° + 990.8i

Am (kg) (Sauerbrey eq.) 6.45x109-6.52x10°,

Am (kg) (m*(Re(fs, )) Figure 6.44x10°-6.03x10°°,

13.



Water Load is special case of Radiation Loading

Sl

L .
Z, =ip 4, tan — :ipzAle(_i):pzAzV:Az(ina)pz)llz =im @

[

m*= 6.44x10-%- 6.03x10-% kg with o= 3.138x107 rads/s, A= 4.195x10-°> m2, p=1000 kg/m?3
From previous table

1=1.38(1+0.066i) x10-% Ns/m?

Book Value of n=1.12 x10-3 Ns/m? at 60 °F

complex part of n determined above is a measure of the experimental error
(no correction for parasitic electrical component), surface roughness and
deviations from pure Newtonian fluid



Curing/evaporation studies

Resonance frequency f, (MHz)

4.96

4.92

4.88

4.84

4.80

— 5.004

—8— Epoxy Cure (approximately 50000 seconds)
—— ‘Water evaporation (2200 s)

— 5.002

— 5.000

— 4.998

— 4.996

— 4.994

4.992

100

T |
1000 10000

Time (s)

100000

Resonance frequency f, (MHz)



Combination of Piezoelectric and 1 layer =N

Fiezoelectric Acoustic el etnent
Zhr I 2y
Fla <l
I

Also present is a parasitic
electrical impedance that shifts
the anti-resonance frequency f,




JL

Free SAW Resonance Equation

2
K2 ] 0 K2 -
¥(w)= 222" tar 72 lsitf 72| v icave, + -2 ] T2 | anv-tar Z2 Jsin 272
2r 2, @, 2r 2a, 2a, @,

K = coupling factor

®, = resonance frequency oc Rayleigh velocity
c, = capacitance of IDT pair

N = Number of electrode Pairs

SAW Resonator with reflectors (Simplest model BVD circuit)
L,, C;, R, = Motional components
L, C, = Clamped capacitance

Ry

C, ==

] ]
Fraquency [kHz)



Saw Example




SAW Example (55.2 MHz)

Q = 22000

1e-1

1e-2

Admittance (5)

1e-4 —

-

P

[}
|

Data
—— BVD Model

5489 550 551 552 653 554 655 556

Freguency (MHz)

Phase Angle (radians)

-2

e

Data

—— BVD Model

649 5650 551 bHb2 553 554 555 656

Frequency (MHz)



Admittance (5)

SAW Example (62.2 MHz)

Q = 27000

1e-1

Data
—— BVDModel N Y v

@

|

]

=]

o .
v ) " S

1e-3 (r %
4 L i
'i (T -1
Data
—— BVD Model

le-4

-2 I I I I I I

I I I I I I
618 620 622 624 626 628 630 63.2 618 620 622 624 626 628 B30 ©3.2

Freguency (MHz)

Fregquency (MHz)



Admittance (5)

L

SAW Example (49.6 MHz) : Poor Quality resonance

Q = 1000
0.1 .
' Data
0.01 _'/‘A'
s
B!
3
b
L)
i
400 450 50.0 550 600 650 700

Frequency (MHz)

Phase Angle (radians)

N

Tty

P T
“wy

wele,,

40.0

| | | | |
450 500 6550 600 650

Frequency (MHz)

70.0



L

SAW Stability (55.2 MHz)

90 Hz over 18 hrs = 1.7 ppm
10:30 am

55246990
55246980
55246970
55246960
55246950
55246940
55246930
55246520
55246910
= 55245900
55245890
55246850
55246870
55246360
55246850
55246340

{real)

1335
1337
1336
1335
1334
1333
1332
1331
1330
1329
1328
1327

fg (Hz) (imaginary)

0 10 20 30 40 50 60 70
Time (seconds) (10°3)



Example of SAW Sensor - Dust

Clean SAW Resonator

SAW Resonator with
Limestone Dust

eeeeeeeeeeeeee



Passive Saw Interrogating Sensors

Table 1: SAW Properties of Common Materials (Yili Wu et al.
“Principals of Surface Acoustic Waves and its application in
Electronic Technology” Defense Industrial Press, PRC, 1983, (In

Chinese)

Material SAW velocity Coupling e (pF/m) Oy
v (m/s) K2(%) (ppm/°C)

Quartz ST-X 3158 0.16 95 ~0
LiNbO, (YZ) 3485 4.5 460 91
LiNbO, (128°) 3921 5.7 - 57
Zn0O 2715 1 - 40
Bi,,GeO,, 1681 1.5 400 130

(100) (011)



Correction Techniques for cross sensitivities JPL

General Solution Af =k, X,
_Afl_ ky ki kg klj ky, _Xl_ _Xl_ ky ko kg kl] ky, _1_Af1_
Afz k21 kzz k23 k2j k2n Xz X2 k21 k22 k23 k2j an AfZ
Afs = k31 k32 k33 k3j k3n X, j Xy |=|ky kg ks k3j ks, Afy
Dk Kk, ke kP D ke ky kg k||
_Afn_ knl kn2 k 3 : kn _X i _X i knl an an knn _Af;z_
Example Av_—AB A Amo g Ae AT Ay Ao
4 B S m c Ty o
_ - _ — _ — 1~
Af kml kcl ki k;/l kal Am Am kml kcl ki k}/l kal AfJ
Afz K2 ka kry k}/Z kaz Ac Ac K2 ka ko k}/2 kaz Afz
AfB = km3 kc3 kT3 k;/3 ko-3 AT :[Af]:‘k‘[mz]: AT = km3 kc3 kT3 ky3 ko-3 Af‘3
Af, ks Koy kpy ky4 Koy Ay Ay ks ko kpg ky4 Ky Af,
_Afs i K, kc5 ks k}/5 k0'5 _AU_ _AG_ K, kc5 ks k}/5 k0'5 _Afsj
The k factors above are material parameters so chose 5 sensors with different v=velocity -
materials, cuts, or frequencies to get cross sensitivity matrix ( 1-5 designate f; Fr’r:gfsga“on LEHs
specific sensor) (k normalized by dividing through by initial condition) 2 = ks shiiess
(Hietala et al. IEEE Trans UFFC 48, pp. 262-267) T = Temperature
y = Surface tension
P . *-f/.i,L : o = film stress



Passive Saw Interrogating Sensors
eg. Bao et al. IEEE Ultrasonics 1987, pp. 583-585

Transmitter/Receiver

\Antennae

SAW
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Reflector
)

Phase difference in reflected pulse is a measure of the
strain due to thermal expansion



USDC Technology

Ultrasonic Actuator
(Hom/Stack/Backing))

T ) Hee Mbss
Dxill Stem

Device is driven

at ultrasonic
frequencies

but produces

sonic and ultrasonic
Impacts.



Various Applications of the USDC Technology
URAT

Ultrasonic Rock Abrasion Tool

|
- F

Smart USDC with Integrated Sensors




Various Applications of the USDC Technology

Deep Drill

Rock Crusher

Powdering Téol




Surface Acoustic Wave (SAW) Motors

IDT excite a surface wave on piezoelectric
substrate causes a mass to surf towards

the source
128° Y-cut LiNiO,
V up to 10 m/s

Force proportional to uN




Piezoelectric Motors (Early Versions)
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Piezoelectric Pump

Current Specifications
4-5 cc/min

1100 Pa

No Moving Parts
Peristaltic

Angle view Side view

Water o
reserv Dll

Water drop Piezopump



For More Information see

Devices -
http://ndeaa.jpl.nasa.gov/

Materials —
http://www.rmc.ca/academic/physics/ferroelectrics/Publications _e.htmi



