21

[ (Spontaneous
polarization)

7 triclinic ~ monoclinic  orthorhombic  tetragonal
rhombohedral  hexagonal cubic (Symmetry
elements) 32 21 32 1

(Centrosymmetry) 11 : (Non-
centrosymmetry) 21 20

432 10
Non-linear P-E hysteresis loop
(Polarization) 2.2
Ps (Saturation
polarization) (domain)
Pr (Remanent polarization)
Ec (Coercive field)
-Ps E=0
-Pr

hysteresis loop 2.2
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32



2.2 Hysteresis loop

*Win

*1 31

m Mnna

3



2.2

(Mechanical stress 1)

dielectric displacement ( )

€

(Mechanical strain 1)
=dr + E ()
=dag+deE (2

d,d' =
E = (Mechanical compliance”
1 =
d=DT=SE ... (3
d=d
g=ET=1 ... )
g= (piezoelectric voltage coefficient)

(Relative permittivity)

£0= ( 0= 885 OLF/m)



hydrostatic ~ stress

2 _
A k2 _
k
(04< k<07
(d)
displacement
direction) ]
3 (shear plane)
123 0
dd
(3
i3
coefficient)

S ML 2+

electromechanical coupling factor (k)

R (7
(k<0l) "
k 1
100
dielectric
(electrical
(mechanical direction)
2.4 12
456 3
(0

dh (hydrostatic strian



ah = A3 2d3L 9)

gh(hydrostatic voltage coefficient) dh
gh=dn(K8) ... (10)
dh="hydrostatic strain coefficient (stress)
(PCIN)

gh="hydrostatic voltage coefficient
(hydrostatic strain) : (mVm/N)

Figure of merit (F.O.M) = digh_(11)

F.OM. F.OM.

100-50000 N (material)
(connectivity)

2.3
Piezoelectricity
Pierre  Jacques Curie . .1880
(quartz) (Zinc blende) (tourmaling) (Rochelle salt)
' (electric charge)

1881 . Hankel
' “Piezoelectricity” (pressure electricity)(l



stress)

(compressive  stress)

23()

2
(direct piezoelectric effect)

(converse piezoelectric effect)

(tensile

2.3



23 3

(direct piezoelectric effect)
(compressive stress)
(tensile stress)

(converse piezoelectric effect)

10



2.1

Devices based on direct

piezoelectric effect

- |gnitors

- Keys,push buttons

- Pickup cartridge

- Acceleration sensors
- Crash sensor

- Ultrasound sensors

- Microphone
Microphone
Hydrophone
Knock sensor
Pressure sensor

2.1

Devices based on converse  Devices hased on hoth

piezoelectric effect

- Elongators
Adjustment of laser,
optical fiber,
lithography mask and
magnetic head
Fast injection valve
Active dampling

- Bending transducer

Relay
Valve
Braille pad

- Piezo motors
- Ink jet printer
- Ultrasound transducers

Buzzer
Loudspeaker
Liquid atomizer
Cleaning systems
Lithotripter

effects
- Frequency filters

Bulk/SAW resonators
Bulk/Surface Acoustic
Wave (SAW) filters for
entertainment and
telecommunication

- Delay lines

Bulk/SAW delay lines
SAW
correlator/convolver

- Transformers

Piezo coupler
High voltage
transformer

- Sonar sensors

Presence detector
Distance/Level meter
Flow/Heater meter
Flow velocity meter
Recognition systems
Ultrasonic imager
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24
24.1
1880
(Si02
quartz)
y g
(NaKC4H40 64H20)

55

i3 29 pCN K

1941 (BaTi0d)

1944
BaTi039

13

(>20kHz.)
(liquid media)
(mother
X
350 ' 13 2.3
(K) 1200

(Perovskite structure: AB0J



14

24.2
2421 (BaTi03
BaTiO]j ? 2.5
(Ba2+) (( 2)
(4
(octahedral) 6
BaTio] 130 BaTiO]j
(cubic) (paraelectric) 130
2 A+

(Curie temperature,Tc)

(PHTIO})

solution)

PbTi03

? (PZT) (PLZT)
(PMN)
2422 (PZT)
? (PZT) (solid
il (PbZr03 (PbTIO))
(4 gy
2.6 PbZr03:
0.52:0.48
??(Morphotropic phase boundary : MPB)
Coupling coefficient 2.1
6
8 ?
14 (polarization)
(poling)

? electromechanical coupling factor (k )



Barium

2.5

(solid  solution)

Titanium

15



2.1

2.6

Coupling coefficient (kp)
PbTi03>

Ph(TIDZIN0H]

Permittivity (8r)

16

PbZr03
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2.5
(Polyvinylidene fluoride : PVDF) - (Vinylidene
fluoride-trifluoroethylene : VDF-TrFE) - (Vinylidene

fluoride-tetrafluoroethylene :VDF-TeFE)
(Copolymers of vinylidene cyanide with n-fatty acid vinyiester . P(VDCN-VAc))
(0dd nylons) (Polyureas)

(nondestructive testing . NDT){§
2.2

2.2 ©

Property PVDF  P(VDF-TrFE) P(VDF-TeFE)  P(VDCN-VAc) Oriented
Nylon-7
Dielectric constant, 6.0 5.0 5.5 6.0 2.5
rat1-10 MHz.
Dielectric loss, 0.25 0.12 0.20 - 0.22

Tan § at 1-10 MHz.

Mechanical Quality 10 25 15 - 8
factor

Electromechanical 0.20 0.30 0.21 0.22 0.10
coupling, k.

Density (103kg/m3) 1.78 1.88 1.90 1.20

Sound velocity (m/s) 2200 2400 2200 2620 2000
Acoustic impedance, 3.9 4.5 4.2 3.1 2.23

20(106kg/m2s)



2.5.1 Polyvinylidene fluoride : PVDF

PVDF -(-CH2-CF2-)-
(Semicrystalline)
lamellar
region) 2.8

(spherulite)

PVDF 50-70%
2.8 PVDF(10)
lamellar a
phase) 1l (y-phase) IV (0-phase)9
(dipole moment)
Il (a-phase)
P

18

(amorphous
lamellar

lamellar

| (P-phase) Il (a-

|11 IV

| (P-phase)

2.9
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< #
e e 1> 1<) <

()

2.9 PVDF(D)

[F%)

2.10

210 PVDF(1)



2.5.2 0dd Nylons

Odd  Nylons
Newnham ..1980 Nylon-11
(quench) (drawn)
even nylon odd nylon

0=0

nylon-10

nylon-11

2.11 Nylon-10 ~ Nylon-1 10

20

(melt)
2.11



at) A

spontaneous polarization
Brown ®
Nyln57 1
3 PVDF

2.5.3 Vinylidene cyanide and vinyl acetate copolymers ( P(VDCN/VAc))

(PVDCN) -[-CHX(CH22]-  homopolymer
VDCN (high dipole moment)
(ambient condition)
- (VDCN) (VAc)
VDCNA/Ac (dipoles)
C-C-C=N 2.12
H CN  H
€ =1 ¢ k
CN H
0" %03
2.12 P(VDCNIVAC)9

254 PVDF Copolymer

VDF (TIFE)
(TFE)  VDF 50-80
P(VDFITIFE)  P(VDFTTtFE) P-PVDF
2.13

(stretching) (annealing) P-
phase



P(VDF/TrFE) P(VDF/TtFE)
2.13 P(VDFITIFE) P(VDFI/TIFE)(10)
2.6 - (Ceramic-Polymer Composite)

(Composite material)

underwater-hydrophone

40 kHz.<21H (Biomedical imaging)

30 MHz'(6>

26.1

Plydrophone
1 o 1

dh gh

dhgh (figure of merit)

07+

Medical Ultrasonic Imaging

pulse-echo modality

22



23

(acoustic impedance)

?

acoustic impedance (Z:

 kg/(m2s),MRayl) ?
Z
Z 1.3-1.7 kgi(m2s) Z 3.8-7.4 kgi(m2s)
20 (PZi)(> ?
PZT
dh (dh= d33+2d31) dB« 2d3L
dh (K)
1800 gh (gh= d(80K)) PZT
7.9 glcm3 acoustic impedance 30-36 kg/m2s
acoustic impedance
PZT (PbNb20 6) (18
(PbTi03)(1» dh gh PZT
anisotropy
? Polyvinylidene
fluoride (PVDF) PVDF copolymer Polyvinylidene trifluoroethylene
Polyvinylidene tetrafluoroethylene  Copolymer of vinylidene cyanide vinylacetate
0dd numbered Nylons ?( ?

acoustic impedance
acoustic impedance
acoustic impedance
figure of merit
(dhgh  1000x105 2 ) PZT (dhgh» 100x10'55 m2N)
? dielectric
constant (K) planar electromechanical coupling (kp) thickness coupling coefficient (ki)

piezoelectric coefficient (d33)
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2.3
061
Parameter Ceramic Polymer PZT-Poiymer
composite
Acoustic impedance 30 () 4.3 (+) 10 (can be tailored)(+)
kgl(m)
Coupling factor 0.5-0.7 (#) 0.1-0.3 () 0.5-0.7 (+)
Dielectric constant 200-5000 (+) 6-10 (1) Proportional to vol%
PZT (+)
Tan § 0.02 (+) 0.25 () 0.02 (+)
Costand ease of Cheap Expensive Medium
fabrication
+ 1
(single phase) 20
(connectivity)
2.6.2 ' (Connectivity)

(connectivity)
Newnham 20,

10 0-0 0-1



0-2 0-3 11 12 1-3 2-2 23
(filler)

“0-3” (fiber)
Ll1_311

2.14

3-3

(matrix)

(connectivity)

2.14

*2,

25



2.6.3 0-3

0-3
production)
(extruded bars) (fiber)

0-3

1. thermoset polymer

(epoxy)

2. thermoplastic

hot-rolling <2

hot rolling machine

temperature)

hot-press
hot-press
Safari )
60
(PVA)
warm die pressing (
(filler material) |

figure of merit (dhgh)

(poling)

Corona poling ( pole

26

(mass
(thin sheet)

(molded shapes)

(softening

(melting temperature)

B2

0-3
fired composite (

PVA

)
(PZT) (PT)
70

a3 dh 90 35 pCN

5

corona<x2)



2.15

pCIN

21

electrode heated ground plate
electrode
pole
electrode
) Conventional poling (
electrode
) Corona poling
(d3) (K) 10-15

Safari

HIGH VOLTAGE TO CORONA POINT

2.15 Corona poling (&)
mixed oxide
(calcine)
‘281 (Coprecipitation)
3
' d33 60 pC/N  dh 43
97x1 0'3VmIN dhgh 4170x10'5 2

1 " solgel mixed oxide



28

0-3
! (void)
(poling)
Han 9
0-3
L
2.
ceramic-polymer coacervation (
)
3.
4 0-3
(uniform morphology) 2.16
2.16
) )
(Conventional method) (Coacervation- colloidal filtration)
dx3 dh gh dhgh 65 pC/IN 41 pCIN

145x10 3Vm/N 6000x10 5 m2N
150 kV/cm



H.G. Lee H.G .Kim >
(phenolic resin)
3

(particle pore)

(d33) Lee Kim (31) Tandon
5-100
100
2.6.4 1-3
1-3

and fill'3 Lost mold'®L Injection molding'El Tape lamination'3dl

1-3

1-30

Rod placement

(paste)

254

Klicker

K 400 d3

PZT

29

(microstructure)

0-3

(matrix pore)

(interface pore)

(K)

Rod placement'3l Dice

Relic process'3rl

MHz.
(high resolution)
(binder)
extrusion
' 20
320 pC/IN dh 100 pCIN

Viscous



phase(414)
2.17
Dice and fill
Lost mold

Injection molding

2.20

Tape-lamination

Relic process

0

PZT 20
2.18
PZT (binder)
injection molding binder
98 100
2.19
1-3
100 50
dice and fill
15
2.21
(fine scale)



a

PZT Pb Zr Ti
(carbon template) PZT
carbon template PZT
PZT carbon template
PZT relic

PZT relic PZT/ 2.2



2.17 Rod placement

2.19 Lost-mold

)
)

(1-3)

2.18 Dice and fill
)
(1-3) )

32



2.20

)

Injection molding

33

2.21 Tape-lamination

PZT



26.5 33

33 Skinner
coral replamine
wax)
1300
33

Shrout 8

methacrylate: PMM) (PZT)
burned-out plastic spheres (BURPS)
3-3
s

ladder  3-D honeycomb

34

(1978)
(casting

3-3

(polymethyl-

Panda
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