 Bio-History of Kenji Uchino

- University professor = 40 years

Tokyo Tech-10yrs, Sophia Univ-8 yrs, Penn State-24 yrs

- Company executive = 21 years

- Government Officer = 4 years

Japanese 20 years vs. US 20 years

i“One step ahead” ‘
Age 40s = Academic initiative
Age 50s = Entrepreneur
Age 60s = Program officer

- “"Discover/Inventor”
Piezoelectric ML actuators, PMN electrostrictors,
Relaxor single crystals, Micro motors, Piezoelectric
transformers, HiPoCS
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Background
Field Induced Strains in Single Crystals
Pb(ZnsNb,3)O05-PbTiO; etc.

14 -

w [——

1
0 30 60 80 120
Fhxtre Field (kViem)

\__ [S.E. Park and T.R. Shrout: Mat. Res.Innovat. 1,20 (1997)] )

150

Advarced
pheessinitin
iy

Background

b - . A -
Igniter Clock
Microphone Speaker

|| Pressure Sensor || Actuator

Background

What'’s “Piezoelectric Effect”?

DIRECT PIEZOELECTRIC EFFECT CONVERSE PIEZOELECTRIC EFFECT

= Pre-Pulling Spring

l | -
,l : I = Thrust Rod

Tightening Screw

_ Bottom Wire
Screw Spring Bush

Screw
y
) 3 Spring Bush
r— JEX_"
T
= mms = - Center Rod
Ll Local Rod
|
b
| Giant Magnetostrictive
Alloy Rod
High power acoustic
transducer using 4

magnetostrictive actuators.

Construction of a giant
magnetostrictive actuator.

» Uchino and Giniewicz, “Micromechatronics,” Marcel Dekker (2003)




Background

Longitudinally
and transversely
induced strains
in a Terfenol-D
for various
temperatures.

Uchino and Giniewicz,
“Micromechatronics,”
Marcel Dekker (2003)

Background
Piezoelectric vs. Electromagnetic Motors
Rotor 90 % [~ )
. ( Permanent Piezoelectric
Gear rain SWO  ppgeer ) ol > ;
\\‘g :
— Y 2
\-j‘- s — >3 ElO% B Hectrom agnetic
-~ B “‘
3% [ 9\'
<o\ 30w 30 kW
“‘\a Power
o‘e a Efficiency=20%
Eléctromhgnetic Piezoelectric
iency=98%

*More suitable to
miniaturization
*Higher efficiency

Effici
30w

;\ Efficiency=70%

Background

Comparison of the Doppler mode images

—— (the wall of heart)

(blood Bow In the pulmonary vein)

2.5-MHz PZT PZNT 919

3.75-MHz PZT
ceramic probe ceramic probe single-crystal probe

& performance in N penelr we 2.5 MHz P27

solution of 1.75

Background

Electromechanical Coupling Factor
Typical Piezoelectric PZT

kss=70 % EEE) kg? =50 %
Input electrical energy 100

Usable
energy
Mechanical energy ) Loss 1
converted 50 Electrical energy
storedin a
Energy Transmission Coefficient itor 49 Dissipated
N = (Mech. Output Energy / Electr. Input Energy) as heat

=(1/4~1/2) k?
Uchino, “Ferroelectric Devices 2"¢ Edit.”, CRC Press, NY (2009)

Background s Morphotropic PhaseBoundary

. . .5 o
High d and k in % I DR o S
Pb(anlsNb2,3)03-PbTiO3 - :.:'::"‘_. e %
<" MB— & /7 [001]

- Crystal Orientation
Dependence

[J.Kuwata, K.Uchino and S.Nomura:
Ferroelectrics, 37, 579 (1981)]

é‘ -:—__;’_’_ ul
o
p'

a

Trrmies Temperpiure (T)
g g
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e

T
)
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Fundamental

Hysteresis Losses
Piezoelectic & Piezomagnetic

X o B
Wom ﬁz /U d We e
? y /’ el x=8X+d'E
X Vvs. X (shortcircuit) Dvs.E (stressfree) D=d X+¢E
Xo D,
w7 /U em o Z/u i . .
> E 7 = X=S X +dmn H
0 o
xvs. E (stress free) Bvs. X (Sl arai) B=dn X +uH
X Vs. H (stressfree) B vs. X (Hconstant)

<+ Three losses: elastic, dielectric and piezoelectric
(or piezomagnetic)

Fundamental
Loss Factors
Intensive loss factors Extensive loss factors
& =¢*(1- jtans') " =x*(L+ jtan o)
s =s°(1- jtang) ¢® =cP(1+ jtang)
d"=d(1- jtand") h" =h(l+ jtan)

2)g0¢X E02 (12)e0¢X E02

-

(12)sE X 02 W2)sDx o

:

Fundamental

Wrong assumption that Qm is the same for
both Resonance and Antiresonance state !

IEEE Standard Measurementon Q,,

k3; mode ks; mode
e—

i =1/(4p11°) s2 =1/(apf21?)

a-ipesy) il

where, K2 = 1I—(32|i321 K2 = 1!_(%(323

%o =

IEEE Standard on Piezoelectricity, ANSI/IEEE Std 176-1987

Fundamental

Intensive vs. Exﬁensiv Parameters

Intensive: bt
eX-dielectric constant
(constant stress);

sE - elastic compliance

(constant electric field).

[T [ —

Extensive:

¢x- diglectric constant ,"
(constant strain); —_
sP - elastic compliance + l " . + ‘ =1
(constant electric
displacement). o t

gle* =(1-k?)
sP/sF =(1-k?)

Fundamental

Loss Factors

Intensive loss factor Extensive loss factors
tans' = [ $j[taln6+I<2(tan¢—2tan6')]

1-k?
0 1 2
tan¢' = [1 k2)|:tan¢+k (tan5—2tan6)]

tan o' = ( J[tan5+tan¢—(l+k2)tan9]

1
1-k?

tans' tan & 1 k> -2K? - -
wng |-Klang| || ke |k 1 —2k || Kisinvolutory, i.e.

—_k? — - »
tang'| [tano R 1 L[ 2=l orK =KL

The conversion relationship between the intensive (prime)
and extensive (non-prime) exhibits full symmetry. The
eigen values of the matrix K are 1, 1, and -1, and the
invariantis

|(2tan @'—tan 5"~ tan ¢') = —(2tan 6 — tan 5 — tan g) |
(Loss of k?)

Fundamental
Quality Factors
i LG
1 o TR
Ry TG
. [ IEEE Std. Qa= Qs = Q.|

Qa O |Experiment QA< Qg. |

Qe Difference > tan8’

Wepsclenie KI|

Srrnumcy il



Fundamental I'pje7gelectric Resonance (Loss-free) |
& T
g - .
Damped Métional
(strain) ou/ox = x, = dyE,[sin@(L—x)/v+sin(wx /v))/sin(al /v)

(displacement) u(L)= J'OL x,dx = d,E, L tan(aL/ 2v)/(@L/2v)

(sound velocity) v =1/+/ps;

Y = (Wz)=(iv) = (i
oL/ D ds /e s Ntan(wL/2v) (wL/ 20
gl = e —(0h /)= ak-ki,

k2 =dZ /s5ex
PIeZDelEC‘trIC Resonance: infinite admittance/zro impedance
fR:v/ZLzll(ZL 5
Antiresonance: zro admittance/infiniteimpedance
(@L12v)cot(@, L/ 2v)=—d2, 1 £58s5 =—k2 /(-2

Fundamental |Piezoelectric Resonance (With Losses) |

Y:Yd+Y

= jaCy ’71

(lk)

[tans" ~ K2 (2tan " - tan ¢’)]—I +joCoky [(1 ~j(2tan®’ —tan¢)) 7‘”::?/'2/‘,2:/')]

- joC, (- jtans) + ijnkf[(l— j(21an9’—tan¢’))%] & =X (1K)

Q=0l/2v,AQ=Q —7/2 (<<1), T3, =k; /(1 - ks 2)
v*:%:v(u(llz)ﬂanw 1

R e ~AQ + j(n/4)tang’
Y, = joC, I3, [(1-(2tan@—tan ¢)][(tan(al/2v¥)/(w]/2v¥)]

1- j(2tan&'-tang’)
(-AQ+ j(z/4)tang") (7/2) (1 (1/2) jtang’)

1+ j[(3/2)tan g — 2tan 0]
—(4/7)AQ + jtang'

= jmucdr3]|:

= j@/7") &, Cy r31|:

Fundamental
|P|ezoelectr|c Res/Antlresonance (With Losses) |

1+ §[(3/2)tan ¢’ — 2tan & }

—(4/ )AQ + jtang’

k)

9{ = tangsy G, =aCyE (2tan 0,/ tan ') 0%
B o,

Resonance Antiresonance

,C,tandy, = [ aky ][tatné33 +k? (tang,' - 2tand,,' )]

Fundamental

Resonance & Antiresonance Modes|
Strain Distribution in a Plate

Resonance Antiresonance
Low coupling High coupling
=1 1=1
|
m=2 || m=2

(=) e | g

Note: Stress is zero, but strain is not zero at the plate ends.

Fundamental

|P|ezoelectr|c Resonance (With Losses) |
Y, = jaCy (1— 2

Neglect

L+ "'

1Y, = /j(8/7r2)w0Cd FS{ _(4/”¢,
H 2

L, =fLs5, /4v Wdal)/2 (p/8)Lt/w)sE2/d2 )
1/ @?L, = (L/nav)(8/p)w/Lt dall 3}
=(8/n27r2)(Lw/t)(d31/sﬁ

”2
R, =| ——— |[tang,’
i [S%Cokalzj &

Fundamental

Piezoelectric Loss Factor

Elastic loss
L tang’

Dielectric loss
—1 tand’

Piezoelectriclo
.F .q,u:‘.‘,.u«;." taﬁe’

2tan0’>(tand’+tang’): Q < Qg;
2tan@’=(tand’+tan¢’): Q5 = Qg;
2tan@’<(tand’+tan¢’): Q5 > Q.

At Magrnede

YV V V




Fundamental

| Theoretical Derivation |k,, Mode

i i=i+tan¢. @
Qn Q Qa 1+(7_k31)29h2
k31

_ o

Qb
2v
> Because Qg>Qj4, 2tand’ > (tand’+tan¢’).
(3)
Off-resonance
dielectic loss

Utilize the difference intentionally !

Fundamental
Anisotropic Losses in
Piezoelectric & Piezomagnetic

10 independent parameters for 6mm / «mm
materials (polycrystalline) — 20 loss factors

Fundamental
Loss Anisotropy Determination
Material parameters of «mm/6mm:
£35%, en’, &%, &y*; 16 loss factors can be derived.
1%, 155, S135, S33%, 5445, S11P, $12°, 5130, Saz®, S4s®;
d311 d33| d151 h31r h33! h15-
Loss factors of APC 841 (~103) from k3, and k33 modes

Fundamental - -

Quality Factor Anisotropy

ks, plate ka3 bar ki5 shear mode
L>>t: Const D e

1 = =1
L. Lz] T

L<<t: Const E Qa

5 4 z (tan 5.+ tan ¢, '21tan ")

- 2

— =—— R
tang,,’' Qs Qua 1+ (ki pu kal)ZQB‘al

| tand’y; tand ’s3 tand’s; tan®’s; tand’s; J
0.77 0.90 35 3.7 2500 |

[ tang,, tand tans 55 tands; tands; ||
0.44 0.54 3.1 0.25 15

. - fL(ane —tand,, — tan g, )
BRG Q. Qon k' -1+Q,.0 ke % ’
3 1 i 2
B - - -5 5 > \2tan 6, —tanofEEl
QBIE tan ¢55 QE,IS QBDJS k152 _1 + QA‘ISZ / k152 ( p 4 ¢55)
Qs = - 1 1 (tan 8, "+ tan ¢, '~2tan 0, ")

i oo T o
tan gy Qa‘15 QA‘15 l+(7_k15)2§25152
ke ;

Fundamental _ pjezo vs. Magnetostriction

Piezoellectric K33 Mode
Qs =M

ol 0 2
Qe Qs k332 =ila QA,azzlkazz

Magnetostrictive K33 Mode

&
1 2

=—4+— %  _(tans, +tang, —2tand,)
QB QA l 2 2
1+ (——kg) "0,
Ksg

(2tan 6, —tan 5, — tangyy) b

Electrode
=

" —

a) Piezoelectric loss factors are not small: tan®’> (}4)(tand’ + tang )
b) Intensive losses are larger than the Extensive losses.
¢) Loss anisotropy

Uchino, Zhuang and Ural, J. Adv. Dielectrics, 1(1), 17-31 (2011).

Fundamental
Piezomagnetic Losses

(1) Threelosses " =s"(1-jtang;) — Mechanicalloss — c* =¢c°(L+ jtang, )
pes-losses ¢ “=d_ (1- jtang),) —Piezomagndicloss— h, =h, (1+ jtans,)
ctors . ] 3 i
u< =¥ (1- jtans,)~ Magneticloss — " _x(14 jtane), )
() Impedance ., s
of Magneto- 7= jwnr N 1+ k332 tan(el / 2v)
strictors | 1-ky (0l/2v)
(3) Mechanical Q, =(tang, )"
Quality 1 1 2
factors -losses  —=—+———5——(2tang, ~tans, ~tan, )
factors QG Q l*(l’kza)zﬂh Iz
@) intensive and (~tan&’~tan g’ +2tan @') = (tan 5 + tan g — 2tan §)
extensive tan &, tan s, 1 ki -2k
losses factors tang! |=K|tang, K=17kz K2 1 -2k
tan 6;, tan g, 11 -1-K§
Ne—




Fundamental

‘lp Piezomagnetic Losses )‘1

endence of losses factors on Bias magnetic field (DC
Terfenol-D 2

1 _In!pe_da\_nc_e ______ . Vibration Velo-cily
e e e g -
Yoo et

.« Extensive loss factor

Fundamental

Piezomagnetic Losses ‘1
Magnetic phase lag: 5/, = 2.54°, tan 5, =0.044 Terfenol-D

Elastic loss tang;, 0. 0657 tang, 0. 0556
Magnetic loss tans), 0. 0440 tans,, 0. 0338
Piezomagnetic tang, 0. 0893 tang, 0. 0103
loss

(2) Magnetic phase lag: 57 =3.90°,tan 5, =0.068

ot,

Intensive losses Eﬂen' I6sses

factors % actors
- 0622

Elastic loss m"‘

Magnetp“etoetan 3. g“e“g‘ tans, 0. 0614
Piezoma, 7 QWY
(SS ﬁ‘m On 0.0875  tang, 0. 0361
Conditiciis: (a)DC bias magnetic field H= 126114 A/m;

(b) AC driving Current: I=100mA

High Power

High Power Piezo-Devices

wy

1%

— — Devices

Eid

* Miniaturization

Fundamental

‘! Piezomagnetic Losses 1
pendence of losses factors on Driving magnetic field (A
Terfenol-D B
- ~ . - ~
I\ - -
i 8" = i
l . / .ll", Ve
i / 4] ’ -
Impedance \/ . Vibration 'Veiocity_ >
Y g o c <
» 1 e ' P
. - o I bt e l
Me_cﬁanical quality factor j Extensive loss factor

Low
\ » High power density - Loss _ =/
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High Power
(High Power Charac;grization System)
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High Power High Power

P > - 1 -
[PIEZO-RESONANCE METHODS | Constant Vibration Velocity Sweep
e i ine ~—  Apparent Power (VA
PZT-8 at High Drive Voltage « - ] 22 W]
L Constant Voltage i - -
« The current jump L —aovmm |
phenomenon preventsan il ssvmm [ [RS— 5
accurate measure of Qy. £ ® W —savimm | ’ \ J —
£w bareiome ¥ —
Nonlinear elastic z /"p'Q m { l
properties . = Ly
w0 w3 w5 w8 20 s 25 28 20 o
Frequency (kHz) St Leee
« Rapid changes in voltage ! : ‘ by ‘, a
are required to maintain ol —tooma -
constant current in a o] Constant Current —zom M
high Q device at 25 o - 1o 1
resonance. fw oo . 3
- Thermal effects can ) 929 2/(\ — w =
interfere with the = = g il
= = ' by
" 'measurement. B
(Coutesy by Mchagl R Thibeaul) ™™ " “hudiui® " ** 7P
High Power High Power

[Frequency Sweep @ Vibration Velocity Constant’ Thermal Behavior @ Vibration Velocity Constant

Necessary technique for mnwrlng
both Q, and Q; simultaneous I

,
K
\

o

fsscsans

High Power High Power |
( 3 Resonance & Antiresonance Modes
Losses at the Resaonance Frequency
” . . It3]! Mode f=vlar vE=1/ psiy
Max vibration velocity for the Resonance
commercialized PZT is 0.3 m/s T Electrical Excitation
25 = = — = Antiresonance
mml oo 2E Ham O
E": [Short] VE Apparent wave-
£ < | A Tps | Bee — = o3 length change!
[eZ!- [ |3 o
3 & [short] VE [open] VE NA
S mml ¢ —
= =2
g % - — - ’ [Open] VE
5 £ Resonance [ Q) ]
& v = vE PrT——
O ) [No electrode] yD
T Resonance Y —
¥V,
y f=FL)+GK)

- . - Resonance
Mechanical Excitation V- =V0 =VE(1-kE,) 12



High Power

Burst Mode Measurement
(Resonance)

"
- =

) .-l: At
i ) : L
I P

v WM»—WM———« 10~100 Burst count

e — No temp rise
Short Circuit — E const — Q,

Open Circuit — D const — Qg

High Power

Antiresonance Switch Principle

Sync Out

AMP. Out

High Power
Burst Mode Measurement
Short-circuit Open-circuit

.V,

ftHitiese

Fantires. IMp. Analyzer:21,430
—_—

Fres. IMp. Analyzer:20,460Hz

- —_—
Fres. Imp. Analyzer:20,460Hz

High Power

Vibration Velocity Control with Burst
(Resonance)

100.0 T 700.0
g e
% 700 — PP 500.0_
=§ A > 400.0.‘%
g . / J 300.0‘=i
§ 400 e ) (]
>° 30.0 / a 200.63
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0.0 T 0.0
o 500 1000 * -
Vibration Velocity (RMS mm/sec) . '
High Power
Burst Mode Measurement
Antiresonance

M hamical Quality Facter (0,)

Current

High Power

Qum Map via Burst Mode

1 400
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Loss Mechanism

Four Types of Losses in Piezoelectrics

(D) Domain wall motion

2 Fundamental lattice contribution, which
should also happen in domain free
monocrystals

3) Microstructural contribution, which occurs
typically in polycrystalline samples

4) Conductivity contribution in highly-ohmic
samples

In typical piezoelectric ceramics, the loss due
to the domain wall motion significantly exceeds
the other three types.

\

Loss Mechanism

Crystal Structure of BaTiO;

Cubic Tetragonal

Te : Cure temperature

Origins of Field Induced Strain
1. Converse piezoelectric effect X

x=dE .,

2. Hectrostrictive effect
x=MP

X
3. Strain associated with polarization %é
E

reversal

Loss Mechanism

Microscopic Aspects of Domain Motion

1800 Reversal

Dielectric Perform|

E

90° Reorientation

Loss Mechanism

Crystal Structure of BaTiO;

Cubic Tetragonal

Te © Curie temperature

Origins of Field Induced Strain
1. Converse piezoelectric effect X
x=dE

2. Hectrostrictive effect
x=MP

; E
X
E
3. Strain associated with polarization
E

reversal

Loss Mechanism

Domain Dynamics in BT

Loss Mechanism

Microscopic Origins of the Losses

Electric Field Stress
dielectric '
Ny
—
mechanical l I
tan ¢ ‘
Polarization

—_—
piezoelectric ‘ ‘

o

&

10



Loss Mechanism

=
-
\‘:\\\
‘
\‘ ‘l

X ]

1

1

.

H |

M '

i '

[ '

: \f

": [y
(8 !

-2 e | 1
E(KN/mm)
o]
L Strain Curves for PLZT [(Pb,La)(Zr,Ti)Os]

Loss Mechanism

HARD & SOFT MATERIALS AND LOSS

Ofi-ResonanceResonance
d k Qm  Application  Application
Electro- High High Low High
strictor *(under DC bias) displacement
(PMN) No hysteresis
Soft Piezo High High Low eat generation
(PZT-5H)
Hard Piezo Low Low High
(PZT- 8) 1 displacement
(AL Q, dEL)
. Hundred
times O Y "
. — »)

Loss Mechanism

Doping Effect on
Electrostriction

T
Off-Resonance Drive
Base component ;‘
. -4
(Pbo73Ba927)(Zr0.75 Tio 25)O3 &
=
-
sr Eees =
o gbEeesi2
£ i
F o
i o £ i
1r
[ 5.5 1.0
Ebtrs Dedd
— @

Loss Mechanism

1.E=0

Strain x |

Feld E

5.E=0

4

1 LA/ §
1N 4
*‘k<— A\

3.E = E max

4.E=E¢ *

4

Schematic depiction of the strain change in a ferroelectric
L ceramic assoicated with the polarization reorientation.

Loss Mechanism

Strain

\

Soft Piezoelectric

Low field Nonlinear = high loss

High field Larger strain

Hard Piezoelectric

Strain

Electric
field

Linear =low loss

Larger hysteresis

Loss Mechanism
|

Off-Resonance Drive

Extensive Loss ‘

Very variable with field Insensitive to stress
0. 0.:
0.. = 0.
g9 / e
180° Domain 90° Domain
gateoesy Wall Motion : =  Wall Motion

015050607 08

Electric Field (kv/mm)
Electric Field (kV/mm)

09

Compressive Stress (MPa)

Not very small to be neglected
E---> X = (d/sf) E

L

X ---> E = (d/e¥) X (X = (eoe*/d) E)
Correlation parameter

X = V(d/sF) (s05/d) E = V(s6"/5F) E

14 16 18 20 22 24

P

Uniform heat generation

11



Loss Mechanism

Doping Effect for High-Power

. Distributed heat generation
Resonance Drive

60

o Undoped Pb(Zr0,54Ti0.46)03

© A 0.5Wt% Nb-doped
- o 0.5wt% Fedoped j
0 A/—n// | 1
0.5 1

0.01 0.05 0.1

Tamparviuns Nina AT F9L1
IS

.0
Vibration Velocity vy (m/s)

The conventional high Q,, PZT ceramics exhibit
the maximum vibration velocity about 0.2 - 0.3 m/s.

Loss Mechanism

Dielectric
Loss Rd
Sta
L =
RA (directly measured) = Cd CA
|  =Rd+Rm Rm
100 Mechanical
a Loss
] Admittance Type
: 30 ‘o o oe (Resonance)
E
- Rm = 0ALA/QB
£ | 90° Domain
F Wall Motion \
Rd =tan 3/owACd
30 180° Domain
Wall Motion
L L L y
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Vibration Velocity v (m/s)
Vibration v elocity dependence of the resistance R ¢ and
R m inthe equivalent electric circuit for a PZT sample.

Loss Mechanism
Domain Wall Pinning by Crystal Deficiencies

Domain Wall Pinning Gauss Law : divP=oc

Ps -Ps 3 -Ps
—_— -~ —_— -
- Easy to move * Stable
(2) (b)
E E
Crystal Deficiencies
0O Vacancy A Vacancy
~
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(a) Acceptor Doping (b) Donor Doping

Loss Mechanism

Losses at the Resonance Frequency

Max vibration velocity for the

2000 commercialized PZT is 0.3 m/s 5
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Vibration velocity dependence of the quality factor Q and
temperature riseAT forboth A (resonance)and B (anti-
resonance) type resonancesof a longitudinally vibrating
PZT transducer through transverse piezoelectric effect d31.

Loss Mechanism

Defect distribution and mobility have
important influences on materials properties

Doping Effects (S. Takahashi, N.W.Thomas,
Imry and Ma)

+ Donor doping = Lead vacancies, Immobile
quenched random field type defect =Domain
motion facilitated

# Acceptor doping = Oxygen vacancies, Mobile
type Defect = Domain wall pinning

HARD PZT

Domain wall pinning qP and d decrease
Internal bias effect Qnincrease

Loss Mechanism " E—
-

Polaraation pCioer’)
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150°C was reported to be the temperature near which
mobile defects begin to move.

PKZT,-Q-TanandD.\Viehland,Phil hicalh ine, 1997
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Loss Mechanism

Internal Bias

*Ashift of P-E curves along field axis without application of DC
electric field (E).

+Stabilizing Effect

«Similar to Real Electric Field (G. Arlt andH. Neumann, Ferroelectrics, 1988)

BaTiO;-Ni(G. Arltand H. Neumann, Ferroelectrics, 1988)

Loss Mechanism
Time Dependence of Electromechanical Characterization

o T Even hard materials
- ; o exhibit very low Q,
0] [& woreonm T just after the poling.
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031 = HaapzT
o * Soft PZT 1800 o
030 e PZT-PSM-Yb
L S | 1600 + PZT-PSM 1
T 1400 +  Hard PZT
0.28 Soft PZT
I I ')
oz d
E 1000
1) To o
‘Time (min) 800

o] T S T g 600

15 o PzTPSMYD

Zu paine 20

£ * Saezr x - -
g1 . 10 100 1000
] IS S|

?12 Time (min)

Sn .

2, Contradictory to the

[ conventional domain
o T p—— wall pinning effect

Loss Mechanism
Drastic dielectric loss change
A 1300keversal

Bias

K J IH GFMNB

[~

SR
forerrmeA| ) W

' 900 ¢
Reorientation
Hectric field dependence of the domain volume fraction of 180°

reversal (a) and of 90° reorientation (b). Notice the deviation of the zero
fraction points, land G, between 180° and 90 °. [Uchida-lkeda Model]

Loss Mechanism )
Time Vs. P-E Curves

Hard PZ]
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Hard PZT :
Max Vo = 1.0 m/s
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Loss Mechanism

Model: Introduction of Bias Field

Local field

Elocal

Loss Mechanism

High Power Characteristics in Pb-Free Piezoelectric
Rectangular Plate

hard-PZT + Mechanical quality factor (Qy,) drops

* Vinax= 0.8 m/s & 0.9 m/s Reasured
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Loss Mechanism

4 Mechanical Energy Density M
as a Figure of Merit
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| Mech.Energy Density = (1/2)pV$mJ

b Light mass-density Pb-free piezoelectrics need to vibrate
/ \ much larger for generating the same mechanical energy.

\- |
P Hard-PZT 0.42 1.25
Thermal Conductivity \n.co IECH AT

- summary SUMMARY

1. Phenomenological equations derived for piezoelectrics &
magnetostrictors: dielectric, elastic and piezoelectric losses;
magnetic, elastic and piezomagnetic losses. Coupling losses
are significant (not negligible).

. Three losses can be determined from Qyvalues for the
resonance and antiresonance ranges.

3. Three high-power characterization methods (HiPoCS) for
determining Qu's; (1) admittance spectra under a constant
vibration velocity, (2) burst mode (mechanical drive) to
eliminate the heat generation, (3) precise input electric power.

4. Losses in magnetostrictors: 10 times of losses in piezoelectrics

5. Most efficient driving frequency exists between the resonance
and antiresonance frequencies.

6. High power origin: (1) Domain wall pinning, (2) Internal bias.
Internal bias generation due to oxygen vacancy diffusion seems
to be the best explanation.

7. High power FOM: Mech. Energy Density = (1/2)pVZ,

N
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Loss Mechanisms in —_—
Smart Materials
Kenji Uchino

Int’l Center for Actuators & Transducers
The Pennsylvania State University

1. Background: Smart Materials

. Fundamental Loss Equations for
Piezoelectrics & Magnetostrictors

. High Power Characterization System
New Qy Determination Methods
Origin of High Power Performance
Summary
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Loss Mechanisms in —_—
Smart Materials

END
Thank you!

www.psu.edu/dept/ICAT

Contact: Kenji Uchino, Director, ICAT
E-mail: kenjiuchino@psu.edu; Phone: 814-863-8035, Fax: 814-865-2326
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