Piezoelectricity

In 1880,Jacques and Pierre Curie discovered an unwsual characteristic of certain crystalline minerals:
when subjected to a mechanical force, the crystals became dectrically pdarized. Tension and
compresson generated vdtages of oppasite pdarity, andin propation to the applied force.
Subsequently, the converse of this relationship was confirmed: if one of these voltage-generating
crystals was exposed to an electric field it lengthened ar shortened according to the pdarity of the field,
andin propationto the strength of the field. These behaviors were labeled the piezoel ectric effect and
the inverse piezoelectric eff ect, respedively, from the Greek word piezein, meaningto pressor squeeze.

Althoughthe magnitudes of piezoel ectric voltages, movements, or forces are small, and dten require
amplification (atypical disc of piezoelectric ceramic will i ncrease or decrease in thicknessby orly a
small fraction d amillim eter, for example) piezoel ectric materials have been adapted to an impressve
range of applications. The piezoeledric effed is used in sensing applications, such asin force or
displacement sensors. The inverse piezoelectric efect is used in actuation appli cations, such asin
motors and cevices that precisely control positioning, andin generating sonic and utrasonic signals.

In the 20th century metal oxide-based piezoelectric ceramics and aher man- :jgﬁ:;:i:iainaIﬂ;irggfglggﬁligurﬂ
made materials enabled designers to employ the piezoelectric effect and the caramic

inverse piezoelectric effect in many new applications. These materials generally ) tomperatures above

are physicaly strongand chemicdly inert, and they are relatively inexpensiveto — curie peint
manufacture. The compasition, shape, and dmensions of a piezoelectric ceramic
element can be tail ored to meet the requirements of a specific purpose. Ceramics
manufactured from formulations of lead zirconate / lead titanate exhibit greater
sensitivity and higher operating temperatures, relative to ceramics of other
compasitions, and"PZT" materials currently are the most widely used

piezoel ectric ceramics.

How are piezoelectric ceramics made? e o i e
A traditional piezoeledric ceramic isamassof perovskite crystals, each nagadive charges
consisting d asmall, tetravalent metal ion, wually titanium or zirconium, ina ! gireres betow
lattice of larger, divalent metal ions, usualy lead or barium, and O2- ions S—
(Figure 1.1). Under condtions that confer tetragonal or rhombohedral symmetry / /

onthe crystals, each crystal has adipoe moment (Figure 1.1b).

To prepare a piezoeledric ceramic, fine powders of the comporent metal oxides
are mixed in specific propartions, then heated to form auniform powder. The
powder is mixed with an organic binder andis formed into structural elements /
having the desired shape (discs, rods, plates, etc.). The dements are fired —_—
according to a specific time and temperature program, during which the powder  tetrgenal e
particles snter and the material attains adense aystalline structure. The £ = P, Ba, ofber large,
elements are coled, then shaped or trimmed to spedications, and electrodesare .. cvalent matal 19

appli ed to the gpropriate surfaces. oxygen

E* = Ti, £r, athar smallar,

- tatravalant medsl ion

Abowe a criticd temperature, the Curie point, each perovskite crystal in the fired ceramic element
exhibits a simple cubic symmetry with no dpole moment (Figure 1.13). At temperatures below the
Curie paint, however, each crystal has tetragoral or rhombohedral symmetry and a dipole moment
(Figure 1.1b. Adjoining dpadesform regions of local alignment called domains. The dignment gives a
net dipole moment to the domain, and thus a net padlarization. The direction d polarization among
neighbaing damainsisrandam, however, so the ceramic element has no owerall poarization (Figure
1.29.

The domainsin aceramic element are aligned by exposing the element to a strong, drect current electric



field, wsually at atemperature slightly below the Curie point (Figure 1.21). Throughthis padarizing
(pding) treament, damains most nealy aligned with the electric field expand at the expense of domains
that are not aligned with the field, and the dement lengthens in the direction of the field. When the
eledric field isremoved most of the dipaes are locked into a configuration o near alignment (Figure
1.2c). The element now has a permanent polarization, the remanent polarization, and is permanently
elongated.

Analogols to correspondng characteristics of ferromagnetic
materials, a poled ferroelectric materia exhibits hysteresis. Figure
1.3shows atypicd hysteresis curve creaed by applying an electric
field to a piezoelectric ceramic element until maximum polarization,
Ps, is attained, reducing the field to zero to determine the remanent
polarization, Pr , reversing the field to attain a negative maximum
polarization and regative remanent polarization, and re-reversing the
field to restore the positive remanent polarization. The tracing below
the hysteresis curve plots the relative dhange in the dimension d the
ceramic dement alongthe direction of polarization, correspondng to
the change in the dectric field. The relative increase / decrease in the
dimension parall e to the direction d the electric field is
accompanied bya correspondng, bu approximately 50% small er,
relative decrease / increase in the dimension perpendicular to the
eledric field.

Figure 1.3. Effeds of Electric Field (E) on Polarization (P) and
Correspording Elongaion/ Contraction d a Ceramic Element

What can piezoelectric ceramics do?

Mechanical compresson a tension onapoled piezoelectric ceramic

element changes the dipde moment, creating a voltage. Compression

alongthe direction of pdarization, a tension perpendicular to the

diredion d poarizaion, generates voltage of the same palarity as

the pding vdtage (Figure 1.4h. Tensionalongthe direction d polarization, a compresson
perpendicular to the direction o padlarization, generates avoltage with pdarity opposite that of the
paling vdtage (Figure 1.4c). These actions are generator actions -- the ceramic element conwverts the
mechanical energy of compresson a tensioninto electricd energy. This behavior isused in fuel-
igniting devices, solid state batteries, force-sensing devices, and aher products. Values for compressve
stressand the voltage (or field strength) generated by applying stress to a piezoeledric ceramic dement
are linearly propartional up to a material-specific stress The sameistrue for applied vdtage and
generated strain.

If avoltage of the same padlarity as the paling vdtage is applied to a ceramic element, in the direction o



the paing vdtage, the dement will lengthen and its diameter will become smaller (Figure 1.40. If a
voltage of polarity opposite that of the pdling vdtage is applied, the element will become shorter and
broader (Figure 1.4e). If an alternating vdtage is applied, the dement will lengthen and shorten
cyclicaly, at the frequency of the goplied voltage. Thisis motor action -- eledrical energy is converted

into mechanical energy. The principle is adapted to piezoel ectric motors, sound @ ultrasound generating
devices, and many ather products.

Figure 1.4.Generator and Motor Actions of a Piezoelectric Element
Generator actionisused in fuel-igniting devices, solid state batteries, and aher products; motor adionis
adapted to piezoelectric motors, sound @ ultrasound generating devices, and many other products.



Piezoeledric Constants

Because a piezoelectric ceramic is anisotropic, physical constants

relate to bah the diredion d the applied mechanical or electric force

and the directions perpendicular to the gplied force Consequently,

each constant generally has two subscripts that indicate the

diredions of the two related guantities, such as dress(force onthe

ceramic dement / surface aeaof the dement) and strain (changein

length of element / original length of element) for elasticity. The

diredion d positive polarization wually is made to coincide with

the Z-axis of aredanguar system of X, Y, and Z axes (Figure 1.6).

Direction X, Y, or Z isrepresented bythe subscript 1, 2, o 3,

respectively, and shear abou one of these axesis represented bythe

subscript 4, 5, o 6, respectively. Definitions of the most frequently

used constants, and equations for determining and interrelating these constants, are summarized here.
The piezoelectric charge constant, d, the piezoelectric voltage @mnstant, g, and the permittivity, e, are
temperature dependent factors.

Figure 1.6 - Thedirection d positive pdarization wsually is made to coincide with the Z-axis.

Piezoelectric Charge Constant

The piezoelectric charge constant, d, isthe polarization generated per unit of mechanical stress(T)
applied to a piezoelectric materia or, alternatively, isthe medanicd strain (S) experienced by a
piezoelectric material per unit of electric field applied. The first subscript to dindicates the direction d
polarization generated in the material when the eledric field, E, is zero or, alternatively, isthe direction
of the gplied field strength. The second subscript isthe diredion d the applied stressor the induced
strain, respectively. Because the strain induced in a piezoelectric material by an applied electric field is
the product of the value for the electric field and the value for d, dis an important indicaor of a
material's suitability for strain-dependent (actuator) applications.

induced pdarizationin drection 3(parallel to drectionin which ceramic element is
polarized) per unit stressapplied in drection 3

or

induced strain in direction 3 ger unit electric field applied in drection 3

induced pdarizationin drection 3(parallel to drectionin which ceramic element is
polarized) per unit stressapplied in drection 1(perpendicular to drectionin which ceramic
element is polarized)

or

induced strain in drection 1 per unit electric field applied in direction 3

d33

d31

induced pdarizationin drection 1(perpendicular to drectionin which ceramic dement is
polarized) per unit shear stressapplied abou direction 2(direction 2 gerpendicular to direction
in which ceramic element is polarized)

or

induced shear strain abou direction 2 ger unit electric field applied in dredion 1

Piezoelectric Voltage Constant

The piezoelectric voltage mnstant, g,isthe eledric field generated by a piezoel ectric material per unit
of medhanicd stress applied ar, aternatively, is the mechanical strain experienced by a piezoelectric
material per unit of electric displacement applied. The first subscript to gindicaes the direction o the
eledric field generated in the material, or the direction of the goplied eledric displacement. The second
subscript isthe direction d the applied stress or the induced strain, respedively. Because the strength of



theinduced eledric field produced by a piezoelectric material in response to an applied physical stressis
the product of the value for the applied stressand the value for g, gisimportant for assessng a
material's suitability for sensing (sensor) applications.

induced electric field in diredion 3(parallel to directionin which ceramic element is
polarized) per unit stressapplied in drection 3

or

induced strain in drection 3 per unit electric displacement applied in drection 3

O33

induced electric field in diredion 3 (parallel to diredionin which ceramic element is
polarized) per unit stressapplied in drection 1(perpendicular to directionin which ceramic
element is polarized)

or

induced strain in drection 1 per unit electric displacement applied in drection 3

931

induced electric field in diredion 1 (perpendicular to drectionin which ceramic element is
polarized) per unit shear stressapplied abou direction 2(direction 2 gerpendicular to direction
in which ceramic element is polarized)

or

induced shear strain abou direction 2 per unit electric displacement applied in drection 1

915

Permittivity

The permittivity, or dieledric constant, , for a piezoelectric ceramic material isthe dielectric
displacement per unit electric field. T isthe permittivity at constant stress S is the permittivity at
constant strain. The first subscript to  indicates the direction d the dielectric displacement; the second
isthediredion d the eledric field.

Therelative dielectric constant, K, istheratio of , the amourt of charge that an element constructed
from the eceramic materia can store, relative to the absolute dieledric constant,  , the charge that can

be stored by the same electrodes when separated by a vacuum, at equal voltage ( ;= 8.85 x 10%2 farad /
meter).

T permittivity for dielectric displacement and electric field in drection 1 (perpendicular to
L diredionin which ceramic element is paarized), under constant stress

S permittivity for dielectric displacement and electric field in drection 3 (parall el to dredionin
33 Which ceramic element is polarized), under constant strain

Elastic Compliance

Elastic compliance, s, isthe strain produced in a piezoelectric material per unit of stress applied and, for
the 11 and 33 dlrections, isthe reciprocal of the moduus of elasticity (Y oungs moduus, Y). sD isthe
compliance under a constant electric displacement; sk is the compliance under a anstant electric field.
The first subscript indicates the direction d strain, the secondis the direction d stress

< elastic compliance for stressin drection 1(perpendicular to drectionin which ceramic
1 dementis polarized) and accompanying strain in direction 1, under constant electric field
(short circuit)

P elastic compliance for stressin drection 3(parallel to drectionin which ceramic element is
3 polarized) and accompanying strain in direction 3, un@r constant eledric displacement (open
circuit)

Young's Modulus



Youngs moduus, Y, isan indicaor of the stiffness (elasticity) of a ceramic material. Y is determined
from the value for the stressapplied to the material divided by the value for the resulting strain in the
same direction.

Electromechanical Coupling Factor

The eledromechanical cougdingfactor, k, isan indicator of the effectivenesswith which a piezoelectric
material converts electrical energy into mechanical energy, a converts mechanica energy into electrical
energy. The first subscript to k denates the direction alongwhich the electrodes are goplied; the second
denates the direction aongwhich the medhanicd energy is applied, o developed.

k values quaed in ceramic supdiers© specificationstypically are theoretical maximum values. At low
input frequencies, atypical piezoeledric ceramic can convert 30- 75% of the energy delivered to it in
one form into the other form, depending onthe formulation d the aeramic and the directions of the
forcesinvalved.

A high k wually is desirable for efficient energy conversion, bu k does not accourt for dielectric losses
or medhanicd losses, na for recovery of unconverted energy. The accurate measure of efficiency isthe
ratio of converted, useable energy delivered by the piezoel ectric element to the total energy taken up by
the element. By this measure, piezoeledric ceramic dements in well designed systems can exhibit
efficiencies that exceed 90%.

The dimensions of a ceramic element can dictate unique expressons of k. For athin disc of piezoelectric
ceramic the planar coupling factor, kp , expresses radial couging - the couding between an eledric field

parallel to the diredionin which the ceramic element is pdarized (diredion 3 and mecdhanicd eff ects
that produce radial vibrations, relative to the direction o polarization (direction 1and drection 2. For a
disc or plate of material whose surface dimensions are large relative to its thickness the thickness
cougingfactor, k; , aunique expresson d ks, , expresses the oupling ketween an electric field in

diredion 3and mechanical vibrations in the same diredion. The resonance frequency for the thickness
dimension d an element of this shape is much higher than the resonance frequency for the transverse
dimensions. At the same time, strondy attenuated transverse vibrations at this higher resonance
frequency, aresult of the transverse contraction/ expansion that accompanies the expansion/
contractionin thickness make k; lower than k5, , the correspondng factor for longtudinal vibrations of

athin rod d the same material, for which a much lower longtudinal resonance frequency more closely
matches the transverse resonance frequency.

Kas factor for electric field in direction 3(paralel to drectionin which ceramic element is
poarized) andlongtudinal vibrationsin drection 3
(ceramic rod, length >10x dameter)

factor for electric field in drection 3and vibrationsin diredion 3
(thin disc, surfacedimensions large relative to thickness k; < k3,)

Kap factor for electric field in direction 3(paralel to drectionin which ceramic element is
podarized) and longtudinal vibrationsin drection 1(perpendicular to drectionin which
ceramic dement is polarized)

(ceramic rod)

k factor for electric field in drection 3(parallel to directionin which ceramic element is
polarized) and radial vibrationsin drection 1 and drection 2(both perpendicular to direction
in which ceramic element is polarized)

(thin disc)

Dieledric Disgpation Factor



The dieledric disspation factor (dieledric lossfactor), tan , for a ceramic material is the tangent of
the dieledric lossangle. tan isdetermined bytheratio of effective condictance to eff ective
susceptance in aparal el circuit, measured by wsing an impedancebridge. Valuesfor tan typicaly are
determined at 1 kHz.

Frequency Constant

When an urrestrained piezoelectric ceramic element is exposed to a high frequency alternating electric
field, an impedance minimum, the planar or radial resonancefrequency, coincides with the series
resonance frequency, f.. The relationship between the radial mode resonarce frequency constant, N, ,

and the diameter of the ceramic dement, D , isexpressd by.

Np=f D
At higher resonance, ancther impedance minimum, the axial resonarce frequency, is encourtered. The
thicknessmode frequency constant, N , is related to the thicknessof the ceramic element, h, by.

N-=f.h
T s
A third frequency constant, the longtudinal mode frequency constart, is related to the length of the

element:
N, = fSI

Most-Used Constants and Equations
Aging Rate

Agingrate = (Par, - Par,) / ((Par,) (logt, - logt,))
Bandwidth

B kfIO orB  kfg

Dieledric Constant (Relative)
permittivity of ceramic material / permittivity of free space*
K= T/,
*8.85 x 10-12farad / meter
Dieledric Disgpation Factor (Dielectric Loss Factor)
conductance/ susceptance for parallel circuit equivalent to ceramic element;
tangent of lossangle (tan d)
measure directly, typically at 1 kHz
Elastic Compliance
strain developed / stressapplied;
inverse of Young@s moduus (elasticity)

s=1/ 2
- D
- E
S=1/YE,
- D
- E
Electromechanical Coupging Fador
mechanical energy converted / electric energy inpu
a
electric energy converted / mechanical energy inpu

Static / low frequencies
ceramic plate

2_4 2 T
‘él ‘d31 /(sEll 33)
ceamic disc

lf>2 =2dy%/ ((S7; +571) '3)



ceramic rod
2_4 2 T
ks = d33 /(SE33 33)
Higher frequencies
ceramic plate

caamicdisc

ceramic rod

any shape
%ﬁz — (fnz _ fmz ) / fnz
Frequency Constant
resonancefrequency o linear dimension gowerning resonance
N, (longtudinal mode) =f.|
Np (radial mode) =f, D
N (thicknessmode) = f_ h
Mechanical Quality Fador
reactance / resistance for series circuit equivalent to ceramic element

Piezoel ectric Charge Constant
electric field generated by unt area of ceramic / stressappli ed
a
strain in ceramic dement / unit electric field applied

=k (£ T)
&) =kg (s° 11 T33)
&3 =Kgg (s° 33 T33)

_ T
ds=kys5 (SE55 11)
Piezoelectric Voltage Constant
electric field generated / stressapplied
a
strain in ceramic dement / eledric displacement applied
o=d/ T
_ T
@1 =dyn/ g3
_ T
G3 =033/ a3
_ T
95=di5/ 'qq
YoungCs Moduus
stressapplied / strain developed
Y=(F/A)/( I/)=TI/S
Relationship among d, T and g
o=d/ Tord= g T

Symbols

A surface area of ceramic element (m2 )
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bandwidth (frequency)
piezoelectric charge constant (C/ N)
diameter of ceramic disc or rod (m)

permittivity of freespace (8.85 x 10%2 farad / m)

permittivity of ceramic material (farad / m) (at constant stress

force

minimum impedance frequency (resonance frequency) (Hz)
maximum impedance frequency (anti-resonance frequency) (Hz)

parallel resonance frequency (Hz)
series resonance frequency (Hz)

piezoelectric voltage constant (Vm/ N)
height (thicknesg of ceramic element (m)
eledromechanical couging factor

eff ective couding faaor

relative dielectric constant (at constant stresg
initial length of ceramic element (m)
frequency constant (Hz,. m)

vaue for parameter Par at t; (days)

value for parameter Per at t, (days)

mechanical quality factor

density of ceramic (kg/ m?3)
elastic compliance (m2/ N)
strain

time 1 after polarization (days)
time 2 after polarization (days)
dieledric disgpation factor
stress

temperature

Curie paint (°C)

velocity of soundin the ceramic material (m /9)
width of ceramic dement (m)

Young@s moduus (N / r%)
minimum impedance at f ., (ohm)



Soft CeramicsVersusHard Ceramics

Small amourts of adona dopart added to a ceramic formulation create metal (cation) vacanciesin the
crystal structure, enhancing the eff ects of extrinsic factors on the piezoel ectric properties of the ceramic.
The products of such formulations - soft ceramics - are charaderized by large eledromechanical

couping factors, large piezoelectric constants, high permittivity, large dielectric constants, high
dieledric losses, low mechanical quality factors, and poa linearity. Soft ceramics produce larger
displacements and wider signal band widths, relative to hard ceramics, bu they exhibit greaer
hysteresis, and are more susceptible to depdlarization a other deterioration. Lower Curie points
(generaly below 300°C) dictate that soft ceramics be used at lower temperatures. Generally large values
for permittivity and delectric disspation factor restrict or eliminate soft ceramics from applicaions
requiring combinations of high frequency inpus and high electric fields. Consequently, soft ceramics
are used primarily in sensing applications, rather than in pover applications.

An acceptor dopart in a ceramic formulation creates oxygen (anion) vacanciesin the aystal structure.
Hard ceramics have characteristics generally opposite those of soft ceramics, including Curie points
above 300°C, small piezoelectric charge constants, large eledromechanical couping factors, and large
mechanical quality factors. They also are more difficult to pdarize or depdarize. Although fard
ceramics generally are more stable than soft ceramics, they canna produce the same large
displacements. Hard ceramics are compatible with high mechanical loads and high voltages.

Be aware, however, that a soft ceramic can be prepared to exhibit some charaderistics approaching
those of ahard ceramic, or viceversa. Thus, when choasing a eeramic for a particular applicaion, it can
be useful to look keyond general categorization, and carefully compare specific charaderistics.

Characteristics of Soft Ceramics and Hard Ceramics Compared

Characteristic Soft Ceramic

Piezoelectric Constants larger smaller
Permittivity higher lower
Dieledric Constants larger smaller
Dieledric Losses higher lower
Electromechanical Couging Fadors larger smaller
Electrical Resistance very high lower
Mechanica Quality Fadors low high
Coercive Field low higher
Linearity poar better
Polarization/ Depadarizaion easier more difficult




Behavior of a Piezoeledric Ceramic Element

Influence of Input Frequency
At low inpu frequencies, the relationships between aforce applied to a piezoel ectric ceramic element
andthe electric field aor charge produced bythe dement are:

E= '(933T)
Q= ‘(d33F)
where E: electric field
Gy3: Piezoelectric voltage constant

T: stresson ceramic element
Q: generated charge
dy,: piezoelectric charge constant

F: applied force

The relationships between an applied vdtage or electric field and the correspondng increase or decrease
in a ceramic element©s thickness length, a width are:
S=dyE
I/1=dyE
w/w=dyE
wherel: initial length of ceramic element
w: initial width of ceramic el ement
h: change in height (thicknesg of ceramic dement
I: changein length of ceramic dement
w: change in width of ceramic element
d piezoelectric charge constant
V: applied vdtage
S: strain (change in height / original height of element)
E: eledric field

A piezoeledric ceramic dement exposed to an dternating eledric field changes dimensions cyclicaly,
at the frequency of the field. The frequency at which the element vibrates most readily in resporse to the
eledrical input, and most efficiently converts the electrical energy input into mechanical energy -- the
resonarce frequency -- is determined by the compaosition d the ceramic material and bythe shape and
volume of the dement.

Asthe frequency of cyclingisincreased, the dement©s oscil lations first approach a frequency at which
impedance is minimum (maximum admittance). This frequency also is the resonance frequency. Asthe
frequency is further increased, impedance increases to a maximum (minimum admittance), which also is
the anti-resonarce frequency. These frequencies are determined by experiment - to see how, refer to
Determining Resonance Frequency.

The values for minimum impedance frequency and maximum impedance frequency can be used to
cdculate the eledromechanical cougding factor, k, an indicaor of the dfectivenesswith which a
piezoelectric material converts electrica energy into mechanical energy or mechanica energy into
eledrical energy. k depends on the mode of vibration and the shape of the ceramic element. Dielectric
losses and mechanicd |osses also aff ect the efficiency of energy conversion. Dieledric losses usually
are more significant than mechanical losss.



Stability - Most properties of a piezoeledric ceramic dement erode gradualy, in alogarithmic
relationship with time after polarization. Exact rates of aging depend onthe compasition d the ceramic
element and the manufacturing rocessused to prepareit. Mishandling the element by exceeding its
eledrical, medhanicd, or thermal li mitations can accderate thisinherent process

Electrical Limitations- Exposureto astrongelectric field, o polarity oppdaite that of the paarizing
field, will depalarize apiezoelectric material. The degree of depadlarization depends on the grade of
material, the exposure time, the temperature, and aher factors, bu fields of 200-500V / mm or greater
typically have a significant depdarizing effect. An alternating current will have a depad arizing eff ect
during each half cycle in which pdarity is oppdasite that of the pdarizing field.

Mechanical Limitations Mechanical stress sifficient to disturb the orientation d the domainsin a
piezoelectric material can destroy the alignment of the dipadles. Like susceptibility to electricd
depdarization, the abili ty to withstand mechanical stressdiffers amongthe various grades and krands of
piezoelectric materials.

Thermal Limitations - If apiezoelectric ceramic material is heated to its Curie point, the domains will
beame disordered and the material will be depadarized. The recommended upper operating temperature
for aceramic usualy is approximately half-way between 0 C and the Curie point. Within the
recommended operating temperature range, temperature-associated changes in the orientation d the
domains are reversible. On the other hand, these changes can creae charge displacements and electric
fields. Also, sudden temperature fluctuations can generate relatively high vdtages, capable of
depalarizing the ceramic dement. A capadtor can be incorporated into the system to aacept the
superfluous electrical energy.

For a particular ceramic material, the pyroelectric charge constant - the change in pdarity for agiven
change in temperature - and the pyroelectric field strength constant - the change in electric field for a
given change in temperature - are indicators of the vulnerability of the material to pyroelectric effects. A
high pezoelectric charge constant : pyroelectric charge constant ratio or piezoelectric voltage constant :
pyroelectric field strength constant ratio indicates goodresistanceto pyroeledric effeds.



Determining Resonance Frequency

When exposed to an AC eledric field, a piezoel ectric ceramic element changes dimensions cyclically, at
the cycling frequency of the field. The frequency at which the ceramic element vibrates most readily,
and most efficiently converts the eledrical energy inpu into mechanical energy, is the resonarce
frequency.

The pattern of an element©s resporses is depicted iffrigure 1.8. Asthe frequency of cyclingisincreased,
the element©s oscill ations first approach afrequency at which impedance is minimum (maximum
admittance). This minimumimpedance frequency, f ., approximates the series resonarce frequency, f

the frequency at which impedancein an electrical circuit describing the element is zero, if resistance
caused by mechanical losss isignared. The minimum impedance frequency also is the resonance
frequency, f.. The mwmpoasition d the ceramic material and the shape and vdume of the element

determine the resonance frequency -- generally, athicker element has alower resonance frequency than
athinner element of the same shape.

S!?

Asthe cycling frequency is further increased, impedance increases to a maximum (minimum
admittance). The maximum impedance frequency, f, . , approximates the parallel resonarcefrequency,

fIo , the frequency at which parall el resistancein the equivalent electrical circuit isinfinite if resistance

caused by mechanical lossesisignaed. The maximum impedance frequency also is the anti-resonarce
frequency, f,, Maximum response from the element will be at a paint between f, andf .

Values for minimum impedance frequency, f,, , and maximum impedance frequency, f,, , can be

determined by measurement. Figure 1.8 shows a system designed to ascertain these values, and
summarizes the procedure.

Figure 1.8 Impedarnce as a Function d Cycling
Frequency

A ceramic element©s oscil lations first approach the
minimum impedance frequency (f,,) / resonance

frequency (f, ), a which the element vibrates most reatily,

and most efficiently converts eledrical energy into
mechanical energy. As cycling frequency is further
increased, impedanceincreases to the maximum
impedance frequency (f, ) / anti-resonancefrequency (f, ).

Figure 1.10. §stem for Determining Minimum Impedance (Resonarce Freguency) and Maximum
Impedance (Anti-Resonarce Frequency) of a Piezoelectric Ceramic Element



Procedure:

Set the switch to A.

Place the ceramic element into pasition.

Adjust the frequency generator to gve amaximum voltage value onthe voltmeter. Thisvalueis
the resonance frequency.

4. Setthe switch to B.

5. Adjust R4 to gve avoltage value on the voltmeter equal to the value in step 3. Thisvalueisthe
impedance resonance (Zr).

Set the switch to A.

Adjust the frequency generator to gve aminimum voltage value on the voltmeter. Thisvalueis
the antiresonance frequency.

W

No

f,andf can be used to calculate the dedromechanica couping factor, k. k depends on the mode of
vibration and the shape of the ceramic dement. The relationships between kandf , andf, for aceramic
plate, adisc (surfacedimensions large, relative to thicknesg, or arod are:

Couging Fador for Plates/ ky,*

* eledric field parallel to direction of polarization,
induced strain perpendicular to dredion of polarization

Couping Fador for Discs/ kp**

** glectric field parallel to diredion of polarization,
induced strain in same diredion

Couging Fador for Rods/ ky***

*x* gledric field parallel to diredion of polarizaion,
induced strain in same direction



Applications

A piezoeledric system can be constructed for virtually any application for which any ather type of
eledromechanical transducer can be used. For any particular applicaion, havever, limiting fadors
include the size, weight, and cost of the system. Piezoceramic devicesfit into four general categories.
generators, sensors, actuators, and transducers. Characteristics of each groupare briefly summarized
here.

Generators

Piezoelectric ceramics can generate voltages sufficient to spark acrossan electrode gap, and thus can be
used asignitorsin fuel lighters, gas goves, welding equipment, and aher such apparatus. Piezoelectric
ignition systems are small and ssimple -- distinct advantages relative to alternative systems that include
permanent magnets or high vdtage transformers and capacitors.

Alternatively, the eledrical energy generated by a piezoelectric dement can be stored. Techniques used
to make multilayer capacitors have been used to construct multilayer piezoel ectric generators. Such
generators are excdlent solid state batteries for eledronic circuits.

Sensor s

A sensor converts a physical parameter, such as acceleration a presaure, into an electrical signal. In
some sensors the physical parameter acts directly on the piezoeledric element; in ather devices an
aooustical signal establishes vibrationsin the dement and the vibrations are, in turn, converted into an
eledrical signal. Often, the system provides avisual, audible, or physical resporse to the inpu from the
sensor -- automobile seatbelts lock in respornse to arapid deceleration, for example.

Actuators

A piezoeledric aduator converts an electrical signal into a predsely controlled physical displacement, to
finely adjust precision machiningtodls, lenses, or mirrors. Piezoelectric actuators also are used to

control hydraulic valves, act as snall-volume pumps or spedal-purpose motors, and in ather
applicaions. Piezoel ectric motors are unaff ected by energy efficiency losses that limit the
miniaturization d electromagnetic motors, and have been constructed to sizes of lessthan 1cm3. A
patentially important additional advantage to piezoelectric motors is the absence of electromagnetic
noise.

Alternatively, if physical displacement is prevented, an actuator will develop a useable force.

Transducers

Piezoelectric transducers convert eledrica energy into vibrational medanicd energy, dten sound o
ultrasound,that is used to perform atask.

Piezoelectric transducers that generate audible sounds aff ord significant advantages, relative to
aternative electromagnetic devices -- they are compact, simple, and highly reliable, and minimal energy
can produceahighlevel of sourd. These characteristics are ideally matched to the needs of battery-
powered equipment.

Because the piezoelectric effect is reversible, atransducer can bah generate an utrasoundsignal from
eledrical energy and convert incoming soundinto an eledrical signal. Some devices designed for
measuring dstances, flow rates, or fluid levelsincorporate asingle piezoelectric transducer in the signal
sending and receiving roles, other designs incorporate two transducers and separate these roles.

Piezoelectric transducers also are used to generate ultrasonic vibrations for cleaning, atomizing liquids,
drilling a milling ceramics or other difficult materials, welding dastics, medicd diagnaostics, or for
other purposes.



New M aterials

In most applications for piezoelectric materials there is continual demand for improved performance:
greater movement, higher temperature limits, longer lifetime, etc. Sngle crystals and relaxor materials
are amongthe subjects of current research.

Single Crystals

Single crystals of natural or man-made materials exhibit the desirable piezoeledric properties that might
be offered by a pdycrystalline ceramic dement if al of its domains were perfectly aligned. An
expanding variety of single crystalsis being developed for acoustical, optical, wirelesscommunication,
and aher applicaions. Materials used to fabricae single-crysta piezoelectric dementsinclude lead
magnesium niobate / lead titanate (PMN-PT), lead zirconate niobate / lead titanate (PZN-PT), lithium
niobate (LiNbO, ), lithium niobate with dopants, lithium tetraborate (Li,B,0O- ), and quartz. Barium

titanate (BaTiO4 ) is apotential non-lead source of piezoelectric crystals for low temperature and room

temperature gplications. Single-crystal PMN-PT and PZN-PT elements exhibit ten timesthe strain of
comparable paycrystalli ne |ead-zirconate-titanate el ements.

Applications for single-crystal materialsinclude actuators and dagnastic and therapeutic medicd
devices. A useful combination d piezoelectric and electro-optic properties makes li thium niobate and
doped lithium niobate crystals very useful for surface aoustic wave (SAW) devices and eledro-optical
applicaions. A SAW chip made from alithium tetraborate crystal can be significantly smaller than its
lithium niobate or quartz courterpart. Other applications for lithium tetraborate aystalsinclude bulk
aooustic wave (BAW) devices, pagers, cordlessand cell ular telephores, and data communication
devices. Applications for quartz crystals include timing mechanisms for watches and clocks and delay
lines for electrical circuits. The performance of a single-crystal element depends on the directionin
which the raw crystal is cut: a cut normal to the x axis will produce maximal potential for expandingin
thickness a aystal cut normal to they axis will have maximal potential for shear distortion.

Relaxors

In relaxor materials, the transition ketween piezoeledric behavior and lossof piezoelectric capabili ty
does nat occur at a specific temperature (Curie point), but instead occurs over atemperature range
(Curierange). In addition to relative insensiti vity to temperature, single crystals of some relaxor
formulations exhibit very high electromechanical cougingfactors -- values greater than 0.9, \ersus
values of 0.7-0.8 for conventional |ead-zirconate-titanate ceramics. This combination makes relaxors
very attractive materials for actuator, transducer, and ather applications. Lead magnesium niobate, lead
magnesium niobate / lanthanum formulations, and lead nickel niobate currently are amongthe most
studied relaxor materials.



M odes of Vibration









Symbols

CS

—h

-

O S Q@ T

KT

capacitance

piezoelectric charge constant (C/ N)

permittivity of freespace (8.85 x 10%2 farad / m)
resonance frequency (minimum impedance frequency) (Hz)
force

piezoel ectric voltage constant (Vm/ N)

height (thickness of ceramic element (m)

inside diameter of ceramic dement (m)
relative dielectric constant (constant stresg



OD

<

length of ceramic element (m)
frequency constant (Hz-m)

outside diameter of ceramic dement (m)
radius of ceramic element (m)

voltage

width of ceramic dement (m)
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Piezoeledric Theory and Applications

The informationin the Piezo Theory section d our website was abstracted from our book Piezoelectric
Ceramics. Principles and Applications.

Subjects discussed in this applications bookinclude:

1 principles of piezoelectricity and behavior of piezoelectric ceramic elements

1 fundamental mathematics of piezoelectricity

1 traditional and experimental applications for piezoel ectric materials, and related physical
principles for each appli cation: audible soundproducers, flow meters, fluid level sensors, motors,
pumps, delay lines, transformers, other apparatus

1 introduction to single crystals, composites, and aher |atest-generation pezoelectric materials

$85 er copy, dus shipping and bank charges (if applicable).
To arder your copy of Piezoelectric Ceramics. Principles and Applications, contad your APCI

representative today.
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