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ur mission as a company is to become the leading manufacturer of

small and specialty piezoelectric ceramic elements and assemblies.

We intend to accomplish our mission by using our dynamic work ethic and

vision and by providing superior product quality and customer support.

By “quality” we mean complete, absolutely reliable conformance to

customers’ specifications, including delivery requirements, whether

stated or implied.

By “customer support” we mean constantly demonstrated willingness

and ability to engineer our parts into our customers’ applications,

providing maximum effectiveness, reliability, and value.

O

Mission Statement
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Our Company’s Evolution

F
piezoelectric

ceramic

elements

Penn

State
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Custom

or the last twenty years, Piezo Kinetics Inc. (PKI) has manufactured                and assemblies used in a wide

variety of applications and industries, including aerospace, biomedical, and ultrasonics.

PKI’s roots date back to 1979. In 1996, we became a member of Crest Ultrasonics Corporation.

Crest is an international ultrasonic cleaning and welding corporation and a heavy user of PZT. Crest’s acquisition was

due to their belief in PKI’s superior products — also noting our high reliability and exceptional on-time delivery.

This acquisition was a great vote of confidence and a perfect match.

One of PKI’s responsibilities is to supply Crest and its other divisions with PZT ceramics.

Though part of this remarkable multimillion-dollar corporation, PKI remains a small, independent operation which can

provide                          piezoceramics and assemblies cost effectively, even in smaller quantities.

Our proximity to Penn State University’s main campus has allowed us to use their renowned resources for research and

development. We have a cooperative relationship with the                      University Materials Research Laboratory,

giving us a unique competitive edge in the forefront of technology.

We are confident that we can be responsive, timely, and economical for companies developing new uses for piezoelectric

ceramics, as well as those who have been using them for decades. You can count on us being a dedicated part of your team.
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Assembly

Capabilities

Many

Ways

Technically

Advantageous

Imagineiven today’s remarkable array of applications for piezoelectrics, it is hard to                       an area in which these

products cannot make a positive difference in design and function. Our ceramic elements can be manufactured to your

specifications — to be both                                          and economically efficient. PKI offers a wide range of lead

zirconate titanate (PZT) and lead metaniobate ceramic elements, produced in ring, tube, disc, or plate form. We offer

custom cutting, dicing, grinding, lapping, and polishing, along with precise rounding and core drilling. Another beneficial

and useful service PKI offers is our                  We have all the necessary resources to assemble or sub-assemble

products reliably and inexpensively for your particular application. When considering applications for our piezo products,

take a look at the                       others have used piezoceramics to great advantage:

○ ○ ○ ○ ○ ○ ○ ○ ○ ○

Piezoelectric
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Appliance

Contact microphone

Vibration

Automotive

Air bag

Suspension

Passenger compartment

Security

Industrial

Switches

Physical security & energy management

Robotics

Fans

Flow/level

Traffic sensors

Other

   Ultrasonic welders

   Flow meters

   Alarms

   Process control sensors

   Cleaners

Instrumentation

Machine health monitor

Weather sensors

Active vibration damping

Non-destructive testing

Adaptive optics

Oil exploration

Power generation

Medical

Diagnostic

   Apnea monitor
   Blood pressure cuff

   Fetal heart monitors

   Phaco emulsification

   Electronic stethoscope

   Sleep disorder sensors

   Solid state respiration air flow

   Infusion pumps

Ultrasound

   Catheter ultrasound sensors

Biological

   Chemical assays

Military

Hydrophones

Ballistics

Telecommunications

Microphones

Speakers

Computer

(input/output)

Keyboards

Printers

Disk drives

Consumer

Musical instruments

Sports equipment

Toys/games

Audio

   Speakers & microphones

Other

   Telephones

   Humidifiers

   Igniters

   Security devices
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1

2
certain natural nonsymmetrical

crystals produces electrical

charge in proportion to that

pressure.

The same crystals, when subjected

to an electric field, expand or

contract.

Piezo History

It’s been more than a century since Pierre and Jacques Curie discovered the unusual properties of certain natural crystals.

A remarkable find for the 1880s, the Curies noticed
Two

Things

Harnessing
Nature’s
Electricity

Applying pressure or

mechanical stress on

This unique property is known as the piezoelectric effect. The materials exhibiting these properties can be used as

electromechanical transducers, converting electrical energy to mechanical energy and vice-versa.

The effect was first observed in single                               like quartz, Rochelle salt, and tourmaline.

It could also be induced in some polycrystalline materials, such as lead-zirconate-titanate (PZT), barium titanate,

and lead metaniobate.

Poling PZT To Best Advantage

PZT is a ceramic material with a polycrystalline structure. It has a basic chemical composition of PbTiO3 and PbZRO3 which is

modified by adding dopants of other elements. Adding those dopants to PZT enhances certain characteristics producing

several material types to meet a                Our material types include the following:

○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

Crystals

DOD Type I — PKI 402, 406

DOD Type II — PKI 502

DOD Type III — PKI 802, 804

DOD Type V — PKI 532

DOD Type VI — PKI 552, 556

Lead metaniobate — PKI 100

Specialty Materials — PKI 700, 906
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owever, below this temperature the positively

charged Ti/Zr ion shifts from its central location

along one of several allowed directions. This slightly

deforms the crystal lattice into a perovskite structure

(a tetragonal/rhombohedral shape), and produces an

electric dipole with a single axis of symmetry (left).

Distorts

A Curie

Temperature

H

bove a certain temperature, called the

(Tc), the crystal structure is cubic and has no electric

dipole moment (right).

Temp.>Tc Pb
O
Ti, Zr

Temp.>Tc Pb
O
Ti, Zr
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Polarization

mmediately after sintering, groups of molecular dipoles align

within small areas, or domains, to form large dipole moments.

PZT is made up of many such domains; however, as they are

                        their net external electric dipole

is zero (right).
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f PZT is subjected to a large electric field at elevated

temperatures, the domain dipoles align in the

allowed direction most closely in line with the field.

This process is called

and causes the PZT to exhibit the piezoelectric

phenomenon (left). The dipoles will maintain this

orientation even after the dc field is removed

(remanent polarization), a necessary condition for

the piezoelectric behavior of ferroelectric ceramics.
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2

Optimally

Suit

Phenomenon,

Applications Data

Though the linear piezoelectric equations give us a description of the piezoelectric                                     they do not

predict the actual characteristics in relation to nonlinearity, hysteresis, frequency, and time dependence.
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1

Most

Important

Here we take a look at the                            piezoelectric properties for applications in positioning systems,

referencing both hard and soft PZT materials.

P
A

B

C
0

E

D

POLARIZATION P

Hysteresis

PZT ceramics exhibit different properties depending on their material composition and treatment during manufacture,

so a material can be designed to                        one of many possible applications. PZT ceramics with high expansion

efficiency are generally used for actuator applications.

Because they are ferroelectric, PZT ceramics show the

following polarization characteristics

when an electric field is applied. (Fig. 1)
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Of the many ceramic compositions in use, most can be placed into one of these two categories:

Hard PZT Materials — These have Curie temperatures

above 300 degrees C and are not easily poled or

depoled except at higher temperatures. These materi-

als generally have small d constants, good linearity,

low hysteresis, high q values and are able to with-

stand high loads and voltages.

Soft PZT Materials — These usually have

lower Curie temperatures and are readily

poled or depoled at room temperature with

strong electric fields. The piezoelectric activity

is greater, but the linearity and hysteresis suffers. In

general, soft PZT has large dielectric constants and

dissipation factors which may limit the ability to drive

them with high electric fields at high frequencies.

Fig. 1
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L
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B
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0
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This butterfly diagram (Fig. 2) shows the characteristic motion of an actuator under cycling conditions.

Polarized materials show contraction when the voltage is reversed, but re-expansion occurs up to

Point C when the coercive limit is exceeded. Therefore, the principal limit of total movement is

determined by saturation and coercive effects, but usually actuators are operated far away

from these points to reduce nonlinearities and hysteresis.

The essential characteristics follow:

Unpolarized material (point O) is polarized by an electric field.

Saturation is observed for strong fields (point A).

The remanent polarization is maintained (point B) after removing the

electric field (E).

The remanent polarization is removed by a compensating field, called

a coercive field (point C).

Polarization changes to the opposite direction by increasing the

inverse field, limited by saturation (point D).

Material composition is the main determiner of coercive field strength. For common actuator materials, it is in the range of one hundred to several

hundred volts/mm. A consequence of hysteresis in the P-E diagram is dissipative loss, which occurs during dynamic operation of the actuators leading

to actuator warm-up.

Creep

Following a change in voltage, all piezoelectric

materials exhibit a short-term dimensional

stabilization known as creep. A step-change in the

applied voltage will produce an initial response in a

fraction of a millisecond. However, it is followed by a

smaller change on a much longer time scale.

Creep is always in the same direction as the dimensional

change caused by the voltage step, but is usually larger for

decreasing voltage. It is specified by the additional extension (Dxc)

expressed as a percentage of the initial response (Dx) and an associated time constant. Typical values range from 1%
to 20%, with time constants between 10 and 100 seconds. As long as both are fully poled, there is no great

difference between hard and soft PZTs, because creep is measured as a percentage of extension.
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PZT Creep

Schematic Butterfly

  Values for soft PZT:    S33
E = 20 x 10-12 m2/Newton

   S11
E = 15 x 10-12 m2/Newton

   Values for hard PZT:    S33
E = 15 x 10-12 m2/Newton

   S11
E = 12 x 10-12 m2/Newton

Compliance

When you apply stress to any material, it responds by changing its dimension due to its elastic properties.

The compliance witnessed in piezoelectric ceramics is different in an important way: it exhibits different

compliance perpendicularly than it does along its parallel poling axis. For linear positioning applications,

the most important compliance tensor elements are those in the direction of the PZT extension: S33
E for strain

due to uniaxial stress along the poling direction, and S11
E for strain due to the perpendicular stress.

Normally S33
E is 25% greater than S11

E. As you might guess from the name, soft PZT is somewhat more

compliant than hard PZT.

The compliance values shown to the right are for piezoelectric ceramic materials alone. The compliance can be

much greater for devices assembled using these ceramics with adhesives, epoxies, and other materials.
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Thermal Properties

PZT materials need to be used well below their Curie temperature for the material to remain stable. If you raise

the temperature close to the Curie temperature, the material will become partially or completely depoled, thus

losing its piezoelectric properties. If you have applications that require operation or bake-out at high tempera-

tures, you should choose a PZT with a comparably high Curie temperature.

When considering low temperature use, note that piezoelectric ceramics have been integrated into assemblies

requiring operation at temperatures as low as 4 degrees Kelvin. Both hard and soft PZT loses sensitivity at

cryogenic temperatures, as shown.

So that you don’t damage the materials or strain their performance, cryogenic devices using PZT elements should be

designed for the proper thermal contraction differential.

Thermal stability is a major concern with high-resolution positioning applications under normal operating temperatures. The thermal expansion

coefficients for PZT materials are on the order of 1-5ppm/degree C, similar to many ceramics and glasses. A major difference is that the thermal

expansion coefficient is anisotropic with respect to the poling direction, particularly just below the Curie temperature. The change in piezoelectric d

constants (see illustration) may also be important in applications where the temperature varies during normal operation.

Power Dissipation

Piezoelectric elements are essentially capacitors. Their natural internal resistance is about 1011 ohms when used at temperatures well below their

Curie temperature. No current is drawn or power is consumed while the device is under static operation. Changing the voltage requires power.

The perfect capacitor wouldn’t dissipate any energy while charging and discharging. Piezoelectric ceramics dissipate energy in the form of heat

proportional to the dissipation factor (tan d), the tangent of the loss angle for the material. This is similar to the reaction of any type of elastic
material under stress; it becomes hot when stretched repeatedly.

The dissipation factor is actually a measure of the breadth of the hysteresis loop. For comparison purposes, the dissipation factor is usually specified

for low electric fields and at 1000 Hz. As you can see in the hysteresis illustration earlier, soft PZT materials have large dissipation factors of .02 and

hard PZT dissipation is about .004.

This equation will help you figure power dissipation per unit volume, using a capacitance C, driven at an RMS voltage V, and frequency f.

P = 2π  f C (tan d) V2 = V2/Re, (9)

where Re = (2π  f C tan d)-1 is the equivalent series resistance (ESR). The resultant temperature rise depends on the device’s heat capacity and the
means used to transfer that heat to the surroundings, be it convection, conduction, or radiation.

Due to increase in the dielectric constant, the capacitance may increase rapidly in soft PZT materials as the temperature rises toward its Curie

temperature. Be careful when running at high frequency so that thermal runaway does not damage the actuator.

Aging Rate

Time can slowly erode the poling process of piezoelectric ceramics. It can lose sensitivity with time. As with other natural forms of decay, PZT aging is

a logarithmic function of time. The aging rate is the change in the material’s parameters per decade of time. For example, a 1% aging rate implies a

1% drop in the piezoelectric properties between 1 hour and 10 hours after poling, and another 1% drop between 10 hours and 100 hours after poling.

Hard PZT materials age slowly, but for extended periods of time. Soft PZT materials age rapidly, but quickly (within 48 hours). This loss of polariza-

tion can be regained, however, by applying a high voltage at room temperature for a short time before reuse.
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Operating Limitations

T
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he chemical composition of the piezoelectric material determines its operating limits. These limits include voltage, stress,

temperature, and power. If you operate outside these limits, the material can become partially or completely depoled,

losing its piezoelectric properties. Here we explain each of these limitations.

Voltage

A strong electric field with polarity opposite the original poling voltage can depolarize the material. The field strength

limit depends on the material type, the application time, and the operating temperature.

Mechanical Stress

A piezoelectric ceramic can also become depolarized with high mechanical stress. The stress limit depends on the material

itself and the length of time stress is applied. With dynamic stress, like impact ignition, the material has less of a limit.

Materials with higher energy output, or high g-constant, can be used.

The material behaves in a nonlinear way for pulse durations of a microsecond or more. The effect is linear when the

duration is less than a microsecond, because of the short application of time compared with the domains’ relaxation time.

Temperature

The Curie temperature is the term for the material’s absolute maximum exposure temperature. A complete deterioration

of the polarization occurs when the material reaches its Curie temperature. In fact, its performance decreases as the

operating temperature increases toward Curie. Each ceramic has its own maximum temperature, after which its properties

are lost.

It would be best for the material to be operated substantially below this maximum. This limitation decreases with more

continuous operation or exposure. Also, higher temperatures speed the aging process, reducing its piezoelectric perfor-

mance and its maximum safe stress level.

Power

The following factors limit the acoustic power handling capacity of a radiating transducer:

1. The ceramic’s dynamic mechanical strength

2. Reduction in efficiency due to dielectric losses

3. Reduction in efficiency due to mechanical losses

4. Depolarization due to electric field

5. Depolarization due to temperature rise

6. Instability due to positive feedback between internal

    heating and dielectric losses (2 and 5)

The equations pertaining to the material’s power-handling capacities may be derived from lumped equivalent circuits. The

acoustic power density P per cubic meter is given by this formula:

P = 2πfrE
2k2eT

33QM

where k is equal to k33 for a stack of axially poled rings or plates or k31 for a radially poled cylinder, E is the rms electric

field, and fr is the resonance frequency.
page E L E V E N
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Manufacturing

process

Manufacturing Process

It may be helpful to understand the stages of the ceramic                                shown briefly as follows:

The Ceramic
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➔
➔

➔
➔

➔
➔

➔
➔

➔
➔

Weigh out

raw material

 Mix

Spray dry

Calcine

Ball mill to a

predetermined particle size

Spray dry

Forming process

i.e. dry press, isostatic press, etc.

Sinter

Grinding, lapping and/or dicing

Electroding

Polarizing

Testing

➔
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Greater

Stability

Piezoelectric Limitations
○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

All materials have certain limitations, and piezoelectric materials are no exception. The three major

limitations for piezoelectric ceramics are temperature, voltage, and stress.

Temperature

Temperature plays an important role in the                                of our material. As the

temperature of the ceramic is elevated, the piezoelectric performance decreases steadily until no

activity is noticed. This temperature is called the Curie temperature or Curie point. Each different

ceramic composition has its own Curie point. For design engineers, it is recommended, as a rough

rule of thumb, that the maximum operational temperature be kept at approximately half of the

stated Curie temperature. This should provide the necessary safeguard for the proper operation of

the component.

Voltage

Voltage plays an important role as well. Piezoelectric materials can be depolarized by

that have opposite polarity with respect to the original poling polarity. Once again, as with

temperature, each ceramic type has differing field strengths. There are no typical operating limits

because there are many variables to consider,such as: AC or DC field, frequency, duty cycle,

temperature, humidity, etc.

Stress

Mechanical stress can also depolarize a piezoelectric ceramic. As stated earlier, the stress limitations

are different for different compositions. However, typically “hard” compositions have much

than “soft” when subjected to high mechanical stress. Please consult a PKI engineer for

additional information regarding your specific application.

For dynamic stress (impact ignition), the limit is less severe and therefore a high-energy output

ceramic (high g constant) can be used. For these applications it is also notable that the material

behaves quasi-statically (nonlinearly) for pulsed durations of a few milliseconds or more. When the

pulse duration approaches a microsecond,the piezoelectric effect becomes linear, due to the short

application of time compared with the relaxation time of the domains within the ceramic.

Proper

Orientation

Strong Electric

Fields
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Practical

Importance

(3) 6

5

(2)
(1)

4

p

Piezoelectric ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

Material
Properties

Axes

Piezoelectric materials are anisotropic — the electrical and mechanical properties differ for differing

electrical or mechanical excitation along different directions. Therefore, a means to identify standard

directions is as follows:

1=X, 2=Y, 3=Z.     See illustration.

Before the ceramic is poled, it is isotropic and therefore also not piezoelectric. The poling process actually

creates the anisotropy. The direction of polarization is conventionally taken as the 3 axis with the 1 and 2

axes perpendicular to this. In the illustration, the terms 4, 5, and 6 refer to shear strains associated with the

1, 2, and 3 directions.

Dielectric Constant (k)
In the following equations, K3 is the relative dielectric constant (relative to the vacuum) in the 3 direction. K1

is the relative dielectric constant in the 1 direction. Multiplying these by e0, the dielectric permittivity of free space, (8.85 x 10-12 Farads/meter),

yields the absolute permittivity constant.

Piezoelectric Voltage Coefficient (g)
The g constant expresses the ratio of the field developed along a specific axis to the stress applied along a specific axis, when all other external stresses

are constant. The g constant also expresses the ratio of strain developed along a specific axis, to the electric charge per unit-area of electrode applied, to

electrodes which are perpendicular to a specific axis. A 33 subscript indicates that the electric field and the mechanical stress are both along the polariza-

tion axis. A 31 subscript signifies that pressure is applied at right angles to the polarization axis, but the voltage appears on the same electrodes as in the

33 case.

Piezoelectric Charge Coefficient (d)
The d constant expresses the ratio of strain developed along a specific axis to the field parallel to a specific axis, when all external stresses are constant.

The d constant also expresses the ratio of short-circuit charge per unit-area of electrode, flowing between connected electrodes, which are perpendicular to

a specific axis, to the stress applied along a specific axis when all other external stresses are constant.

A special case is noted when the ceramic is subject to equal stresses along all three axes. This is termed hydrostatic stress. In this case, d is represented as

dh — the hydrostatic d constant. Substantial charge is developed under this scenario and the electrodes in this case are understood to be perpendicular to

the 3 axis.

Relationship Between (g) and (d) Constants

At frequencies far below resonance, piezoelectric transducers are fundamentally capacitors. Consequently, the voltage constant g is related to the charge

constant d by the dielectric constant K as, in a capacitor, the voltage V is related to the charge Q by the capacitance C. The equations are:

1. 1. 1. 1. 1. Q = CV      2.   2.   2.   2.   2. d33 = K3 e0 g33      3.3.3.3.3. d31 = K3 e0 g31      4. 4. 4. 4. 4. d15 = K1 e0 g15

Coupling Constants

Electromechanical coupling k33, k31, k15 etc., describe the conversion of energy by the ceramic from electrical to mechanical or vice versa. The ratio of

stored converted energy of one kind to the input energy of the second kind is defined as the square of the coupling coefficients. Subscripts denote the

relative directions of electrical and mechanical quantities and the kind of motion involved.

Except in the special case noted hereafter, the coupling coefficients generally used are for cases when all external stresses are constant. The special case of

considerable                                involves use of the thickness vibrations in plates and discs at frequencies above the resonant frequencies, determined

by the length and width of the element. Under these conditions, the inertia of the piezoelectric material effectively prevents lateral vibrations.

The effect would be the same as if infinitely ridged clamps were applied to the plate to prevent length and width vibrations. These clamps would apply

opposing dynamic stresses as the element “tried” to vibrate laterally. Thus the qualification that “all external stresses are constant” is not met. Therefore,

k33 does not define the electromechanical coupling under these conditions. The coupling in this special case is kT.

Another case of importance involves coupling between the electric field in the 3 direction and the mechanical action simultaneously in the 1 and 2

directions. This coupling is identified by the symbol kP (planar coupling). It is important because of the ease with which it may be measured with high

accuracy, yielding a simple measure of the effectiveness of the poling of the ceramic.

Direction of Polarization
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