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[57] ABSTRACT

Improved piezoelectric ceramic switching devices are
described along with their [ method] methods of fabri-
cation. In addition to the devices themselves, novel
electric circuits are described for the energization as
well as the use of such devices as switching elements in
electrical systems. Parts of both the energization cir-
cuits and/or utilization circuits employing the piezo
ceramic switching device are physically mounted on
and supported by non-polarized parts of the piezoelec-
tric ceramic plate elements comprising the switching
devices so that lightweight compact construction is
achieved along with substantial reduction of stray in-
ductance intercoupling.

24 Claims, 6 Drawing Sheets
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PIEZOELECTRIC CERAMIC SWITCHING
DEVICES AND SYSTEMS AND METHODS OF
MAKING THE SAME

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion:; matter printed in italics indicates the additions made

by reissue.

This application is a division of application Ser. No.
685,109, filed 12/21/84, now [[abandoned] U.S. Par
No. 4670, 682.

TECHNICAL FIELD

This invention relates to improved piezoelectric ce-
ramic switching devices and to novel electrical systems
for the energization, control and utilization of such
devices.

More particularly, the invention relates to improved
piezoelectric ceramic switching devices, their fabrica-
tion, and to novel electrical circuits for the energization
as well as use of such improved devices as switching
elements in electrical systems, some parts of which may
be physically mounted on and supported by the im-
oroved piezoelectric ceramic switching devices them-
selves.

BACKGROUND PRIOR ART PROBLEM

In conventional electrical circuits electrical relays
and switches are employed at points in such circuits
where it is desired either to initiate or interrupt (or both}
electric current flow through the circuit. In the past,
electromagnetic solenoid operated switches and relays
have been employed to either close or open the contacts
of a power switch or relay in response to a small control
signal (low voltage, low current) which initiates either
closure or opening of the [contact] contacts of a larger
power rated switch that thereafter controls current
flow through the contacts to a circuit being supplied via
the switch contacts.

Relays and switches which use piezoelectric drive
elements have a number of advantages over their elec-
tromagnetic counterparts. For example, a piezoelectric
driven relay or switch requires substantially lower cur-
rent and dissipates very little power during operation to
open or close a set of contacts in comparison to an
electromagnetic driven device of the same rating. Addi-
tionally, piezoelectric driven switching devices have
very low mass and therefore require less space and
introduce less weight into circuit systems with which
they are used. Additionally, piezoelectric driven
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switching devices possess very short actuation times.

This, fast acting switching is possible with smaller and
lower weight devices that dissipate less power and
hence can operate with lower temperature rises if piezo-
electric ceramic switching devices are used.
Piezoelectric plate elements may be fabricated from a
number of different polycrystalline ceramic materials
such as barium titanate, lead zirconate titanate, lead
metaniobate and the like which are precast and fired in
a desired shape, such as a rectangular-shaped plate.
Electrically conducting surfaces in the form of metal-
ized electrodes usually are deposited on the surface of
the plates which then are used to apply a polarizing
voltage across the piezoceramic plate in order to make
them piezoelectric in a chosen polar direction by a
prepoling treatment which involves exposing the ce-
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ramic plates to a high electric field applied across the
[ metalized] metallized electrode while the plates are
held at a temperature not far below their Curie point
As a result of this prepolarizing treatment, the plate
elongates in the same direction as the apphed held
After cooling of the plates and removal of the prepoling
field, the dipoles within the ceramic plate which were
aligned as a result of the prepoling treatment, canno
easily be returned to their original position and there
fore possess what is known as [remanant] remanen.
polarization. Thus, the ceramic plates are made perma
nently piezoelectric whereby the mechanical energ)
into electrical energy, and vice versa. The piezoelectri
effect is described more fully in a booklet entitled ** T he
Piezoelectric Effect in Ceramic Materials™ edited by J
Van Randeraat & R. E. Setterington and published by
Philips Golilamperfabriken Eindhoven, The Nether
lands, second edition, dated January 1924,

In piezoelectric materials, the direction of the electr
cal and mechanical dipole axes depends upon the direc
tion of the original unidirectional prepolanzing hig!
voltage field. During the prepoling process the ceramx
plate element experiences a permanent increase 1n d1
mension between the poling electrodes and a permanen
decrease in dimension parallel to the electrodes. When:
DC excitation voltage of the same polarity as the pre
poling voltage, but of smaller magnitude, subsequentl;
is applied between the poling electrodes, the elemen
experiences further but temporary expansion in th
poling direction and contraction parallel to the elec
trodes. Conversely, when a DC excitation voltage o
opposite polarity is applied to the plate element elec
trodes, the plate contracts in the poling direction an
expands parallel to the electrodes. In either case, th
piezoelectric ceramic plate element returns to its origi
nal prepolarized dimensions when the later applie
excitation voltage is removed from the electrodes.

A number of different piezoelectric ceramic switch
ing devices have been offered for sale in the past havin
a variety of different configurations. One of the mor
popular, if not the prevailing structural approach em
ployed in the past, is known as a bimorph bender-typ
piezoelectric ceramic plate elements mounted side b
side having conductive electrodes[,] coating thei
outer surfaces and sharing a common conductive inne
surface to form a bimorph [bender-tye] bender-typ
device. A known commercially available bimorp
bender-type piezoelectric ceramic switch is described 1
an application note copyrighted in 1978 and publishe
by the Piezo Products Division of Gluton Industne:
Inc. located in Metuchen, New Jersey, and Fullertor
California. If one end of such a piezoelectric ceramt
bimorph bender is clamped cantilever fashion, th
bender can be made to bend in either direction from 1
central neutral unenergized condition by application c
an energizing potential of either polarity but lower tha
the prepolarizing potential to one of its conductiv
outer electrodes. If a suitable value energizing potenti:
of either polarity is applied across only one of the piezc
electric ceramic plate elements of the bender, 1t er
hances dipole alignment of that particular plate elemer
resulting in a shortening and ‘thickening of the plat
element. This in turn results in bending of the overa
bimorph bender device due to the fact that the tw
piezoelectric plate elements are physically secured t«
gether. By suitable design, the bending action can resu
in the closing of two switch contacts or other simil2

effect.
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Unfortunately, prior art attempts to provide piezo-
electrically driven switch devices have resulted in de-
vices having poor electrical and mechanical perfor-
mance characternistics. In the case of prior art bimorph
bender-type switching devices as described briefly
above, they possess severe performance limitations
which are founded in the trade-offs between contact
force, contact separation, depolarization, retentivity
and reltability in service and the [uncertainity] uncer-
tainty of contact position due to creep and temperature
effects which build up over a period of continued de-
vice usage. One such prior art switching device em-
ploying a piezoelectric bender-type drive member is
described in U.S. Pat. No. 2,166,763 issued July 18, 1939
for a “Piezoelectric Apparatus and Circuits”. The pi-
ezoelectric bender-type drive member described in U.S.
Pat. No. 2,166,763 is comprised by two juxtaposed pi-
ezoelectric plate elements having electrodes as de-
scribed briefly above, and is energized in such a manner
that one of the piezoelectric plate elements has the ener-
gizing potential applied to it in the same direction as the
direction of the prepoling electric field; however, the
other piezoelectnic plate element has an energizing sig-
nal applied thereto of opposite polarity from that of its
prepolarizing electric field. As a consequence, the de-
vice of U.S. Pat. No. 2,166,763 undergoes long term
depolarization of either one or both of the piezoelectric
plate elements after a period of usage due to the depo-
larizing effect of the repeated application of a wrong
polarity (out of phase anti-poling direction) energizing
signal. The deleterious effect on dipole enhancement of
operation in this mode greatly restricts the applied volt-
age stress and thus the useful work output obtainable
with such devices. In addition, the device of this prior
art patent possess a number of other weaknesses sought
to be overcome by the present inventon. The same
objectionable characteristics are present in a number of
different prior art piezoelectric driven bender-type
switches and/or relay devices such as the following:
U.S. Pat. No. 2,182,340—issued Dec. 5, 1939 for “Sig-
naling System”; U.S. Pat. No. 2,203,332—issued June 4,
1950 for *“Piezoelectric Device™: U.S. Pat. No.
2,227,268——issued Dec. 31, 1940 for “Piezoelectric Ap-
paratus”; U.S. Pat. No. 2,365,738—issued Dec. 26, 1944
for “Relay”; U.S. Pat No. 2,714,642—issued Aug. 2,
1955 for “High Speed Relay of Electromechanical
Transducer Material”; U.S. Pat. No. 4,093,883 —issued
June 6, 1978 for “Piezoelectri¢ Multimorph Switches™;
U.S. Pat. No. 4,395,651 —issued July 26, 1983 for “Low
Energy Relay Using Piezoelectric Bender Elements':
and U.S. Pat. No. 4,403,166—issued Sept. 6, 1983 for
“Piezoelectric Relay with Oppositely Bending Bi-
morphs”. In addition to the above prior art patented
piezoelectric bender-type switching devices, the text-
book “Manual of Electromechanical Devices” by
Douglas C. Greenwood published by McGraw-Hill
Book Company and copyrighted in 1965 discloses a
somewhat similar piezo ceramic switching device on
page 64 thereof.

In order to overcome the shortcomings of the known
prior art piezoelectric ceramic driven relays and
switches such as those listed above, the present inven-
tion was devised.

SUMMARY OF INVENTION

It 1s therefore a primary object of the present inven-
tion to provide new and improved piezoelectric ce-
ramic switching devices of novel construction having
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better operating characteristics than those of compara-
ble prior art devices of the same general nature.

Another object of the invention is to provide im-

proved energization circuit designs for use with piezo
ceramic switching devices which provide improved
longevity and greater reliability in operation to such
piezo ceramic switching devices over extended periods
of service requiring substantial numbers of switching
operations. _
Still another object of the invention is to provide
improved piezoelectric ceramic switching devices and
circuits therefor having the above-listed characteristics
wherein many of the components employed in either
the energization and/or utilization circuits employing
such devices are formed or otherwise supported on an
inactive unpolarized portion of the piezoelectric ce-
ramic switching device thereby reducing to a minimum
stray inductance of the circuits and enhancing miniatur-
ization and batch processing. |

A still further object of the invention is to provide
improved piezoelectric ceramic switching devices
which themselves carry and selectively close or open
power rated switch contacts for controlling current
flow therethrough or, alternately, provide a sufficient
electric discharge current to the control gate of a gate
turn-on/turn-off semiconductor power switch such as
an SCR, triac or transistor to cause it to turn on and
conduct current or to turn off and block current flow
selectively.

In practicing the invention, a novel piezoelectric
ceramic switching circuit and bender-type piezoelectric
ceramic switching device is provided wherein the pi-
ezoelectric ceramic switching device comprises at least
two prepolarized piezoelectric plate elements having
respective outer conductive surfaces and disposed on
opposite sides of at least one central conductive surface
sandwich fashion to which they are physically and
electrically bonded. The piezo ceramic switching de-
vice coacts with a set of make and break electrical
contacts to close or open such contacts and thereby
make or break an electrically conductive path extending
through the contacts. Selectively operable electric exci-
tation circuit means are connected to the bender-type
piezoelectric ceramic switching device for selectively
and respectively exciting each piezoelectric plate ele-
ment thereof with a direct current excitation electric
field which is polarized and applied always in the same
direction as the prepolarizing electric field enhancing
dipole alignment previously permanently induced in the
piezoelectric plate element whereby no depolarization
of the piezoelectric plate element occurs during succes-
sive operations of the switch in order to close or open
the make and break contacts. Further, continuous ener-
gization is not deleterious with the contacts opening the
instant that charge is reduced in the bender.

The selectively operable electric excitation circuit
means comprises respective switch energization circuit
means connected in circuit relationship across respec-
tive ones of prepolarized piezoelectric plate elements of
the piezo ceramic bender-type switching device for
selectively closing or opening respective ones of the set
of coacting electrical switch contacts for controlling
electric current supplied through a load by opening and
closing the contacts. Each switch energization circuit
means selectively connects the [bender] bender-type
switching device across a source of bender energization

potential, a normally open low power rated user oper-
ated electric switch, a current limiting resistor and
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diode rectifier circuit means poled to provide an elec-
tric energization potential having the same polarity as
the polarity of the prepolarizing potential used to polar-
ize the prepoled dipole enhanced piezoelectnic plate
element of the piezoelectnic bender-type switching de-
vice. The series electric circuit thus comprised is con-
nected in seried circutt relationship across a respective
one of the prepoled piezoelectnic plate elements of the
bender-type switch so that upon closure of the normally
open low power rated user’s switch, the respective
prepolarized piezoelectric plate element of the bender-
type piezoelectric switch selectively and respectively is
excited with a direct current excitation field which
always has the same polanty as the polarity of the pre-
poling electric field dipole enhanced alignment previ-
ously permanently induced in the respective piezoelec-
tric plate element and no depolarization of the piezo-
electric plate elements [occur] occurs during contin-
ued or successive operation of the piezoelectric bender-
type switch device for closing and/or opening the load
current controlling electnic switch contacts.

The improved piezoelectric ceramic switching de-
vice comprises at least one piezoelectric bender-type
switching device having two planar piezoelectric plate
elements secured tn opposed paralle] relationship sand-
wich fashion on opposite sides of at least one central
conductive surface and having respective outer conduc-
tive surfaces that are insulated from each other and the
central conductive surface by the respective interven-
ing piezoelectric plate element material thicknesses.
The bender-type piezoelectrnic switching device further
includes at least one set of coacting electrical switch
contacts which are opened or closed by a prepolarized
movable bender-portion of the piezoelectric ceramic
switching device. The improved device further includes
clamping means secured to a different portion of the
bender-type piezoelectric ceramic switching device
adjacent to and mechanically supporting the prepoled
movable bender portion of the device cantilever fashion
with the different portion of the piezoelectric ceramic
plate elements comprising the bender-type device dis-
posed under the clamping means being unpoled and
electrically neutral.

In addition to being unpoled and electrically neutral,
the different portion of the piezoelectric ceramic plate
elements disposed under the clamping means have the
outer conductive surfaces thereof removed from that
portion which is disposed under the clamping means. In
addition, a conformal electrically insulating protective
coating covers at least some of the outer surfaces of the
prepolanzed movable portion of the bender-type piezo-
electric device with the conformal electrically insulat-
ing protective coating comprising a polyimide siloxane
copolymer.

In preferred embodiments of the invention, the con-
formal electrically insulating coating extends over and
covers the outer planar conductive surfaces and the
edges of the prepoled planar piezoelectric ceramic plate
elements, and further extends over and covers the side
edges of the piezoelectric ceramic plate [element]
elements and their outer conductive surfaces and the
outer edges of the central conductive surface sand-
wiched therebetween at least over the prepolarized
portions of the device. Further, the conformal insulat-
ing coating covering the outer planar conductive sur-
faces of the prepolarized portions of the piezoelectric
ceramic plate [element] elements also extends down to
and covers the portions of the piezoelectric ceramic
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plate elements exposed by any removal of the outer
conductive surfaces thereon as well as the edge portions
of such outer conductive surfaces exposed by such re-
moval.

BRIEF DESCRIPTION OF DRAWINGS

These and other objects, features and many of the
attendant advantages of this invention will be appreci-
ated more readily as the same becomes better under-
stood by a reading of the following detailed description,
when considered in connection with the accompanying
drawings, wherein like parts in each of the several fig-
ures are identified by the same reference [characters, ]
character and wherein:

FIG. 1 1s a top elevational view of a new and im-
proved piezoelectric ceramic bender-type switching
device constructed according to the invention;

FIG. 1A is a cross sectional view of the device shown
in FIG. 1 taken through plane 1A—1A;

FIG. 1B 1s a schematic circuit diagram of a novel
energization circuit employed in operating the switch-
ing device of FIG. 1;

FIG. 1C is a cross sectional view of the device shown
in FIG. 1 taken through plane 1C—1GC;

FIG. 1B is a top planar view of the movable bender
end of the switching device shown in FIG. 1 1n an
unfinished condition during the manufacture thereof,
and tllustrates the manner of forming electric load cur-
rent carrying contacts at the movable end of the bender-
type piezo ceramic switching device; |

FIG. 1E 1s a perspective end view of the same portion
of the device shown in FIG. 1D at [the] ¢ moment
later in time during the manufacture thereof following
the stage shown in FIG. 1D;

FIG. 1F is a partial side end view of the finished
device showing the manner of fabrication of the end
contacts when viewed in conjunction with FIG. 1D and
FIG. 1E; |

FIG. 2 is a longitudinal sectional view of a different
embodiment of improved piezoelectric ceramic switch-
ing device constructed in accordance with the inven-
tion and illustrates the device mounted on a separate
insulating base member;

FIG. 2A is a schematic circuit diagram illustrating a
utilization circuit controlled by the device of FIG. 2
and which is fabricated on the device;

FIG. 3 is a partial top planar view of an unpolarized,
electrically neutral end of the bender-type piezoelectnic
ceramic switching device illustrating an electnc fuse
element deposited on a portion of such unpolarized
piezoelectric ceramic;

FIG. 4 is a longitudinal sectional view of still a differ-
ent embodiment of the invention showing active circuit
components mounted on a non-polarized portion of a
bender-type [switch} switching device constructed
according to he invention with the active components
comprising diode rectifier elements interconnected with
discrete wired connectors to effect a desired excitation
circuit design for the device shown in FIG. 4;

FIGS. 4A, 4B and 4C comprise schematic circuit
diagrams of three different embodiments of a diode
rectifier doubler circuit configuration suitable for use as
as excitation circuit with the piezoelectric ceramic
switching device shown in FIG. 4, with a circuit ar-
rangement of FIG. 4B corresponding to the physical
illustration of the circuit elements depicted in FIG. 4
and physically supported on unpoled portions of the

bender-type switching device;
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FIG. § is a top-side perspective view of a different
-om of piezoelectric ceramic switching device con-
rructed in accordance with the invention showing how
1e device would be fabricated for use with a voltage
ipler energization circuit shown schematically in FIG.
A of the drawings;

FIG. 6 is top-side elevational-partial perspective view
f still another form of switching device according to

1e invention which employs a diode rectifier quadru-

ling circuit illustrated schematically in FIG. 6A of the
rawings;

FIG. 7 is a side elevational view of still another form
f improved piezoelectric ceramic bender-type switch-
1g device according to the invention to provide H-type
ouble acting switching operations on each of the oppo-

te sides of the neutral position of the bender element of

1e device:

FI1G. 7A is a schematic circuit diagram of one em-
odiment of a utilization load circuit which could be
perated with the device of FIG. 7;

FIG. 7B is a schematic circuit diagram of a second
ype of utilization load circuit which could be con-
-olled by the bidirectional acting piezoelectric ceramic
witching device of FIG. 7 wherein the device is em-
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loyed to directly apply gating current to the gates of 25

igher power rated, gated power semiconductor
witches triggered by the device;

FIG. 7C is a schematic circuit diagram of a mirror
nage of the circuit shown in FIG. 7B and illustrates
ow inverse polarity voltages can be obtained to pro-
ide negative polarity gating currents for use with
ated power semiconductor switches of the turn-off
/Pe;

FIG. 8 is a longitudinal sectional view of a preferred
mbodiment of piezoelectric ceramic bender-type
vitching device according to the invention wherein a
onformal coating is provided over the active polanzed
wvable bender portions of the device;

FIG. 8A is a cross sectional view of the device shown
| FIG. 8 taken through plane 8A—8A;

FIG. 8B illustrates a cross sectional view taken
irough a device such as FIG. 8 but which has been
rovided with an alternative coating arrangement
hich covers the entire planar exterior surfaces of the
olarized active movable bender portions of the device;

FIG. 8C is a partial cross sectional view of the device
f FIG. 8 taken through that part of the device under
1e clamping means in order to better illustrate how the
onformal coating is caused to cover any exposed parts
r edges of the active, polarized portions of the piezo-
lectric ceramic plate elements;

FIG. 8D shows a number of characteristic curves
lotting bender force versus time and illustrates the
perating characteristics of a number of different piezo-
lectric ceramic bender-type switching devices con-
ructed according to the prior art with or without some
srm of protective coating as well as the operating char-
cteristics of preferred forms of the invention illustrat-
g their force versus time operating characteristics
ver a perniod of time;

FIG. 9 is a longitudinal sectional view of an embodi-
1ent of the invention similar to that shown in FIG. 8
nd illustrates the manner in which load current carry-
1g contacts can be formed on the free movable bender
ortion of the device; and

FIGS. 10 and 11 are perspective views of different
:chniques employed in order to obtain terminal tabs for
pplication of energization potential to or providing
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electric load current flow through the electncally con-
ductive surfaces formed on the piezoelectric plate ele-
ments of the devices shown in FIGS. 8 and 9.

BEST MODE OF PRACTICING INVENTION

FIG. 1 illustrates a piezoelectric switching dewvice
constructed according to the invention and comprises at
least one piezoelectric bender-type switching device 11
having at least two planar piezoelectric plate elements
formed by an upper plate 12 and a lower plate 13
[ best] better seen in [FIG. 1A] FIGS. /A-1F of the
drawings. The piezoelectric ceramic plate elements 12
and 13 are secured in opposed parallel relationship sand-
wich fashion on opposite sides of at least one central
conductive surface 14 and have respective outer con-
ductive surface 15 and 16 that are insulated from each
other and the central conductive surface 14 by the re-
spective intervening piezoelectric ceramic plate ele-
ment thicknesses. The piezoelectric ceramic plates 12
and 13 may be formed from lead zirconate titanate, lead
metaniobate, barium titanate or other known piezoelec-
tric ceramic materials and, if desired, could even com-
prise naturally [occuring] occurring piezoelectric ma-
terials such as quartz. The conductive surfaces 14, 14A,
14B, 15 and 16 may be formed by nickel, silver or other
like [conductor] conductors deposited or otherwise
secured to the plate elements 12 and 13.

The bender-type piezoelectric switching device fur-
ther includes at least one set of coacting fixed electrical
switch contacts 17 and 18 mounted on relatively rigid
support arms which may be sufficiently flexible to ab-
sorb impact and which are opened and closed by move-
ment of a prepolarized movable bender portion com-
prised by the piezoelectric ceramic plate elements 12A
and 13A of the bender-type switching device. ‘The
contacts 17 and 18 coact respectively with contacts 19
and 21 formed on the movable end of the bender device
12A, 13A in a manner to be described more fully hereaf-
ter with relation to FIGS. 1D, 1E, and 1F.

The movable bender portions 12A, 13A of the piezo-
electric ceramic switching device 11 are physically
supported in a cantilever manner by clamping means
shown at 22 and 23 which both serve to physically hold
and clamp together the piezoelectric ceramic plates 12
and 13 with the central conductive surface 14 sand-
wiched therebetween. The clamping means 22 and 23 1s
illustrated better in FIG. 1C of the drawings where it
can be seen that it is comprised by two elongated sub-
stantially rigid electrically insulating bars 22 and 23
whose ends extend beyond the side edges of the piezo-
electric ceramic plate elements 12 and 13. Threaded set
screws shown at 24 serve to clamp the two insulating
bar members 22 and 23 together along with the inter-
posed ceramic plate elements 12 and 13 and central
conductive surface 14. Other forms of suitably clamping
and holding the piezoelectric ceramic plate members 12
and 13 together in assembled relation will be suggested
to those skilled in the ant.

As best shown in FIG. 1A, the clamping means 22
and 23 are disposed over portions 12B and 13B of the
piezoelectric ceramic plate elements 12 and 13 which .
have not been prepolarized and thérefore are unpoled
and electrically neutral as opposed to the prepolarized
active movable bender portions 12A and 13A of the
plate elements on which the contacts 19 and 21 are
formed. Preferably, the clamping means 22 and 23 are
disposed over the ends of the non-polarized or unpoled
portions 12B and 13B which are immediately adjacent
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to and physically integrated with the end of the prepola-
rized active movable bender portion comprised by plate
element portions 12A and 13A which have been
prepolarized and therefore are indicated as poled. It has
been discovered that by mounting the piezoelectric
ceramic plate elements in this manner, the number of
failures due to fracturing of the piezoelectric plates at
their support points is greatly reduced.

With the bender-type piezoelectric ceramic switch-
ing device shown in FIGS. 1 and 1A, it is possible to
prepolarize the plate portions 12A and 13A in-situ after
fabrication of the device in the manner shown in these
drawings. This is achieved by applying suitable value
prepolarizing potentials of the same polarity to the ter-
minals T3 and T4 respectively, while concurrently
holding the common terminal Tc at the opposite polar-
ity. Simultaneously the temperature of the device may
be elevated in an oven or otherwise to a temperature
just under the Curie temperature of the piezoelectric
ceramic plate elements 12 and 13. The temperature 10
which the device will be elevated and the value of the
prepolarizing potentials will vary dependent upon the
particular piezoelectric ceramic material employed to
form the plate elements 12 and 13 as is known to those
skilled in the art of piezoceramic fabrication. Ambient
temperature polarization also 1s possible if the polanz-
ing potential is sufficiently high. During the prepolar-
ization operation, and in order to separate the piezoelec-
tric ceramic plate elements 12 and 13 into the two sepa-
rate poled portions, 12 A and 13A and the unpoled
portions 12B and 13B, it is necessary to electrically
isolate the two portions so that the prepolanzing poten-
tial is not applied across the unpoled portions 12B and
13B and the common conductive surface 14. For this
purpose, suitable gaps shown at 15A and 16A are delib-
erately formed across the width of the exterior conduc-
tive surfaces 15 and 16, respectively, whereby an elec-
tric potential applied between either of the terminals T3
or T4 and the common terminal Tc connected to the
central conductive surface 14, will not appear across the
piezoceramic plate portions 12B and 13B which are to
remain unpoled. It [sould] shouid be noted that the
portions of the piezoelectric ceramic plate elements
disposed under the clamping bars 22 and 23 have their
outer conductive surfaces removed so that the portions
12B and 13B under the clamping means and immedi-
ately adjacent and physically integrated with the
prepolarized plate portions 12A and 13A remain un-
poled and electrically neutral.

As a result of fabrication in this manner, during oper-
ation of the bender-type switching device, energizing
potentials may be selectively and respectively applied
either to terminal T3 or terminal T4 relative to Tc to
cause the polarized active movable bender plate por-
tions 12A or 13A to bend and close their respective
contacts 19 or 21 on either of the coacting contacts 17
or 18, respectively. As noted in the brief discussion
earlier in the specification, prepolarization of the active
movable portions 12A and 13A of the piezoelectric
ceramic plate elements will leave these portions perma-
nently altered in physical dimensions relative to the
unpoled portions 12B and 13B of the piezoelectric ce-
ramic plates 12 and 13. This alteration will be in the
form of a permanent increase in dimension of the plate
portions 12A and 13A between the poling electrodes
15-14 and 16-14 and also will induce a permanent de-
crease in dimension parallel to the electrodes (i.e. along
the longitudinal dimension of the device as shown in
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FIG. 1A). When a DC voltage of the same polarity as
the prepolarizing voltage, but of smaller magnitude,
subsequently is applied as an energizing potential be-
tween the poling electrodes, the plate element portions
12A and 13A experience a further temporary expansion
in the poling direction and contraction parallel to the
electrodes. When the energizing DC potential is re-
moved, this temporary expansion in the poling direction
and contraction parallel to the electrode is relaxed, and
the plate element portions 12A and 13A return to their
normal, at rest unenergized condition established by the
prepolarization voltage effects only. This, 1t will be
appreciated that the movable bender plate element por-
tions 12A and 13A automatically return to their original
prepolarized dimensions so that the bender moves back
to its central, at rest, unenergized condition with
contacts 19 and 21 opened when the DC energizing
voltage is removed from across the electrodes T3-Tcor
T4-Tc.

A key feature of the present invention is the provision
of piezoelectric ceramic bender-type switch energiza-
tion and/or utilization circuit means which are bult
directly onto an unused portion of the piezoceramic
plate elements 12 and 13 of the bender-type niezoelec-
tric ceramic switching device 11 as will be described
hereinafter. When thus constructed, circuit stray induc-
tance is reduced to an absolute minimum since circuit
interconnecting conductor runs formed on such unused
piezoceramic plate portions require only minimuim
lengths. The energization circuits thus formed serve to
supply a direct current energizing potential selectively
and respectively to each piezoelectric potential always
is poled in the same direction as the prepolarizing elec-
tric field previously permanently induced in the plezo-
electric plate element portions 12A and 13A whereby
no depolarization of the piezoelectric plate element
portions occurs during continued or successive opera-
tions of the switch to close or open the make and break
contacts 17, 19 or 18, 21. It will be appreciated therefore
that an improved piezoceramic switching device ac-
cording to the invention such as that shown in FIGS. 1
and 1A can be operated as either a normally-open or a
normally-closed switch without detriment to the long
term stability and reliability characteristics of the
switch. This is explained as follows.

Assume that the outer conductive surfaces 15 and 16
over [peizoelectric] piezoelectric ceramic plate por-
tions 12A and 13A are maintained positive while the
central conductive surface of the plate portions 12A and
13A as described briefly above. The prepolarization of
these plate elements then will cause a permanent in-
crease in dimension between the poling electrodes and a
permanent decrease in dimensions parallel to the elec-
trodes (i.e. the plate portions 12A and 13A will become
thicker and shorter). Since both plate element portions
12A and 13A are prepolarized substantially simulta-
neously, this permanent change in dimension will not
effect the centering position of the active movable
bender comprised by plate portions 12A, 13A relative
to the coacting contacts 17 and 18. However, in the
event that some off-centering does occur, then the mag-
nitude of the prepolarizing potential applied across
either one or the other of the plate element portions
12A or 13 A can be adjusted so as fo precisely center the
bender contacts 19, 21 between the coacting contacts
17, 18. This ability to precisely center the bender ele-
ment in an easily applied and readily adjusted manner 1S
attributable to the fact that the bender plate elements
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'A and 13A can be prepolarized in-situ and is of ex-
eme importance during manufacture in order to assure
oper operation of the bender switch at relatively low
st since there are fewer fabrications and process steps
volved. Thereafter, during operation, DC energizing
stential selectively and respectively can be applied
ther to terminals T3 or T4 and such energizing poten-
1ls always are poled in the same direction as the polar-

v of the prepolarizing potential. Since it was assumed

at the prepolarizing potential applied to conductive

irfaces 15 and 16 was positive relative to the potential

“ the central conductive surface 14 which therefore is

-gative relative to 15 and 16, the applied energizing

)C potential required to operate the switch would have

srresponding polarities. That is, DC energizing poten-
al applied either through T3 or T4 would be positive
lative to the potential applied to Tc. This is the proper
olarity relation where the bender-type switch i1s de-
gned for use with PNP bipolar transistors or P-type

ET transistors. Where the switching circuit is to be
sed with NPN bipolar transistors or N-type FET tran-
stors, then the polarities would be reversed both with
»spect to the high voltage value prepolarizing potential
ad the later applied operating energizing potentials so
s to preserve the proper dipole enhancement of the
repolarized portions of the piezoelectric ceramic plate
ements 12A, 13A. That is to say, negative polanty
rergizing potentials would be selectively applied to
ther terminal T3 or T4 and a positive polarity energiz-
\g potential applied to terminal Tc.

As noted earlier, during operation the application of
1e further DC energizing potential which is of smaller
agnitude than the prepolanzing potential, but of the
ame polarity, results in a further thickening and short-
ning of one or the other of the plate element portions
2A or 13A. This thickening and shortening of one of
e plates consequently will result in physically bending
he free movable end of the active bender portion 12A,
3A sufficiently to selectively close either the contact
9 on its coacting contact 17 (in the event T3 is ener-
ized), or, alternatively, selectively close contact 21 on
s coacting contact 18 (if T4 has been energized). The
tosure thus achieved will remain for so long as the DC
nergizing potential is applied to the respective contacts
"3 or T4. This can be for an indefinite period of time.
"hus the bender-type switching device 11 shown iIn
*IGS. 1 and 1A, by appropriate energization and utili-
ation circuit design, can be used either as a normally-
ypen or a normally-closed switching device. This capa-
ility is achieved because of three principal charactens-
ics of the switching device. First, the piezoelectric
-eramic plate elements 12 and 13 essentially are high
juality capacitors having little or no losses when
‘harged (energized). Secondly, any losses that do occur
sver extended periods of being energized are sup-
slanted immediately and continuously by the continu-
ly applied energization potential. Lastly, because the
:nergization potential always is applied with the same
yolarity as the prepolarization potential used to initially.
srepole and enhance the dipole orientation of the ptezo-
slectric ceramic plate portions 12A and 13H, there is no
yossibility of long term depolarizing effects rendering
'he device unstable in operation.

Upon removal of the DC energizing potential to
sither T3 or T4, the active movable bender portion
12A, 13A returns to its center neutral unenergized posi-
tion thereby opening which ever set of contacts 17, 19
or 18, 21 was closed. It should be noted at this point in
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the description, that prepolarization and subsequent
operation with DC energizing potentials of positive
polarity applied to the respective outer conductive sur-
faces 15 and 16 via terminals T3 and T4 while the center
conductive surface 14 is maintained negative, 1s cited as
exemplary only. The device couid be fabricated and
operated equally well with negative polarity prepolariz-
ing potentials applied to the terminals 13 and T4 while
the central conductive surface 14 terminal T¢ 1s main-
tained positive positive. If thus prepolarized, the device
of course subsequently would have to be operated using
only DC energizing signals applied to the terminals T3
and T4 which are negative relative to the potential
applied to the central conductive surface 14 via terminal

ts Te. FIG. 7B and 7C to be described hereinafter illus-
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trate this capability.

With reference again to FIGS. 1 and 1A, it will be
seen that there are two unpoled piezoelectric plate ele-
ment portions 12B and 13B which extend beyond the
clamped portion of the piezoceramic plates 12 and 13 in
a direction opposite from the prepoled active movable
bender portions 12A, 13A. These unpoled plate element
portions 12B and 13B may be provided with exterior
conductive surfaces such as shown at 15B and 16B
which are separated from the conductive surfaces 15
and 16 overlying the polarized piezoceramic plate por-
tions 12A and 13A by the gaps 15A and 16A under
clamping bars 22 and 23, respectively, together with the
central conductive surface 14 sandwiched therebe-
tween to form two separate, relatively large (i.e. 1 mi-
crofarad) capacitors. In the embodiment of the inven-
tion shown in FIG. 1A, the conductive surface 14 ex-
tends throughout the length of the piezoceramic plate
elements 12 and 13 so that a continuous central electri-
cally conductive path 14 extends between the free mov-
able bender portions 12A, 13A of the device and the end
thereof connected to the common terminal Tc. If re-
quired for particular circuit design purposes, the central
conductive path 14 provided through conductive sur-
face 14 may be interrupted along  line under the clamp-
ing bars 22 and 23, or at a number of points, and the
space therein filled with a suitable insulating adhesive
for the purpose of electrically isolating portions of the
central conductor 14 under non-poled plate portions
12B and 13B. and/or to electrically isolate the central
conductor portion 14 under the prepoled plate [ por-
tion] portions 12A and 13A from that under non-poled
portions 12B, 13B. In either form of construction, the
unpoled plate portions 12B and 13B form two capaci-
tors which in effect readily can be connected in either a
series or parallel circuit relationship via the central
conductor surface 14 thereunder and terminal Tc. The
capacitors thus formed by appropriate design and fabri-
cation of the outer conductor surfaces 15B and 16B may
be provided with capacitance values required for par-
ticular circuit designs. The size of the capacitors and
their capacitance values are related to the power rating
of the circuit and bender size. For example, up to a
capacitance of about a tenth of a microfarad would be
provided for switching devices constructed in the man-
ner described having bender member dimensions of
about one inch wide by three inches long and with
piezoelectric ceramic plate element thicknesses of about
3-10 milli-inches with the conductor surfaces being
extremely thin. It should be understood that if a number
of different size capacitors are desired in any particular
circuit arrangement, they can be formed by appropnate
subdividing the outer conductive surfaces 15B or 16B
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into the desired number and size capacitors. The mult-
plicity of capacitors thus formed could all use the com-
mon central conducting surface 14 as a common elec-
trode via terminal Tc.

In addition to the capacitors formed in the above
briefly described manner, other electrical circuit com-
ponents comprising either active semiconductor de-
vices or passive circuit elements fabricated either in
discrete, hybrid or monolithic integrated circuit form
physically can be formed on or supported by the un-
poled piezoelectric plate element portions 12B or 13B.
In such devices the conductive surfaces 15B and 16B
could be shaped to provide conductive paths (runs)
between the various components to interconnect them
into desired circuit relationship in accordance with
known printed circuit and integrated circuit fabrication
techniques as described in the textbook *Microelectron-
ics” edited by Max Fogiel and published by Research
and Education Association, copyrighted 1968, and oth-
ers such as “Handbook of Electronics Packaging”,
Charles A. Harper, editor, published by McGraw-Hill
Book Company and copyrighted 1969 and *“‘Handbook
of Components for Electronics”, Charles A. Harper,
" editor, published by McGraw-Hill Book Company,
copyrighted 1977.

In FIG. 1A, relatively large hybrid integrated resis-
tors are shown at 25 and 26 which are surface mounted
on the respective conductive surface portions 15B and
16B of the unpoled electrically neutral piezoelectric
ceramic plate portions 12B and 13B, respectively and
may be formed either by surface deposition, bonding or
screening. This structure results in two series connected
resistor and capacitor elements which are designed to
form a snubber circuit connected across the terminals
T1-Tc and T2-Tc, respectively. By interconnecting the
two snubber capacitances in parallel, the total capaci-
tance of the snubber can be doubled.

FI1G. 1B of the drawings is a schematic circuit dia-
gram of the novel piezoelectric ceramic switching de-
vice and related energization and utilization ctrcuit
shown physically in FIGS. 1 and 1A of the drawings. In
FIG. 1B the terminals T1 and T2 are connected to a
suitable source of alternating current or direct current
of the correct polarity. Terminal T1 is connected
through the switch S1 formed by contacts 17 and 19 via
the central conductive surface 14 to the common termi-
nal Tc. Terminal T2 is connected through the switch S2
formed by the coating contacts 18 and 21 via central
conductive surfaces 14 to common terminal Tc. The
snubber circuit formed by the series connected resistor
R2S and capacitor C12B is connected in parallel across
switch S1 and the snubber circuit formed by the senes
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connected resistor R26 and capacitor C13B is con-

nected in parallel circuit relationship across the switch
S2. The snubber circuits R25, C12B and R26, C13B are
provided to prevent excessive arcing across the
contacts 17, 19 or 18, 21, respectively, as the contacts
are opened in order to interrupt current flow through
the respective switches and result in reducing the rate of
rise of reapplied forward potential across the contacts
as they open. The inclusion of the snubber circuit thus
provided is referred to as a dv/dt protection circuit for
the switch S1 and S2 contacts and can greatly increase
their operating life, and reduce electrical noise effects.

User operated energization circuit means are pro-
vided for selectively and respectively closing or open-
ing the switches S1 and S2. The energization circuits
are comprised by either a negative polarity source of
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direct current potential or an alternating current source
of potential connected in series circuit relationship
through a normally open user operated switch 27. a
limiting resistor 28, and diode rectifier circuit means 29
across the prepolarized portion 12A or 13A of the pi-
ezoelectric ceramic switching device 11 and the com-
mon central conducting surface 14 to the common ter-
minal Tc that is connected to the positive polanty ter-
minal of the direct current source or an alternating
current source, which ever is used. In preferred ems-
bodiments, the normally open user operated switch 27
either is electrically or mechanically interconnected
with a normally-closed switch 31 that is connected In
series circuit reiationship with a limiting resistor 32 with
the series circuit thus comprised being connected in
parallel circuit relationship across the respective
prepolarized upper and lower piezoelectric ceramic
plate elements 12A and 13A, respectively, which are
indicated as capacitors C12A and C13A. The energiza-
tion circuit comprised by elements 27-32 have not been
illustrated in their physical form in FIGS. 1 and 1A 1n
order not to unduly complicate these drawings; how-
ever, it is believed obvious to one of ordinary skill in the
electronic art as to how these components would be
physically implemented and interconnected to the piezo
ceramic switching device 11 shown in FIGS. 1 and 1A
in the light of the teachings of this apphcation.

In operation, the normally closed switch contacts 31
will maintain the prepolarized upper and lower piezo-
electric ceramic plate elements 12A and 13A in an un-
charged condition so that the bender device 11 is main-
tained at its central neutral position with neither switch
S1 or S2 being closed. If it is desired to close switch 51
comprised by contacts 17 and 19, for example, in order
to supply load current to a load device controlled by
switch S1, the user operated, normally open switch
contacts 27 are closed. This results in charging the
upper piezoelectric ceramic plate element 12A via the
limiting resistor 28, diode rectifier circuit means 29 and
the source of electric potential connected across the
energization circuit input terminal and common termi-
nal Tc. Concurrently with this action, the normally-
closed switch contacts 31 automatically open so that
piezoelectric ceramic plate element 12A can be charged
thereby causing it to physically deform in the manner
described earlier and close switch S1 by closing switch
19 on coacting switch contact 17 to provide load cur-
rent supply to a load (not shown). After a desired period
of operation of unlimited duration, and at the user’s
option, the electrical load current flow being supplied
via switch S1 contacts 17, 19 can be interrupted by
merely opening the normally-open switch contacts 27
thereby automatically closing normally-closed switch
contacts 31 and discharging the piezoelectric ceramic
plate element 12A. This results in de-energizing the
upper plate element 12 and allows the bender device 11
to return to its normally quiescent, neutral central posi-
tion whereby neither of the switch contacts S1 or 52 are
closed. Operation the device to close the switch S2
comprised by contacts 18 and 21 is entirely similar to
that described with relation to the switch 51 so that it
need not be described here in detail. Further, it should
be noted that reversal of polarity of the excitation volt-
age supplied to the prepolarized, movable bender plate
portions 12A and 13A readily can be accomplished by
reversal of the polarity of connection of the diode recti-
fiers 29 should that be desired for a given utilization
circuit application. Additionally, in alternative embodi-
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ments of the FIG. 1B circuit, the normally closed
[contact]) switch 31 15 eliminated and the resistance
value of resistor 32 increased to about ten times the
value of resistor 28.

One of the difficulties encountered with bender-type 3
piezoelectric ceramic switching devices of the same
general type as that illustrated in FIGS. 1 and 1A of the
drawings is a tendency for the movable bender portions
12A. 13A at the free movable end thereof to which the
contacts 19 and 21 are secured tending to curl during 10
continued energization. As a result of this tendency to
curl at the free movable [ends] end while being ener-
gized, the available contact area for doing work is re-
duced [[and increases] with increased heating, the
contact force with which the contacts close is reduced 13
and the spacing of the contacts and the timing of their
closure cannot be precisely controlled thus rendering
the device unstable and unreliable in operation. To
avoid this difficulty, the present invention provides a
relatively thin inflexible stiffening member 35 secured 20
widthwise across the extreme free movable end of the
prepolarized movable bender portions of the respective
upper and lower piezoelectric ceramic plate elements
12A and 13A as best seen in FIGS. 1 and 1A of the
drawings. The inclusion of the stiffening member 35 25
assures that the mass of the extreme free end of the
bender portion moves as a unit thereby summing the
available forces and remains rigidly straight so that it is
not allowed to curl or bend during energization [detr-
mentally Y detrimental to the operation of the switching 30
device 11. By appropriate design, the mass of the stiffen-
ing members 35 can be tailored to cause the overall
bender operation to more nearly approach mechanical
resonance during movement of the bender portion of
the device should this be desired. 35

FIGS. 1D, 1E and 1F of the drawings illustrate a
preferred form of fabricating the electrical contacts 19
and 21 secured to the free movable ends of the respec-
tive piezoelectric ceramic bender plate portions 12A
and 13A. As best seen in FIG. 1D, the central conduc- 40
tive surface 14 at the free movable end of the bender
device is fabricated in the form of a foil having two
halves 14A and 14B separated by a slit 14C cut length-
wise through the extended portion of the conductive
foil. As shown in FIG. 1E, the two conductive foil 45
halves 14A and 14B are bent upwardly and down-
wardly so as to extend over and cover about half of the
length of the upper and lower exposed surfaces of the
respective stiffening members 35 secured to the ends of
the upper and lower piezo ceramic plate element por- 30
tions 12A and 13A, respectively. The folded over con-
ductive foil portions 14A and 14B then may be extended
by additional foil (not shown) along the full lengths of
the outer upper and lower surfaces of the stiffening
members 35 to provide balance to the bender and then 55
secured to the stiffening members 35 by flat headed
conductive rivets 19 or 21, respectively, located cen-
trally on the stiffening member as best seen in FIGS.
[1] /4 and IF of the drawings. Since the respective
conductive foil halves 14A and 14B and their extension &0
together with the flat headed rivets 19 and 21 provide
good electrically conductive connections to the central
conductive surface 14, the problem of supplying rela-
tively large load current flow through these bender end
mounted contacts and down to the anchored end of the 65
bender without unduly dampening movement of the
movable bender plate portions 12A, 13A is made possi-
ble.

16

FIG. 2 is a side elevational view of a second embodi-
ment of an improved piezoelectric ceramic switching
device constructed according to the invention. In F1G.
2 is a piezoelectric switching device 11 constructed as
described with relation to FIG. 1 is secured to and
supported by an insulating base member 41, Base 41
holds switching device 11 with [the] the movable
contacts 19 and 21 on the free movable end of bender
portions 13A and 12A in juxtaposed switching relation-
ship to sets of fixed contact terminals TS and T6
mounted on the insulating base member 41 and termi-
nals TS’ and T6' mounted on a mirror image of the base
member 41' (not shown in full). The insulating base
member 41 has a2 number of conductive runs formed in
a known manner on the exposed surfaces thereof for
interconnecting the various components of an electrical
control circuit including an active power semiconduc-
tor device 42 as shown in FIG. 2A of the drawings. The
active power semiconductor device 42 preferably com-
prises a power rated triac such as those manufactured
and sold commercially by the General Electric Com-
pany Semiconductor Products Department, secured to
an extended mounting surface of base member 41 and
on which the power semiconductor device 42 IS sup-
ported together with the conductive runs required to
interconnect triac 42 with the several elements of the
circuit shown in FIG. 2A.

The piezoceramic switching device 11 of FIG. 2 1s
constructed and operates in a manner similar to that
shown and described with relation to FIGS. 1and 1A of
the drawings with the exception that the extended por-
tions 14A and 14B of the central conductive surface 14
foil are eliminated so that contacts 19 and 21 are electni-
cally isolated from surface 14. In FIG. 2A, only the
lower portion of the complete switching device 1s dis-
closed since the upper portion of the device wouid
constitute a mirror image of the lower portion and has
not been shown for the sake of simplicity. The circuit
itlustrated in FIG. 2A, including power triac 42, would
be controlled by the lower contact 21 of the bender
switching device 11 and a similar circuit (not shown)
would be controlled by the mirror image portion of the
structure shown in FIG. 2 actuated through the upper
contact 19 of the bender device. The following descrip-
tion will be with relation to only the illustrated lower
portion of the structure and the upper portion would be
constructed and operate in a similar manner.

In the circuit of FIG. 2A the contact points TS and
T6 which are closed by movable contact 21 on the
lower portion of the piezoelectric ceramic bender-type
switching device 11 constitute a switch SJ which con-
trols power to an electrical load (not shown) from an
alternating current source connected via terminals 11
and Tc and switch S3 in series with the load. The circuit
of FIG. 2A constitutes a unique assisted commutation
circuit wherein electric current flow through the switch
contacts of bender operated switch S3 is interrupted
with the assistance of the power triac which is con-
nected in parallel circuit relationship with the switch S3
via a fuse element 30 formed either on the insulating
base member or an unpoled portion of one of the piezo-
electric ceramic plate elements as shown in FIG. 3.
Connected in parallel circuit relationship with the traic
42 are two snubber circuits formed by series connected
resistor R25 and capacitor C12B and series connected
resistor R26 and capacitor C13B, fabricated and
mounted in the manner described with relation to

FIGS. 1 and 1A of the drawings, and connected in
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parallel circuit relationship across each tnac 42 and fuse
30. Energization potentials are applied across the re-
spective upper and lower polarized movable bender
plate elements 12A and 13A indicated by the [capaci-
tor] capacitors C12A and C13A, respectively, via re-
spective energization circuits including user operated
switches such as 27, 31 (not shown) similar to those
illustrated in FIG. 1B via terminals T3 and T4, respec-
tively.

In operation, a suitable gating signal source (not
shown) applied a gating on signal to the traic 42 at a
desired point in the phase of the applied alternating
current operating potential to be supplied to the load via
switch S3. At this point, the traic 42 turns on and carries
the load current for only a short period of time before
energization of the bender switch 11 results in closure of
the switch contacts S3. Closure of the 83 switch
contacts under these conditions is substantially without
arcing since the potential across the switch during clo-
sure has been reduced substantially due to conduction
through the triac 42. After closure of the switch
contacts S3 by the piezoelectric ceramic switching de-
vice 11, conduction through triac 42 terminates due to
the shunting of the operating current through the closed
contacts T5 and T6 of switch S3. The turn-on signal
supplied to triac 42 through terminal T7 by the gating
signal source (not shown) then can be removed. Supply
of operating current to the load through the closed
bender switch contacts S3 then can be maintained for so
long as the user desires by maintaining the energizing
potential applied to the lower piezoelectric ceramic
plate element 13A via energizing signal input terminal
T4 in the manner described with relation to the FIG. 1
embodiment of the invention.

When it is desired to interrupt the current flow
through the bender switch S2 contacts TS and T6, the
traic 42 again is gated on by the gating signal source
(not shown) at any point in the operating cycle of the
operating alternating current source before de-energiza-
tion of the piezoelectric ceramic bender-type [switch]}
switching device 11. Hence as the S3 contacts start to
open, current will be diverted from the contacts TS and
T6 and load current flow will take place through the
now conducting triac 42. By thus diverting current flow
from across the partially open contacts TS, T6 and 21 in
this manner, the traic 42 assists commutation off (open-
ing) of the bender switch contacts TS, T6é with little or
no arcing taking place. The triac itseif then is turned off
by removal of its gate turn-on signal at or before the
next current zero of the load current supply source.
Turn-off of the triac 42 at this point 1s supported
through action of the snubber circuits R2S, C12B and
R26, C13B which cushion or soften the rate of rise of
reapplied voltage across the traic 42 as its turns off to
avoid its unintentional turn-on and reconduction result-
ing from a steep rate of rise of reapplied potential. It will
be appreciated therefore that the structure of FIG. 2
provides a fast acting precision synchronous operating
relay which allows the power rating of the structure to
be greatly enhanced due to the very high surge current
rating of the power semiconductor device 42 when
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operated over such short operating periods, and yet the

low on-state resistance of the load current carrying
bender operated switch contacts T5-21-T6é of the
piezoceramic bender switch device 11 allows the device
to be operated indefinitely without substantial heating
in its load current carrying condition. Further, the
novel switching circuits eliminate the bulk, weight,
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slow and variable response and heat producing charac-
teristics of traditional electromagnetic retay structures
and the stray inductive loops normally encountered
with such structures are substantially eliminated {and]
or reduced to an absolute minimum by the short inter-
connecting electrical paths formed on the switch com-
ponent itself. Lastly, it should be understood that poly-
phase circuit configurations as well as single pole, dou-
ble throw, center-off systems are within the [teach-
ings] teaching of the disclosure indicated by the phan-
tom lines in FIG. 2.

FIG. 4 of the drawings illustrates still another em-
bodiment of the invention intended for use with low
voltage energization sources. The embodiment of the
invention shown in FIG. 4 is fabricated and operates 1n
substantially the same manner as the FIGS. 1, 1A em-
bodiment with the exception that has voltage doubler
circuits formed on the unpoled [portions] portion 12B
and 13B the piezoelectric ceramic plate elements com-
prising the bender switching device 11. In FIG. 4, ac-
tive semiconductor devices in the form of sets of surface
mounted semiconductor diodes D1 and D2 are secured
on the conductive surface portions 15B°, 15B"" and 168",
16B”, respectively. Each of the conductive surfaces 158
and 16B have been separated into two separate surfaces
15B’, 15B" and 16, 16B" by a suitable insulating gap 1n
each of the conductive surfaces to form two separate
capacitor elements from each of the unpoled piezo ce-
ramic plate portions 12B and 13B thereunder. Addition-
ally, a break in conductive surface 14 is provided at 20
by an insulating land (gap filled adhesive) in the central
conductive surface 14. Gap 20 insulates and electrically
isolates the portians of conductive surface 14 under the
prepolarized pc:rrncms 12A, 13A from unpoled portions
12B, 13B of the piezoceramic plate elements 12 and 13.
The components formed as described above are electn-
cally interconnected by hard wire insulated conductors
interconnected in the manner shown in FIG. 4 between
the several components to form the electrical circuit
illustrated schematically in FIG. 4B of the drawings. A
somewhat different arrangement of either the circuit of
FIG. 4A or FIG. 4C could be fabricated in a similar
manner using discrete or hard wired interconnections
or printed conductive paths as described earlier. Each
of the circuits shown in FIGS. 4A, 4B and 4C are class:-
cal, known diode voltage doubler circuits wherein the
value of the AC voltage supplied to the input of the
energization circuits for the bender switching device 11
is doubled across their output to terminals T3 and T4,
respectively. Thus, if the piezoceramic switching de-
vice 11 shown in FIG. 4 has available only say a 115
volt residential alternating current supply with which it
is to be used, the switching device shown in FIGS. 4
and 4B could be employed to double the energization
poténtial being applied to input terminals T3 and T4 of
the piezoelectric ceramic switching device 11 and still
be able to selectively open and close 1ts load current
carrying switch contacts 17, 19 and 18, 21 as described
earlier with relation to FIGS. 1 and 1A. In other re-
spects, the device operates and is constructed similarly
to the switching device shown in FIGS. 1 and 1A of the

drawings.
FIG. §1s a top perspcctwe view of still another em-

bodiment of the invention fabricated in accordance
with the techniques and structural features discussed
with relation to FIGS. 1-4, and FIG. 5A is a schematic

circuit diagram of the energization neutral piezoce-
ramic plate portions 12B and 13B. In FIG. 5 (as well as
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FIG. 6), the clamping means 22, 23 has been eliminated
in order 1o simplify the illustration, however the gap
15A. 16A in the outer conductive surfaces 15 and 16 is
shown clearly. FIG. 5§ physically illustrates a printed
circuit design for forming a voltage tripler circuit 1llus-
trated schematically in FIG. SA whereby a lower volt-
age alternating current can be converted to three times
its original voltage value for application to the prepola-
rized piezoceramic bender plate portions 12A and 13A
as an energization potential for moving the bender
plates.

FIG. 6 of the drawings is similar to FIG. § but illus-
trates a piezoelectric ceramic switching device 11 fabri-
cated to provide a voltage quadrupling energization
circuit illustrated schematically in FIG. 6A of the draw-
ings formed on each outer surface of the unpoled, elec-
trically neutral piezoceramic plate portions 12B, 13B.
The voltage quadrupler circuit of FIG. 6A and the
tripler circuit of FIG. SA are of known construction
and operation and therefore need not be described fur-
ther. It should be noted, however that the capacitors
shown in these electrical circuit diagrams correspond 1n
numbering C1, C2, etc., to the numbering of the diodes
D1, D2, etc., which are supported on the capacitors as
shown in FIGS. 5 and 6. The manner in which the
islands of conductive surface 15B on FIG. 6 are formed
on the unpoled electrically neutral piezoceramic plate
portions 12B and 13B, in the FIG. § and FIG. 6 devices
is similar to that described with relation to FIG. 1 using
known conventional photo-resist screening deposition
and etching techniques. In this [manneer] manner
desired size capacitor neutralized electrodes 135Bl,
15B2, [and] 15B3, erc. in FIG. 5 in 15B1, 15B2, 15B3
[and]. 15B4, eic. in FIG. 6 are formed together with
the appropriate size interconnecting conductive runs
between the several electrodes. Semiconductor diodes
D1-D3in FIG. 5 or D1-D4 in FIG. 6 are supported on
the respective [metalized] metallized electrode sur-
faces. A practical way to implement the FIG. 5 and
FIG. 6 devices would be to employ discrete semicon-
ductor diode devices prepared for surface mounting
directly to the conductive surfaced of the metallized
electrodes 15B1, [15B2] /6BI, etc. by soldering, ultra-
sonic bonding techniques and/or by a suitable conduc-
tive adhesive or the like. These fabrication steps will
have been carried out are prepolarization of the active,
movable prepolarized portions 12A, 13A of the piezo-
electric ceramiic bender-type device to prevent possible
damage to the components by the high prepolanizing
potential. Alternatively, the capacitor electrode areas
15B1, [15B2) 1681, etc. and diodes D1-D3 or D1-D4
could be formed by integrated circuit fabrication tech-
niques such as those described in the above referenced
textbook entitled “Microelectronics” by Max Fogiel
published by Research Education Associates of New
 York, N.Y., copyrighted 1968. Similar techniques could
of course be employed in forming corresponding capac-
itor electrodes and conductive runs employed in the
FIGS. 1, 1A and FIG. 2 embodiments of the invention
described earher.

FIGS. 7 and 7A of the drawings illustrate still an-
other embodiment of the invention wherein a piezoce-
ramic bender switching device 11 is employed to close
a circuit selectively either through switch contact 19 or
switch contact 21 to supply a gating-on signal current to
the control gate of a respective associated gated power
switch such as an SCR, power transistor or triac 42, 42
as illustrated in FIG. 7A. Conductive runs are formed
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out of the portion of the interior conductive surface 14
of the bender switching device 11 to provide electrical
interconnections to limiting resistors 25 and 26 formed
on the unpoled electrically neutral portions 12B and
13B of the bender device as described with relation to
the FIGS. 1, 1A embodiment of the invention. The
current limiting resistors 25 and 26 are connected 1nter-
mediate the piezoceramic bender switch contacts 19
and 21, respectively, and the control gates of the respec-
tive traic devices 42, 42" associated with the respective
bender actuated switch contacts 19 and 21.

In operation, turn-on of either one or the other of the
gate controlled power switching devices 42, 42" 1s
achieved by energizing the appropriate prepolarized
piezoceramic plate element of switching device 11 to
cause either contact 19 or contact 21 to close on the
gate input terminal of its associated power triac 42 or
42'. The stored electrical charge in the prepolarized
piezoelectric plate element then discharges into the gate
of the traic and provides adequate turn-on current to the
triac to cause it to turn-on and conduct current. Upon
turn-on of the triac 42 or 42', either load 51 or load 52
will be supplied with alternating current load current
via the associated conducting power triac switch 42.
Turn-off of the associated conducting triac power
switch 42 is achieved by merely de-energizing the re-
spective previously energized prepolarized, active mov-
able piezoceramic plate portion (either 12A or 13A) of
the bender switch device 11 at an appropriate point in
the cycle of the supply alternating current. If desired,
suitable snubbing circuits as described with relation to
FIG. 1B may be provided across the associated gate
controlled power switching devices 42, 42° to assist
these devices in withstanding the reapplied forward
load voltage after turn-off by suitable fabrication of the
switching device 11 shown in FIG. 7 as described ear-
lier with respect to FIG. 1.

FIG. 7B illustrates an alternative form of power cir-
cuit gating arrangement using a novel piezoceramic
bender-type switch 11 constructed according to the
invention and wherein the electric energy stored in the
piezoceramic plate elements of the bender-type switch
11 is employed as a source of gating current for a gated
power semiconductor switch such as an SCR, power
transistor or triac 42 supplying a load 51 or 52 as shown
in FIG. 7B. The circuit arrangemeént of FIG. 7B is for
use with those types of gated power semiconductor
switches which require a positive polarity turn-on gat-
ing current supplied to the gate measured relative to the
cathode polarity. In this arrangement, an energization
circuit [comprised by]) includes a diode rectifier 29P
having its anode connected to the positive terminal of a
direct current supply or an alternating current supply.

“The cathode of diode 29P is connected through a limit-

ing resistor 28 across a set of normally open contacts of
either one of a set of normally-open user operated
switches 27A or 27B to the outer conductive surfaces 15
or 16 of the prepolarized active movable piezoelectnc
ceramic plate elements 12A or [12B] 734 of bender
device 11. The outer conductive surfaces 15 or 16 are
not excited normally and are shorted to the negative
terminal of the DC or AC supply by the normally-
closed contacts of either one of normally-closed
switches 31A or 31B. The two sets of switches 27 and
31 are either electrically or mechanically intercon-
nected so that when 27 is open, 31 is closed and vice
versa. The bender actuated contacts 19 and 21 on the
free movable bender end of device 11 [is] are designed
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to close on a coacting contact which 1s connected
through either limiting resistor 25 or 26 to the gated
power semiconductor switch device 42’ or 42 supplying
either load $1 or 52.

In operation, upon closure of the normally, open
contacts 27A (for example) by a user of the circuit, the
piezoelectric ceramic plate element 12A of bender
switching device 11 will be charged via rectifier 29P,
limiting resistor 28 and the closed contacts of normaliy
open switch 27A. Normally closed switch J1A auto-
matically will have opened so that charging of the plate
element 12A is made possible. In the short time which is
required to charge plate element 12A sufficiently to
cause bender device 11 to close contact 19 on 1ts coact-
ing fixed contact connected through resistor 25 to the
gate of the gated power switch 42, sufficient electrical
energy will have been stored in the piezoelectnic ce-
ramic plate element 12A to supply adequate gate cur-
rent to turn-on the gated power switching device 42
This gate turn-on current is supplied via contact 19
which has been modified to have its contact surface
connected to the outer conductive surface 15 of piezo-
electric ceramic plate element 12A as opposed to the
inner conductive surface 14. The modification to the

contacts 19 as well as 21 to provide such connection 1s
believed obvious in the light of the teachings of FIG.
1B, FIGS. 1E and 1F. The gate turn-on current thus
supplied to the gate of power switch 42" will be ade-
quate to gate on the semiconductor power switCh 42°
and maintain it conducting for so long as the user oper-
ated switch 27A is maintained closed on its contacts and
load 51 will be supplied with the load current via the
conducting gated power semiconductor switch device
42'. If it is desired to turn-on the opposite gated power
switch 42 supplying the load 52, the normally open
switch 27A supplying piezo ceramic plate element 12A
is returned to its normally-open condition and the oppo-
site normally open switch 27B supplying piezo ceramic
plate element 13A is closed to thereby turn-on the gated
power switch 42 supplying load 52 in the same manner
described with relation to excitation of load 51.

FIG. 7C of the drawings shows an oppositely poled
connection of the bender switch device 11 so that it is
arranged to provide negative polarity gate turn-off

10

I5

20

25

30

35

signals to the control gate if certain types of gated semi- 45

conductor power switches 42 or 42° which are designed
to provide turn-off of the load current supplied through
either the load 51 or 52 by means of a negative polarity
gate turn-off signal applied to its gate. For these types of
devices, it is anticipated that two separate energization
(de-energization) circuits will be provided, one such as
FIG. 7B supplying a positive polarity gate turn-on sig-
nal to the gate for turn-on purposes, and the other sup-
plying a negative polarity gate turn-off signal with the
circuit arrangement shown in FIG. 7C to effect turn-off

of the load current.
FIG. 8, FIG. 8A, FIG. 8B, FIG. 8C and FIG. 9 all

illustrate still further embodiments of the invention
wherein two separate central conductive surfaces 14U
and 14L are employed in place of a single central con-
ductive surface 14 as shown in the embodiment of the
invention heretofore described. In FIG. 8, the two cen-
tral conductive surfaces 14U and 14L extend through-
out the full length of the piezoelectric ceramic plate
elements 12 and 13 over the surfaces of both the
prepolarized portions 12A and 13A as well as the un-
poled electrically neutral portions 12B and 13B. To
form the contacts 19 and 21 on the active movable
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prepolarized end portions 12A and 13A. the entire
width of the central conductive surface 14U is folded up
and over the inflexible stiffening member 35, secured
widthwise across the upper surface of the free end of
the bender member 12A and centrally riveted in a man-
ner similar to that shown and described with relanon 1o
FIGS. 1B, 1E and 1F. The difference in the FIGS. 1-7
embodiments being primarily that the single central
conductive surface 14 of FIG. 1 has its extended por-
tions 14A and 14B cut by a slit with one half being
folded up and over and the other half being folded
down and over. In the case of the FIG. 8 and FIG. 9
embodiments, the central conductive surfaces 14U and
141 do not have to be split but instead have the enuire
width of the extended portion of the surface 14UA
folded up and over the rigid insulating stiffening mem-
ber 35 and secured by a central flat headed rivet 19 in
the manner shown. In the case of the lower conductive
surface 14L its extended portion 14L has its entire width
folded down and over the insulating stiffening member
35 and secured by the flat headed rivet 21 in the manner
shown.

The two central conductive surfaces 14U and 14L are
secured rigidly to an exposed lower surface of the entire
[piezelectric] piezoelectric ceramic plate member 12
and exposed upper surface of the lower piezoelectric
ceramic plate member 13 with the two central conduc-
tive surface 14U and 14L being secured together to
form the bender device 11 by a thin adhesive layer 61.
In preferred forms of the FIG. 8 embodiments of the
invention, the adhesive layer 61 will be insulating so
that the respective inner conductive surfaces 14U and
14L can be maintained at different electric potentials
during energization of the bender switch device 11 to
cause it to bend in one direction or the other. In other
forms, it may be desirable to use an electrically conduc-
tive adhesive 61 to secure the two plate elements 12 and
13 together in order that both inner conductive surfaces
14U and 14L are maintained at the same electric poten-
tial. The adhesives employed for this purpose and used
in any of the embodiments of the invention described in
this application are of the type that can take any high
temperature that might be required during in-situ pre-
nolarization treatment as described earhier or in bake-
out of vacuum mounted devices without undue out
gassing. Typical adhesive systems which could be used
for all of the embodiments of the invention herein dis-
closed include GEMID (imide ether), or ULTEM
[(polyetheramide)] (polyetherimide). Such adhesives
normally are insulating in nature but that conductive
granules of a very fine nature may be added to an adhe-
sive layer such as 61 in order to make it suitably conduc-
tive where it is desired that the two inner conductive
surfaces 14U and 14L be maintained at the same electric
potential during operation. However, it 1s important
that the adhesive layer 61 be pinhole free so that in such
situations it may be more advisable to interconnect
surfaces 14U and 14L externally of the bender member.

Known bender piezoelectric ceramics such as those
listed earlier in this application are of such high density
that they will provide long service life if correctly for-
mulated, cast and fired. In the present invention it is
proposed to extend the operating life of such piezoelec-
tric ceramic bender members through the use of selec-
tive electrode formations so as to provide longer creep-
age paths to avoid surface breakdown [and] with the
use of a variety of passivating protective coatings and
adhesives such as those listed in the previous para-
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graphs. The embodiment of the invention shown in
FIG. 8 of the drawings illustrates the use of a passivat-
ing protective coating 62 formed over the exterior (par-
ticularly the exterior side) surfaces of the prepolarized,
active movable bender portions 12A and 13A of the
piezoelectric ceramic bender device 11. The preferred
passivating protective coating 62 is a polyimide siloxane
copolymer which forms an excellent thin pinhole-free
conformal surface passivating protective coating in that
it readily flexes to allow movement of the bender device
without undue damping effects and is substantially pin-
hole free. The combination of the selective bender pre-
poling to provide a separate movable prepolarized
bender portion 12A, 13A different from the unpoled
clamped portion 12B, 13B together with properly
shaped surfaces 14U, 14L, 15 and 16 to recess their
edges back away from the side edges of the prepola-
rized piezoceramic plate elements 12A, 13A as best
shown in FIGS. 8A and 8B and a properly composed
and applied passivating protective coating to provide a
pinhole-free protective surface which encompasses all
of the active (movable) areas of the bender while not
being subjected to the sharp bending action that takes
place at the clamped end of the piezo ceramic bender,
provides the utmost in stability, repeatability of opera-
tion, and voltage withstand capability together with
good service longevity in a piezo ceramic bender-type
switching device. These features also allow the use of
much higher prepolarization potentials than were possi-
ble with previously known bender switching devices
and hence result in piezoceramic bender-type switching
devices capable of greater work output than previously
known devices of comparable size.

With reference to FIG. 8D, a number of curves A-D
are shown wherein the characteristics of a number of
different piezoelectric ceramic bender-type devices are
shown. In FIG. 8D, the bending force developed by the
bender device is plotted as the ordinate and time as the
abcissa. Curve A shows that the force versus time char-
acteristics of a piezoceramic switching device fabri-
cated as described in this application and then mounted
in a properly baked-out vacuum or gas sealed enclosure,
provides substantially constant bending force over an
indefinite period of time. A piezoceramic bender-type
switching device according to the invention having a
pinhole-free passivating protective coating of polyimide
siloxane copolymer fabricated” as described above with
relation to FIGS. 8 and 9 and operated in air will have
essentially constant force that drops slowly with time as
shown in curve B as energization charge bleeds from
the piezoceramic bender plate element capacitor. In
contrast, a prior art protectively coated piezoelectric
ceramic bender switch device bender [for] exhibits a
force versus time operating characteristic [is] as
shown in curve C under conditions where the device is
operated in air with low humidity. Curve C’ illustrates
force-time characteristics of the same prior art device
operated under high humidity conditions. From Curve
C' it can be seen that the bender force of the protec-
tively coated prior art device drops off drastically with
time while thus operated under high humidity condi-
tions. Curve D illustrates the force versus time charac-
teristics of known prior art piezo ceramic bender de-
vices which are provided with no protective coating.
From these curves it will be appreciated that significant
bender force changes can occur if the impedance of the
piezo ceramic bender is not maintained at a high value
so that leakage current across and around the piezoce-
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ramic cannot increase with time or increasing humidity
thereby reducing the ability 1o apply high energization
voltage and obtain stability of operation of the device In
service.

FIGS. 8A, 8B, and 8C all iltustrate fabrication tech-
niques whereby the sealing effects of the passivating
protective coating 62 can be improved and a force-time
operating characteristic curve such as that shown in B
in FIG. 8, or nearly approaching the idealized curve A,
can be obtained. In FIG. 8A, a particular coating 1s
provided as shown at 62 which extends to a consider-
able depth over the exposed side edges of the prepola-
rized, movable bender plate element portions 12A and
13A and may or may not leave exposed or only thinly
cover the central planar areas of the outer conductive
surfaces 15 and 16. In this embodiment, the outer side
edges of the inner conductive surfaces 14U and 14L are
shown as being shortened widthwise so that a consider-
able portion of the passivating protective coating
projects into the space and covers area which otherwise
might be occupied by the exposed side edge portions of
the inner conductive surfaces. Experience has shown
that when current creepage and voltage breakdown
occur, it is normally at the side edges between the upper
and inner conductive surfaces. To avoid such voltage
breakdown and current creepage while the devices are
under excitation, fabrication as shown in FIG. 8A 1s
provided. Needless to say, if only a single central con-
ductive surface 14 is used as in the embodiment of the
invention shown in FIG. 1, for example, similar tech-
niques would be used in avoiding undue current leakage
between the side edges.

FIG. 8B of the drawings illustrates an embodiment of
the invention wherein the entire prepolarized movable
bender portion 12A, 13A, the side edges thereof, and
their associated inner and outer conductive surfaces 15
and 16 are completely enclosed and encompassed by the
passivating protective coating 62. In addition FIG. 8B
[shown] shows the manner in which different side tabs
shown at 63 and 64 can be brought out from the bender
device package for use as terminal connections to the
inner conductive surfaces 14U and 14L, respectively. In
the event that the adhesive system used to bond the
bender together in a unitary structure is insulating in
nature, then it will be appreciated that the upper and
lower inner conductive members 14U and 14L can be

maintained at separate potentials. Alternately, if the
bonding adhesive is conducting in nature, either termi-
nal 63 or 64 could be employed as an output terminal for
the device or otherwise.

FIG. 10 of the drawings illustrates an embodiment of
the invention wherein the side tab terminals 63 and 64
are placed at different locations along the longitudinal
axis of the bender switching device. FIG. 10 tllustrates
a device having only a single, common conductive
surface 14 which has been separated into two parts by
an insulating gap shown at 71 longitudinally aligned
under the gaps 15A and 16A in the outer conductive
surfaces 15 and 16 where the bender device is clamped
by a suitable clamping means (not shown). With this
arrangement it will be appreciated that side tab 63 pro-
vides terminal access to the portion of the central con-
ductive surface 14 disposed under the prepolarized
movable active bender portions 12A, 13A of the piezo-
electric ceramic switching device and the side tab 64
provides access to the central conductive surface por-
tion 14 under the unpoled portions 12B and 13B of the
piezoceramic plate members of the device.
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FIG. 8C is a partial sectional view through a piezo

ceramic bender device constructed according to FIGS.
8 8A and 8B but which has been exaggerated somewhat
in order to clearly illustrate the extent to which one
should go in assuring that the conformal passivating
protective coating 62 [extend] extends down into and
[cover] covers any exposed surfaces of the prepola-
rized piezo ceramic plate elements 12A or 13A as
shown at 62A. It is this type of area made, for example,
by formation of the gaps 15A and 16A in the outer
conductive surfaces 15 and 16 during fabrication in
order to accommodate the clamping members 22, 23
where current creepage and voltage breakdown can
occur particularly between the exposed cut, etched or
otherwise formed side edges of the outer conductive
surfaces. To insure against such [undersirable] unde-
sirable effects, particular care must be taken to see¢ that
the conformal passivating protective coating 62 (as
shown at 62A) extends over and covers the outer planar
exposed conductive surfaces and their side edges of the
prepoled movable bender portion of the device, the side
edges of the prepoled planar piezoelectric plate ele-
ments, the recessed side edges of the central conductive
surface or surfaces sandwiched therebetween and down
to and cover any portions of the prepolarized piezoelec-
tric ceramic plate elements exposed by the removal of
the outer conductive surfaces 15 and 16 as well as the
edge portions of the recessed selectively metallized
outer conductive surfaces exposed by such removal.
" FIG. 9 illustrates another embodiment of the inven-
tion illustrating a different area of the piezoceramic
bender device 11 where the prospect of voltage break-
down and current leakage is quite high and with respect
to which caution and care should be taken to assure
proper fabrication of the device. This area is at the free
movable end of the switching device where the outer
conductive surfaces 15 and 16 extend up to or near the
elongated insulating stiffening members 35 over which
the contacts 19 and 21 are formed in conjunction with
the portion 14UA and 14LB of the inner conductive
surface. At these intersections, it is desirable to remove
by cutting, etching or otherwise the portion of the con-
ductive surfaces 15 and 16 abutting stiffening members
35 and filling the spaces thus formed with additional
passivating protective coating 62B.

The embodiment of the invention shown in FIG. 9
further illustrates a bender device 11 wherein the por-
tions of the central conductive surfaces 14U and 14L
underlying the prepoled and unpoled portions of the
device are electrically isolated from each other by an
insulating segment of adhesive 72 in the arca underlying
the clamping means 22-23. As a consequence, that por-
tion of the central conductive surfaces 14U and 14L
underlying the prepolarized piezo ceramic plate ele-
ment portions 12A and 13A will be electrically isolated
from the portion of the central conductors underlying
the unpoled piezoceramic plate clement portions 128
and 13B.

FIG. 11 is a partial perspective view similar to FIG.
10 of the unpoled plate portion of a piezoelectric ce-
ramic bender-type switching device according to the
invention, and illustrates still different techniques of
construction for providing terminal tabs with which to
make electrical connection to either of the inner con-
ductive surfaces 14U or 14L of a device such as that
illustrated in FIGS. 8 and 9 of the drawings. As shown
in FIG. 11, one corner of each of the upper and lower
unpoled piezo ceramic plate element portions 12B and
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13B, respectively 1s ground away 50 as [0 €xpose for
access the underlying inner conductive surface 14U
secured to the upper plate element portion 12B and the
overlying conductive surface portion 14L secured to
the lower plate portion 13B. The exposed conductive
surfaces thus obtained then may have hard wire connec-
tors or other terminal tabs secured to their surface for
application of electric potentials and currents there-
through. For thosé devices which have only a single
central conductive surface 14 or alternatively where the
two separate central conductive surfaces 14U and 14L
are electrically interconnected by reason of the use of
an electrically conductive adhesive, a central tab shown
at 65 may be provided at the end of the structure 1N
order to obtain electrical connection to the central con-
ducting surfaces.

As noted earlier in the specification, it is anticipated
that complete piezoelectric ceramic bender-type
switching devices 11 will be completely fabricated with
most if not all of the above-listed and discussed features
prior to polarization of the active movable polarized
piezoceramic plate portions of the device. Prepolariza-
tion in-situ after completion of the device rather than an
earlier prepolarization in oil as is normally used with
prior art piezo ceramic plate elements IS necessary In
order to assure good stability of the device in operation.
In the absence of an assured 100% dense piezoceramic
material, sealing prior ti prepolarization is desirable if
not essential in order to avoid any possible permeation
or breakdown of the piezoceramic plate elements dur-
ing the high voltage prepolanization operation. How-
ever, it should be noted that the degree of hermetic
packaging provided in the manner described above
necessarily will depend upon the degree of absolute
stability required for each switching device application.
Thus. for certain switching devices, absolute hermetic
packaging (or an attempt at such packaging) may not be
required due to more relaxed operating specifications
for the device. Further, the selective electroding and
shaping of conductive surfaces 15, 16, 14 or 14U, 14L
provides for increased protection against voltage creep-
age around side edges and operating stress ends and also
reduces potential life-cycle problems which might oth-
arwise limit performance of the piezo ceramic bender-
type devices resulting from microscopic edge cracking
that otherwise [are} is produced if conventional cut-
ting and fabrication processing techniques are used.

From the foregoing description, it will be appreciated
that the invention provides improved piezoelectric ce-
ramic switching devices together with improved fabn-
cation techniques for such devices as well as novel
energization and utilization electrical circuits for the
energization as well as use of such improved piezoce-
ramic switching devices. The improved structure pro-
vides for the inclusion of parts of either the energization
circuit or utilization circuits or both which are physi-
cally mounted on and supported by non-prepoled por-
tions of the piezoelectric ceramic plates which comprise
the piezoceramic switching devices. By such fabrica-
tion, the size, weight and bulk of the switching devices
is greatly reduced so that their compactness and [use-
fullness usefulness with [ minaturized} miniaturized
circuit component improved. Further, because the cir-
cuit components with which the devices themselves,
stray circuit inductance is greatly reduced thereby im-
proving the circuit noise immunity characteristics dur-

ing operation of the devices.
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The piezoelectric ceramic switching devices fabri-
cated in accordance with the invention are of greatly
improved construction and operating characteristics
than the comparable prior art devices of the same gen-
eral nature. The improved piezoceramic switching de-
vices consequently operate with greater stability, reli-
ability and longevity in service over extended periods of
operation requiring substantial numbers of switching

operations.

INDUSTRIAL APPLICABILITY

Improved piezoelectric ceramic switching devices
and systems having the features of construction made
available by the invention are useful in a wide number
of residential, commercial and heavy industnal electn-
cal systems for use as switching devices in controlling
current flow to widely different types of electrical loads
having different power ratings. Because of their novel
construction, the devices are of lighter weight, less bulk
and lower cost than comparable electromagnetically
operated switching devices currently being used and
have much faster response times.

Having described several embodiments of new and
improved piezoelectric ceramic switching devices and
systems using the same and their methods of manufac-
ture in accordance with the invention, it i1s believed
obvious that other modifications and variations of the
invention will bé suggested to those skilled in the art in
the light of the above teachings. It is therefore to be
understood that changes may be made in the particular
embodiments of the invention described which are
within the full intended scope of the invention as de-
fined by the appended claims.

What 1s claimed is:

1. A piezoelectric ceramic switching device including
in combination at least one piezoelectric ceramic bend-
er-type switching device having a movable pilezoce-
ramic bender member comprised by at least two planar
selectively prepoled piezoelectric plate elements se-
cured in opposed parallel relationship sandwich fashion
on opposite sides of at least one central conductive
surface and having respective outer conductive surfaces
that are insulated from each other and the central con-
ductive surface by the respective intervening piezoelec-
tric plate element thicknesses, said bender-type piezo-
electric switching device further including at least one
set of coacting electrical switch contacts opened and
closed by the prepolarized movable bender member of
the piezoelectric ceramic switching device, and clamp-
ing means securing a different non-poled portion of the
piezoelectric ceramic plate elements adjacent to and
mechanically supporting the selectively prepoled mov-
able bender member portion in a cantilever manner for
opening and <closing the set. of coacting electrical
contacts, the different non-poled portions of the piezo-
electric ceramic plate elements disposed under said
clamping means remaining non-movable as being me-
chanically unstrained and electrically neutral, wherein
the unpoled piezoelectric plate element portions extend
beyond the clamped portion thereof in a direction oppo-
site from the prepoled movable piezoelectric plate ele-
ment portions between the respective outer conductive
surfaces and the central conductive surface form capac-
itors having any desired capacitance value in the range
of tenths of a microfarad and greater dependent upon
power rating and usable as circuit components in an
electrical circuit for controlling operation of the piezo-
electric bender-type switching device or otherwise.
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2. A piezoelectric ceramic switching device accord-
ing to claim 1 wherein the piezoelectric ceramic plate
elements disposed under said clamping means have the
outer conductive surfaces thereof removed from the
portion disposed under the clamping means and
wherein said central and outer conductive surfaces are
selectively formed following fabrication of the planar
piezoelectric plate elements to desired size with the side
edges of the conductive surfaces being recessed relative
to the side edges of the piezoelectric ceramic plate ele-
ments to thereby provide increased voltage stress with-
standability around the side edges of the piezoceramic
bender member, and which further includes a2 confor-
mal electrically insulating coating that extends over and
covers the outer planar conductive surfaces and their
edges of the prepoled planar piezoelectric ceramic plate
elements, and further extends over and covers the side
edges of the piezoelectric plate elements and the central
conductive surface sandwiched therebetween at least
over the prepolarized portions of the device and
wherein the conformal insulating coating covering the
outer planar conductive surfaces of the prepoled por-
tions of the piezoelectric plate elements also extends
down to and covers the portions of the piezoelectric
plate elements exposed by the removal of the outer
conductive surfaces thereon as well as the edge portions
of the outer conductive surfaces exposed by such re-
moval.

3. A piezoelectric ceramic switching device accord-
ing to claim 2 further including additional electrical
circuit components comprising either active semicon-
ductor devices or passive circuit elements or both fabn-
cated either in discrete, hybrid or monolithic integrated
circuit form physically formed on and/or supported by
the unpoled piezoelectric plate element portions extend-
ing beyond the clamping means and also including pre-
formed conductive pathways selectively formed by
appropriate fabrication of the conductive surfaces on
the unpoled piezoelectric plate element portions to in-
terconnect the active devices and/or passive circuit
elements including any capacitors formed according to
claim [2] !/ in a desired circuit relationship.

4. A piezoelectric ceramic switching [devices} de-
vice according to claim [3] / further including addi-
tional electrical circuit componernts comprising either
active semiconductor devices or passive circuit ele-
ments or both fabricated etther in discrete, hybrid or
monolithic integrated circuit form physically formed on
and/or supported by the unpoled piezoelectric plate
element portions extending beyond the clamping means
and also including preformed conductive pathways
selectively formed by appropniate fabncation of the
conductive surfaces on the unpoled piezoelectric plate
element portions to interconnect the active devices
and/or passive circuit elements including any capaci-
tors formed according to claim 2 in a desired circuit
relationship.

8. A piezoelectric ceramic switching device accord-
ing to either of claims [3] 7 or [4] 2 further including
a relatively thin flexible stiffening member secured-
widthwise across the free movable end of the prepoled
movable bender portion of the bender-type piezoelec-
tric switching device.

6. A piezoelectric ceramic switching device accord-
ing to claim [§] 7 further including a relauvely thin
inflexible stiffening member secured widthwise across
the free movable end of the prepoled movable bender
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portion of [the] a bimorph piezoelectric switching
device.
7. A piezoelectric ceramic switching device accord-

ing to claim [6] 7 further including an extended length
of a portion of the central conductive surface in the

form of a conductive foil which is bent back over the
top of [the] a stiffening member and secured thereto
to form an exposed electrical contact electrnically and
physically connected to the central conductive surface
for coacting with an opposed electrical contact to close
or open an electrical circuit therethrough upon energi-
zation of the piezoelectric ceramic switching device.

B. A piezoelectric ceramic switching device accord-
ing to claim 5 further including a relatively thin inflexi-
ble insulating stiffening member secured widthwise
across the free movable end of the prepoled movable
bender portion of the bender-type piezoelectric switch-
ing device and wherein an extended length of a portion
of the central conductive surface in the form of a con-
ductive foil is bent back over the top of the stiffening
member and secured thereto to form an exposed electri-
cal contact electrically and physically connected to the
central conductive surface for coacting with an op-
posed electrical contact to close or open an electrical
circuit therethrough upon energization of the piezoelec-
tric ceramic switching device.

9. A piezoelectric ceramic switching device including
in combination at least one piezoelectric ceramic bend-
er-type switching device having a movable piezoce-
ramic bender member comprised by at least two planar
selectively prepoled piezoelectric plate elements se-
cured in opposed parallel relationship sandwich fashion
on opposite sides of at least one central conductive
surface and having respective outer conductive surfaces
that are insulated from each other and the central con-
ductive surface by the respective intervening piczoelec-
tric plate element thicknesses, said bender-type piezo-
electric switching device further including at least one
set of coacting electrical switch contacts opened and
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closed by the prepolarized movable bender member of 40

the piezoelectric ceramic switching device, and clamp-
ing means securing a different non-poled portion of the
piezoelectric ceramic plate elements adjacent to and
mechanically supporting the selectively prepoled mov-
able bender member portion in a cantilever manner for

opening and closing the, set of coacting electrical

contacts, the different non-poled portions of the piezo-
electric ceramic plate elements disposed under said
clamping means remaining non-movable as being me-
chanically unstrained and clectrically neutral, wherein
the unpoled piezoelectric plate element portions extend
beyond the clamped portion thereof in a direction oppo-
~ site from the prepoled movable bender portion and
carry switch energization circuit means which selec-
tively applies a source of bender energization potential
to the prepoled movable bender portion of each pre-
poled piezoelectric plate element having the same po-
larity as the polarity of the prepoled electric field previ-
ously permanently induced in said prepoled movable
bender portions so that no depolarization of the piezo-
electric plate elements occurs during successive opera-
tion of the piezoelectric ceramic bender-type switching
device.

10. A piezoelectric ceramic switching device as in
claim 9 wherein said switch energization circuit means
includes electrical circuit components comprising ei-
ther active semiconductor devices or passive circuit
elements or both fabricated either in discrete, hybnid or
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monolithic integrated circuit from physically tormed on
and/or supported by the unpoled piezoelectric plate
element portions extending beyond the clamping
means.

11. Electrical switching apparatus comprising

(a) at least one piezoeleciric ceramic bender-type switch-
ing device having a movable piezoceramic bender
member, said bender member having at least two
planar piezoceramic plate elements secured in opposed
parallel relationship sandwich fashion on opposite
sides of at least one centraf conductive surface and
having respective outer conductive surfaces that are
insulated from each other and the central conductive
surface by the respective intervening piezoceramic
plate element thicknesses,

(b) the piezoceramic plate elements further including
polarized and unpolarized portions when conducting
the switching operation with at least one sel of coacting
electrical switch contacts being opened and closed by
the polarized portions thereof,

(c) clamping means securing the piezoceramic plate
elements together and mechanically supporiing the
unpolarized portions thereof in a cantilever manner
for opening and closing the set of coacting the electri-
cal contacts, and

(d) selectively operable electric excitarion circuit means
connected to the piezoelectric ceramic bender-type
switching device for selectively and respectively actuat-
ing the polarized portions of each piezoceramic plate
element thereof with a direct current energizing poten-
tial which is applied in the same direction employed to
produce initial polarization in the polarized portions of
the respective plate elements,

(e) the electric excitation circuit means being connected
in circuit relationship across the respective ones of the
plezoceramic plate elements of the piezoelectric ce-
ramic bender-type switching device for selectively clos-
ing or opening the set of coacting electrical swilch
contacts to control electric current being supplied
through g load by the opening and closing of the
switch.

12. The piezoceramic switching means of claim [l
wherein the movable bender member includes coacting
electrical switch contacts disposed on opposite sides to selec-
tively make or break at least two separate electrically con-
ductive paths extending through the respective sets of
contacts.

13. The piezoceramic switching means of claim [l
wherein the electric excitation circuit means includes mul-
tiplier circuit means for increasing the value of direct cur-
rent energization potential to a level suitable for actuating
the piezoelectric ceramic bender-type switching device.

14. The piezoceramic switching means of claim 11 which

ss further includes circuit means to prevent excess arcing

65

across the coacting electrical contacts when opened to inter-
rupt the electrical current being supplied through a load.
15. A piezoelectric switching device comprising:
at least one bender member having two planar piezoelec-
 tric plate elements secured in sandwich fashion on
opposite sides of at least one central conductive sur-
face;
an outer conductive surface secured to each of said plate
elements so that said outer conductive surfaces are
insulated from each other and said central conductive

surface by said plate elementis;
said bender member further including at least one set of
coacting electrical switch contacts opened and closed

"
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by a movable end of @ movable bender portion of said conductive surfaces on said non-bending portion to inter-
bender member, connect said circuit components
means for clamping a non-bending portion of said [9. The device
bender memb

er, said clamping means being adjacent thin flexible stiffening
1o and mechanically Supporting said bender portion in 5

said movable end of said movable bender portion.
a cantilever manner for opening and closing said set of : |
coacting electrical contacts thin inflexibie stiffening member secyured widthwise across
said non-bending portion of said bender member which said movable end of said movaple bender portion,
is disposed under said clamping means remaining '

non-movable and being electrically insula
Said conductive surfaces;

wherein said non-bending portion extends beyond said
clamped portion thereof in a direction opposite from posed electrical contaet electrically and physically con-
said bender portion 1o Jorm a fur ”fe*’ pfez?e!ecr ric nected to said central conductive surface Jor coacting with
plate element portion, said non-bending portion hav- 1s opposed electrical contact to close or open an electrical
ing conductive .:'.'urﬁ_:rces Jor for ming capacitors “’}”‘f'}’ circuit therethrough upon energization of the device
are usable as circuit components in an electrical cir- 22. The device of claim 19 wherein gn extended length of
cuit for controlling operation of said dender memober, a portion of said central conductive surface is provided in
Jfa:d capacitors having gny de.!:{red capacitance value the form of a conductive foil. is ben
in the range of tenths of a microfarad and greater, 10 said stiffening member and is secy
said capacitance valye being dependent upon power

16. The device of claim 15 wherein- and physically connected to said cen

portions of said plate elements. dic posed under said Jor coacting with an opposed electrical contact to close or
. . open an electrical circuit therethroy
clamping means do not have outer conductive sipr. 25

8h upon energization of
faces; the devfce.. | - | N
said central and outer conductive surfaces are selectively 23. A piezoelectric Swilching de vice comp rising:
Jormed following fabrication of said plate elements to at !efm one bender member ha ving two p ffmarp ze.:::ae!ec-
desired size, with side edges of said conductive surfaces fric p ffate ‘efemems vecured in sandwich / ash.mn on
being recessed relative 10 side edges of said plate ele- 30 9Pposite sides of at least one central conductive sur-
MenIs to thereby provide increased voltage stress with- Jace; '

Standability around side edges of said bender mem.- an outer conductive su
ber;

rface secured to each of said plate
said bender member Surther incly

elements so that sgid outer conductive surfaces gre

ding a conformal elec- insulated from each other and said central conductive
trically insulating coating thar extends over and covers 35 surface by said plate elements;

said outer conductive sy rfaces and said side edges of said bender member further including at least one set of
said plate elements in said bender portion, and further coacring electrical switch contacts opened and closed
extends over and covers said side edges of said plate

by a movable end of @ movable bender portion of said
elements and said centrgi conductive surface sand- bender ’"E’"bfﬁ' and * ‘ |
wiched thereberween ar legst over said bender portion; 40  means Jor clamping a differen: non-bending portion of
and

said bender member adjacent to and mechanically
said coating also extending down to and covering said Supporting said bender portion |

n a cantilever manner
portions of said plate elements exposed by the removal Jor opening and ctosing said set of coqt ing electrical
of said outer conductive surfaces

thereon as well gs contacts,
edge portions of said outer conductive surfaces ex- 45  said non-bend ing portion remain ing non-movable and
posed by such removal electrically insulated Jrom said conductive surfaces,
!7. The device of claim 16 further including electrical wheretn said non-bending portion extends beyond said
rCult components comprising either active semiconductor clamped portion thereof in a direction opposite from
2VICeS, passive circuit elements or both, fabricated either said bender portion and carries switch energization
discrete, hybrid or monolithic integrated circuit form, 0 circuit means which

selectively applies a source of
bender energization potential to said bender portion,

said source having q single selected polarity so that no
ys selectively formed by appropriate fabrication of said zali

id piezoelectric plate elements

occurs during successive operation of the switch ing
55 device.

24. The device of claim 23 wherein said switch en ergiza-
tion circuit means includes electrical circuit components
including active semiconductor devices, passive circuit ele-
: ments or both, fabricated either in discrete, hybrid or
sically formed on and/or supported by said non-bend- &0 monolithic integrated circuir form, physically formed on

and/or supported by said non-bending portion.
’s selectively formed by appropriate Jabrication of said * * * 2

1nect said circuit components.

18. The device of claim 15 Sfurther including electrical

cult components com prising either active semicondyc tor

ices, passive circuit elements or both, fabricated either
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