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This invention relates to piezoelectric devices, 
and more particularly to such a device compris 
ing piezoelectrically sensitive sections cut from 
single crystals of a type of material heretofore 
unknoWn in the piezoelectric art. 

It is well known that every crystal belongs to 
one of thirty-two crystal symmetry classes. It 
also is well known that certain of these crystal 
classes, notably those having the highest sym 
metry, cannot exhibit piezoelectricity. Concern 
ing the remaining crystal classes, all that can be 
said on theoretical grounds is that piezoelectric 
responses, as between electric fields having pre 
determined orientations with respect to the crys 
tallographic axes and haechanical strains of pre 
determined types, of such crystals are not pro 
hibited by the symmetry characteristics of the 
crystalline material. However, it has not been 
found possible to predict the magnitude of any 
such responses, and the magnitude may be Sub 
stantially Zero or entirely negligible in any par 
ticular case, even though the Substance under 
consideration belongs to one of the so-called 
piezoelectric crystal classes. 
There are a number of crystal classes which 

are represented individually by one or more crys 
talline Substances whose elastic, dielectric, and 
piezoelectric properties have been investigated 
rather thoroughly. However, no detailed or quan 
titative piezoelectric data, heretofore Were avail 
able with regard to any crystal of the crystal class 
known as the hemimorphic or pyramidal class of 
the orthorhombic system, also designated class 
C2v. Nevertheless, it has been determined that 
a plate suitably cut from a crystalline material 
of the class C2v may exhibit a piezoelectric re 
sponse in regard to a thickness-controlled shear 
mode and that Such a thickness-shear mode re 
sponse is free of undesired coupling to other 
nodes. Piezoelectric thickness-controlled shear 
crystal plates of this type are described and 
claimed in the copending application Serial No. 
20,173, filed April 10, 1948, in the name of Hans 
G, Baerwald and aSSigned to the same assignee 
as the present invention which issued on October 
18, 1949, as Patent No. 2,485,130. 
A number of compounds were known to crys 

tallographers to conform to the crystalline struc 
ture of the hemimorphic orthorhombic class, class 
Cav. Notable among these substances is hemi 
morphite (calamine), which, however, seems to 
be of no practical use in the piezoelectric art. 
Small crystals of the Substance known as p0 

tassium pentaborate tetrahydrate were investi 
gated and the lattice parameters of this crystal 
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2 
line substance were measured as long ago as 1901. 
This work indicated that the substance did not 
belong to the hemimorphic Orthorhombic crystal 
class. More recent work on this same compound 
yielded revised information on its crystalline 
structure. The early investigations were found 
to be in error, and the substance Was assigned 
properly to the hemimorphic Orthorhombic class. 
The more recent work also indicated that the 
hydrogen atoms present in this Substance are 
more closely bound in the crystal lattice than is 
indicated by the tetrahydrate formula, and it was 
concluded that the true structure is represented 
more accurately by the formula potassium di 
hydrogen dihydronium pentaborate. Even these 
detailed investigations, however, failed to give 
any indication that the substance under investi 
gation exhibits a measurable piezoelectric re 
sponse. In fact, it may be concluded that, prior 
to the present invention, no Substance was known 
in the crystal class C2v which could be obtained 
in single-crystalline plates of a convenient size 
and chemical stability and which also was known 
to afford a piezoelectric response of any com 
mercially significant magnitude. 
Accordingly, it is an object of this invention to 

provide a piezoelectric device comprising a piezo 
electrically sensitive section cut from a single 
crystal and having novel and useful piezoelectric 
properties. 

It is another object of the present invention to 
provide a new and improved piezoelectric device 
comprising a section cut from a Substance of the 
hemimorphic Orthorhombic crystal class. 

It is a further object of the invention to provide 
a new and improved piezoelectric device compris 
ing a piezoelectrically sensitive section cut from 
a crystalline material which is stable to tempera 
tures higher than those usually encountered dur 
ing the operation of such devices. 

It is yet another object of the invention to 
provide a new and improved piezoelectric device 
comprising a piezoelectrically Sensitive resonator 
section having a desirably low frequency-tem 
perature coefficient. 

It is a still further object of the invention to 
provide a new and improved piezoelectric device 
comprising a synthetic crystal plate having a high 
piezoelectric response in a thickness-shear mode. 

In accordance with the invention, a piezo 
electric device comprises a piezoelectrically sensi 
tive section having electroded major Surfaces cut 
from a single crystal of a composition selected 
from the group consisting of potassium penta 
borate tetrahydrate, rubidium pentaborate tetra 
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hydrate, and isomorphic mixtures of these potas 
sium and rubidium pentaborate hydrates. While 
these pentaborate compositions are referred to 
herein as tetrahydrates, it will be understood that 
the compounds intended to be designated are 
those commonly identified as tetrahydrates and 
given the formula, MB5O8.4H2O, where M is the 
univalent metal, although some or all of the Water 
of hydration apparently is bound more closely 
within the pentaborate molecule, so that the 
formula, more accurately might be Written 
MH2(H3O)2B5O10, an acid dihydronium penta 
borate. For convenience the designated Com 
pounds will be referred to in this Specification 
and in the appended claims as pentaborate tetra 
hydrates. Furthermore, the term “electroded 
surface' as used in this specification and in the 
appended claims is intended to include an elec 
trode arranged so as to be spaced by an air gap 
from the crystal surface and closely capacitively 
coupled thereto, as frequently practiced in the 
piezoelectric art. 
For a better understanding of the present in 

vention, together with other and further objects 
thereof, reference is had to the following descrip 
tion taken in connection with the accompanying 
drawing, and its scope will be pointed out in the 
appended claims. 
In the drawing, Fig. 1 is a perspective WieW of 

a typical single crystal of potassium pentaborate 
tetrahydrate, or of an isomorphous composition 
containing rubidium pentaborate tetrahydrate, 
which is useful in a piezoelectric device in 
accordance with the invention; 

Fig. 2 is a representation in the Same perSpec 
tive as that of Fig. 1 of a thin plate cut from the 
crystal of Fig. 1 with a predetermined crystallo 
graphic orientation and showing the outline 
within a portion of this plate of a piezoelectrically 
sensitive section having a rectangular shape 
which may be cut from the plate; 

Fig. 3 is a plan view of the plate of Fig. 2 show 
ing the same piezoelectrically sensitive rectan 
gular section; 

Fig. 4 is a schematic circuit diagram represent- : 
ing an oscillator which includes a resonator sec 
tion prepared from the rectangular section illus 
trated in Figs. 2 and 3; and 

Fig. 5 is a view, partly schematic, of a trans 
ducer device comprising a similar piezoelectrically 
sensitive section. 

Referring to Fig. 1, there is represented in 
perspective a single crystal of a composition 
which may be any composition Selected from the 
group consisting of potassium pentaborate tetra 
hydrate, rubidium pentaborate tetrahydrate, and 
isomorphic mixtures of the potassium and rubid 
ium pentaborate hydrates, the latter type also 
being known as mixed crystals. While any of the 
isomorphic compositions of this group may have 
the external structure and development illus 
trated by way of example in Fig. 1, the crystal 
habit represented by Fig. 1 is particularly con 
mon with potassium pentaborate tetrahydrate. 
The pentaborate crystal is represented in Fig. 1 
with relation to crystallographic axes a, b, and C. 
These three crystallographic axes are made to 
coincide in the conventional manner With the re 
spective coordinate axes X, Y, and Z of a right 
handed system of rectangular coordinates. 
positive directions of the crystallographic and 
coordinate axes are represented by arrows. The 
crystallographic index of each of the Crystal faces 
is designated in Fig. 1 in the conventional 
36. 

The 

5 

40 

5 

75 

4. 
The piezoelectric phenomena discussed herein 

below are described with reference to the coordi 
nate axes X, Y, and Z. In order to clarify the 
manner of locating these coordinate axes in the 
crystalline material, a discussion of Some cryS 
tallographic characteristics of these pentaborate 
materials is desirable. In accordance With a C 
cepted practice, the two-fold rotational axis pres 
ent in class C2v is chosen as the c-axis, While the 
a- and b-axes are perpendicular to the two Syn 
metry planes. Axial ratios are determined by 
measurement of angles between the inclined CryS 
tal faces of index (111) and are found to be 
d:b:c-100:1.00 : 0.80. A distinction between the 
a- and b-axes by means of angular measurement 
is made difficult by the tendency of the afore 
mentioned inclined faces to be curved. 
The axes herein used, however, are readily 

identified on any crystal of potassium or rubidi 
um pentaborate by the description of Crystal 
properties which follows: In terms of my axes, 
crystals of potassium pentaborate and isomor 
phous compositions containing rubidium. Ordi 
narily are characterized by the presence Of a pair 
of faces perpendicular to the b-axis, these faces 
having the crystallographic index (010). There 
is also a well developed face usually found at One 
end of the c-axis. I have chosen this end of the 
c-axis and the coinciding Z-axis as the positive 
end; hence the well developed face referred to has 
the index (0.011). I have found that an exten 
sional stress applied parallel to the Z-axis pro 
duces a positive piezoelectric charge on the afore 
mentioned positive end of this axis. 
These pentaborate crystals are further charac 

terized by a pronounced tendency to develop 
twinning during growth; the twinning plane is 
(101-) in terms of the crystallographic axes de 
scribed hereinabove. The typical crystal illus 
trated in Fig. 1 has relatively small twinned por 
tions at each end of the crystal, and the twin 
boundaries are represented by wavy lines. 
On a piece of potassium pentaborate crystal 

devoid of well developed faces, the Crystallo 
graphic a-, b-, and c-axes are readily identified 
by means of polarized light. The two optic axes 
are found to lie in the plane perpendicular to 
the a-axis, while the b-axis is the bisectriX of 
the acute angle between the optic axes. 
The single crystals from which the piezoelectri 

cally sensitive sections of the device of the present 
invention are obtained show a pronounced cleaV 
age along YZ-planes, which also may be desig 
nated as (100) planes. Accordingly the major 
surfaces of an X-cut section or plate of these Sub 
stances, particularly of potassium pentaborate 
tetrahydrate, lie on cleavage planes, which greatly 
facilitates the production of X-cut Sections of 
these materials. One such cleavage plane f l is 
shown in Fig. 1, passing more or less centrally 
through the crystal. This same plane is illus 
trated in the same perspective in Fig. 2, Which 
also shows another plane 2 which would be ob 
tained by cutting through the crystal of Fig. 1 a 
short distance from the plane and parallel 
thereto. For simplicity of illustration the plane 
2 is not indicated in the view of Fig. 1. The 

crystalline material between the planes and 2 
has the shape of a thin plate 3 with two major 
surfaces normal to the direction of the X-axis and 
With edge portions which are portions of the 
Original faces of the single crystal through Which 
the cuts were passed along the planes and 2. 
The crystallographic indices of these edge por 
tions also are indicated in Fig. 2. In Some cases 
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'deviations of the normal to the plate 3 from the 
-direction of the X-axis are permissible, and alter 
native directions of the normal also are indicated 
in Fig. 2, as discussed hereinbelow. 

Reference to Fig. 1 reveals at the top of the 
crystal a large (001) face, normal to the Z-axis. 
Although a Small face parallel thereto and des 
ignated (001) appears at the bottom of the Crys 
tal, it should be noted that the latter face ordi 
narily does not develop during the unimpeded 
growth of a crystal of the type described. To 
identify the (001) face as artificial its outlines 
appear as dot-dash lines in the views of FigS. 
1-3. The portions of the crystal of Fig. 1 which 
ordinarily might develop in the region beneath . 
the artificial (001) face as shown in the draw 
ing would tend to be imperfect and twinned, and 
thus unfit for use in the preparation of piezo 
electrically sensitive sections. 

Referring again to Fig. 2, there is shown with 
in a portion of the plate f3 the outline of a Sec 
tion 4 having a rectangular shape which may be 
removed from the plate f3 as by a sawing opera 
tion. The section f 4 has two major Surfaces in 
the planes and 2 respectively and is then rela 
tive to its length and width. The section is rec 
tangular in outline, as seen more clearly in the 
plan view of Fig. 3, in which the X-direction is 
normal to the plane of the drawing. The longer 
edges of the section 4 extend in the Z-direction, 
while the shorter edges extend in the Y-direction. 
As mentioned hereinabove, however, in Some cases 
the normal inlay deviate Somewhat from the X 
'direction, in which case at least one of the edges 
no longer extends in the direction of a coordi 
nate axis. 
A suitable section, such as the section 4 of 

FigS. 2 and 3, taken from the Original single Crys 
tal advantageously may be incorporated as a 
resonator element in a frequency-selective piezo 
electric device. X-cut Sections are well adapted 
for resonator operation in the approximate fre 
quency range 0.4 mc. to 5 mc, While such a 
frequency-selective device may take the form of 
a crystal filter, in which these X-cut Sections 
have the advantage of providing an unusually 
Wide transmission bandWith due to their high 
piezoelectric coupling coefficient, it Will be con 
venient to describe a frequency-selective oscilla 
to device. Thus the crystal Section 
be incorporated in an oscillator device of the 
type illustrated schematically in Fig. 4. The 
crystal section 4 has electroded major Sur 
faces is and , illustrated Schematically, these 
electroded surfaces being portions of the re 
spective planes and 2 as seen in Fig. 
2. The electrodes or electroded surfaces 6 and 

may be provided on the faces of the crystal 
section in any convenient manner. For exam 
ple, various methods of applying thin coatings or 
layers of metal or other conductive material are 
well known. Alternatively, a crystal holder may 
be used which provides an air gap between the 
electrode and the crystal surface. Thus, as de 
scribed above, the resonator section 4 may be 
cut from a single crystal of a composition Se 
lected from the group consisting of potassium 
pentaborate tetrahydrate, rubidium pentaborate 
tetrahydrate, and isomorphic mixtures of Such 
potassium and rubidium pentaborate hydrates. 
Ordinarily it is preferred to cut the section from 
a crystals of potassium pentaborate tetrahydrate, 
Since this substance is readily available and has 
desirable elastic and piezoelectric properties, as 
mentioned hereinbelow. However, sections cut 
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6 
from a crystal of rubidium pentaborate tetrahy 
drate or from a mixed crystal of the two penta 
borate hydrates may have somewhat different 
properties which may be desirable in certain 
CaS6S. 

The remainder of the device of Fig. 4 comprises 
electrical oscillatory circuit means for exciting 
the resonator Section 4 So as to utilize the fre 
quency-selective characteristics thereof. This 
Oscillatory circuit is a crystal-controlled circuit 
of a modified tuned-plate tuned-grid type having 
a triode vacuum tube 8. The tuned plate por 
tion of the circuit includes a variable capacitor 
f suitable for resonating a parallel inductor 2. 
The parallel resonant circuit 9, 2 is connected 
aCrOSS the anode-cathode circuit of the triode 8 
with a source of anode potential 22 inserted be 
tween the resonant circuit and the grounded 
cathode of the triode. The essential element of 
the tuned grid portion of the circuit is the crys 
tal resonator 4, the electrodes 6 and of 
which are connected to the cathode and control 
electrode respectively of the triode 8. The crys 
tal element f is shunted by a resistor 23 and a 
Series choke inductor 24 to provide a suitable bias 
voltage. A capacitor 2S may be connected be 
tween the anode and control electrodes of the tri 
Ode 8, but this capacitor is shown in dotted lines 
because the interellectrode capacitance of the tri 
ode ordinarily supplies the desired coupling be 
tween these electrodes. 
The X-cut crystal section 4, having the shape 

illustrated in Figs. 2 and 3, is adapted particu 
larly Well to be excited in a thickness-shear mode 
of motion. So as to utilize the frequency-selective 
characteristics of that mode of motion of the 
Crystal Section. In the operation of the circuit 
of Fig. 4, capacitor 9 may be adjusted so that 
the circuit 9, 2 resonates at a frequency which 
is at or near the frequency of a thickness-shear 
resonance of the section 4. Any excitation in 
the anode-cathode circuit of the triode 8 tends 
to produce oscillations at the frequency of res 
onance of the tuned circuit 9, 2 . The resulting 
OScillatory voltage appears across the capacitance 
26 and the impedance of the crystal element 4, 
and Stabilizes at Such a frequency that it is ap 
plied regeneratively to the control-electrode cir 
cuit of the triode. This tends to set up oscilla 
tions, the frequency of which is determined in 
a well-known manner by the steep impedance 
frequency characteristic of the crystal element 
4. 
The piezoelectrically sensitive crystal section 

included in the piezoelectric device of the present 
invention preferably is cut from the pentaborate 
material and electroded so as to have a pair of 
electroded Surfaces with the normal to the plane 
of each of these surfaces inclined not more than 
15° from the X-axis of the crystalline substance. 
When cut in this way from a single crystal of 
the pentaborate, preferably of potassium penta 
borate tetrahydrate, the crystal section is piezo 
electrically sensitive to a thickness-shear mode 
Of notion. The true X.-cut Section illustrated 
Specifically in Figs. 2 and 3, which has a pair of 
electroded major surfaces 6 and as shown ir 
Fig. 4 with the normal to the plane of each of 
these Surfaces substantially coinciding with the 
X-axis of the crystalline substance, has the ad 
vantage that its major surfaces are cut substan 
tially along natural cleavage planes of the orig 
inal crystal. When an X-cut section, such as 
the Section 4, of potassium or rubidium penta 
borate tetrahydrate has its thickness dimension, 
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parallel to the X-axis, much smaller than its 
length dimension, parallel to the Z-axis, the nat 
ural frequency of a thickness shear mode of 
motion of the section is determined by the thick 
ness dimension. The Symmetry of this crystal 
line material is such that a field applied in the 
X-direction produces a shear in the plane per 
pendicular to the Y-axis, that is, the XZ-plane. 
The width dimension, parallel to the Y-axis, may 
be chosen to provide a desirable capacitance for 
the electroded section. It will be understood that 
operative piezoelectric devices may include X-Cut 
sections the edges of which are not parallel to 
the Y-direction or Z-direction or which are not 
rectangular in shape. Modifications of the fre 
quency constant or changes in the frequency 
temperature characteristics may be effected by 
cutting or grinding the major Surfaces of the 
crystal section so that the normal to each Sur 
face is inclined somewhat from the X-axis of the 
crystalline Substance, but, as indicated herein 
above, inclinations of more than 15° from the 
X-axis may be expected to cause Serious deteri 
oration of the desired piezoelectric response. 
The Orientation of such crystal plates deviat 

ing not more than 15° from the X-Cut plates is 
indicated in Fig. 2 by the use of dashed lines 
representing the direction of the normal to the 
plate relative to the direction of the X-axis. It 
will be seen that the locus of the normal forms a 
cone with the axis of the cone in the X-direction. 
The angle 6 between the normal and the X-axis 
may iie between 0° and 15, this angle being 0, 
of course, for a true X-cut section. It will be 
clear that the X-direction and one or both of the 
Y- and Z-directions no longer can coincide With 
edges of the crystal plate when 0 is greater than 
zero, but for simplicity of illustration the edges 
are shown in Fig. 2 in coincidence With the di 
rections of the coordinate axes, as is the case With 
X-cut plates having rectangular major faces and 
the preferred orientation of the edges. 
The thickness Shear response of X-Cut Sec 

tions is not the only useful pieZOelectric response 
obtainable with potassium or rubidium penta 
borate tetrahydrate crystals. The capabilities of, 
for example, the potassium salt may be Seein from 
the following approximate values of the piezo 
electric coefficients in units of 10-12 meters per 
volt: 

d15 --------------------------------------- 9.5 
d24--------------------------------------- 1. 
d31 --------------------------------------- 5.4 
d32 ------------------------------------ Small 
d33 --------------------------------------- 5.6 

The coupling coefficients are given by these piezo 
electric coefficients in conjunction with dielectric 
and elastic data. The dielectric constantS for 
these materials are all about 5. A noteworthy 
feature of the elastic coefficients is the unusually 
high shear stiffness in the XZ-plane combined 
With unusually low compressional stiffneSS. The 
density of the crystallized potaSSium Salt is 1.74. 
Three of the piezoelectric coefficients given 

hereinabove have sufficiently high values to per 
mit strong excitation of resonances. These are 
the coefficients dis, exciting the high frequency 
Shear mode around the Y-axis in the X-Cut Sec 
tion as described hereinabove, the coefficient dai. 
providing a lateral expander node in Z-cut Sec 
tions, and the coefficient da3, which ordinarily 
might be expected to excite thickness eXpander 
modes of motion in Z-cut Sections. Thickness 
expander resonances of Z-cut Sections have not 
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8 
been observed, however, presumably due to the 
opposite signs and almost equal value of the co 
efficients da3 and da1 and strong elastic coupling 
between expansion in the Z-direction and X-di 
rection. 
The X-cut thickness shear section 4 of FigS. 

2 and 3 exhibits a frequency constant of about 
1550 kc.-mm. at about 27° C., and either increase 
or decrease of temperature causes the frequency 
constant to decrease, but only to the extent that 
the frequency is decreased by 0.1% at --2° C. and 
at --53° C. The coupling coefficient for the X-cut 
thickness shear Section is about 0.20. In the case 
of a thickness-shear mode, such as discussed 
herein, the coupling coefficient is related to the 
ratio of series capacitance Cs to parallel capaci 
tance Cp in the well known equivalent circuit for 
piezoelectric crystal plates by the formula (cou 
pling coefficient) 2- (tr2/8) (Cs/Cp). 

In addition to the Z-cut lateral eXpander mode 
mentioned hereinabove, useful piezoelectric re 
sponses may be obtained in length expander and 
thickness modes with crystal Sections or bars 
the thickness direction of which is inclined at 
an angie of about 45 to both the Z-axis and 
X-axis. Anotheir bar With the thickneSS direc 
tion at about 45° to the Z- and Y-axes exhibitS 
an expander mode response attributable to the 
d;3 coefficient, but this response is not strong. 
With a bar having its length direction inclined 
at 45° to the X- and Y-axes a lengthWise expand 
er inode is obtained. A doubly inclined Section, 
parallel to the (11) face, also acts as a piezo 
alectric resonator in several modes. Negative 
temperature coefficients of the frequency con 
Stant may be expected With inost of these in 
clined cuts. Additionally, Y-cut plates may be 
excited in a thickness-Shea node by virtue of 
the piezoelectric coefficient d24. 
In addition to the perfect cleavage exhibited 

by the potassium pentaborate tetrahydrate in 
YZ-planes, it may be remarked that the materials 
Show a good cleavage along XZ-plaineS. These 
materials have an advantageously high Stability 
at rather elevated temperatures; for example, 
potassium pentaborate is Stable to about 125 C. 
It also may be mentioned that the rubidium pen 
taborate tetrahydrate, the properties of which 
closely resemble those of the potaSSium Salt, has 
a maximum frequency constant at about 5° C. 
Again, as with the potassium salt, an increase or 
decrease in temperature of about 25° C. causes 
a decrease in frequency of about 0.1%. 

Fig. 5 is a partially schematic representation 
of a piezoelectric device for transducing between 
the types of energy which are classified as elec 
trical and mechanical. Such a device may be 
used for transducing from electrical energy to 
mechanical energy, or vice versa. This device 
also utilizes a piezoelectrically Sensitive Section 
4 cut from a single crystal of potassium or 
rubidium pentaborate hydrate. This section is 
seen in Fig. 5 mounted as if looking at the left 
hand edge of the section 4 as shown in Fig. 2. 
In other words, the edge Surface of the Section 
A as seen in Fig. 5 lies in an XZ-plane. The 

electroded Surface 5 of the Section 4 is fas 
tened securely to a supporting Surface 30. The 
other electroded surface of the Section 4 is 
fastened securely to a solid rod 3, only the 
left hand end portion of which is shown in the 
drawing. A pair of terminals 32 is connected 
to the individual electrodes 6 and . 
The arrangement of Fig. 5 may be used for 

transducing from electrical to mechanical en 



2,554,882 
9 

ergy by connecting to the terminals 32 the out 
put circuit of an electrical signal generator, for 
example an ultrasonic frequency signal genera 
tor. The resulting electrical field developed in 
the direction of the X-axis of the crystalline 
Substance causes Shear distortions of the XZ 
planes within the section 4. Such a distortion 
at a given instant appears as a downward mo 
tion of the unnounted or right hand face of 
the section 4, as represented in Fig. 5 by the 
arrows 33. These shear motions alternate up 
Ward and downward as seen in Fig. 5 and propa 
gate to the right along the rod 3. There also 
appear in Fig. 5 several additional sets of air 
roWS 34, 35, and 36, representing for the given 
instant the positions of regions of maximum 
deformation in upward and downward directions 
due to motion of the element 4 previous to that 
represented by the arrows 33. These additional 
Sets of arrows, of course, are spaced one half 
Wave length apart along the rod, the Wave. 
length being determined by the velocity of 
propagation of ultraSonic energy along the rod 
3f. Thus the terminals 32 and the electrical 
circuit apparatus connected thereto, together 
With the electrodes 6 and and the intercon 
necting Wires, constitute means for applying to 
the crystal section 4 energy of one of the two 
types mentioned hereinabove, in this case elec 
trical energy. The mounting surface 30, the 
rod 3, and the arrangement fastening the 
Section 4 between the Surface 30 and the rod 
3i constitute means dependent upon the effect 
of the applied energy upon the crystal section 
4 for deriving and utilizing energy of the 
other type, that is, mechanical energy. This 
mechanical energy is derived in the form of 
Shear deformations propagating along the rod 
3 as described above, and the propagation of 
the ultraSonic energy along the rod 3 is a uti 
lization of the mechanical energy so derived. 
The ultimate utilization of the mechanical en 
ergy may be the testing of the rod 3 for flaws. 
The energy propagated along the rod 3 may 
be reflected from the distant right hand end 
of the rod, not shown, and thus returned to 
the left hand end after the round trip time of 
propagation of the energy along the rod has 
elapsed. For this purpose the vibrational en 
ergy should be developed in the rod 3 in short 
pulses of ultrasonic frequency energy, which 
can be generated in a Well-known manner. If 
reflected pulses appear at the left end of the 
rod before this round trip period of time has 
elapsed, a Structural flaw in the rod is indicated. 
In another application of the Fig. 5 device the 
rod 3, of predetermined length and elastic 
properties, may be used as a mechanical delay 
line for Storing energy during the period of time 
required for round trip propagation of shear 
vibrations along the rod. It is noted that the 
niechanical energy transduced in the device is 
asSociated with motion of the crystal section 4 
in a thickness Shear node. 

In the utilizations just discussed of the piezo 
electric device of Fig. 5, it was implied that 
shear vibrations propagating in the leftward 
direction along the rod 3 may be picked up 
by the element. In this case the rod 3 and 
its mechanical connection to the mounted crys 
tal section constitute means for applying me-- 
chanical energy to the section, wherein this 
energy is transduced to electrical signal energy. 
Suitable electrical receiving and display devices, 
Well known in the art, may be connected across 
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10 
the terminals 32, in which case such devices, the 
electrodes 6 and , and the interconnecting 
wiring constitute means dependent upon the 
effect of the applied mechanical energy for de 
riving and utilizing electrical energy. 
As mentioned hereinabove, certain crystallo 

graphic investigations of potassium pentaborate 
had been made by other's prior to the work 
leading to the present invention. This prior 
Work established that single crystals may be 
grown by slow cooling of a saturated aqueous 
solution. This has been confirmed, and the 
sailine procedure has been found suitable for 
growing the isomorphous materials which may 
be incorporated in the devices of the present 
invention. 
While there have been described what are at 

present considered to be the preferred embodi 
inents of this invention, it will be obvious to 
those skilled in the art that various changes and 
modifications may be made therein without de 
parting from the invention, and it is, therefore, 
aimed in the appended claims to cover all such 
changes and modifications as fall with the true 
spirit and scope of the invention. 
What is claimed is: 
1. A piezoelectric device comprising: a piezo 

electrically sensitive section having electroded 
major surfaces cut from a single crystal of a com 
position selected from the group consisting of 
potassium pentaborate tetrahydrate, rubidium 
pentaborate tetrahydrate, and isomorphic mix 
tures of said potassium and rubidium pentaborate 
hydrates. 

2. A piezoelectric device comprising: a piezo 
electrically sensitive Section having electroded 
major surfaces cut from a Single Crystal of pota S 
sium pentaborate tetrahydrate. 

3. A piezoelectric device comprising: a piezo 
electrically Sensitive Section having electroded 
major Surfaces cut from a single crystal of rubid 
ium pentaborate tetrahydrate. 

4. A piezoelectric device comprising: a section 
having electroded major Surfaces, cut from a 
single crystal of a composition selected from the 
group consisting of potassium pentaborate tetra 
hydrate, rubidium pentaborate tetrahydrate, and 
isomorphic mixtures of Said potassium and rubid 
ium pentaborate hydrates, and piezoelectrically 
Sensitive to a thickness-shear mode of motion of 
Said Crystal Section. 

5. A piezoelectric device comprising: a piezo 
electrically sensitive section, cut from a single 
Crystal of a composition selected from the group 
consisting of potassium pentaborate tetrahydrate, 
rubidium pentaborate tetrahydrate, and isomor 
phic mixtures of Said potassium and rubidium 
pentaborate hydrates, and which has a pair of 
electroded surfaces with the normal to the plane 
Of each of Said Surfaces inclined not more than 
15° from the X-axis of the crystalline substance. 

6. A piezoelectric device comprising: a section, 
piezoelectrically Sensitive to a thickness-shear 
mode of motion, cut from a single crystal of 
potassium pentaborate tetrahydrate, and having 
a pair of electroded Surfaces with the normal to 
the plane of each of said Surfaces inclined not 
more than 15° from the X-axis of the crystalline 
Substance. 

7. A piezoelectric device comprising: a piezo 
electrically Sensitive section, cut from a single 
Crystal of a composition Selected from the group 
consisting of potassium pentaborate tetrahydrate, 
rubidium pentaborate tetrahydrate, and isomor 
phic mixtures of Said potassium and rubidium 

  



2,554,382. 

pentaborate hydrates, and which has a pair of 
electroded surfaces with the normal to the plane 
of each of said surfaces substantially coinciding 
with the X-axis of the crystalline Substance. 

8. A piezoelectric device comprising: a piezo 
electrically sensitive section, cut Substantially 
along natural cleavage planes from a single 
crystal of a composition selected from the group 
consisting of potassium pentaborate tetrahydrate, 
rubidium pentaborate tetrahydrate, and isomor 
phic mixtures of said potassium and rubidium 
pentaborate hydrates, and which has a pair of 
electroded major surfaces with the normal to the 
plane of each of said surfaces substantially coin 
ciding with the X-axis of the crystalline Sub 
Stance. 

9. A piezoelectric device comprising: a piezo 
electrically sensitive resonator Section having 
electroded major surfaces cut from a single 
crystal of a composition selected from the group 
consisting of potassium pentaborate tetrahydrate, 
rubidium pentaborate tetrahydrate, and isomor 
phic mixtures of said potassium and rubidium 
pentaborate hydrates; and electrical circuit 
means for exciting said resonator Section. So aS 
to utilize the frequency-selective characteristics 
thereof. 

10. A piezoelectric device comprising: a piezo 
electrically sensitive resonator Section having 
electroded major surfaces cut from a Single 
crystal of a composition selected from the group 
consisting of potassium pentaborate tetrahydrate, 
rubidium pentaborate tetrahydrate, and isomor 
phic mixtures of said potassium and rubidium 
pentaborate hydrates; and electrical circuit 
means for exciting said resonator Section in a 
thickness-shear mode of motion so as to utilize 
the frequency-selective characteristics of Said 
mode of motion of said Section. 
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11. A piezoelectric device for transducing be 

tween the types of energy which are classified as 
electrical and mechanical comprising: a piezo 
electrically sensitive section cut from a Single 
crystal of a composition selected from the group 
consisting of potassium pentaborate tetrahydrate, 
rubidium pentaborate tetrahydrate, and isomor 
phic mixtures of said potassium and rubidium 
pentaborate hydrates; means for applying en 
ergy of one of said types to said crystal Section; 
and means dependent upon the effect of Said ap 
plied energy upon said crystal section for deriv 
ing and utilizing energy of Said other type. 

12. A piezoelectric device for transducing be 
tween the types of energy which are classified as 
electrical and mechanical comprising: a piezo 
electrically sensitive section cut from a single 
crystal of a composition selected from the group 
consisting of potassium pentaborate tetrahydrate, 
rubidium pentaborate tetrahydrate, and isomor 
phic mixtures of said potassium and rubidium 
pentaborate hydrates; means for applying en 
ergy of one of said types to said crystal Section; 
and means dependent upon the effect of Said ap 
plied energy upon said crystal Section for deriv 
ing and utilizing energy of Said other type; Said 
mechanical energy being associated With mo 
tion of said crystal section in a thickneSS-Shear 
mode. 

HANS JAFFE. 
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