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(57) According to one embodiment, a monolithic cas-
sette (200) with graded electrical resistivity is presented.
The monolithic cassette (200) has a continuous grain
structure between a first end (202) (202) and a second

end (204) (204); wherein electrical resistivity of the mon-
olithic cassette (200) is graded such that the resistance
varies continuously from the first end (202) to the second
end (204). Methods and compositions for forming the
monolithic cassette (200) are also presented.
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Description

BACKGROUND

[0001] Embodiments presented herein relate general-
ly to monolithic structures, and more particularly to elec-
trically resistive monolithic structures.
[0002] One common method of controlling or varying
current or voltage in an electrical circuit is by the use of
a variable-resistor or rheostat. Typically, for electrical
equipment with a high power rating, rheostats may be
used for equipment startup and shutdown. For instance,
brushed DC motors may have a manual rheostat starter,
a three point rheostat starter, a four point rheostat starter,
or the like, to gradually increase armature current from
a small value to the rated operational value to protect the
DC motor. However, during operation the rheostat
switches from one resistance branch to another in a step
manner. Such switching operation may result in arcing
between the moving contact and the resistance branch-
es, due to the high voltage and/or current supplied to the
electrical equipment.
[0003] Another known solution includes multiple dis-
crete resistive layers assembled in a stack, with the mov-
ing contact designed to slide over the stack. However,
with operational wear, the surface of the stack in contact
with the moving contact (referred to herein as "sliding
surface") is ground down by the moving contact, thereby
resulting in an uneven sliding surface. Therefore, the
moving contact may not maintain adequate contact pres-
sure over the length of the stack. Further, the different
resistive layers of the stack may be ground down to dif-
ferent levels based on the hardness of the resistive layer,
thereby forming ’steps’ on the sliding surface. This may
result in the possibility of the moving contact being stuck
at a step between successive resistive elements. Uneven
contact pressure and the stepped profile of the sliding
surface may both lead to arcing between the moving con-
tact and the sliding surface. Also, such assembled stacks
are difficult to machine and polish to obtain a smooth
sliding surface. Often, the assembled stacks crack or
break during machining.
[0004] Therefore, there is a need in the art, for a resis-
tive element that addresses these and other shortcom-
ings associated with known solutions.

SUMMARY

[0005] According to one embodiment, a monolithic
cassette with graded electrical resistivity is presented.
The monolithic cassette has a continuous grain structure
between a first end and a second end; wherein electrical
resistivity of the monolithic cassette is graded such that
the resistance varies continuously from the first end to
the second end. Methods and compositions for forming
the monolithic cassette are also presented.
[0006] According to one embodiment, an electrically
resistive composition is presented. The composition

comprises 45 to 58 percent by weight of a ceramic com-
position, wherein the ceramic composition comprises a
substantially homogenous mixture of 99.5 to 99.7 percent
zinc oxide powder, and 0.3 to 0.5 percent aluminum oxide
powder. The composition contains 42 to 55 percent by
weight of silver powder wherein electrical resistivity of
the composition varies from 1 micro ohm-m to 1 mega
ohm-m based on a ratio of the ceramic composition to
silver powder.
[0007] According to one embodiment, a method of
forming a monolithic cassette is presented. A plurality of
resistive powders are introduced into a die to form a stack
of layers. Each of the plurality of resistive powders com-
prises a ceramic composition and a conductive compo-
sition. Each layer comprises a distinct weight ratio of the
ceramic composition and the conductive composition.
The plurality of resistive powders are compacted into a
green cassette at pressures between 10 mega pascal
and 1 giga pascal, and at temperatures between 15 de-
gree Celsius and 1600 degree Celsius. The green cas-
sette is then sintered at a temperature between 800 de-
gree Celsius and 2000 degree Celsius for a duration of
2 to 100 hours.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

FIG. 1 is a perspective view of an example green
cassette, according to one embodiment;

FIG. 2 is a perspective view of an example monolithic
cassette, according to one embodiment;

FIG. 3 is a table illustrating example compositions
for resistive powder for forming a monolithic cas-
sette, according to one embodiment;

FIG. 4 is a graph illustrating an example relationship
of resistivity plotted against longitudinal position on
the monolithic cassette, according to one embodi-
ment;

FIG. 5 is an expanded view of a portion of the graph
illustrating an example relationship of resistivity plot-
ted against longitudinal position on the monolithic
cassette, according to one embodiment; and

FIG. 6 illustrates a grain structure of a monolithic
cassette, according to one embodiment.

DETAILED DESCRIPTION

[0009] According to one embodiment, a monolithic
cassette that exhibits a graded resistivity over the length
of the monolithic cassette, is presented. The monolithic
cassette may be employed, for example, in arcless
switchgear. Electric arcing is common in circuit breakers
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when circuit breakers trip due to electrical faults. In circuit
breakers, contacts must carry the load current without
excessive heating, and must also withstand the heat of
the arc produced when circuit is opened. Contacts are
made of highly conductive materials. Service life of the
contacts is limited by the erosion of contact material due
to arcing while opening the circuit. An arc might be a
potential cause of fire in some cases especially during
leakage of inflammable gases. The monolithic cassette
may be used in circuit breakers to substantially suppress
or completely eliminate electrical arcing. The monolithic
cassette may be disposed in the arcless switchgear such
that a moving contact of the switchgear slides over the
monolithic cassette during a switching operation. While
switching off, the moving contact may slide from a low
resistivity end to a high resistivity end of the monolithic
cassette, while switching from a closed circuit position to
an open circuit position. Such a controlled increase of
resistance during switching prevents sudden changes in
electric potential difference between the fixed contact
and the moving contact, thereby substantially suppress-
ing or completely eliminating electrical arcing. While
switching on, the moving contact may slide from the low
resistivity end to the high resistivity end, while switching
from the open circuit position to the closed circuit position.
[0010] In one embodiment, the monolithic cassette
may be formed by first stacking multiple layers of resistive
powders, such that each layer exhibits a different resis-
tivity. The stacked layers are then compacted to form a
green cassette. FIG. 1 illustrates an example green cas-
sette 100. The green cassette 100 includes 4 layers 102,
104, 106, and 108, of resistive powders, each exhibiting
a different resistivity. An example composition of the re-
sistive powders is described below, in conjunction with
FIG. 3. The green cassette may also have physical in-
terfaces (i.e. physical boundaries) between successive
layers owing to different proportion of compositions in
the various resistive powders. The green cassette may
then be sintered to form the monolithic cassette that ex-
hibits graded resistivity over the length of the monolithic
cassette. The monolithic cassette has a continuous grain
structure, without physical boundaries between layers,
and may have a graded electrical resistivity such that the
resistance varies continuously between the ends of the
monolithic cassette. FIG. 2 illustrates an example mon-
olithic cassette 200, according to one embodiment. The
monolithic cassette 200 formed after sintering, does not
include physical boundaries, however, exhibits a contin-
uous grain structure between ends 202, and 204. The
dotted lines indicate representative regions of ends 202
and 204. However, the ends 202 and 204 may be as thin
as top and bottom surfaces of the monolithic cassette
200, or may have a finite thickness, greater than, for in-
stance, 0.01 mm.
[0011] The resistive powders may be a mixture of a
high resistivity material (e.g. ceramic materials) and a
low resistivity (e.g. metals and metal alloys) material. The
resistivity of the resistive powder may be controlled by

controlling the proportion of the high resistivity material
and low resistivity material in the mixture. Thus, multiple
layers exhibiting different resistivity may be obtained us-
ing mixtures of varying proportions of the same high re-
sistivity material and the same low resistivity material.
Such use of the same family of mixtures may typically
result in substantially same shrinkage and substantially
same sintering temperature of each of the multiple layers,
which in turn may reduce or substantially eliminate une-
ven shrinkage, formation of cracks, airgaps, and voids
during sintering of the multi-layered green cassette.
[0012] The high resistivity material may be a ceramic
composition including, for example, zinc oxide, aluminum
oxide, aluminum nitride, boron nitride, silicon dioxide, in-
dium tin oxide, and combinations thereof. The ceramic
compositions may impart properties such as high thermal
stability, high temperature resistance, surface hardness,
mechanical strength, and so forth, to the monolithic cas-
sette. The low resistivity material may be a conductive
composition including, without limitation, silver, copper,
gold, aluminum, indium, tin, gallium, nickel, titanium, zinc,
lead, carbon, iron, tungsten, molybdenum, alloys thereof,
and mixtures of the metals. The low resistivity material
may impart the desired electrical properties to the mon-
olithic cassette.
[0013] In one implementation, the high resistivity ma-
terial may be a ceramic composition powder including,
for example, zinc oxide and aluminum oxide, and the low
resistivity material may be a conductive metal powder,
such as silver. Zinc oxide is less vulnerable to suffer from
hot spot or hot cracking. Hot spotting is a phenomenon
of formation of an irreversible deformity or crack during
compaction. Zinc oxide has a resistivity of the order of
10e7 ohm meter. Mixing the zinc oxide with about 0.3 to
0.5 percent (by weight of zinc oxide) aluminum oxide
yields a ceramic composition with a resistivity of the order
of 10e3 ohm meter to 10e4 ohm meter. Addition of silver
to the ceramic composition further reduces the resistivity
to the order of 10e-4 ohm meter. Silver exhibits an ex-
tremely low resistivity of 15.87 x 10-9 ohm meter. By con-
trolling the proportion of ceramic composition to silver,
resistivity of the resistive powder may be varied from 10e-
4 ohm meter to 10e4 ohm meter.
[0014] The ceramic composition powder may be pre-
pared, for example by wet mixing zinc oxide powder hav-
ing a grain size of 4 micron, and 0.4 percent (by weight
of zinc oxide powder) aluminum oxide having a grain size
of 5.6 micron, in isopropyl alcohol for about thirty minutes.
The wet mixture may then be dried at 100 degree Celsius.
Post drying, the ceramic composition powder may again
be dry mixed or wet mixed in isopropyl alcohol.
[0015] Various resistive powders may then be pre-
pared by mixing the ceramic composition powder with
silver powder. The silver powder may have a grain size
between 2 and 3.5 micron. The ceramic composition
powder and silver powder may be mixed in isopropyl al-
cohol for thirty minutes, and then dried. The drying may
be carried out at ambient temperature, or in an oven at
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elevated temperatures. The proportion of the ceramic
composition powder to silver powder controls the resis-
tivity of the resistance powder. For example, the resistive
powder may include 42 to 45 percent by weight silver. In
other words, the resistive powder may include 45 to 58
percent by weight ceramic composition. In one embodi-
ment, the resistive powders may have an electrical re-
sistivity between 1 micro ohm-centimeter and 1 mega
ohm-centimeter. FIG. 3 is a table illustrating example pro-
portions of the ceramic composition and silver in the re-
sistance powders for 4 different layers of an example
green cassette, according to one embodiment. It should
be appreciated that other proportions of the ceramic com-
position and silver may be used, and additional or fewer
layers may be used, as per the requirements of the mon-
olithic cassette.
[0016] Once the different resistive powders are ob-
tained, the resistive powders are introduced into a die to
form a stack of layers. The resistive powders may be
introduced starting with the resistive powder exhibiting
highest resistivity, and subsequently over layering with
other resistive powders with successively decreasing re-
sistivity. Alternatively, the die may be filled starting with
the resistive powder exhibiting the lowest resistivity and
subsequently over layering with other resistive powders
of successively increasing resistivity. To ensure uniform
thickness of each layer, after introducing each resistive
powder, the resistive powder may be settled into the die,
for example, by vibrating the die, or by using a plunger
to obtain a layer of uniform thickness. The introducing
and settling process may be repeated for each subse-
quent layer.
[0017] The stack of layers of the resistive powders is
then compacted under a suitable pressure to form the
green cassette. The pressure may range from 10 mega
pascal to 1 giga pascal, based on the desired structural
characteristics of the monolithic cassette, such as me-
chanical strength, porosity, and so forth. In one embod-
iment, the resistive powders including zinc oxide, alumi-
num oxide, and silver may be compacted at pressures
between 10 mega pascal and 60 mega pascal. The re-
sistive powders may be compacted using known com-
paction techniques such as, but not limited to, uniaxial
pressing, cold isostatic pressing, hot isostatic pressing,
and so forth. During the pressing operation, temperatures
may be set to values between 15 degree Celsius (for
example, in cold isostatic pressing) and 1600 degree Cel-
sius (for example, in hot isostatic pressing). Alternatively,
the stacked layers may be compacted using extrusion
processes such as hot extrusion, cold extrusion, hydro-
static extrusion, and so forth. Even though compaction
process brings the powder particles together in the green
cassette, the green cassette may exhibit a porosity, and
thus limited structural strength. Further, the green cas-
sette may also have physical interfaces (i.e. physical
boundaries) between successive layers owing to differ-
ent proportion of the ceramic composition and silver in
the various resistive powders.

[0018] The green cassette may subsequently be sin-
tered to form the monolithic cassette. The temperature
for sintering may be chosen based on the constituents
of the resistive powder. Typically, the green cassette may
be sintered at temperatures between 800 degree Celsius
and 2000 degree Celsius, and for a duration between 2
hours and 100 hours.
[0019] In the embodiment where the resistive powders
include zinc oxide, aluminum oxide, and silver, the green
cassette may be sintered at a temperature between 850
degree Celsius, and 950 degree Celsius. The rate of
change of temperature during sintering may be about 1.5
to 2.5 degree Celsius per minute. In other words, the
green cassette is heated from room temperature to about
850-950 degree Celsius while controlling the rate of tem-
perature rise between 1.5 and 2.5 degree Celsius per
minute. The green cassette may be sintered in an atmos-
phere of air. The sintering process may be carried out
for a duration of 22 to 26 hours. For one example mon-
olithic cassette, sintering of the green cassette is done
at a temperature of 900 degree Celsius in an atmosphere
of air for a duration of 24 hours, with the rate of change
of temperature set to 2 degree Celsius per minute.
[0020] The green cassette, prior to sintering, includes
distinct layers of different resistive powders, each layer
exhibiting a distinct resistivity, and where the resistivity
may change in discrete steps while moving across layer
boundaries. Sintering causes atomic diffusion of silver
through the green cassette. The silver atoms migrate
along the pores present in the green cassette. At the
sintering temperature new crystallites form at the physi-
cal interfaces between the layers, such that the original
inter-layer boundaries disappear, thus forming a contin-
uous grain structure in the monolithic cassette. The mon-
olithic cassette may now exhibit a smooth transition of
resistivity along the longitudinal surface. A graph of re-
sistivity of the monolithic cassette against longitudinal
position will illustrate smooth transitions. One such re-
sistivity graph for an example experimental set-up is il-
lustrated in FIG. 4. An expanded view of the region
marked by a rectangle 402 is shown in FIG. 5. It will be
appreciated that the measured minimum resistivity value
that can be measured will limited by the experimental
measurement set-up, for example, by contact resistance
of contacts used in an experimental measurement set-
up.
[0021] Under controlled temperature, rate of heating,
and atmosphere, the porosity of the green cassette may
decrease, resulting in a monolithic cassette that is denser
than the green cassette.
[0022] After sintering, the monolithic cassette may
then be cooled under controlled temperature decrease,
to impart the desired hardness, and structural strength
to the monolithic cassette. The rate of cooling may be
between 1.5 and 2.5 degree Celsius per minute. For one
example monolithic cassette the rate of cooling is 2 de-
gree Celsius per minute. Controlling the rate of change
of temperature while cooling may substantially reduce or
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completely eliminate the formation of cracks or other de-
formities in the monolithic cassette upon solidification.
[0023] The resulting monolith cassette thus has a con-
tinuous grain structure and a resistivity graded from
10e-6 ohm meter to 10e6 ohm meter along the longitu-
dinal surface. FIG. 6 is a snapshot of microstructure for
an example monolithic cassette along a vertical axis of
the monolithic cassette, according to one embodiment.
It can be seen that the monolithic cassette exhibits a uni-
form crystalline structure with no boundaries. Also no
cracks and voids are observable in the magnified image.
The monolithic cassette may have a Root Mean Squared
(RMS) surface roughness value of less than 100 micron.
The hardness of the monolithic cassette may be greater
than 3 on the Mohs scale. The monolithic cassette may
be thermally stable at temperatures exceeding 300 de-
gree Celsius. Due to the controlled rate of cooling, the
monolithic cassette may exhibit mechanical strength ex-
ceeding 150 mega pascal.
[0024] One embodiment presented herein illustrates a
monolithic cassette exemplified with four layers of resis-
tive powders. However, it should be appreciated that the
monolithic cassette may include any number of layers of
resistive powders, depending on the design and applica-
tion parameters. According to the methods and compo-
sitions presented herein, a monolithic cassette may be
formed, that exhibits resistivity graded between the two
ends of the monolithic cassette. In some embodiments,
the resistivity may be graded by up to 12 orders of mag-
nitude between the two ends of the monolithic cassette.
In some other embodiments, the resistivity may be grad-
ed by at least 12 orders of magnitude between the two
ends of the monolithic cassette. The orders of magnitude
of resistivity may be chosen based on operating param-
eters of the switchgear within which the monolithic cas-
sette is to be deployed. Such operating parameters in-
clude, for example, operating voltage and current, oper-
ating power, and so forth. For instance, in high power
industrial applications, the monolithic cassette may be
designed to have a resistivity graded by 8 orders of mag-
nitude. While, for low power domestic applications, the
monolithic cassette may be designed to have a resistivity
graded by, for example, 6 orders of magnitude. For higher
power industrial applications requiring critical fire safety
switchgear, the monolithic cassette may be designed to
have a resistivity graded by, for example, 12 or 13 orders
of magnitude.
[0025] Further, progression of resistivity in the layers
may be tailored based on a mathematical function. Any
known mathematical function may be used to design a
resistivity profile along the longitudinal surface, for ex-
ample, parabolic functions, hyperbolic function, expo-
nential functions, combinations thereof, and so forth. The
mathematical function may be a combination of two or
more mathematical functions. The composition of the re-
sistive powders, thickness of the layers, and thus the
grading of resistivity of the monolith block may be de-
signed such that the potential difference between the

fixed contact, and the sliding contact is always such that
conditions for arcing do not exist. For example, a rate of
change of resistivity of the monolithic cassette may be
small at the low resistivity end, and increase progressive-
ly over the length of the monolithic cassette, such that
the rate of change of resistivity is high at the high resis-
tivity end.

Claims

1. A monolithic cassette (200) comprising:

a first end (202) having a first electrical resistiv-
ity;
a second end (204) having a second electrical
resistivity, wherein the second electrical resis-
tivity is higher than the first electrical resistivity;
and
a continuous grain structure between the first
end (202) and the second end (204);
wherein electrical resistivity of the monolithic
cassette (200) is graded such that the resistance
varies continuously from the first end (202) to
the second end (204).

2. The monolithic cassette (200) of claim 1, wherein
the electrical resistivity is graded by up to 12 orders
of magnitude between the first end (202) and the
second end (204) or the electrical resistivity is graded
by at least 12 orders of magnitude between the first
end and the second end, and/or the electrical resis-
tivity is graded from 1 micro ohm meter to 1 mega
ohm meter.

3. The monolithic cassette (200) of claim 1 or claim 2
further comprising:

a ceramic composition and a conductive com-
position; wherein weight ratio of the ceramic
composition to the conductive composition is
graded between the first end (202) and the sec-
ond end (204).

4. The monolithic cassette (200) of claim 3, wherein
the ceramic composition comprises zinc oxide, alu-
minum oxide, aluminum nitride, boron nitride, silicon
dioxide, indium tin oxide, or combinations thereof.

5. The monolithic cassette (200) of claim 3, wherein
the conductive composition comprises silver, cop-
per, gold, aluminum, indium, tin, gallium, nickel, tita-
nium, zinc, lead, carbon, iron, tungsten, molybde-
num, or combinations thereof.

6. The monolithic cassette of claim 5, wherein each of
the plurality of layers comprises:
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45 to 58 percent by weight of the ceramic com-
position; and
42 to 55 percent by weight of silver.

7. The monolithic cassette of claim 3, 4, 5 or 6 wherein
percentage weight of silver is graded along the
length of the monolith cassette.

8. The monolithic cassette of any preceding claim,
wherein the monolithic cassette exhibits at least one
of the following properties:

Mohs harndess greater than 3;
root mean squared roughness less than 100 mi-
cron;
thermal stability greater than 300 degree Celsi-
us; and
mechanical stability greater than 150 mega pas-
cal.

9. An electrically resistive composition comprising:

45 to 58 percent by weight of a ceramic compo-
sition, wherein the ceramic composition com-
prises a substantially homogenous mixture of
99.5 to 99.7 percent zinc oxide powder, and 0.3
to 0.5 percent aluminum oxide powder; and
42 to 55 percent by weight of silver powder;
wherein electrical resistivity of the composition
varies from 1 micro ohm-cm to 1 mega ohm-cm
based on a ratio of the ceramic composition to
silver powder.

10. The electrically resistive composition of claim 9,
wherein at least one of:

the ceramic composition comprises 99.6 per-
cent zinc oxide powder and 0.4 percent alumi-
num oxide powder;
the grain size of the zinc oxide powder is less
than 100 micron, and grain size of the aluminum
oxide powder is between 0.05 and 100 micron;
and
the grain size of the silver powder is between
0.05 and 100 micron.

11. A method of forming a monolithic cassette (200), the
method comprising:

introducing a plurality of resistive powders into
a die to form a stack of layers (102, 104, 106,
108); wherein the plurality of resistive powders
comprise a ceramic composition and a conduc-
tive composition, and wherein each layer com-
prises a distinct weight ratio of the ceramic com-
position and the conductive composition;
compacting the plurality of resistive powders in-
to a green cassette at a pressure of 10 mega

pascal and at ambient temperature; and
sintering the green cassette at a temperature
below 925 degree Celsius for a duration ofupto
24 hours.

12. The method of claim 11, wherein introducing the plu-
rality of resistive powders into a die further compris-
es:

introducing a first (108) of the plurality of resis-
tive powders into the die;
settling the first of the plurality of resistive pow-
ders to form a first layer (108) of substantially
uniform thickness; and
repeating the introducing and settling for each
of the plurality of resistive powders to form suc-
cessive layers (102, 104, 106) of the stack.

13. The method of claim 11 or claim 12, wherein:

the ceramic composition comprises zinc oxide,
aluminum oxide, or combinations thereof;
the conductive composition comprises silver;
the compacting is performed at a pressure be-
tween 10 mega pascal and 60 mega pascal; and
the sintering is performed at a temperature be-
tween 850 degree Celsius and 950 degree Cel-
sius in an atmosphere of air for a duration of 22
to 26 hours; wherein rate of change of temper-
ature for sintering is between 1.5 and 2.5 degree
Celsius per minute.

14. The method of claim 13, wherein the ceramic com-
position comprises a substantially homogenous mix-
ture of 99.5 to 99.7 percent zinc oxide powder, and
0.3 to 0.5 percent aluminum oxide powder.

15. The method of claim 13 or claim 14, wherein each
of the plurality of resistive powders comprises:

45 to 58 percent by weight of the ceramic com-
position; and
42 to 55 percent by weight of silver.
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