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MATERIAL FOR MAGNETOSTRICTIVE
SENSORS AND OTHER APPLICATIONS
BASED ON FERRITE MATERIALS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with Government support under
contract number W-7405-Eng-82 awarded by the Depart-
ment of Energy. The Government has certain rights in this
Invention.

FIELD OF THE INVENTION

The present invention relates to magnetostrictive compo-
sitions which are effective for use as magnetostrictive sen-
sors and actuators. More particularly, the magnetostrictive
compositions include an oxide ferrite which provides
mechanical properties that make the compositions effective
for use in a wide variety of applications.

BACKGROUND OF THE INVENTION

The magnetic properties of many ferromagnetic materials
undergo changes with stress. For example, the magnetic
induction of nickel-iron alloys and iron-cobalt alloys
increases and that of nickel decreases with tension stress.
Conversely, if these metals are subject to magnetic fields,
their dimensions can change. These magnetostrictive effects,
including the Joule effect (change in length when a ferro-
magnetic rod is placed in a longitudinal field) and the Villari
effect (change in magnetic condition when a magnetized
ferromagnetic rod is subjected to longitudinal stress), can be
used for converting electrical power to mechanical power
and vice versa. Examples of the use ferromagnetic materials
include sensors (U.S. Pat. Nos. 4,414,510 and 5,442,966),
transducers (U.S. Pat. No. 3,753,058), and vibrators (U.S.
Pat. No. 4,151,432). These types of sensors have low
sensitivity ("966 patent) or measure applied magnetic field
(°510 patent) rather than stress.

There has been considerable interest in using the magne-
tomechanical effect in sensors where stress is converted into
a change in the magnetization of the magnetostrictive mate-
rial. Any change in magnetization can be sensed without
making contact to the sample. Such a sensor would be ideal
for measuring torque in a rotating shaft such as in a drive
train or power steering application. There is significant
incentive to develop such a torque sensor for power steering
applications as the parasitic losses associated with the
hydraulic pump in current power steering systems is rela-
tively large. For example, an electronic based system will
result in a five percent decrease in fuel consumption.

Terfernol (commercially available as Terfenol D from
Edge Technologies, Ames, IA), which is an alloy of terbium,
iron and dysprosium, is an excellent magnetostrictive
material, however, it has a number of shortcomings. For
most applications, Terfernol is not economically viable as a
result of the high costs of terbium and dysprosium. Further,
in order to obtain optimal results a single crystal is required.
As a rare earth intermetallic, Terfenol is extremely brittle
and the high content of rare earth metal makes the material
extremely susceptible to corrosion.

Other compounds such as nickel and maraging steel have
also been considered for use as magnetostrictive material.
Nickel has good corrosion resistance and moderate costs,
but has only moderate magnetostriction. Maraging steel has
a lower magnetostriction than nickel and is lower in cost, but
requires carefully controlled heat treatment to produce opti-
mum magnetostriction.
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Attempts have been made to use oxide ferrites as mag-
netostrictive vibrators (U.S. Pat. No. 4,151,432). For
example, the 432 patent describes a macroscopically
homogenous sintered ferrite structure that is Fe O, to
Fe,O, , either alone or in combination with Fe,O;. These
types of compositions have been found to be unsuitable for
use in brazing.

It is an object of the present invention to provide mag-
netostrictive compositions which are effective for use as
magnetostrictive sensors and actuators.

It is another object of the invention to provide magneto-
strictive compositions with good corrosion resistance and
mechanical properties.

SUMMARY OF THE INVENTION

The present invention is directed to magnetostrictive
compositions which are effective for use as magnetostrictive
sensors and actuators. The magnetostrictive compositions of
the invention have excellent corrosion resistance and
mechanical properties that make them useful in a number of
applications, including their use as sensors in the automotive
industry. Further, the magnetostrictive compositions of the
invention provide economic advantages over other material
used as sensors.

In an important aspect of the invention, the magnetostric-
tive composition includes an oxide ferrite having a density
of at least about 80% of its maximum theoretical density. In
another important aspect, the magnetostrictive composition
is effective for providing a magnetostriction of at least about
10 to about 400 ppm and is effective for providing a material
that has a fracture strength of at least about 10 KSI
(kilopounds per square inch). The oxide ferrite of the
invention has the general formula Me, Fe O,, wherein x is
about 0.04 to about 1.3 and y is about 2 to about 3.

In another aspect of the invention, the magnetostrictive
composition is a ceramic metallic composite. The ceramic
metallic composite includes an oxide ferrite and a metallic
binder in amounts effective to provide a ceramic metallic
composite having a density of at least about 70% of its
maximum theoretical density. In another important aspect,
the magnetostrictive composition is effective for providing a
magnetostriction of at least about 10 to about 400 ppm and
is effective for providing a material that has a fracture
strength of at least about 10 KSI.

In a very important aspect of the invention, the volume
ratio of oxide ferrite to metallic binder is about 1:1 to about
99:1. The metallic binder is an alloy that does not result in
removal of an amount of oxygen from the oxide ferrite
ceramic that would degrade or reduce magnetostrictive
properties, but which acts to wet the ceramic. Metallic
binders useful in the present invention may include com-
pounds having the general formula Ag, Ni_, Ag, .Co,,
where x is about 0.001 to about 0.6, Ag,_,_,Ni,Co,, where
x+y is about 0.001 to about 0.6, or binders of the general
formula plus other metallic additions which total less than
about 50 weight percent. The alloys useful in the present
invention have a melting point between about 900° C. and
about 1400° C. and may include silver/nickel, silver/cobalt,
silver/copper/nickel, and silver/copper/zinc/nickel.

In another aspect of the invention, the ceramic metallic
composite may further include a hard magnetic powder such
as a hard ferrite. Examples of hard ferrites include com-
pounds of the following composition,

MO+6Fe,0,

where M is barium, strontium or a combination of the two.
In this aspect of the invention, the ceramic metallic com-
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posite may include from about 1 to about 50 weight percent
hard magnetic powder, based on the weight of the ceramic
metallic composite.

The present invention further provides a method for
producing magnetostrictive compositions. In an important
aspect of the invention, metal oxides are blended to form an
oxide ferrite having a particle size of about 0.1 to about 50
microns. Metal oxides useful in the present invention may
include cobalt oxide, iron oxide, manganese oxide, titanium
oxide, zinc oxide and mixtures thereof.

In an alternative aspect, the present invention provide a
method for producing a ceramic metallic composite. In an
important aspect of the invention, metal oxides are blended
and reacted to form an oxide ferrite. The oxide ferrite is
blended with a metallic binder and shaped into a desired
shape. The shaped blend is heated to about 600° C. to about
1200° C. in air for about 1 to about 30 minutes to provide
a finished ceramic metallic composite.

DETAILED DESCRIPTION
Definitions

As used herein, the terms “magnetostrictive” and “mag-
netostrictive materials” refer to materials in which the
dimensions of the material change when a magnetic field is
applied. Typically this is a volume conserving transforma-
tion with the dimension along the direction of the applied
field either expanding (positive magnetostriction) or con-
tracting (negative magnetostriction). The dimensions per-
pendicular to the applied field change in the opposite sense
to that along the field so that the volume of the sample is
conserved. Alternatively, when a magnetostrictive material
is placed under stress, a change in magnetic field results. The
resulting change in magnetic field, referred to as a magne-
tomechanical effect, may be used a sensor in various appli-
cations.

As used herein, “maximum theoretical density” refers to
a value obtained by averaging the theoretical densities of the
component phases based on volume percent. The theoretical
density of each component phase is taken to be the x-ray
density, that is the density calculated from the crystalline
lattice parameters as determined by x-ray diffraction.

As used herein, “fracture strength” refers to a value
obtained by using a standard four point bend test as known
in the art.

Oxide Ferrite Compounds

Oxide Ferrite compounds useful in the present invention
include compounds having the general formula Me, Fe O,
where Me is Mn, Co, Ti, Zn and mixtures thereof; x is about
0.04 to about 1.3; and y is about 2 to about 3. In a very
important aspect of the invention, the oxide ferrite includes
compounds such as CoFe,O, (cobalt ferrite), Mn,Fe O,,
Mn, Co, ,Fe,0,, Co,Zn, ,Fe,0,, TixFey12+Fey23+O4, and the
like, and mixtures thereof, where x and y are defined as
indicated above, x1 is about 0 to about 1.2, y1 is about 1 to
about 1.5, and y2 is about 1.6 to about 2.3.

In an important aspect of the invention, the oxide ferrite
compound when used alone provides a density of at least
about 80% of its maximum theoretical density or when the
oxide ferrite is used in combination with a metallic binder,
about 70% of its maximum theoretical density. The density
provides the composition with the structural integrity to
withstand environments that it might be used in. For den-
sities lower than 70% responses generated by the composi-
tion degrade as stress is dissipated in the increased void
space.

Metallic Binder

Metallic binders useful in the present invention include

alloys which have a melting point between about 900° C.
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and about 1400° C. In an important aspect, the metallic
binder melts in an oxidizing atmosphere and is capable of
wetting the oxide ferrite, but at the same time does not
undergo extensive reaction with the oxide ferrite.

Hard Magnetic Powder

In an alternative aspect of the invention, the composition
may further include a hard magnetic powder. The hard
magnetic powder provides an internal bias field, eliminating
the need for an externally applied bias field.

The following examples illustrate methods for carrying
out the invention and should be understood to be illustrative
of, but not limiting upon, the scope of the invention which
is defined in the appended claims.

EXAMPLES

Example 1

Preparation of Cobalt Ferrite

Commercially available oxides of Fe,O; and CoO were
mixed in the following weight percentages, 68.063 weight %
Fe,O5 and 31.937 weight % CoO. The mixed oxides were
calcined in dry air at about 900° C. for about 2 hours. The
calcined mix was then micro milled in a dry nitrogen
atmosphere and further fire micro milled powder in dry air
at about 1100° C. for 24 hours. The fired powder was then
ground by hand to provide a fine powder

EXAMPLE 2
Preparation of Ceramic Metallic Composite

Cobalt ferrite from Example 1 was mixed with metallic
binder as indicated in the Table below. After mixing the
metallic binder and cobalt ferrite, the powder was cold
pressed into a pellet. The cold pressed powder was put into
an alumina crucible and the crucible was put into a furnace
at about 1450° C. in air for about 10 minutes. The crucible
was removed from the furnace and allowed to quench at
room temperature.

The magnetostriction was measured on cylindrical
samples positioned with the applied magnetic field parallel
to the cylindrical axis. A standard commercial strain gauge
was glued to the surface of the sample so as to measure strain
along the cylindrical axis. A commercial strain gauge meter
was used and the field was determined with a commercial
hall probe.

Results were as follows.

Amount of
binder/cobalt Maximum
ferrite Magnetostriction

Metallic Binder (vol %) (PPM)
97/3 wt % Ag Ni 2/98 -233
50/50 wt % Ag Ni 2/98 -195
10/90 wt % Ag Ni 2/98 -167
Ni 1/99 -155
Ni 2/98 =75
Ni 5/95 -20
Co 2/98 -80to -85
Co 1/99 -155t0-200
Ag 3/97 -200
Ag 2/97 -170
Ag 1/99 -175

Numerous modifications and variations in practice of the
invention are expected to occur to those skilled in the art
upon consideration of the foregoing detailed description of
the invention. Consequently, such modifications and varia-
tions are intended to be included within the scope of the
following claims.
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What is claimed is:

1. A ceramic metallic composite comprising a oxide
ferrite and a metallic binder in a volume ratio of oxide ferrite
to metallic binder of about 1:1 to about 99:1,

wherein the oxide ferrite is selected from the group
consisting of CoFe,O,, Mn,Fe O,, Mn,Co,, Fe,O,,
Co,Zn, Fe,0,, TixFeylzJ'Fey2 *0,, and mixtures
thereof, wherein x is about 0.04 to about 1.3, y is about
2 to about 3, x1 is 0 to about 1.2, y1 is about 1 to about
1.5, and y2 is about 1.6 to about 2.3,

wherein the metallic binder is selected from the group
consisting of Ag, Ni, Ag, .Co,, where x is about
0.001 to about 0.6, Ag, . Ni Co , where x+y is about
0.001 to about 0.6, or binders of the general formulas
Ag, Ni, Ag, Co,, and Ag, . Ni Co, plus other
metallic additions which total less than about 50 weight
percent,

the ceramic metallic composite having a density of at least
about 70% of its theoretical maximum density and an
amplitude of magnetostriction of at least about 10 to
about 400 ppm, and wherein the ceramic metallic
composite has a fracture strength of at least about 10
KSIL.
2. A ceramic metallic composite according to claim 1
further comprising a hard magnet powder.
3. A ceramic metallic composite according to claim 2
wherein the hard magnetic powder is a hard ferrite having
the general formula

MO+6Fe,0,

where M is barium, strontium or mixtures thereof.
4. A method for producing a ceramic metallic composite
comprising:
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blending metal oxides to form an oxide ferrite having a
particle size of about 0.1 to about 50 microns;

blending the oxide ferrite with a metallic binder;

forming the oxide ferrite and metallic binder blend into a
desired shape; and

heating the shaped blend at about 600° C. to about 1200°
C. in air for about 1 to about 30 minutes.

5. A method according to claim 4 wherein blending of
metal oxides is effective for forming an oxide ferrite having
the general formula Me Fe O,, wherein Me is Mn, Co, Ti,
Zn and mixtures thereof and x is about 0.04 to about 1.3 and
y is about 2 to about 3.

6. A method according to claim 4 wherein the metallic
binder is selected from the group consisting of Ag, Ni,,
Ag,_.Co,, where x is about 0.001 to about 0.6, Ag, ..
yNi,Co,, where x+y is about 0.001 to about 0.6, or binders
of the general formulas Ag, .Ni, Ag, .Co,, and Ag, .
yNi,Coy, plus other metallic additions which total less than
about 50 weight percent.

7. A method according to claim 4 wherein the composite
has an oxide ferrite to metallic binder volume ratio of about
1:1 to about 99:1.

8. Amethod according to claim 4 which further comprises
blending from about 1 to about 50 weight percent, based on
the weight of the ceramic metallic composite, of a hard
magnetic powder with the oxide ferrite and metallic binder.

9. A method according to claim 8 wherein the hard
magnetic powder is a hard ferrite having the general formula

MO+6Fe,0,
where M is barium, strontium or mixtures thereof.
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