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HIGH PERFORMANCE RARE EARTH-TRANSITION METAL
MAGNETOSTRICTIVE MATERIALS WITH INCREASED IMPURITIES

This invention pertains to high performance magnetostrictive
materials and, more particularly, to rare earth-transition metal
giant magnetostrictive materials.

Rare earth-transition metal magnetostrictive materials have
heretofore been provided. See, for example, U.S. Patent No.
4,308,474. Methods for the manufacture of rare earth-transition
metal magnetostrictive materials have also been provided. See, for
example, U.S. Patent Nos. 4,609,402, 4,770,704, 4,849,034 and
4,818,304. Current production methods for such giant
magnetostrictive materials have required relatively low levels of
impurities to ensure that the resultant alloy has sufficient
toughness for withstanding normal handling. For example, at least
one manufacturer of such giant magnetostrictive materials has
required that the rare earth starting materials have oxygen, nitrogen
and carbon impurity levels of not greater than 6,011, 575 and 939
parts per million, respectively. There is, however, a need for a
less expensive magnetostrictive material which exhibits a high level
of magnetostrictive strain.

In general, it is an object of the present invention to provide
a new and improved giant magnetostrictive material or alloy which
provides a high level of magnetostrictive strain despite increased
amounts of impurities in the raw materials for producing the alloy
at a reduced cost.

Another object of the invention is to provide a giant
magnetostrictive material of the above character having increased

amounts of oxygen, nitrogen and carbon impurities in the raw

materials.
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Additional objects and features of the invention will appear
from the following description from which the preferred embodiments
are set forth in detail in conjunction with the accompanying
drawings.

FIG. 1 is a table showing impurity levels in the rare earth
starting materials of five test batches and the average
magnetostrictive strain in the five test batches produced thereby.

FIG. 2 is a graph created from the data from FIG. 1 showing
magnetostrictive strain versus oxygen impurity level in the alloy.

FIG. 3 is a graph created from the data from FIG. 1 showing
magnetostrictive strain versus nitrogen impurity level in the alloy.

FIG. 4 is a graph created from the data from FIG. 1 showing
magnetostrictive strain versus carbon impurity level in the alloy.

FIG. 5 is a graph created from the data from FIG. 1 showing
magnetostrictive strain versus aggregate oxygen, nitrogen and carbon
impurity levels in the alloy.

In general, a rare earth-transition metal magnetostrictive
material or alloy with increased impurities having the formula
(RuiRyz - + - Ry1) 1 (MyiMy5. . .My6) , is provided. Each R in the formula is
selected from the group of elements consisting of lanthanum, cerium,
praseodymium, neodymium, samarium, gadolinium, terbium, dysprosium,
holmium, erbium and yttrium, where 0 < x1 < 1, 0 < x2 <1 ... 0 <
x11l < 1 and where x1 + x2 + ... + x11 = 1. Each M in the formula

is selected from the group of elements consisting of iron, manganese,

IA

cobalt, nickel, aluminum and silicon, where 0 < yl < 1, 0 < y2
1 ... 0<vy6 <1, where y1 + y2 + ... + y6 = 1 and where 1.8 < z
< 2.1. The material has oxygen impurities, nitrogen impurities and
carbon impurities. The oxygen impurities have an atomic percent
ranging from 6,011 to 34,000 parts per million. The nitrogen

impurities have an atomic percent ranging from 575 to 4,400 parts

per million. The carbon impurities have an atomic percent ranging
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from 939 to 21,000 parts per million. The material exhibits
acceptable magnetostrictive strain performance at a reduced cost.

More in particular, the low cost rare earth-transition
magnetostrictive material or alloy of the present invention has the
formula (RuRyz- - -Ryi)i(MyMy,...M,), where each R is a rare earth
element, preferably either lanthanum (La), cerium (Ce), praseodymium
(Pr), neodymium (Nd), samarium (Sm), gadolinium (Gd), terbium (Tb),
dysprosium (Dy), holmium (Ho), erbium (Er) or yttrium (Y). Any
combination of these elements can be provided in said formula, as
will be understood by the examples set forth below. In said
formula, 0 < x1 <1, 0 < x2 <1 ... 0 < x11 < 1, that is, 0 < x1

<1, 0<x2 <1, 0<x3 <1, 0

IN

X4

IA

1, 0 < x5 <1, 0 < x6

IA

1,

o
IA

4
IN
.
o
IA

&
IA

o
o
IN

&
IA

1, 0 £ x10 < 1 and 0 < x11 1.

A

In addition, X1 + X2 + ... + x11 = 1, that is, x1 + X2 + X3 + x4
+ X5 + X6 +X7 + X8 +X9 + X10 +x11 = 1. The composition of the rare
earth atoms provides for the anisotropy of magnetostriction, the
property which yields the giant magnetostrictive response of the
alloy.

Each M in said formula is a transition metal or metalloid and
preferably one of the following elements: iron (Fe), manganese (Mn),
cobalt (Co), nickel (Ni), aluminum (Al) or silicon (Si). As will
be understood by the examples set forth below, any combination of
these elements can be provided in said formula. In the formula,
0<yl<1l, O<y2<1...0<vy6<1, that is, 0 <yl <1, 0 < y2

<1, 0<y3<1, 0<y4<1l, 0<y5<1land0 <y6 < 1. In addition,

IA

vyl +y2 + ... +y6 =1, that is, y1 + y2 + y3 + y4 + y5 + y6 = 1,
and 1.8 < z < 2.1. The composition of the transition metals and/or
metalloids in the final alloy affect the magnetic properties of the
alloy allowing for optimization of the alloy to a wide variety of

uses.
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An alternative formula for the giant magnetostrictive material
of the present invention is R,M,, where R is
La,1Cey Pry N, Sy sGd, ¢ Th,, DYy gHOoEXy Yy, and M is Fe,,Mn,,Coy;Ni Al sSiy,.

In said alternate formula, 0 < x1 <1, 0 < X2 < 1, 0 < x3

IA

1, 0
< x4 <1, 0 £ x5 <1, 0 <x6 <1, 0< x7 <1, 0 < x8

A

1, 0 < X9

<1, 0 <x10 <1 and 0 < x11 < 1 and X1 + X2 + X3 + x4 + X5 + X6

IA

+ x7 + x8 + X9 + x10 + x11 = 1. 1In addition, 0 < vyl <1, 0 y2

1, 0 <y3 <1, 0<y4<1l, 0<y5<1, 0<y6 < 1. Further, yl

A

+ Y2 +y3 +y4 +y5 +y6 =1and 1.8 < z < 2.1. As can be seen,
R in said alternate formula is one or more of a group of rare earth
elements, preferably one or more of the elements lanthanum, cerium,
praseodymium, neodymium, samarium, gadolinium, terbium, dysprosium,
holmium, erbium and yttrium. M in said alternate formula is one
or more of a group of transition metals or metalloids and preferably
one or more of the elements iron, manganese, cobalt, nickel, aluminum
and silicon.

A particularly preferred formula of the giant magnetostrictive
material of said formula and said alternate formula is (Tb,Dy,.,).Fe; ,
2.2, Where 0 < x < 1, Such particularly preferred giant
magnetostrictive material is commonly referred to as TERFENOL-D.
Without limiting the generality of said formula or said alternate
formula, other materials or alloys included in said formula and said
alternate formula include:

(Smy Dy, 41) 1Fe; 52,1, where 0 < x1

IN

1;

IA

(TbxlDYl—xl—x2Hox2)1Fellg_2,1, Where 0 x1 < l, 0 < x2 <1 and x1l +

X2 < 0.5;

(Sm,,HOy 1) 1Fe;.5.,.., where 0 < x1

7AN
=

(S HO; 41) 1 (CoyiFe; y1) 1520, Where 0 < x1 < 1 and 0 < vyl < 1;
(T DY1-51) 1 (M Fey 1)1 62,0, Where 0 < x1 < 1 and 0 < yl < 0.5;
(Tby1DY1.51) 1 (CoysFe141) 1620, Where 0 < x1 < 1 and 0 < vyl < 1;
(Tbx;Dy1.51) 1 (NijFey 1)1 620, Where 0 < x1 < 1 and 0 < vl < 1;
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(TbyiDY1.x1) 1 (Al Fe;y 1) 1621, Where 0 < x1 < 1 and 0 < y1 < 0.1;

(ToxDY1-x1) 1 (Alyany2Fel—yl-y2) 1.8-2.1, wWhere 0

I
o
A

r
o
A

~
A
IN
o
=

and 0 < y2 < 0.5;
(THx1DY1-x1-x2HOx2) 1 (Al Fe; 1) 1 .5.5.., Where 0 < x1 <1, 0 < X2 < 0.5,
Xl + x2 <1 and 0 < yl < 0.1;

(ThyaDY15a1) 1 (CoyMnFe; yioys) 16,20, Where 0 < x1 < 1, 0 < yl

A
-
~

0 < y2 < 0.5 and y1 + y2 < 1; and

(ThyiDY1-x1-x2HOx2) 1 (COyMNy,Fey 4y 4n) 1522, Where 0 < x1 < 1, 0 < x2

0.5, x1 +x2 <1, 0<yl <1, 0<y2<0.5and vyl + y2 < 1.

The giant magnetostrictive materials or alloys of the present
invention can be prepared by any of the known methods for forming
magnetostrictive materials, including but not limited to the free
standing zone melt method, the Bridgman or modified Bridgman methods,
the sintered powder processing method and the Czochralski crystal
growth technique, and can be compounded into polymer matrix
composites or metal matrix composites. Each of the materials or
alloys has a magnetostrictive strain when so prepared to produce
an aligned crystalline or polycrystalline structure to exploit the
anisotropy of magnetostriction of the material so as to yield an
optimized macroscopic change in length in response to an applied
magnetic field.

The materials or alloys of the present invention each have oxygen
impurities, nitrogen impurities and carbon impurities. As can be
appreciated by those skilled in the art of magnetostrictive
materials, each of such materials or alloys consists of a (Rare
Earth), (Metal), intermetallic compound phase that crystallizes in
the R;M, Laves phase C15 type structure and a rare earth rich eutectic
phase. It was previously thought that the oxygen, nitrogen and
carbon impurities present in the raw materials used to produce the
alloys would most likely be located in the form of thermodynamically

stable compounds within the rare earth-rich eutectic phase of the
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final alloy as dispersed particles. Since the eutectic phase of
magnetostrictive alloys is known to be the primary strengthening
mechanism for this alloy system, the presence of these particles
within the eutectic phase was thought to interfere with this
strengthening mechanism and thus significantly reduce the toughness
of the final alloy. The mechanism of magnetostriction in the final
alloy is tied to magnetic domain wall movement in the (Rare
Earth),(Transition Metal), phase. It was thus believed that the
concentration of the impurities in the eutectic phase would not
impact the magnetostrictive performance of the material.

Recent advances in the control of the production processes for
the manufacture of giant magnetostrictive alloys have enabled a
better resolution of the impact of various process variables,
including the starting impurity levels within the raw materials used
to produce the alloys. The relationship of the magnetostrictive
strain of TERFENOL-D to the oxygen, nitrogen and carbon impurity
levels in the rare earth starting materials for making TERFENOL-D
is shown in FIGS. 1-5. Five data points are shown in each of FIGS.
1-5 and corresponding data points are labeled by corresponding
numbers in the figures.

As can be seen most clearly from FIGS. 2-5, the magnetostrictive
strain of the final alloy is reduced as the level of oxygen, nitrogen
and carbon impurities in the raw materials is increased. This
reduction in magnetostrictive performance as a function of impurity
content indicates that these impurities must be located in the (Rare
Earth), (Metal), phase and not concentrated primarily in the rare
earth-rich eutectic phase of the final alloy. The presence of these
additional particles within the (Rare Earth),(Metal), phase inhibits
the performance of the final alloy due to pinning of magnetic domain
walls by these particles, which restricts wall motion. Thus, the

amount of magnetostrictive strain produced in such a final alloy
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by a given input drive magnetic field is lower when compared to the
amount of magnetostrictive strain of a comparable magnetostrictive
alloy having lower levels of impurities and being driven by the same
input drive magnetic field.

The discovery that oxygen, nitrogen and carbon impurities are
not concentrated only in the eutectic phase of magnetostrictive
alloys allows the levels of these impurities to be relaxed without
adversely affecting toughness of the final alloys. The correlation
of these impurities, both individually and combined, to the amount
of magnetostrictive strain produced by the alloys permits raw
materials having greater oxygen, nitrogen and carbon impurities than
previously allowed to be used for the manufacture of magnetostrictive
alloys having optimum strain performance. The relaxation of impurity
levels in the raw materials can substantially reduce the cost of
the raw materials and thus the cost of the final alloys.

The materials or alloys of the present invention have oxygen
impurities having an atomic percent of at least 6,011 parts per
million and preferably ranging from 6,011 to 34,000 parts per
million, nitrogen impurities of at least 575 parts per million and
preferably ranging from 575 to 4,400 parts per million and carbon
impurities of at least 939 parts per million and preferably ranging
from 939 to 21,000 parts per million (see FIGS. 2-4), and aggregate
impurity levels of oxygen, nitrogen and carbon of at least 7,525
parts per million and preferably ranging from 7,525 to 59,400 parts
per million (see FIG. 5). Within such preferred ranges, various
further preferred ranges exist.

One further preferred range calls for oxygen impurities having
an atomic percent ranging from 10,000 to 16,000 parts per million,
nitrogen impurities ranging from 1,200 to 2,000 parts per million
and carbon impurities ranging from 4,800 to 9,000 parts per million,

and aggregate impurity levels of oxygen, nitrogen and carbon ranging
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from 16,000 to 27,000 parts per million. Alloys produced within
these ranges exhibit optimum magnetostrictive strain performance,
and can be generated with a significant savings of 50-70% in
comparison to currently produced magnetostrictive alloys. Optimum
magnetostrictive strain performance when prepared by the free
standing zone melt method is defined as not less than 900 parts per
million measured when a magnetic field of 500 oersteds is applied
to the material and the material is under a compressive prestress
of 1000 pounds per square inch. Optimum magnetostrictive strain
performance for an alloy prepared by the Bridgman or modified
Bridgman methods is defined as not less than 600 parts per million
measured when a magnetic field of 500 cersteds is applied to the
material and the material is under a compressive prestress of 1000
pounds per square inch.

Another further preferred range calls for oxygen impurities
having an atomic percent ranging from 6,011 to 10,000 parts per
million, nitrogen impurities ranging from 575 to 1,200 parts per
million and carbon impurities ranging from 939 to 4,800 parts per
million, and aggregate impurity levels of oxygen, nitrogen and carbon
ranging from 7,525 to 16,000 parts per million. Alloys produced
within these ranges exhibit better than optimum magnetostrictive
strain performance, with a 10-20% manufacturing cost reduction in
comparison to currently produced magnetostrictive alloys.

Yet another further preferred range calls for oxygen impurities
having an atomic percent ranging from 16,000 to 34,000 parts per
million, nitrogen impurities ranging from 2,000 to 4,400 parts per
million and carbon impurities ranging from 9,000 to 21,000 parts
per million, and aggregate impurity levels of oxygen, nitrogen and
carbon ranging from 27,000 to 59,400 parts per million. Alloys
produced within these ranges exhibit less than optimum but

competitive magnetostrictive strain performance, with a 70-90%
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manufacturing cost reduction in comparison to currently produced
magnetostrictive alloys.

The impurity ranges called for in the alloys of the present
invention were generated from five data points obtained from five
test batches of 10-14 samples of material, each produced with rare
earth starting materials having increased amounts of oxygen, nitrogen
and carbon impurities. In order to eliminate noise, or scatter,
in the collected data and to determine if there was any correlation
between the impurity levels in the alloy material and the resulting
strain performance, the general data set was refined to these five
batches to include samples produced under identical conditions except
for the impurity levels in their starting materials. The conditions
held fixed during production included the method of crystal growth,
system operator, sample diameter, sample length and test fixtures
used to measure the material. The general data set was also refined
to cover a short period of time so that the general state of the
manufacturing equipment was kept constant. Each data point
represents information obtained from a cluster of samples produced
from a known combination of starting materials, the data point being
at the average impurity level for such cluster of samples. The
average strain performance for such average impurity level is
indicated by a single data point for each such cluster of samples.

FIGS. 1-5 show that the aggregate amount of oxygen, nitrogen
and carbon impurities in the rare earth starting materials, and hence
the magnetostrictive alloy produced thereby, affect the
magnetostrictive strain performance of the resulting alloy. 1In
addition, the individual impurity levels of oxygen, nitrogen and
carbon in the starting materials each have an impact on the strain
performance of the magnetostrictive material. With respect to
oxygen, the strong correlation between oxygen impurity levels and

strain performance, as seen in FIG. 2, and the substantially larger
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presence of oxygen relative to nitrogen and carbon impurities,
supports the conclusion that the oxygen impurity level in the rare
earth starting materials affects the strain performance of the
resulting magnetostrictive alloy.

With respect to nitrogen and carbon, it can be seen from FIGS.
1 and 5 that the materials of data points 2 and 3 have very similar
strain performance levels and very similar impurity levels. However,
although both such materials have very similar oxygen levels (see
FIGS. 1-2), the material of data point 2 has a lower amount of
nitrogen and a higher amount of carbon than the material of data
point 3 (see FIGS. 1 and 3-4). This correlation indicates that the
nitrogen impurity level and the carbon impurity level of the rare
earth starting materials each have an impact on the strain
performance of the magnetostrictive material product and, more
specifically, each have a similar impact on strain performance.

In comparing data point 4 to data points 2 and 3, it can be seen
from FIGS. 1-2 that the material of data point 4 has only a slightly
greater amount of oxygen impurities than the materials of data points
2 and 3, and from FIGS. 1 and 4 that the material of data point 4
has a greatly increased amount of carbon impurity relative to the
material of data points 2 and 3. FIGS. 1 and 5 show that the
material of data point 4 has a lower strain performance than the
material of data points 2 and 3. The foregoing supports the
conclusion that the strain performance of the magnetostrictive
material is not dictated solely by the amount of oxygen impurity,
since the amount of strain degradation is not in proportion to the
change in the amount of oxygen impurity alone, but is proportional
to the overall change in the total impurity level.

The individual impact of oxygen, nitrogen and carbon impurities
on strain performance can be generalized to reflect the total

impurity level of these elements, as evidenced by a comparison of
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data point 1 to data point 5. The material of data point 5 contained
three times as much nitrogen (see FIGS. 1 and 3), two and one-half
times as much oxygen (see FIGS. 1-2) and three times as much carbon
(see FIGS. 1 and 4) as the material of data point 1. FIG. 5 shows
that the strain performance of the material of data point 5 is
reduced when compared to the material of data point 1, such reduction
being in proportion to the total amount of oxygen, nitrogen and
carbon impurities present and relatively proportional to the
individual amounts of these impurities.

It can be seen from FIGS. 1-5 that a moderate increase in
impurity levels in the rare earth starting materials results in only
a small reduction in strain performance. Such moderate increase
in impurity 1levels is expected to result in substantial cost
reductions in the rare earth starting materials and hence resulting
magnetostrictive alloy. A slightly greater increase in impurity
levels in the rare earth starting materials results in a greater
reduction in strain performance, but a significant reduction in cost.
A further increase in such impurity levels further reduces strain
performance, but also results in substantial reductions in the
manufacturing cost.

From the foregoing, it can be seen that a new and improved giant
magnetostrictive material has been provided which provides a high
level of magnetostrictive strain despite increased amounts of
impurities in the raw materials for producing the alloy at a reduced
cost. Specifically, the giant magnetostrictive material has
increased amounts of oxygen, nitrogen and carbon impurities in the

raw materials.
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What is claimed is:

1. A rare earth-transition metal magnetostrictive material with
increased impurities having the formula (RuaRuz - « «Rya1) 1 (My1Myr .+ Myg) ,
wherein

each R is selected from the group of elements consisting of

lanthanum, cerium, praseodymium, neodymium, samarium, gadolinium,

terbium, dysprosium, holmium, erbium and yttrium, where 0 < x1

IA

1, 0 <x2 <1 ... 0 < x11 <1 and where X1 + X2 + ... + x11
= 1, and

each M is selected from the group of elements consisting of iron,
manganese, cobalt, nickel, aluminum and silicon, where 0 < y1l
<1, 0 g£y2 <1 0 <y6 <1, where yl + y2 + ... + y6 =1
and where 1.8 < z < 2.1,

the material having a magnetostrictive strain when prepared to
produce an aligned crystalline or polycrystalline structure to
exploit the anisotropy of magnetostriction of the material to yield
an optimized macroscopic change in length in response to an applied
magnetic field, the material having oxygen impurities, nitrogen
impurities and carbon impurities, the oxygen impurities having an
atomic percent ranging from 6,011 to 34,000 parts per million, the
nitrogen impurities having an atomic percent ranging from 575 to
4,400 parts per million and the carbon impurities having an atomic
percent ranging from 939 to 21,000 parts per million whereby the
material exhibits acceptable magnetostrictive strain performance

at a reduced cost.

2. Amaterial as in Claim 1 having the formula (Sm,Dy, ) .Fe; s, 1

wherein 0 < x1 < 1.
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3. A material as in Claim 1 having the formula (T DY sy -

xHOx;) ;Fe; g1 wherein 0 < x1 < 1, 0 < X2 < 0.5 and x1 + x2 < 1.

4. Amaterial as in Claim 1 having the formula (Sm,Ho, ,;),Fe, 4, ;

wherein 0 < x1 < 1.

5. A material as in Claim 1 having the formula (Smy,Ho, .

x1)1(CoyFe; 1)1 400 Wherein 0 < x1 < 1 and 0 < yl < 1.

6. A material as in Claim 1 having the formula (Tb,,Dy,.

x1)1 (M0, Fe; y1);.4.2.; Wherein 0 < x1 < 1 and 0 < yl1 < 0.5.

7. A material as in Claim 1 having the formula (Tb,,Dy,.
x1)1(Coy1Fe;1 1) 152, Wherein 0 < x1 < 1 and 0 < yl1 < 1.
8. A material as in Claim 1 having the formula (Tb,,Dy,.

x1) 1 (Nip,Fe; o)1, Wherein 0 < x1 < 1 and 0 < y1 < 1.

9. A material as in Claim 1 having the formula (Tb,Dy,.

x1)1(Aly Fe; 1) 152, wherein 0 < x1 < 1 and 0 < yl < 0.1.

10. A material as in Claim 1 having the formula (Tb,,Dy,.

x1) 1 (AlyMn,Fe; o1 y0) 1520 Wherein 0 < x1 <1, 0 < y1 < 0.1 and 0 <
y2 < 0.5.

11. A material as in Claim 1 having the formula (Tby DYy sr.
x2HOx) 1 (Al Fe; ;1) 1620 Wherein 0 < x1 < 1, 0 < x2 < 0.5, x1 + X2 <

1 and 0 < y1 < 0.1.
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12. A material as in Claim 1 having the formula (Tb,Dy,.
x1)1(CopMn,Fe; 1 y5) 1621 Wwherein 0 < x1 <1, 0 <yl <1, 0 < y2 <

0.5 and y1 + y2 < 1.

13. A material as in Claim 1 having the formula (Tb,,Dy; ...
xHOx) 1 (CoyMn,Fe; 41 o)1 521 Wherein 0 < x1 < 1, 0 < x2 < 0.5, x1 +

x2 <1, 02yl <1l, 0 <vy2 < 0.5 and yl + y2 < 1.

14. A material as in Claim 1 wherein the oxygen impurities have
an atomic percent ranging from 10,000 to 34,000 parts per million,
the nitrogen impurities have an atomic percent ranging from 1,200
to 4,400 parts per million and the carbon impurities have an atomic
percent ranging from 4,800 to 21,000 parts per million whereby the
material exhibits acceptable magnetostrictive strain performance

at a significantly reduced cost.

15. A rare earth-transition metal magnetostrictive material with
increased impurities having the formula (Tb,Dy,..),Fe, s, wherein 0
< X < 1, the material having a magnetostrictive strain when prepared
to produce an aligned crystalline or polycrystalline structure to
exploit the anisotropy of magnetostriction of the material to yield
an optimized macroscopic change in length in response to an applied
magnetic field and having oxygen impurities, nitrogen impurities
and carbon impurities, the oxygen impurities having an atomic percent
ranging from 6,011 to 34,000 parts per million, the nitrogen
impurities having an atomic percent ranging from 575 to 4,400 parts
per million and the carbon impurities having an atomic percent
ranging from 939 to 21,000 parts per million whereby the material
exhibits acceptable magnetostrictive strain performance at a reduced

cost.
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16. A material as in Claim 15 wherein the oxygen impurities have
an atomic percent ranging from 6,011 to 16,000 parts per million,
the nitrogen impurities have an atomic percent ranging from 575 to
2,000 parts per million and the carbon impurities have an atomic
percent ranging from 939 to 9,000 parts per million, the material
having a magnetostrictive strain when prepared by a free standing
zone melt method of at least approximately 900 parts per million
when a magnetic field of 500 ocersteds is applied to the material
and the material is under a compressive prestress of 1000 pounds
per square inch whereby the combination of these oxygen impurities,
nitrogen impurities and carbon impurities in the material at these
relatively high levels is not substantially detrimental to the

magnetostrictive strain performance of the material.

17. A material as in Claim 15 wherein the oxygen impurities have
an atomic percent ranging from 6,011 to 16,000 parts per million,
the nitrogen impurities have an atomic percent ranging from 575 to
2,000 parts per million and the carbon impurities have an atomic
percent ranging from 939 to 9,000 parts per million, the material
having a magnetostrictive strain when prepared by a Bridgman or
modified Bridgman method of at least approximately 600 parts per
million when a magnetic field of 500 ocersteds is applied to the
material and the material is under a compressive prestress of 1000
pounds per square inch whereby the combination of these oxygen
impurities, nitrogen impurities and carbon impurities in the material
at these relatively high levels is not substantially detrimental

to the magnetostrictive strain performance of the material.

18. A material as in Claim 15 wherein the oxygen impurities have
an atomic percent ranging from 10,000 to 34,000 parts per million,

the nitrogen impurities have an atomic percent ranging from 1,200
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to 4,400 parts per million and the carbon impurities have an atomic
percent ranging from 4,800 to 21,000 parts per million whereby the
material exhibits acceptable magnetostrictive strain performance

at a significantly reduced cost.
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Data Ooxygen Nitrogen Carbon Aggregate | Magneto-
Point Impurity Impurity Impurity | Impurities | strictive
oin (Atomic (Atomic (Atomic (Atomic Strain
ppm) ppm) ppm) ppm) (ppm)
1 2733 225 571 3529 1125
2 4032 370 525 4928 1106
3 4200 484 392 5076 1106
4 5105 456 2412 7873 1080
5 6555 682 1744 8980 1062

FIG. 1
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