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[57) ABSTRACT

A method of preparing alloy of a transition metal and
lanthanide comprising the steps of alloying a transition
metal, boron, at least one lower-weight lanthanide hav-
ing none or few stable compounds with iron, optionally
one or more higher-weight lanthanides, a glass former,
and optionally the pseudo lanthanide, yttrium; forming
an amorphous or nearly amorphous metastable micro-
structure in the alloy; and heating the amorphous alloy
to form a polycrystalline, multiphase, fine-grain single-
domain structure.

26 Claims, 1 Drawing Sheet
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PREPARATION OF HARD MAGNETIC ALLOYS
OF A TRANSITION METAL AND LANTHANIDE

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

This is a [division] continuation-in-part of patent
application Ser. No. 314,325, filed Oct. 23, 1981, now
U.S. Pat. No. 4,402,770

BACKGROUND OF THE INVENTION

The present invention pertains generally to hard mag-
netic alloys and in particular to hard magnetic alloys
comprising a transition metal, boron, and one or more
lathanides.

Iron alloys, including iron-boron alloys, have been
used extensively as magnets both soft and hard. A hard
magnetic alloy is one with a high coercive force and
remanence, whereas a soft magnetic alloy is one with a
minimum coercive force and minimum area enclosed by
the hysteresis curve.

Permanent magnets are generally made from hard
magnetic materials because a large magnetic moment
can exist in the absence of an applied magnetic field.
Presently, a wide variety of hard magnetic materials are
known; however, all of them exhibit specific character-
istics which render them suitable for some applications
but not for others.

The highest-performance permanent magnets are
made from rare-earth, transition-metal, intermetallic
compounds such as SmCos or alloys closely related to
it. Examples of these alloys are disclosed in U.S. Pat.
No. 3,558,372. These alloys have magnetic properties
which are extremely good for almost every application.
The disadvantages are that they contain very expensive
elements. They have 4% rare earth by weight, and
cobalt is a very expensive transition metal, currently in
short supply. A second problem is that to get maximum
performance, alloy processing of rare earth permanent
magnets is very complicated. Many of the techniques to
get such performance are proprietary and not generally
disseminated. A third problem is that the high coercive
forces are only available for a limited range of composi-
tions, which means that the ability to change character-
istics, such as saturation magnetization, are also limited.

Magnets which do not contain rare earths generally
have much lower coercive forces than those of SmCos
and related alloys. The various forms of ALNICO, for
example, have coercive forces in the range of 600-1400
Oe, which is low for many applications. ALNICO al-
loys also contain a large amount of Co, which is expen-
sive and in short supply. The advantage of ALNICO
alloys is that they do have large values of saturation
magnetization.

There are other permanent-magnet materials often
used. Various kinds of ferrites are available very
cheaply, but generally they have both low coercive
forces and low values of magnetization; so that, their
main virtue is very low cost. MnAIC alloys have no
cobalt or other expensive elements and are beginning to
be used. There again the coercive force and perfor-
mance are lower than the SmCos class of alloys, al-
though the cost is also lower. Cobalt-iron alloys includ-
ing an addition of nickel, such as, U.S. Pat. No.
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2
1,743,309 and 2,596,705 have hard magnetic properties,
but generally do not have a large magnetic hysteresis.

SUMMARY OF THE INVENTION

1t is, therefore, an object of this invention to prepare
large quanties of permanent magnets easily and rela-
tively inexpensively.

Another object is to prepare permanent magnets with
a wide range of magnetic characteristics.

Another object of this invention is to prepare perma-
nent magnets with a high coercive force.

An another object is to prepare isotropic permanent
magnets with moderately high magnetization.

A further object of this invention is to prepare a per-
manent magnet with a wide range of permeability.

These and other objects are achieved by alloying a
transition metal, boron, at least one lower-weight lan-
thanide having none or & few stable compounds with
iron, optionally one or more higher-weight lanthanides,
a glass former, and optionally the pseudo lanthanide,
yttrium; forming an amorphous or nearly amorphous
metastable microstructure in the alloy; and heating the
amorphous alloy to form a polycrystalline, muitiphase,
fine-grain single-domain structure. Magnetization is
imported during or after heating by exposing the alloy
to a magnetic field.

DETAILED DESCRIPTION OF THE
DRAWINGS

FIG. 1 shows the intrinsic coercive force of (Fegs:2
Bo.1s)o.e Thoos Lagos at 300 K. following a series of
one-hour anneals at 25 K. temperature intervals.

FIG. 2 shows the intrinsic magnetization for crystal-
lized (Feo.52B0.18)0.5 Tbo.05La0.05 as a function of applied
magnetic field.

DETAILED DESCRIPTION OF THE
INVENTION

For a transition metal-boron-lanthanide alloy to have
hard magnetic properties, the alloy must have a poly-
crystalline, multiphase, fine-grain single-domain struc-
ture. This structure can be developed from an alloy
with an amorphous or nearly amorphous metastable
structure which can only be obtained from certain alloy
compositions. It has been determined that amorphous or
near amorphicity alloys can be obtained from a transi-
tion metal-boron-lanthanide alloys if the lanthanide
constituent is at least one lower-weight light lanthanide
that has few or no stable compounds with iron. These
alloys can be summarized by the formula:

(MwaBl-vx)l-y(YvR'lLl-kz)y

wherein v is 0 to 0.8; w is from about 0.7 to about 0.98;
x is from O to about 0.15; y is from about 0.05 to about
0.25; z is from O to about 0.95; M is selected from the
class consisting of iron, cobalt, an iron-cobalt alloy, an
iron-manganese alloy having at least 50 atomic percent
iron, and an iron-cobalt-manganese alloy having at least
50 atomic percent iron and cobalt, X is a glass former
selected from the class consisting of phosphorous, ar-
senic, germanium, gallium, indium, antimony, bismuth,
tin, carbon, silicon, and aluminum; R’ is a higher-weight
lanthanide (europium or heavier), and is L is a lower-
weight lanthanide selected from the group consisting of
lanthanium, cerium, praseodymium, neodymium, and
samarium.

The lower-weight lanthanide (L) must be present to
obtain amorphicity or near amorphicity in the interme-
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diate alloys. The lower-weight lanthanides are charac-
terized by their ironic structure being larger than the
heavier-weight lanthanides, and their reduced ability to
form stable compounds with iron. In addition to pro-
moting amorphicity in the intermediate alloys, the lan-
thanides appear to also promote small crystal structure
in the final alloys. A transistion metal-boron-lanthanide
alloy with only lanthanum is not preferred as a hard
magnet because of poor magnetic properties.

Any heavier-weight lanthanide (R’) can be used, but
many have poor magnetic properties, are expensive, or
are difficult to process. The nonpreferred lanthanides
are europium, gadolinium, ytterbium, and lutetium.

Yttrium can be added for a lighter-weight lanthanide.
It is often referred to a pseudo lanthanide, yttrium can
be added in a relative amount (v) of up to 0.8. If it is
added, the preferred relative amount is from 0.05 to 0.6.

The preferred selection of lanthanides with or with-
out yttrium has an average molecular volume from 20.7
to 21.0 cc/mole and the most preferred combinations
have a molecular volume from 20.8 to 20.95 cc/mole. In
the usual case, selections involve combinations of one or
more lighter-weight lanthanides with one or more
heavier-weight lanthanides. Other combinations in-
clude lanthanium with one or more other lighter-weight
lanthanides and yttrium with one or more lanthanides.
Prelimary tests show the average molecular volume is a
major factor in determining the performance of the
resulting hard magnets. A substantial number of pre-
ferred alloy compositions has z from 0.2 to 0.8. If the
amount of the heavier-weight lanthanide is relatively
high, ie. the average molecular volume is below the
preferred range, the difficulty in obtaining amorphicity
can be overcome by increasing the amount of the auxil-
iary glass former and/or boron and carefully processing
the alloy. It should be noted that these measures are
successful; if, the alloy composition is within the afore-
said ranges.

Iron is the preferred metal for M. Other elements and
alloys can also be used, such as cobalt, iron-cobalt al-
loys, and iron-manganese alloys. The preferred amount
of cobalt and iron is from 0.70 to 0.86 and most prefera-
bly 0.7 to 0.8. The alloys are represented as

(1) Fe,Coj.o wherein a is from about 0.01 to about
0.99; and preferably from 0.7 to 0.95;

(2) FesMn,., wherein b is greater than 0.5 but less
than 1.0 and preferably is greater than 0.7 but less than
or equal to 0.95;

(3) FeaCoeMn; 4. wherein (d +e) is from about 0.5 to
less than about 1.0 and preferably from 0.75 to 0.95 and
d is greater than e and preferably is more than two
times greater than e.

The auxillary glass formers increase the amount of
lanthanide which can be included without eiiminating
the amorphous microstructure. The most common glass
formers are phosphorous, silicon, arsenic, germanium,
carbon, indium, antimony, bismuth, tin, and mixtures
thereof. The preferred auxillary glass formers are phos-
phorus, silicon, and carbon. The preferred amount of
auxillary glass former which can be added is from about
0O to about 0.1.

The amounts of the lanthanide with or without yt-
trium is from about 0.05 to about 0.22 of the total alloy
and preferably is from 0.05 to 0.20. It is possible to form
alloys with a lanthanum-lanthanide amount greater than
0.15, depending on the lanthanide, the relative amounts
of iron and boron, the presence of a glass former, and
the processing parameters.
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All the amounts in a subgroup are expressed in atomic
concentrations in that subgroup and not of the alloy.
Only the subscript (y) represents a portion of the total
alloy. For an alloy having M representing Fep.
sCoosMno 2w equaling 0.7, x equaling 0, R represent-
ing neodymium, z equaling 0.5, and y equaling 0.1, then
the formula for the alloy would be ((Feo.
scoo.sMno.z.n.'lBos)o.o(Ndo.sLao.s)o.l-

The amorphous alloys from which the polycrystal-
line alloys are prepared can be prepared by rapidly
cooling a melt having the desired composition. A cool-
ing rate of at least about 5 104C/sec. and preferably at
least 1x 106C/sec.

Examples of techniques for cooling thin sections in-
clude ejecting molten alloy onto a rapidly rotating inert
surface, e.g., a highly polished copper wheel, ejecting
molten alloy between two counterrotating rollers,
vapor deposition or electrolytic deposition on a cold
surface. The preferred technique is ejecting the molten
alloy onto the surface of a polished, copper wheel rotat-
ing at a rate of at least 200 rpm.

The polycrystalline alloys of this invention are pre-
pared from the above amorphous alloys by heating the
alloys in an inert atmosphere at a temperature from
about 850 to about 1200 K. and preferably from 950 to
1050K.. until the desired microstructure is obtained. The
preferred inert atmosphere is a vacuum or argon with or
without a getter, such as tantalum. The alloys can be
cooled at any rate and by any method. Of course, the
preferred method is to let the alloy cool to room tem-
perature by removing the heat from the alloy. The
maximum average grain size is about 400 A and prefera-
bly is from 100 to 200 A.

The alloy is magnetized either by cooling the alloy
after preparation in a magnetic field of at least one kOe,
preferably of at least three kOe and most preferably at
least 15 kOe or by applying a magnetic field of at least
about 25 kOe and preferably of at least 30 kOe after the
alloy is cooled. The length of exposure to the magnetic
field depends on the strength of the field and the size of
the sample. It can be empirically determined by routine
experimentation.

To better illustrate the present invention the follow-
ing examples are given by way of demonstration and are
not meant to limit this disclosure or the claims to follow
in any manner.

1. Preparation of Amorphous Alloys

Amorphous alloys, from which the examples were
prepared, were prepared by weighing out appropriate
amounts of the elemental constituents having a nominal
purity of at least 99.9 at %. The constituents were then
melted together in an electric arc furnace under an
atmosphere of purified Ar. Each ingot was turned and
remelted repeatedly to ensure homogeneity.

A portion of each homogenize- ingot was placed in a
quartz crucible having a diameter of 10-11 mm. and a
small orifice at the end of approximate diameter 0.35
mm. The quartz tube was flushed with Ar gas to pre-
vent oxidation during heating. The ingot was then
heated to the melting point by an induction furnace,
then ejected onto a rapidly rotating copper wheel by
raising the Ar pressure to about 8 psi. The copper wheel
was ten inches in diameter and rotated at an approxi-
mate speed of 2500 RPM. The surface of the wheel was
polished by using 600 grit emery paper for the final
finish. The resulting ribbons were approximately 1 mm
in width and 15 microns in thickness.
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The morphous alloys are prepared in the manner
described in U.S. Pat. No. 4,374,665 which is herein
incorporated by reference.

2. Preparation of Polycrystalline Hard Magnetic Alloys

A ribbon (8-10mg) of one of the amorphous alloys
prepared by the previous method was wrapped in Tc
foil, was sealed in an evacuated 3 cc quart tube tube
sealed and heated by means of a heating coil to 925K. in
16 hours in a magnetic field of 1.4 kOe. Free-standing
the quartz tube cooled the sample to room temperature.
After cool down the ribbon was taken out for measure-
ment of the intrinsic coercive force.

3. Measurement of Intrinsic Coercive Force

The coercive force was measured using a vibrating
sample magnetometer. The magnetic field was first
applied parallel to the spontaneous moment, then raised
to 15 k Oe. The moment was then measured as a func-
tion of applied field as the field was reduced, then re-
versed to the maximum field of the magnet, then
brought back up again. The intrinsic coercive force is
the reverse field required to reduce the magnetization to
zero on the initial reversal. The results, along with the
alloy composition are summarized in Table 1.

TABLE 1
Alloy Intrinsic Coercive Force (Oe)
(Co.74Fe 96B 20) 945Sm p; 930
(Co,74Fe 96B.20) 955m 0212 03 1120
(Fe 2B 18).95Tbo3la g2 3000
(Co.74Fe 06B.20).945n 031203 1670
(Fe52B.18).9Tb psLags 8500
(Fe g2B 18).9Sm gsLa o5 600
(FesB.15).9Tb psLaos 9400
(Fe 3B 12).9Tb pslaos 9600
(Fe 52B 18).9Tb.osla.04 8400

Samples of polycrystalline hard magnetic alloys were
prepared by two other methods.

4. Preparation of Polycrystalline Hard Magnetic Alloy,
Demonstrating the Effect of Heating on Intrinsic
Coercive Force

A ribbon (4-6 mg) of Feps2Bo.18)0.9Tboos prepared
by the previous method was placed inside a partially
flattened thin-wall tantalum tube of about 1 mm. diame-
ter. The tantalum tube was folded into a length of about
4 mm. The folded tantalum with the ribbon inside was
sealed into one end of an evacuated quartz tube. The
purpose of the tantalum was to protect the ribbon from
oxidation and prevent a reaction with gases relased
during heat. The tube was heated to some specific tem-
perature for one hour, then cooled to room temperature
in a small magnetic field of about 2 kOe. Upon cooling,
the ribbon was tested as before. The ribbon was then
heated to a temperature 25 K. higher than before,
treated for one hour, then cooled and mesasured again.
This was continued until 1100 K. was reached, The
results are presented in FIG. 1. The intrinsic coercive
force rises to about 8.5 kOe at an anneal temperature of
925 K., then drops rapidly at higher temperatures. The
coercive force depended mainly on the highest anneal
temperature rather than the detailed history of the pro-
cess. For example, a 16 hour annecal at 925 K. gave a
magnetization loop essentially the same the above sam-
ple.

In FIG. 2 a typical magnetization curve taken at 300
K. on Feos:Bo.1s)o.9TboosLaoos heat treated for 16
hours at 925 K. in a magnetic field of about two kOe is
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presented. The slight offset in the curve is due to a field
cooling effect and disappears upon a few cycles of the
field. For this alloy an intrinsic coercive force of 9 kOe,
is achieved more or less independent of the details of the
anneal. The one hour step anneal procedure, for exam-
ple, yields an almost identical result when the maximum
anneal temperature is 925 K. The shape of the magneti-
zation curve clearly reflects the multiphase character of
the sample. The amount of high coercive force phase
varies somewhat from sample to sample and appears to
be more sensitive to the Fe/B ratio than to the quench-
ing procedures.

5. Preparation of Polycrystalline Hard Magnetic Alloy
By a Fast Anneal At a High Temperature

A small ribbon (4-6mg) of (Feo.s2B0.18)0.5Tbo.25La0.05
prepared by the previous method, was placed inside a
50 c.c. quartz tube evacuated dynamically by a diffusion
pump. The tube was placed in a furnace at 1200 K. for
0.5 to 1.5 minutes. Upon cooling the ribbon was placed
in magnetic field 20 kOe for thirty minutes. The intrin-
sic force was measured as before. A two-minute anneal
at 1200 K. produced an alloy with a lower intrinsic
force, indicating that a longer heating at the high tem-
perature causes unfavorable grain growth.

6. Preparation of Amorphous Alloys Without
Lanthanium
The procedure of example 1 was repeated exactly for
the following alloy: Fep g33Bo.o42Ndo.125.

7. Preparation of Polycrystalline Hard Magnetic Alloy
Without Lanthanium

A ribbon (8-10 mg) of the amorphous alloy prepared
by the previous method was wrapped in tantalum foil,
sealed in an evacuated 3 mm-diameter quartz tube and
heated by means of a heating coil to 923 K. in 16 hours
in a magnetic field of 1.4 kOe. Free-standing the quartz
tube cooled the sample to room temperature. After
cool-down the ribbon was taken out for measurement of
the intrinsic coerive force.

8. Measurement of the Intrinsic Coercive Force

The procedure of example 3 was repeated except that
this magnetic field was 15 kOe.

It is clear from these data that the proposed proce-
dure can produce potentially useful coercive behavior
from a wide class of rare earth containing amorphous
alloys, particularly those with La, which in a number of
cases is required to make the initial alloy amorphous by
melt.

Obviously many modifications and variations of the
present invention are possible in light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as specifically described.

What is claimed and desired to be secured by Letters
Patent of the United States is:

1. A method of preparing a hard magnetic polycrys-
talline alloy which comprise the steps of preparing an
alloy represented by the formula:

{(MuX3B1.w)1. A Y RL110y ]
(M, wxxal’»x)loﬂ rR':LI-'-:)y

wherein v is from 0 to 0.8, w is from about 0.7 to
about 0.98; x is from 0 to about 0.15; y is from about
0.05 to about 0.25; z is from O to about 0.95; M is
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selected from the [class]} group consisting of iron,
cobalt, an iron-cobalt alloy, an iron-manganese
alloy having at least 50 atomic percent iron, an
iron-cobali-manganese alloy having at least 50
atomic percent iron and cobalt, X is an [auxillary]
auxiliary glass former selected from the [class])
group consisting of phosphorous, silicon, alumi-
num, arsenic, [genmanium] germanium, [in-
dinum] indium, antimony, bismuth, tin and mix-
tures thereof, R’ is a heavier-weight lanthanide
selected from the group consisting of europium and
lanthanides having heavier than europium and L is a
lighter weight lanthanide selected from the group
consisting of cerium, praseodymium, neodymium,
samarium, said alloy having a polycrystalline, mul-
tiphase, single-domain microstructure wherein the
average crystal-grain size does not exceed 400
[Ad A

creating an amorphous microstructure in said alloy;

and

heating said alloy at a temperature from about 850 to

1200 K. in a magnetic field of at least one kOe until
a polycrystalline microstructure is obtained.

2. The method of claim 1 wherein said temperature is
from 950 to 1025 K. and the magnetic field is at least 15
kOe.

3. The method of claim 1 wherein said amorphous
alloy is heated at a temperature from about 1100 to 1200
K. for a period of time from about 15 to 120 seconds.

4. The method of claim 2 wherein M is iron and x is
zero.

5. The method of claim 4 wherein R’ is selected from
the [class] group consisting of terbium, dysprosium,
holmium, and erbium.

6. The method of claim 5§ wherein z is from 0.4 to
0.75.

7. The method of claim § wherein L, R’, and yttrium
are selected along with the amounts thereof so that the
molecular volume thereof is from 20.7 to 21.0 cc/mole.

8. The method of claim 6 wherein L, R’, and yttrium
are selected along with the amount thereof so that the
molecular volume thereof is from 20.7 to 21.0 cc/mole.

9. The method of claim 7 wherein the molecular
volume is 20.8 to 20.95 cc/mole.

10. The method of claim 8 wherein the molecular
volume is 20.8 to 20.95 cc/mole.

11. The method of claim 3 wherein M is iron and x is
zero.

12. The method of claim 11 wherein R’ is selected
from the [class]) group consisting of terbium, dyspro-
sium, holmium, and erbium.

13. The method of claim 12 wherein z is from 0.4 to
0.75.

14. The method of claim 12 wherein L, R’, and yt-
trium are selected along with the amount thereof so that
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the molecular volume thereof is from 20.7 to 21.0
cc/mole.

15. The method of claim 13 wherein L, R’, and yt-
trium are selected along with the amount thereof so that
the molecular volume thereof is from 20.7 to 21.0
cc/mole.

16. The method of claim 14 wherein the molecular
volume is 20.8 to 20.95 cc/mole.

17. The method of claim 13 wherein the molecular
volume is 20.8 to 20.95 cc/mole.

18. The method of claim 2 wherein said magnetic
field is at least 25 kOe.

19. The method of claim 3 wherein said magnetic
field is at least 25 kOe.

20. The method of claim 4 wherein said magnetic
field is at least 25 kOe.

21. The method of claim 1 wherein z is 0 and L is se-
lected from the group consisting of neodymium and
praseod ymium.

22. The method of claim 21 wherein L is neodymium.

23. The method of claim 21 wherein L is praseodymium.

24. The method of claim 21 wherein y is from 0.05 to
022

25. The method of claim 21 wherein y is from 0.05 to
0.20.

26. A method of preparing a hard magnetic polycrystal-
line alloy which comprise the steps of preparing an alloy
represented by the formula:

(M»XxBl-mx)-]-y(YvR'xLl-v-z)y

wherein v is from 0 to 0.8, w is from about 0.7 to about
0.98; x is from 0 to about 0.15; y is from about 0.05 to
about 0.25; z is from 0 to about 0.95; M is selected
Jrom the class consisting of iron, cobalt, an iron-cobalt
alloy, an iron-cobalt alloy, an iron-manganese alloy
having at least 50 atomic percent iron, an iron-cobalt-
manganese alloy having at least 50 atomic percent
iron and cobalt, X is an auxiliary glass former selected
from the class consisting of phosphorous, silicon, alu-
minum, arsenic, germanium, indium, antimony, bis-
muth, tin and mixtures thereof, R’ is a heavier-weight
lanthanide selected from the group consisting of euro-
pium and lanthanides heavier than evropium and L is
a mixture of lanthanum and an amount of a lighter
weight lanthanide selected from the group consisting
of praseodymium and neodymium effective to en-
hance the magnetic properties of said alloy, said alloy
having a polycrystalline, multiphase, single-domain
microstructure wherein the average crystal-grain size
does not exceed 400A;

creating an amorphous microstructure in said alloy; and

heating said alloy at a temperature from about 850 to
1200 K in a magnetic field of at least one kOe until a

polycrystalline microstructure is obtained.
] ® 2 & %



