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2
The problem of environmental degradation is especially

ENVIRONMENTALLY STABLE REACTIVE
ALLOY POWDERS AND METHOD OF
MAKING SAME

aggravated When the metallic material includes one or more

highly reactive alloying elements that are prone to chemi
cally react With constituents of the environment such as
oxygen, nitrogen, carbon, Water in the vapor or liquid form
and the like. The rare earth-iron-boron alloys (e.g., Nd-Fe-B

This application is a continuation of US. Ser. No.
08/328,163, ?led Oct. 24, 1994, noW abandoned, Which is a
division of Ser. No. 07/926,151, ?led Aug. 5, 1992, now
US. Pat. No. 5,372,629 Which is a continuation of Ser. No.
07/594,088, ?led Oct. 9, 1990, noW abandoned.

alloys) developed for magnetic applications represent a
particularly troublesome alloy system in terms of reactivity
to environmental constituents of the type described, even to
10

CONTRACTUAL ORIGIN OF REFERENCE
AND GRANT REFERENCE

environment. There is a need to protect such atomiZed

reactive alloy poWders from environmental degradation dur
ing fabrication operations to form magnet shapes and during

The United States Government has rights in this invention
pursuant to the Contract No. W-7405-ENG-82 betWeen the

US. Department of Energy and IoWa State University,
Ames, IoWa, Which contract grants to IoWa State University
Research Foundation, Inc. the right to apply for this patent.

the extent of exhibiting pyrophoric behavior in the ambient

use of the magnet in its intended service environment Where
15

the magnet is subjected to the environmental constituents
described above.

Rare earth-iron-boron alloy poWders (made from
mechanically milled rapidly solidi?ed ribbon) have been
fabricated into magnet shapes by compression molding

The research leading to the invention Was supported in part
by US. Department of Commerce Grant ITA 87-02.
20

techniques Wherein the alloy poWder is mixed at elevated

FIELD OF THE INVENTION

temperature, such as 392° E, with a suitable resin or

The present invention relates to a method of making
reactive metallic poWder having one or more ultra-thin,

polymer, such as polyethylene and polypropylene, and the
mixture is compression molded to a magnet shape of simple

bene?cial coatings formed in-situ thereon that protect the

reactive poWder against environmental attack (oxidation,
corrosion, etc.) and facilitate subsequent fabrication of the
poWder to end-use shapes. The present invention also relates
to the coated poWder produced as Well as fabricated shapes
thereof.

geometry. A surfactant chemical is blended With the resin or
25

polymer prior to mixing With the alloy poWder so as to

provide adequate Wetting and rheological properties for the
compression molding operation. Elimination of the need for
surfactant chemical is desirable as a Way to simplify fabri

cation of the desired magnet shape and to reduce the cost of
30

BACKGROUND OF THE INVENTION

fabricating magnets from such poWder alloys.
It is an object of the present invention to provide a method

of making metallic poWder from a melt having a composi

Gas atomiZation is a commonly used technique for eco

tion including one or more reactive alloying elements in

nomically making ?ne metallic poWder by melting the

selected concentration to provide desired end-use properties

metallic material and then impinging a gas stream on the 35
(e.g., magnetic properties) Wherein a bene?cial coating or
melt to atomiZe it into ?ne molten droplets that are solidi?ed

layer is formed in-situ thereon that protects the reactive

to form the poWder. One particular gas atomiZation process
is described in the Ayers and Anderson US. Pat. No.

poWder against environmental (oxidation, corrosion, etc.)

4,619,845 Wherein a molten stream is atomiZed by a super

sonic carrier gas to yield ?ne metallic poWder (e.g., poWder

40

siZes of 10 microns or less).

The metallic poWder produced by gas atomiZation pro
cesses is suitable for fabrication into desired end-use shapes

by various poWder consolidation techniques. HoWever, as a
result of the ?ne siZe of gas atomiZed poWder (i.e., poWder
having a high surface to volume ratio), the metallic poWder

subsequent fabrication of the poWder to end-use shapes by
45

It is another object of the present invention to provide

protect against environmental degradation during fabrica
50

atomiZation. Production of stabiliZing refractory ?lms dur
ing gas atomiZation has been effected on aluminum poWder

by utiliZing a recycled gas mixture (?ue gas) for the atomi

55

Zation gas and ambient air for the spray chamber environ

tion of the poWder to end-use shapes and during use in the
intended service environment.
It is another object of the invention to provide a method
of making such coated poWder in a manner controlled to
avoid altering the poWder composition to an extent that

Would degrade the poWder end-use properties (e.g., mag
netic properties).
SUMMARY OF THE INVENTION

ment. During the atomiZation process the oxygen (or other
reactive gas species, like carbon) in this complex gas envi

The present invention involves apparatus and method for
making poWder from a metallic melt having a composition

ronment reacts With the aluminum to form a coating on the

particles. StabiliZing carbonate/oxide ?lms have been pro

mixing With a polymeric or other binder.
reactive metallic poWder having one or more coatings that

is more susceptible to environmental degradation, such as

oxidation, corrosion, contamination, etc. than the same
metallic material in bulk form. Some alloy poWders, in
particular aluminum and magnesium, have been made more
stable to environmental constituents by producing a thin
oxide ?lm on the poWder particles during or after gas

attack.
It is another embodiment of the invention to provide a
method of making metallic poWder from a melt of the type
described in the preceding paragraph Wherein a bene?cial
coating or layer is formed on the poWder to facilitate

60

including one or more reactive alloying elements in selected

concentration to provide desired end-use properties. In
accordance With the invention, the melt is atomiZed to form
molten droplets and a reactive gas is brought into contact
With the droplets at a reduced droplet temperature Where

duced on reactive ultra?ne metal poWders, such as carbonyl

processed iron, folloWing their initial formation by sloWly
bleeding carbon dioxide gas into the formation chamber and
alloWing a long exposure time before removal of the par

temperature rise of the poWder during initial reaction as

they have a solidi?ed exterior surface and Where the reactive
gas reacts With the reactive alloying element to form a

could cause rapid catastrophic poWder burning or explosion.

reaction product layer (e.g., a protective barrier layer com

ticulate. SloW bleeding rates are required to prevent such a

65
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3
prising a refractory compound of the reactive alloying
element) thereon. Penetration of the reaction product layer

poWder particles made in accordance With Example 1 illus

into the droplets is limited by the presence of the solidi?ed

trating the spherical particle shape.

surface so as to avoid selective removal (i.e., excess

FIG. 3 is an AES depth pro?le of a coated poWder particle
made in accordance With Example 2 illustrating the reaction

FIG. 2 is a photomicrograph of a collection of coated

reaction) of the reactive alloying element from the droplet
core composition to a harmful level that could substantially

product layers formed.

degrade the end-use properties of the metallic poWder.
Preferably, the droplets are atomiZed and then free fall
through a Zone of the reactive gas disposed doWnstream of
the atomiZing location. The reactive gas Zone is located
doWnstream by such a distance that the droplets are cooled
to the aforesaid reaction temperature by the time they reach
the reactive gas Zone. Preferably, the droplets are cooled
such that they are solidi?ed from the exterior surface sub
stantially to the droplet core When they pass through the
reactive gas Zone. The reactive gas preferably comprises
nitrogen to form a nitride protective layer, although other
gases may be used depending upon the particular reaction
product layer to be formed and the composition of the melt.
In one embodiment of the invention, the droplets are also

FIG. 4 is a side elevation of a modi?ed atomiZing noZZle

used in the Examples.
10

FIG. 6 is a fragmentary sectional vieW of the modi?ed

atomiZing noZZle shoWing gas jet discharge ori?ces aligned
15

contacted With a gaseous carbonaceous material after the

Referring to FIG. 1, a gas atomiZation apparatus is shoWn

for practicing the present invention. The apparatus includes
a melting chamber 10, a drop tube 12 beneath the melting

bearing (e.g., graphitic carbon) layer or coating on the

reaction product layer.

chamber, a poWder collection chamber 14 and an exhaust
25

through a reactive gas Zone established doWnstream in the

drop tube by a supplemental reactive gas jet. The coated,
solidi?ed droplets are collected in the vicinity of the drop
tube bottom.

The present invention is especially useful, although not
limited, to production of rare earth-transition metal alloy
poWder With and Without boron as an alloyant Wherein the
poWder particles include a core having a composition cor
responding substantially to the desired end-use rare earth

transition metal alloy composition, a reaction product layer

(environmentally protective refractory barrier layer) of

With the noZZle melt supply tube surface.
FIG. 7 is a bottom plan vieW of the modi?ed atomiZing
noZZle.
DETAILED DESCRIPTION OF THE
INVENTION

initial reaction product layer is formed to form a carbon

In another embodiment of the invention, the melt is
atomiZed in a drop tube to form free falling droplets that fall

FIG. 5 is a sectional vieW of a modi?ed atomiZing noZZle

along lines 5—5.

35

nitride formed in-situ on the core, a mixed rare earth/

cleaning system 16. The melting chamber 10 includes an
induction melting furnace 18 and a vertically movable
stopper rod 20 for controlling How of melt from the furnace
18 to a melt atomiZing noZZle 22 disposed betWeen the
furnace and the drop tube. The atomiZing noZZle 22 prefer
ably is of the supersonic inert gas type described in the Ayers
and Anderson US. Pat. No. 4,619,845, the teachings of
Which are incorporated herein by reference, as-modi?ed in
the manner described in Example 1. The atomiZing noZZle
22 is supplied With an inert atomiZing gas (e.g., argon,
helium) from a suitable source 24, such as a conventional

bottle or cylinder of the appropriate gas. As shoWn in FIG.
1, the atomiZing noZZle 22 atomiZes, melt in the form of a

transition metal oxide layer on the nitride layer and option

spray of generally spherical, molten droplets D into the drop

ally a carbon-bearing layer (e.g., graphitic carbon) on the

tube 12.
Both the melting chamber 10 and the drop tube 12 are
connected to an evacuation device (e.g., vacuum pump) 30
via suitable ports 32 and conduits 33. Prior to melting and

oxide layer. The nitride layer may comprise a rare earth
nitride if no boron is present in the alloy or a boron nitride,
or mixed boron/rare earth nitride, if boron is present in the

alloy in usual quantities for magnetic applications. The
reactivity of the coated rare earth-transition metal alloy
poWder to environmental constituents, such as air and Water
in the vapor or liquid form, is signi?cantly reduced as
compared to the reactivity of uncoated poWder of the same

atomiZation of the melt, the melting chamber 10 and the
45

composition. Preferably, the thickness (i.e.. depth of

are positively pressuriZed by an inert gas (e.g., argon to
about 1.1 atmosphere) to prevent entry of ambient air

penetration) of the reaction product layer is controlled so as
not to exceed about 500 angstroms such that the rare earth

component and boron component, if present, of the poWder
core composition are not selectively removed to a harmful

level that substantially degrades the magnetic properties of
the poWder. The carbon-bearing layer, When present, typi
cally has a thickness of at least about 1 monolayer (2.5
angstroms) so as to provide environmental protection as Well

as improve Wetting of the poWder by a binder prior to
fabrication of an end-use shape, thereby eliminating the need

drop tube 12 are evacuated to a level of 10'4 atmosphere to
substantially remove ambient air. Then, the evacuation sys
tem is isolated from the chamber 10 and the drop tube 12 via
the valves 34 shoWn and the chamber 10 and drop tube 12

55

thereafter.
The drop tube 12 includes a vertical drop tube section 12a
and a lateral section 12b that communicates With the poWder
collection chamber 14. The drop tube vertical section 12a
has a generally circular cross-section having a diameter in
the range of 1 to 3 feet, a diameter of 1 foot being used in

the Examples set forth beloW. As Will be explained beloW,
the diameter of the drop tube section 12a and the diameter
of the supplemental reactive gas jet 40 are selected in

for a surfactant chemical and facilitating fabrication of

magnet or other shapes by injection molding and like
shaping processes.
The aforementioned objects and advantages of the present

relation to one another to provide a reactive gas Zone or halo

H extending substantially across the cross-section of the

invention Will become more readily apparent from the

drop tube vertical section 12a at the Zone H.

folloWing detailed description taken in conjunction With the

The length of the vertical drop tube section 12a is
typically about 9 to about 16 feet, a preferred length being
9 feet being used in the Examples set forth beloW, although

draWings.
DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic vieW of atomiZation apparatus in
accordance With one embodiment of the invention.

65

other lengths can be used in practicing the invention. A

plurality of temperature sensing means 42 (shoWn
schematically), such as radiometers or laser doppler veloci

5,811,187
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6

metry devices, may be spaced axially apart along the length

the droplets can also be readily determined using a physical

of the vertical drop section 12a to measure the temperature

sampling technique in conjunction With macroscopic and

of the atomiZed droplets D as they fall through the drop tube
and cool in temperature.
In accordance With the present invention, the supplemen
tal reactive gas jet 40 referred to above is disposed at
location along the length of the vertical drop section 12a

microscopic examination of the poWder samples taken at

Where the falling atomiZed droplets D have cooled to a

reduced temperature (compared to the droplet melting
temperature) at Which the droplets have at least a solidi?ed
exterior surface thereon and at Which the reactive gas in the

10

12a, 12b beloW Zone H as to form a carbon-bearing (e.g.,

Zone H can react With one or more reactive alloying ele

graphite layer) on the hot droplets D after they pass through

ments of the shell to form a protective barrier layer (reaction

product layer comprising a refractory compound of the
reactive alloying element) on the droplets Whose depth of
penetration into the droplets is controllably limited by the

the reactive gas Zone H. The organic material may comprise
an organic cement to hold the splash member 12c in place
15

in the drop tube 12. Alternately, the organic material may
simply be deposited on the upper surface or loWer surface of
the splash member 12c. In any event, the material is heated

presence of the solidi?ed surface as Will be described beloW.

In particular, the jet 40 is supplied With reactive gas (e.g.,

during atomiZation to thermally decompose it and release

nitrogen) from a suitable source 41, such as a conventional

bottle or cylinder of appropriate gas through a valve and
discharges the reactive gas, in a doWnWard direction into the
drop tube to establish the Zone or halo H of reactive gas

through Which the droplets travel and come in contact for
reaction in-situ thereWith as they fall through the drop tube.

The reactive gas is preferably discharged doWnWardly in the
drop tube to minimize gas updrift in the drop tube 12. The
How patterns established in the drop tube by the atomiZation

different axial locations doWnstream from the atomiZing
noZZle in the drop tube 12.
Referring to FIG. 1, prior to atomiZation, a thermally
decomposable organic material is deposited on a splash
member 12c disposed at the junction of the drop tube
vertical section 12a and lateral section 12b to provide
suf?cient carbonaceous material in the drop tube sections

25

gaseous carbonaceous material into the sections 12a, 12b
beloW Zone H. An exemplary organic material for use
comprises Duco® model cement that is applied in a uniform,
close pattern to the bottom of the splash member 12c to
fasten it to the elboW 126. Also, the Duco cement is applied
as a heavy bead along the exposed uppermost edge of the
splash member 12c after the initial fastening to the elboW.
The Duco cement is subjected during atomiZation of the
melt to temperatures in excess of 500° C. so that the cement
thermally decomposes and acts as a source of gaseous

and falling of the droplets inherently oppose updrift of the
reactive gas. As a result, a reactive gas Zone or halo H having
a more or less distinct upper boundary B and less distinct

carbonaceous material to be released into drop tube sections
12a, 12b beneath the Zone H. The extent of heating and
thermal decomposition of the cement and, hence, the con

loWer boundary extending to the collection chamber 14 is
established in the drop tube section 12a doWnstream from
the atomiZing noZZle in FIG. 1. As mentioned above, the
diameter of the drop tube section 12a and the jet 40 are

centration of carbonaceous gas available for poWder coating

is controlled by the position of the splash member 120,
particularly the exposed upper most edge, relative to the

selected in relation to one another to establish a reactive gas 35
initial melt splash impact region and the central Zone of the

Zone or halo that extends laterally across the entire drop tube

spray pattern. To maximiZe the extent of heating and thermal

cross-section. This places the Zone H in the path of the

decomposition, additional Duco cement can be laid doWn

falling droplets D so that substantially all of the droplets

(deposited) as stripes on the upper surface of the splash
member 12c.

travel therethrough and contact the reactive gas.
The temperature of the droplets D as they reach the
reactive gas Zone H Will be loW enough to form at least a

solidi?ed exterior surface thereon and yet sufficiently high
as to effect the desired reaction betWeen the reactive gas and

the reactive alloying element(s) of the droplet composition.
The particular temperature at Which the droplets have at

45

least a solidi?ed exterior shell Will depend on the particular

melt composition, the initial melt superheat temperature, the
cooling rate in the drop tube, and the siZe of the droplets as

Alternately, a second supplemental jet 50 can be disposed
doWnstream of the ?rst supplemental reactive gas jet 40. The
second jet 50 is adapted to receive a carbonaceous material,
such as methane, argon laced With paraf?n oil and the like,
from a suitable source (not shoWn) for discharge into the
drop tube section 12a to form a graphitic carbon coating on
the hot droplets D after they pass through the reactive gas
Zone H.

PoWder collection is accomplished by separation of the

Well as other factors such as the “cleanliness” of the

droplets, i.e., the concentration and potency of heteroge

poWder particles/gas exhaust stream in the tornado centrifu

neous catalysts for droplet solidi?cation.
Preferably in accordance With the invention, the tempera
ture of the droplets When they reach the reactive gas Zone H

separated poWder particles in the valved poWder-receiving

Will be loW enough to form at least a solidi?ed exterior skin
or shell of a detectable, ?nite shell thickness; e.g., a shell
thickness of at least about 0.5 micron. Even more preferably,
the droplets are solidi?ed from the exterior surface substan

gal dust separator/collection chamber 14 by retention of

55

container, FIG. 1.
In practicing the present invention using the apparatus of
FIG. 1, the melt may comprise various reactive metals and
alloys including, but not limited to, rare earth-transition
metal magnetic alloys With and Without boron as an alloyant,

tially to the droplet core (i.e., substantially through their
diametral cross-section) When they reach the reactive gas

iron alloys, copper alloys, nickel alloys, titanium alloys,

Zone H. As mentioned above, radiometers or laser doppler

others that include one or more reactive alloying elements
that are reactive With the reactive gas under the reaction
conditions established at the reactive gas Zone H.
In the rare earth-transition metal alloy, the rare earth and

aluminum alloys, beryllium alloys, hafnium alloys as Well as

velocimetry devices, may be spaced axially apart along the
length of the vertical drop section 12a to measure the

temperature of the atomiZed droplets D as they fall through
the drop tube and cool in temperature, thereby sensing or
detecting When at least a solidi?ed exterior shell of ?nite
thickness has formed on the droplets. As Will be explained
in Example 1 beloW, the formation of a ?nite solid shell on

65

boron, if present, are reactive alloying elements that must be
maintained at prescribed concentrations to provide desired

magnetic properties in the poWder product. The rare earth
transition metal alloys typically include, but are not limited

5,811,187
7

8

to, Tb-Ni, Tb-Fe and other refrigerant magnetic alloys and

poWder is limited so as not to exceed about 500 angstroms,

rare earth-iron-boron alloys described in the US. Pat. Nos.

preferably being in the range of about 200 to about 300

4,402,770; 4,533,408; 4,597,938 and 4,802,931 Where the

angstroms, for poWder particle siZes (diameters) in the range

rare earth is selected from one or more of Nd, Pr, La, Tb, Dy,

of about 1 to about 75 microns, regardless of the type of

Sm, Ho, Ce, Eu, Gd, Er, Tm, Yb, Lu, Y and Sc. The loWer
Weight lanthanides (Nd, Pr, La, Sm, Ce, Y Sc) are preferred.

reaction product layer formed. Generally, the thickness of
the reaction product layer does not exceed 5% of the major

The present invention is especially advantageous in the

coated poWder particle dimension (i.e., the particle

manufacture of protectively coated rare earth-nickel, rare

earth-iron and rare earth-iron-boron alloy poWder exhibiting
signi?cantly reduced reactivity to the aforementioned envi

10

ronmental constituents. When making rare earth-iron-boron
atomiZed poWder, alloys rich in rare earth (e.g., at least 27

Weight %) and rich in B (e.g., at least 1.1 Weight %) are
preferred to promote formation of the hard magnetic phase,
Nd2Fe14B, in an equiaxed, blocky microstructure devoid of
ferritic Fe phase. Nd-Fe-B alloys comprising about 26 to 36

15

position can be adjusted to accommodate these effects.

1.6 Weight % B are useful as a result of their demonstrated

As Will become apparent from the Examples beloW, the

excellent magnetic properties. Alloyants such as Co, Ga, La,
20

product layers formed again Will depend upon the melt
composition and the reaction conditions present at the
25

reaction techniques. The carbon-bearing layer typically
30

about 1 monolayer (2.5 angstroms) regardless of the reaction
protection to the poWder product against such environmental
constituents as liquid Water or Water vapor as, for example,

rier layer, With the reactive alloying element of the melt
35

ucts are nitrides, oxides, carbides, borides and the like. The
particular reaction product formed Will depend on the com
position of the melt, the reactive gas composition as Well as
the reaction conditions existing at the reactive gas Zone H.

is present in humid air. The carbon layer also facilitates

Wetting of the poWder product by binders used in injection
molding processes for forming end-use shapes of the poWder

product.
40

The folloWing Examples are offered to further illustrate,
but not limit, the present invention. The Examples Were
generated using an apparatus like that shoWn in FIG. 1.
EXAMPLE 1

45

The depth of penetration of the reaction product layer into
the droplets is controllably limited by the droplet tempera
ture (extent of exterior shell solidi?cation) and by the

The melting furnace Was charged With an Nd—16 Weight
% Fe master alloy as-prepared by thermite reduction, an
Fe-B alloy carbo-thermic processed and obtained from the

Shieldalloy Metallurgical Corp. and electrolytic Fe obtained
from Glidden Co. The charge Was melted in the induction

melting furnace after the melting chamber and the drop tube

reaction conditions established at the reactive gas Zone H. In

particular, the penetration of the reaction product layer (i.e.,

comprises graphitic carbon formed to a thickness of at least

technique employed. The graphitic carbon layer provides

compound, particularly an environmentally protective bar

against environmental constituents, such as air and Water in
the vapor or liquid form, to Which the poWder product Will
be exposed during subsequent fabrication to an end-use
shape and during use in the intended service application.

reactive gas Zone H.

As mentioned above, a carbon-bearing layer may be
formed in-situ on the reaction product layer by various

under the reaction conditions at the reactive gas Zone H.

The protective barrier (reaction product) layer is selected to
passivate the poWder particle surface and provide protection

tiple layers of different composition, such as an inner nitride
layer formed on the droplet core and an outer oxide type

titanium, Zirconium and the like as the reactive alloying
element to form a reaction product With the reactive gas

composition. Illustrative of stable refractory reaction prod

reaction barrier (reaction product) layer may comprise mul
layer formed on the inner layer. The types of reaction

aluminum, silicon, chromium, rare earth elements, boron,

The reactive gas may comprise a nitrogen bearing gas,
oxygen bearing gas, carbon bearing gas and the like that Will
form a stable reaction product comprising a refractory

melting With residual oxygen and formation of a moderate
slag layer on the melt surface. The iron content of the
poWder increased relatively as a result While the boron
content remained generally the same. The initial melt com

Weight % Nd, about 62 to 68 Weight % Fe and about 0.8 to

and others may be included in the alloy composition, such
as 31.5 Weight % Nd—65.5 Weight % Fe—1.408 Weight %
B—1.592 Weight % La and 32.6 Weight % Nd—50.94
Weight % Fe—14.1 Weight % Co—1.22 Weight % B—1.05
Weight % Ga, Which is cited in Example 4.
Iron alloys, copper alloys and nickel alloys may include

diameter) to this end.
With Nd-Fe-B type alloys, the Nd content of the alloy Was
observed to be decreased by about 1—2 Weight % in the
atomiZed poWder compared to the melt as a result of melting
and atomiZation, probably due to reaction of the Nd during
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Were evacuated to 10'4 atmosphere and then pressuriZed
With argon to 1.1 atmosphere to provide melt of the com

the reactive gas species, for example, nitrogen) into the
droplets is limited by the presence of the solidi?ed exterior

position 32.5 Weight % Nd—66.2 Weight % Fe—1.32

shell so as to avoid selective removal of the reactive alloying

Weight % B. The melt Was heated to a temperature of 3002°

element (by excess reaction thereWith) from the droplet core
composition to a harmful level (i.e., outside the preselected
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?nal end-use concentration limits) that could substantially
degrade the end-use properties of the poWder product. For
example, With respect to the rare earth-transition metal
alloys With and Without boron as an alloyant, the penetration

of the reaction product layer is limited to avoid selectively
removing the rare earth alloyant and the boron alloyant, if

F. (1650° C.). After a hold period of 10 minutes to reduce
(vaporiZe) Ca present in the melt (from the thermite reduced
Nd-Fe master alloy) to melt levels of 50—60 ppm by Weight,
the melt Was fed to the atomiZing noZZle by gravity ?oW
upon raising of the boron nitride stopper rod. The atomiZing
noZZle Was of the type described in US. Pat. No. 4,619,845

60

present, from the droplet core composition to a harmful level

as modi?ed (see FIGS. 4—7) to include (a) a divergent
manifold expansion region 120 betWeen the manifold gas
inlet 116 and the arcuate manifold, segment 118 and (b) an

(outside the prescribed ?nal end-use concentrations

increased number (i.e., 20) of gas jet discharge ori?ces 130

therefor) that Would substantially degrade the magnetic
properties of the poWder product in magnet applications. In

that are NC (numerical control) machined to be in close

accordance With the invention, the thickness of the reaction
product layer formed on rare earth-transition metal alloy
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tolerance tangency T (e.g., Within 0.002 inch, preferably
Within 0.001 inch) to the inner bore 133 of the noZZle body
104 to provide improved laminar gas ?oW over the frusto

5,811,187
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conical surface 134 of the tWo-piece nozzle melt tube 132
(i.e., inner boron nitride melt supply tube 132C and outer
type 304 stainless steel tube 132b With thermal insulating

reached the nitrogen gas zone Was made by locating an array

maintain the same gas exit area as the patented nozzle. The

of spray probe Wires in the drop tube doWnstream of the
atomizing nozzle. In particular, starting at about 8 inches
beloW the atomizing nozzle, an array of ten (10) single Ni-Cr
alloy Wires Was positioned across the diameter of the drop
tube. The Wires Were spaced apart by 6 inches in the array
along the length of the drop tube to just above the location
of the nitrogen jet. Each Wire in the array Was offset 90°
relative to the neighboring Wires.
The degree of solidi?cation of the droplets in the droplet
spray pattern Was estimated by macroscopic and micro
scopic analysis of the deposits collected on each Wire array.

modi?ed atomizing nozzle Was found to be operable at
loWer inlet gas pressure While achieving more uniformity in

let particles Were collected on Wire arrays that Were spaced

space 132d therebetWeen). The divergent expansion region
120 minimizes Wall re?ection shock Waves as the high 5
pressure gas enters the manifold to avoid formation of

standing shock Wave patterns in the manifold, thereby
maximizing ?lling of the manifold With gas. The manifold
had an rO of 0.3295 inch, r1 of 0.455 inch and r2 of 0.642
inch. The number of discharge ori?ces 130 Was increased
from 18 (patented nozzle) to 20 but the diameter thereof Was
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reduced from 0.0310 and (patent nozzle) to 0.0292 inch to

particle sizes produced; e.g., increasing the percentage
(yield) of poWder particles falling in the desired particle size
range (e.g., less than 38 microns diameter) for optimum
magnetic properties for the Nd-Fe-B alloy involved from
about 25 Weight % to about 66—68 Weight %. The yield of
optimum particle sizes Was thereby increased to improve the

Macroscopic analysis shoWed that liquid or semi-solid drop
15

from a position closest to the atomizing nozzle (i.e., 8 inches
doWnstream) to a position about 50 inches doWnstream
therefrom. Beyond a doWnstream distance of about 50
inches, there Was no longer any signi?cant population of
droplet particles deposited on the Wire arrays. Microstruc

20

tural analysis of transverse sections of the droplet deposits

ef?ciency of the atomization process. The modi?ed atom

attached to the Wires indicated that at least a ?nite thickness
exterior surface shell Was formed at a distance of about 50

izing nozzle is described in copending U.S. patent applica
tion entitled “Improved Atomizing Nozzle And Process”

inches.

Ser. No. 07/593,942, now US. Pat. No. 5,125,574, the

teachings of Which are incorporated herein by reference.
Argon atomizing gas at 1100 psig Was supplied to the
atomizing nozzle. The reactive gas jet Was located 75 inches
doWnstream from the atomizing nozzle in the drop tube.
Ultra high purity (99.995%) nitrogen gas Was supplied to the
jet at a pressure of 100 psig for discharge into the drop tube

25

Since the supplemental nitrogen jet Was located about 75
inches doWnstream of the atomizing nozzle, the reaction of
the nitrogen gas and the droplets took place When the
droplets Were solidi?ed at least to the extent of having a

solid ?nite thickness surface shell thereon strong enough to
resist adherence to the last tWo Wires in the array.
30

Where at least a ?nite thickness solidi?ed exterior shell Was

In Example 1, the splash member 12c Was positioned so
as to alloW only very local heating and minimal decompo
sition of the Duco cement bond layer holding the splash
member to the elboW 12c, avoiding contact of the cement
With the uppermost edge of the splash member. As a result,
only a one monolayer thickness of the carbon-bearing layer

present thereon. This determination Was made in a prior

Was observed to form on the particles.

to establish a nitrogen gas reaction zone or halo extending

across the drop tube such that substantially all the droplets
traveled through the zone. At this location doWnstream from
the atomizing nozzle, the droplets Were determined to be at

a temperature of approximately 1832° F. (1000° C.) or less,
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experimental trail using a technique described beloW. After
the droplets traveled through the reaction zone, they Were
collected in the collection container of the collection cham

ber (e.g., see FIG. 2). The coated solidi?ed poWder product

EXAMPLE 2
40

A melt of the composition 33.0 Weight % Nd—65.9
Weight % Fe—1.1 Weight % B Was melted in the melting
furnace after the melting chamber and the drop tube Were
evacuated to 10'4 atmosphere and then pressurized With

45

ture of 3002° F. and fed to the atomizing nozzle of the type

Was removed from the collection chamber When the poWder

reached approximately 72° F. The solidi?ed poWder par
ticles Were produced in the particle size (diameter) range of
about 1 to about 100 microns With a majority of the particles
being less than 38 microns in diameter.
FIG. 2 is a photomicrograph of a collection of the coated

argon to 1.1 atmosphere. The melt Was heated to a tempera

described in Example 1 by gravity ?oW upon raising of the
stopper rod. Argon atomizing gas at 1050 psig Was supplied

poWder particles. The poWder particle comprises a core
having a particular magnetic end-use composition and a
nitride layer (refractory reaction product) formed thereon
having a thickness of about 250 angstroms. Auger electron
spectroscopy (AES) Was used to gather surface and near
surface chemical composition data on the particles. The AES
analysis indicated a near-surface enrichment of boron and
nitrogen consistent With the initial formation of a boron
nitride layer. If no boron is present in the alloy (e.g., a Tb-Ni
or Tb-Fe alloy), the nitride layer Will comprise a rare earth
nitride.

The collected poWder particles Were tested for reactivity
by repeated contact With the spark discharge of a tesla coil

to the atomizing nozzle. The reactive gas jet Was located 75

inches doWnstream from the atomizing nozzle in the drop
tube. Ultra high purity nitrogen gas Was supplied to the jet
at a pressure of 100 psig for discharge into the drop tube to
establish a nitrogen gas reaction zone or halo extending

across the drop tube such that substantially all the droplets
55

traveled through the zone. At this location doWnstream from
the atomizing nozzle, the droplets Were determined to be at
a temperature of approximately 1832° F. or less, Where at
least a ?nite thickness solidi?ed exterior shell Was present

thereon as determined by the technique described above.

After the droplets traveled through the reaction zone, they
60

Were collected in the collection container. The solidi?ed

in air, a so called “spark test”. The spark test results shoWed
no apparent “sparkler” effect and no sustained red gloW,

poWder product Was removed from the collection chamber
When the poWder reached approximately 72° F. The solidi

indicating that the coated poWder particles of the invention
exhibited signi?cantly reduced reactivity as compared to
uncoated poWder particles of the same composition.

?ed poWder particles Were produced in the size (diameter)

The determination of the presence of at least a ?nite
thickness solidi?ed skin or shell on the droplets When they

range of about 1 to 100 microns With a majority of the
65

particles having a diameter less than about 44 microns.
The poWder particles comprised a core having a particular

magnetic end-use composition and a protective refractory

5,811,187
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layer thereon having a total thickness of about 300 ang
stroms. Auger electron spectroscopy (AES) Was used to

pressure of 100 psig for discharge into the drop tube after
atomiZation of the melt and collection of the poWder par

gather surface and near-surface chemical composition data
on the particles using in-situ ion milling to produce the depth

ticles. In particular, the nitrogen jet Was not turned on until
after the melt Was atomiZed and the solidi?ed poWder

pro?le shoWn in FIG. 3. The AES analysis indicated an inner

particles Were collected in the collection chamber (FIG. 1).

surface layer composition of enriched in nitrogen, boron and

Then, While the particles Were still at an elevated tempera

ture (e.g., 500° F.), nitrogen Was discharged from the supple
mental jet into the drop tube, adding about 0.2 atmosphere

Nd corresponding to a mixed Nd-B nitride (refractory reac

tion product). The ?rst layer (inner) Was about 150 to 200
angstroms in thickness. A second layer enriched in Nd, Fe
and oxygen Was detected atop the nitride layer. This second
layer corresponded to a mixed oxide of Nd and Fe
(refractory reaction product) and is believed to have formed

10

approximately 72° F. Only a modest amount of Duco cement
Was thermally decomposed to form a protective carbon
bearing layer of about one monolayer on the particles.

as a result of decomposition and oxidation of the initial

nitride layer While the poWder particles Were still at elevated
temperature. The second layer Was about 100 angstroms in
thickness. An outermost (third) layer of graphitic carbon Was
also present on the particles. This outermost layer Was
comprised of graphitic carbon With some traces of oxygen
and had a thickness of at least about 3 monolayers. This
outermost carbon layer is believed to have formed as a result

of nitrogen partial pressure to react With the hot particles
remaining in the drop tube and those residing in the collec
tion container. The solidi?ed poWder product Was removed
from the collection container When the poWder reached

15

The collected poWder particles Were tested for reactivity
by spark test. The test results again shoWed no explosive

tendency, indicating that the in-situ coated poWder particles
of the invention exhibited signi?cantly reduced reactivity as
compared to uncoated poWder particles of the same com
20

position.

of thermal decomposition of the Duco cement (used to hold

EXAMPLE 4

the splash member 12c in place in the drop tube) and
subsequent deposition of carbon on the hot particles after
they passed through reactive gas Zone H so as to produce the

graphitic carbon ?lm or layer thereon. Subsequent atomiZing

25

runs With and Without excess Duco cement present con
?rmed that the cement Was functioning as a source of

sphere. The melt Was heated to a temperature of 2912° F. and

gaseous carbonaceous material for forming the graphite

fed to the atomiZing noZZle of the type described in Example

outer layer on the particles. The Duco cement typically is
present in an amount of about one (1) ounce cement for

30

atomiZation of 4.5 kilogram melt to form the graphite layer

stream of the atomiZing noZZle in the drop tube. Ultra high
purity nitrogen gas Was supplied to the jet at a pressure of
100 psig for discharge into the drop tube to establish a

The collected poWder particles Were tested for reactivity
by the spark test described above. The test results shoWed no

The poWder particles Were fabricated into a magnet shape
by mixing With a polymer blend binder, namely a 2 to 1

1 by gravity ?oW upon raising of the stopper rod. Argon
atomiZing gas at 1100 psig Was supplied to the atomiZing
noZZle. The reactive gas jet Was located 75 inches doWn

thereon.

tendency for burning or “sparklers” indicating that the
in-situ coated poWder particles of this Example exhibited
signi?cantly reduced reactivity as compared to uncoated
poWder particles of the same composition.

A melt of the composition 32.6 Weight % Nd—50.94
Weight % Fe—1.22 Weight % B—14.1 Weight % Co—1.05
Weight % Ga Was melted in the melting furnace after the
melting chamber and the drop tube Were evacuated to 10'4
atmosphere and then pressuriZed With argon to 1.1 atmo

35

nitrogen gas reaction Zone or halo extending across the drop

tube such that substantially all the droplets traveled through

40

the Zone. At this location doWnstream from the atomiZing
noZZle, the droplets Were determined to be at a temperature
of approximately 1832° F. or less, Where at least a ?nite
thickness solidi?ed exterior shell Was present thereon. After

blend of a high melt ?oW/loW melting polyethylene (e.g.,

the droplets traveled through the reaction Zone, they Were

Grade 6 available from Allied Corp., MorristoWn, N.] and
a stronger, moderate melt ?oW, linear, loW density polyeth

collected in the collection container. A moderate amount of

ylene (e.g., Grade Clarity 5272 polyethylene-ASTM NA153
or a PE2030 polyethylene available form CFC Prime 45

Alliance, Des Moines, IoWa), and then injection molding the

the poWder reached approximately 72° F.
The poWder particles comprised a core having a particular
magnetic end-use composition and a protective refractory

mixture in a die in accordance With copending US. patent

application entitled “Method of Making Bonded On Sintered
Permanent Magnets” Ser. No. 07/593,943, noW U.S. Pat.

No. 5,240,513, the teachings of Which are incorporated
herein by reference. The presence of the carbon-bearing
layer Was found to signi?cantly enhance Wettability of the
poWder by the polymer blend binder so as to avoid the need

50

on the particles. The AES analysis indicated a chemical
55

EXAMPLE 3

layer.
The collected poWder particles Were tested for reactivity
by the spark test. The test results shoWed no explosive
60

tendency, indicating that the in-situ coated poWder particles
of the invention exhibited signi?cantly reduced reactivity as
compared to uncoated poWder particles of the same com

ture of 3002° F. and fed to the atomiZing noZZle of the type

described in Example 1 by gravity ?oW upon raising of the
stopper rod. Argon atomiZing gas at 1100 psig Was supplied
inches doWnstream of the atomiZing noZZle in the drop tube.
Ultra high purity nitrogen gas Was supplied to the jet at a

depth pro?le similar to that for Example 2 corresponding to
approximately 3 coating layers: an outer graphite layer, a
middle Nd-B oxide layer, and an inner Nd-B mixed nitride

argon at 1.1 atmosphere. The melt Was heated to a tempera

to the atomiZing noZZle. The reactive gas jet Was located 75

layer thereon having a total thickness of about 300 ang
stroms. Auger electron spectroscopy (AES) Was used to

gather surface and near-surface chemical composition data

to use a surfactant chemical addition.

A melt of the composition 32.5 Weight % Nd—66.2
Weight % Fe—1.32 Weight % B Was melted in the melting
furnace after the melting chamber and the drop tube Were
evacuated to 10'4 atmosphere and then pressuriZed With

Duco cement Was thermally decomposed during atomiZation
to form a protective carbon-bearing layer of about one
monolayer on the particles. The solidi?ed droplets or poW
der product Was removed from the collection chamber When

position.
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EXAMPLE 5

Amelt of the composition 87.4 Weight % Al—12.6 Weight
% Si Was melted in the melting furnace after the melting

5,811,187
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2. The poWder of claim 1 Wherein the substantially carbon

chamber and the drop tube Were evacuated to 10'4 atmo

sphere and then pressurized With argon to 1.1 atmosphere.

layer comprises graphite.

The melt Was heated to a temperature of 1832° F. and fed to

3. Rare earth-transition metal-boron alloy poWder, com
prising a core comprising said alloy, an inner layer com

the atomiZing nozzle of the type described in Example 1 by
gravity ?oW upon raising of the stopper rod. Argon atom
iZing gas at 1100 psig Was supplied to the atomiZing noZZle.

prising boron nitride, an outer substantially carbon layer and

atomiZing noZZle in the drop tube. Ultra high purity nitrogen

an intermediate layer enriched in rare earth, transition metal
and oxygen betWeen the inner an outer layers.

gas Was supplied to the jet at a pressure of 150 psig for
discharge into the drop to establish a nitrogen gas reaction

layer comprises graphite.

The reactive gas jet Was located 24 inches doWnstream of the

Zone or halo extending across the drop tube such that

4. The poWder of claim 3 Wherein the substantially carbon
10

substantially all the droplets traveled through the Zone. At
this location doWnstream from the atomiZing noZZle, the
droplets Were estimated to be at a temperature Where at least
a ?nite thickness solidi?ed exterior shell Was present

thereon. After the droplets traveled through the reaction

15

Zone, they Were collected in the collection container. The
solidi?ed droplets or poWder product Was removed from the

prises a graphitic carbon layer.
8. The poWder of claim 3 Wherein the inner layer and the
intermediate layer together have a thickness of up to about

collection chamber When the poWder reached approximately
72° F. As a result of the signi?cantly reduced atomiZation

spray temperature, no signi?cant thermal decomposition of
the Duco, cement bonding the splash member 12c took place
and, thus, a graphite layer Was not formed on the particles.
The poWder particles comprised a core having a particular
end-use composition and a nitride surface layer thereon
having a thickness of about 500 angstroms. X-ray diffraction

500 angstroms.
9. The poWder of claim 1 that comprises rare earth-iron
boron alloy Where the rare earth is selected from the group

25

analysis suggested a surface layer corresponding to crystal
line silicon nitride and an unidenti?ed amorphous layer.
The collected poWder particles Were tested for reactivity

explosivity, indicating that the in-situ coated poWder par
ticles of the invention exhibited signi?cantly reduced reac
tivity as compared to uncoated poWder particles of the same

composition.

folloWing claims.
We claim:

1. Rare earth-transition metal-boron alloy poWder, com
prising a core comprising said alloy, an inner nitride layer on
the core and an outer substantially carbon layer on the inner

layer.

consisting of Nd, Pr, La, Tb, Dy, Sm, Ho, Ce, Eu, Gd, Er,
Tm, Yb, Lu, Y, and/or Sc.
10. Rare earth-tranistion metal alloy poWder, said poWder
comprising atomiZed, generally spherical particulate com
prising a core comprising said alloy and a surface reaction
product layer on the core formed by reaction betWeen at least
one reactive alloy component and a gas reactive thereWith
When said particulate is in the as-atomiZed condition and at

to by the spark test. The test results shoWed no burning or

While the invention has been described in terms of
speci?c embodiments thereof, it is not intended to be limited
thereto but rather only to the extent set forth hereafter in the

5. The poWder of claim 3 Wherein the inner layer has a
thickness of up to about 500 angstroms.
6. The poWder of claim 5 Wherein the outer layer has a
thickness of at least about 1 monolayer.
7. The poWder of claim 1 Wherein the outer layer com
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least partially solidi?ed exteriorily, said layer comprising a
refractory compound of the rare earth not exceeding about
500 angstroms in thickness, and a substantially carbon layer
disposed on said layer.
11. The poWder of claim 10 Wherein the refractory com
pound comprises a nitride of the rare earth.

12. The poWder of claim 10 Wherein the substantially

carbon layer is graphite.

