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SECTION 1
INTRODUCTION

The critical raw material cobalt for decades maintained a
relatively stable price pattern until 1978 when the price
li ) jumped nearly 8 fold. Figure 1 shows the price increase in
cobalt relative to the value in 1972. The dramatic increase
of 1978 has now slowed down and the price level is now about
five fold from that in 1972, but the continual threat of
repetition of the events of 1978 always exists and the supply

could be interrupted altogether.

Cobait Crisis

Comparative Pricg To That (n 72
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Figure 1. Cobalt Crisis.

The most important sources of refined cobalt production
are in orderl: Zaire, USSR, Zambia, Japan, Finland, France,

United Kingdom, Norway, and Canada.
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0f the total world production, the major amount of cobalt is
imported from Zaire. Figure 2 shows the extent of cobalt pro-
duction at Zaire compared to the total world production. The
U. S. imports nearly 75% of its cobalt from South Africa
(Zaire, Zambia, Botswana, and the republic of South Africa).
Although there is an adequate amount of cobalt in the world,
the reliance of U. S. for cobalt on highly unstable countries

makes it necessary for us to decrease the dependence on cobalt.

Free World Cobal Consumption

Estimated Breakdown by End Uses
Magnetic olloys_____20%
Cemented corbides 5%

30 Superalloys 15%
Other steels and alloys.— 30%
Ceramic ond enamel 12%

25 _tChemicals e 18%

20

Total fFree World 18,400
N B
10 10,440
5
OlAA.l'lLlllli_AllJlllLl_.llLlJ_lll_l

50 ‘'s5 ‘60 ‘65 ‘70 ‘75 ‘80
Western Worid Cobalt Consumption

{Metric Tons)

4 Figure 2. Free World Cobalt Consumption.

Table | provides a list of critical raw materials and 4

U. S. dependence on foreign sources.
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TABLE 1

THE PERCENTAGE DEPENDENCE ON FOREIGN
SOURCES FOR CRITICAL RAW MATERIALS

METAL DEPENDENCY 7 SOURCES
CHROMIUM 30 SouTtH AFrIca, USSR
TITANTUM 100 AUSTRALIA, JAPAN
CoBALT 30 ZAIRE, ZAMBIA
CoLUMBIUM 100 BrRazIiL, CANADA
TANTALUM 96 THAILAND, Can

Of the critical raw materials that are imported, cobalt

supply is dependent on politically unstable countries.

Figure 2 shows the consumption of cobalt by industry seg-
ments. Permanent magnets and superalloys consume over one-
third the cobalt imported. Alternate magnet materials that do
not contain cobalt can relieve foreign dependence. Alnico-5
permanent magnets which contain 24% cobalt are a major consumer
of cobalt. The magnetic properties of these magnets are By
(induction) = 12,5006, Hc(coercivity) = 6400e, BHmax (energy
product) = 5.5MGOe. They have a low reversible temperature
coefficient. To replace Alnico-5, one can use a ferrite which
contains no cobalt but the magnet sizes have to be large because
of the lower load line under which ferrites operate. This
results in a bulky device. A major further disadvantage of
ferrite is its high temperature coefficient, i.e., substantial

loss of induction at moderately high temperatures.

Rare-earth cobalt magnets with an energy product nearly
four times that of Alnico-5 contain ~65% cobalt but can replace

Alnico-5 with an overall reduction in the cobalt content because

the higher energy product of the rare-earth cobalt magnets results

in the use of a smaller volume of the magnet. Yet a substantial

cobalt requirement remains.
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Hence, a need exists for a cobalt-free permanent magnet
to be developed which has properties between those of Alnico-5
and rare-earth cobalt. Such a magnet will make it possible for
designers to switch from the currently used Alnico-5 or rare-
earth cobalt with the least amount of difficulty. A major

application of permanent magnets is in motors.

A program plan to achieve the goal of obtaining a non-
cobalt containing permanent magnet with a remanence between
6,000 - 10,000 Gauss and a coercive force of 1,000 - 3,000

Oersteds was undertaken.
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SECTION 2

TECHNICAL DISCUSSION

Criteria for Permanent Magnet

" Permanent magnet materials have the ability to retain the
magnetized condition for indefinite length of time. The ability
of a magnet to withstand demagnetizing field is dependent on the
origin of the magnetic anisotropy of the material constituting
the magnet. If the anisotropy arises from the shape, then the
magnet material cannot withstand high demagnetizing fields in
open circuit-conditions whereas if the anisotropy is crystalline
in origin then a larger demagnetizing field can be imposed on

the magnet. There are other methods of inducing an anisotropy
such as straining the material but the coercive force generated
by this method is inferior to that of both shape and crystal

anisotropy.
TABLE 2

COERCIVE FORCE - GENERATION

To GeneraTE CoERCIVE

Force Or 810 Oe STRAIN_INDUCED
Huux z X = MagNETO STRICTION CONSTANT
340,000 3./1n.2 M. 1 = INvERNAL STRAIN

H
Mg = SatuRaTiON MAGNETIZATION
SaPE [NDUCED An1SOTROPY

He (M - MO Mg

(.11
a lll AND N‘ ARE THE DEMAGNET1ZATION FACTORS
ALONG THE MAJOR AND MINOR AXES .

3 CRYSTALLINE AN{SOTROPY

° K=7x10° ene/0 Hee X

1 A
Mg ~ 1714 /O, K = ANISOTROPY CONSTANT
A=20x10 5

o
3
3
!

5

p
}
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Table 2 provides the common methods of generating the
coercive force. The table also shows the amount of strain or
distortion of shape or crystalline anisotropy that is required
to generate a coercive force of 810 Oe. Crystal anisotropy
which is intrinsic to the material is far the most effective
method of generating the coercive force but not all the
materials have the desired magnetocrystalline anisotropy and
hence shape anisotropy offers a next best method of achieving
the coercive force. Table 3 lists some of the currently avail-
able permanent magnet materials and the origin of anisotropy

in these materials.

TABLE 3

ORIGIN OF ANISOTROPY AND MAGNETIC PROPERTIES OF
SOME PERMANENT MAGNET MATERIALS

Origin of
Alloy Remanence Coercive Force Znergy Product Anisotropy
{8p) {8g) (BHmax)
G Qe MGOe
12,600 665 5.5
Alnico 10,500 1,600 9.0 Shape
13,500 740 7.5
FeCrco 13,500 600 6.0 Shape
14,500 700 7.5
Vizalloy 12,000 300 1.7 Strain
ReCo. 10,000 3,000 25-28 Crystal
‘ 10,600 10,600
Tarrite 4,100 2,300 4l 2 rystal
4,300 2,500

In order to develop a permanent magnet shape or crystal,
anisotropy should be present in the magnetic alloy.

The temperature of operation of permanent magnets extend
up to 100°C and, in some cases, up to 200°C. This would
necessitate the magnet alloy to have a Curie temperature above
200°C preferably up to 300°C. The higher the Curie temperature
the better is the temperature dependence of magnetic flux.
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The attainment of high Curie temperature is dependent on the
strength of exchange field or the internal Weiss-molecular
field which is in turn controlled by the atomic arrangements

R0 SO
R y "e

and the electronic structure. In general, alloys containing

A e
o

Fe, Co, Ni or Mn have high Curie temperatures.

L

The energy product of a magnet, BH controls the total

volume of the magnetic material require?agor a specific appli-
cation. The saturation induction of a magnetic alloy controls
the maximum value of B that can be obtained in a magnetic alloy.
The higher this value the better is the energy product. Alloys

containing Fe, Co, or Mn have high saturation induction.

The requirements for an alloy to be useful as a permanent

magnet can be summarized as follows:

1. Curie temperature of the alloy be above room
temperature.

Reasonable saturation magnetization.

3. The alloy possess either crystal anisotropy or is
able to be processed to single domain elongated
particles. This requirement provides the coercive
force.

4. The alloy to be investigated in this proposal should

not contain cobalt.

The second requirement limits the alloy systems to those
with a saturation magnetization greater than 60 emu/gm.

The third requirement of crystalline shape anisotropy is
most crucial as this will determine the coercive force. Special
powder production techniques have to be employed to minimize
crystal distortion which otherwise will reduce both coercive
force and remanence. Special powder processing techniques may
be required to impart coercive force in a system that does not

have crystal or easily attainable shape anisotropy.
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With the objective of developing magnet alloys that do not
contain cobalt and which have the requirements as set forth in

the previous section, an examination of the literature indicates
several alloys to have a potential to be a permanent magnet.

We will confine our discussion to the following alloys:

1. (Fe-B) with rare earth additions
2. Rare earth-iron alloys
3. MnAlC system

(Fe-B) with Rare Earth Addition

Fe-B alloy in the stoichiometry Fe0.82B0.18 shown unusual
magnetic and physical characteristics that is of importance in
soft magnetic material applications. However, Koon et al2 have
shown that this alloy can be suitably modified by rare earth
substitution to produce hard magnetic material. The approach
these authors have taken is to first obtain an amorphous film
of the alloy under investigation and later crystallize the
alloy with or without the presence of magnetic field. During
recrystallization, nearly single domain particles are obtained

resulting in high coercive force.

The addition of heavy rare earth such as Tb to FeO 8230 18
would normally result in the formation of binary alloy of TbFe2
and preventing the formation of amorphous alloy (Fe-B) contain-

ing Tb. The discovering of Koon et al that the addition of La

prevents such an alloy formation made it possible for the
preparation of (FeO 82BO 18)0 9Tb OSLa 05 in the amorphous 4
state. This alloy when recrystallized produced a B,=4,800

Gauss and intrinsic coercive force (Hci) of 10,000 Oe at room
¢ temperature.
- The attractive values of the coercive force obtained by
¢ Tb and La substitution suggest that further investigation with

other rare earth preferably the light and some of the heavy
rare earth have a potential to achieve the currently proposed

|
; program goals.
j
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The mechanism of obtaining the coercive in the present
program is discussed later. The proposed mechanism will have
the added advantage of producing much higher remanence.

Rare Earth-Iron System

The discovery of hard magnetic properties3 in the
recrystallized amorphous film of SmFe,, TbFe2 and DyFe2
indicated that these Laves phase alloys, although cubic, do
possess a unique axis of magnetization that permits the
realization of high coercive force.

The RFe2 composition has the highest Curie temperature
among the various intermetallics that can be formed from the
RFe series. Thus the RFe2 alloys are attractive candidates
for the development of permanent magnets.

A detailed discussion of the various phases that are
present in RFe series is given by J. Schweizer4 and Buschows.
Under normal processing conditions, alloys from Sm-Lu exist
with RFe2 stoichiometry. LaFeZ, PrFe2 and NdFe2 are difficult
to form. Table 4 lists the Curie temperatures and the easy
direction of magnetization for the various binary RFe alloys
From this table, it is seen that quite a few alloy systems exist
with a Curie temperature close to 300°C. The selection of a
particular alloy would depend on its saturation induction at

5,6

the useful temperature range and the cost of the raw material.
Yttrium alloys offer a good promise but certain amounts of Sm,
Pr, Nd, or heavy rare-earths may be necessary to impart a
unique axis of magnetization which in turn will benefit the

attainment of coercive force.
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a ALLOY SYSTEMS, CURIE TEMPERATURE AND EASY
g DIRECTION OF MAGNETIZATION IN THE R-Fe BINARY
Xl Easy Direction of Magnetization
h (a unique axis of magnetization °
1 Alloy System Curie Temperature 1s prefered for a good magnet)
: CeFe, - 68% (100) L.T.
- SmFe, u15% (101) L.T.
¥ GdFe, 523% (100) L.T.
.. ToFe, 431% (111) L.T.
] DyFe, 362% (100) R].T.
HoFe, 335°% (100) L.T.
ErFe,* 314% (111) R.T.
TmFe, * 326% (111) L.T.
! fFe, 269°¢ (111) L.T.
[ SmPe 3717°% ¢ - axis (L.T.)
t aare, 456°¢ basal plane (R.T.)
- TbFe, 379% b - axis (L.T.)
[ DyFe, 333% b - axis (R.T.)
_ HoPe 298% b - axis (R.T.)
) ErPe,* 2719% b - axis (R.T.)
a YPe, 296°%¢ b - axis (L.T.)
) GagPe,, 386°¢ N.A.
ThgFe,* 301°% N.A.
DygFPe,3* 261°% N.A.
HogPe,_* 257°%¢ (111) (L.T.)
ErgFe,, 221% (111) (L.T.)
TmgFe,, 202% N.A.
. YgFe, . 208% (100) (L.T.)
b
: Ce,Fe, , - 35% -
] Pr e, 10% b - axis (L.T.)
. Nd,Fe, , 56:c a - axis (L.T.)
8 szFel., 95°C N.A.
3 Ga,Pe, , 203°% ab plane (L.T.)
s Tb,Fe, , 135% a - axis (L.T.)
: DyzFel7 98°¢ b - axis (L.T.)
X Ho,Fe, , 52% a - axis (L.T.)
ErZFeu 32:0 b - axis (L.T.) -
TmaFel7 7¢ ¢ - axis (L.T.)
¥ Fe,, 51% b - axis (L.T.)

*These alloy systems are unsuitable because of the
compensation temperature close to room temperature resulting
in lower saturation magnetization.

PP

04

T. = at low temperature, R.T. = at room temperature
.A. = not available

Al




AR A S A A 9 9 3 AL AL AL et |

Fe

R2 17 alloy systems have the highest saturation at room
temperature but unfortunately with low Curie temperature.
Narasimhan et al7 have shown that small amounts of nickel
substitution can increase the Curie temperature dramatically
(see Figure 3). Investigation of Ni containing RzFe17 alloy

show promise for further investigation.

¢ Yylep.glly
FI 600 ° Yolepgdly -
x 8 Napfey. g Al J
°
i 00
e 4
L 2 ]
¢ £ ¢ <
[ 3
: 5 200 -
- o °
[ ' T
: ° 2 1 ] 1 4 ) S 1 1 J N | 9 1t 1 I ]
b o 2 4 ¢ 0 0 12 ) " 18

Figure 3. Increase in Curie Temperature in
f the Nickel Substituted Y2Fe17
i Alloys.

Pr-Fe system have shown high intrinsic coercive force when
an amorphous film of this alloy is recrystallizedg. Further
improvement in the coercive force and the saturation induction
is necessary. Substitution of Sm for Pr and heavy rare-earths

o with an objective of increasing saturation has to be investigated.

MnAlC System

{ MnAlC with a body centered tetragonal structure has an easy
PY C-direction of magnetization with an anisotropy field of 40 kOe

and a maximum theoretical potential of 16 MGOe.

11
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The current method of making MnAlC anisotropic magnet is
to warm extrude the alloy to bring forth grain orientation
along the C-axis. The extent of orientation achieved is normally
about 70% and hence to achieve full potential, techniques other

than warm extrusion have to be explored.

The primary magnetic properties of MnAlC suggest that it
should be possible to crush MnAlC close to single domain particle

size, orient in a magnetic field, press and sinter. A calcula-
tion based on the available data on MnAl suggest a single domain
particle size to be 0.4y.

A processing technique that would produce 0.4y or less MnAl
powder has an advantage of directly producing single domain
particles. Conventional crushing techniques result in the
deformation of crystal lattice resulting in poor magnetic
quality. There ic an additional advantage of the use of 0.4y
powder and that is in the phase transformation process.

MnAl magnetic tetragonal phase (T) is formed from the non-
magnetic high temperature hexagonal ¢ phase via martensitic
transformation. During this transformation, a € crystal
transforms to six T orientations to accommodate the distortions

that occur during the transformation.

The use of ultra fine powder of ¢ will result in only a

single T orientation crystal, since the ¢ grains are small.

The use of fine powder has a similar effect as extrusion in
- the sense that during extrusion stress are exerted to direct
1 the orientation of ¢ grains to T phase of nearly single

orientation.

Generation of Coercive Force

The generation of coercive force in the above systems will
be achieved by preparing nearly single domain particles as
' opposed to milling a cast alloy to produce fine particles for

compaction in a magnetic field.

12
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This apprcach is necessary because the single domain particle
radius for DyFe2 (which has an anisotropy constant of 2X10

erg/cm ) is 0.8 and for other alloy systems such as MnAlC it
is 0.4pu. To achieve this particle size by milling will result
in the introduction of lattice defects that will lower the

saturation magnetization as well as the coercive force.

Additional advantage of producing fine powder by the rapid
solidification technology is the ability to produce metastable
phases which in normal slow cooling of mold castings will
decompose to more stable phases.

Methods for the preparation of ultra fine powders that
will contain the fewest defects have to be developed.

13
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SECTION 3

PROGRAM PLAN

DR e An e e s e g
A u‘. R A

The program plan was divided into two phases:

Phase I - Examination of the Feasibility of
Plasma Arc Process for Powder
Production.

Phase II - Examination of Processes for

Rapid Solidification.
The alloys to be studied in the program were:

MnAlC
Rare Earth-Iron Alloys

14
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SECTION 4
PHASE I - PLASMA ARC PROCESS

Columbia University had developed a unique plasma arc
process for the generation of fine powders in the submicron
range and this is referred to as the Sheer-Korman Process.

The '"fluid convection cathode" (FCC) is a new technique of
generating the plasma and is an effective method for vaporizing
powder particles.

The principle of the method is illustrated in Figure 4.

Gas Plus
Powder Feed Arc Quench Gas

Clean Gol\> A I

Cathode mpid Condensation
e —— N ( Q \
/ / uench Gas

Z Z

Porous Anode
(Fluid Transpiration Anode)

Clean Gas —%
Gas Plus— 7

Powder Feed

Figure 4. Fluid Convection Cathode set-up used for
powder production.

The powder to be vaporized is fed along with the gas stream
near the cathode and the stream is directed towards the hottest
area of the plasma referred to as plasma bubble. The plasma
bubble is from the differences in current density a little
distance away resulting in changes in the magnetic field

which then attracts the plasma into this area forming a bubble.
The plasma bubble (see Figure 5) permits vaporization of *he

powder along the length of the arc column.

15
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Arc

Column Highly Luminous

/Plosmo Bubble

Arrow Show Components
Ot Gas Momentum

T

——

Shroud

Figure 5. Sketch of fluid convection cathode
nozzle.

The arc column is shown in Figure 6.

Figure 6. Arc column in the Sheer-Korman , “ocess.

16
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The temperature attainable by this arc process is
15,000°F. 1In a typical run, 70-80% of the feed is vaporized

and the feed particle size can be as coarse as -60 mesh.

Table 5 illustrates the typical materials that were

vaporized by the plasma &+<c process by Professors Sheer and

Korman.
TABLE 5
SUBMICRON MATERIALS PRODUCED
USING THE HIGH INTENSITY ARC
PROCESS

Oxides Metais Cardides Muits L 4
SiOs2 (od ThC Ferrites (Zn, Mn, Cu, Fe)O
AlOs Al TiC Kaolin Al103-5i02-Fe20s
Fe20s Li B.C Spodumene LiAl(SiOs)2
ThOa Ni uc Rhodonite MnQ-Si02
MnOs Fe TaC Ferrosilicon Fe-Si
Ch20s w SicC Chromite FeO-Cr20s
NiO Mo Euxenite Y2Er2CezU2(Ta,Cb)401s-xH:0
Y203 Boron carbide - silicon B«C-SiC

carbide
UOs Uranium carbide - co- Uc-cuc

lumbium carbide
MoOs Uranium carbide- tho- UC-2-25ThC

rium carbide
ZrO2
MgO
WOs

Use of this Process for MnAlC

As indicated in the Introduction, it was necessary to pro-
duce MnAlC in the 0.4 micron size and rare earth-iron to 0.8
micron size. We undertook the study of MnAlC initially as it
has less expensive raw materials than the rare earth-iron and
thus provides a method of evaluating the applicability of the

process for magnetic materials.

The powder of submicron size will oxidize when exposed to
air and hence a special container set-up (see Figure 7) was

used for collecting the powder from the plasma arc process.

17
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Baghouse

Or
Cyclone

ARG, S -

0.D. x I%I.D. x 2" Long

YT T

]/Pinch Clamp

3 14 I.0. x 6"
vacuum Hose

+—Vacuum Connection

U —

Connecting Nipple

O [I/Pinch Clamp

T ———

. —Al Container

ey

g Figure 7. Collector can for powder produced
[ in the plasma arc process.
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L; The sealed cans were opened in an inert gas atmosphere, loaded
ﬁr into various containers for magnetic evaluation.
E 4 The powder obtained from Columbia University has to be
transformed to the magnetic T phase from the non-magnetic
. ¢ phase. We have used powder produced by conventional methods
r. : to study the transformation kinetics. Powder of MnAlC of the
{ same composition used for plasma spraying was heated to
2 :
; . temperatures ranging from 800°F to 15000F from 15 minutes to
[ 1 hour. Figure § shows the temperature dependence of the
‘5 € to T transformation.
80 T T I ! | i
70 1300°F

Percent T Phase
wm 1))
o e
| |
/ '
D/ h
1 L

N
o

I

~
Oe

|

1400°F

(v
0
1
|

| 1 | { | |
0 0 20 30 40 50 60 70
Time (minutes)

Figure 8. Effect of time on the amount of
T phase formed in isothermal
transformations.

Figure 9 shows the transformation process for one hour hold
at various temperatures. As can be seen, the transformation
is maximum at 1000°F for an hour hold. We had used magnetiza-

tion data to indicate the extent of transformation.
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Figure 9. Isothermal transformation of e phase
to T phase for one hour hold at
temperature.

The as-received powder from Columbia University was non-
magnetic as expected since the high temperature ¢ phase is
formed during the plasma arc process. This powder was loaded
into a copper tube and heat treated at 1000°F for 45 minutes.
X-ray diffraction pattern indicated the presence of magnetic
T phase. Hysteresis loop was measured on the heat treated

powder dispersed in wax. The results were as follows:

5 Heat B, Hey
i Sample Treatment (G) (Oe)
MnAlC (T phase) 10000F - 2,100 1,600
(70%Mn, 28.7%A1, 0.5C, 0.8 Ni) 45 minutes
[ The first quadrant indicated lack of saturation even at 20 kOe.

The 4mMg measured at 20 kOe was 4,600 Gauss.

b The above results are compared in Table 6 with the best
coercive force achieved on -45 mesh powder, ball milled 5 micron
powder and as-cast alloy heat treated.
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TABLE 6

INTRINSIC COERCIVE FORCE OF MnAlC

Method of Powder Production Hci (Oe)
-400 micron mesh powder from 290
vacuum cast alloy, heat treated

Ball milled 5 micron powder, 400
heat treated

Arc plasma produced powder, 1.600
heat treated !
As-cast alloy, heat treated 1,200

The results obtained indicate that arc plasma powder,
although produced the highest Hci’ the HCi values are far
below that obtained on a warm extruded alloy (~5000 Oe). The
origin of the coercive force is perhaps from defects introduced
during the warm extrusion process which helps in pinning the
domain walls and the powder technique does not provide the
defects.

Additional work involving the introduction of defects in
the powder may be necessary to permit the realization of the
powder technique of making MnAlC magnets.

PHASE II - RAPID SOLIDIFICATION TECHNIQUES

Metastable phases of rare earth-iron can be produced by
rapid solidification. The technique of achieving rapid
solidification is wide and varied. We had used two techniques
for rapid solidification: plasma spray approach and melt

spinning approach.

Plasma Spray Approach

Plasma spraying permits powder of the alloy of interest to
be melted and sprayed with an instant cooling of the powder. A

schematic of the Metco 2MB plasma gun is shown in Figure 10.
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cross section.
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SPRAY STREAM

RS

S

ELECTRODE

SPRAYED MATERIAL

PREPARED BASE MATERIAL

Metco type 2MB plasma flame spray gun

Powder particles entrained in a carrier gas are introduced

into the plasma flame near the front of the gun.

The high

temperature of the plasma melts the particles and the surface

tension makes these melted particles form a sphere.

The high

pressure gas on exiting the gun undergoes an expansion resulting

in cooling of the particle.

The Metco 2MB plasma spraying system consisting of a

power supply, control board, powder feeder and plasma gun.

The plasma gun was mounted inside a large vacuum chamber

(V40 inches diameter by six feet long).

Provisions were made

to the chamber to exhaust the gas used during plasma spraying.

22
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An interlock was also added to the chamber. A stainless steel
collector drum (24 inches diameter by 30 inches deep) was
fabricated to collect the plasma sprayed powder. The powder
and gasses from the plasma gun enter the drum through a six
inch diameter aperture in the center of the cover for the drum.
The gasses exit through a nine inch diameter opening in the
side of the drum (see Figure 11).

396-82

Figure 11. Plasma spraying laboratory showing the
control panel (left), powder feeder
(background), vacuum/inert gas
chamber (center), and the powder
collector drum (foreground).

At the beginning of a plasma spraying trial, the powder
to be sprayed is placed into the hopper of the powder feeder.
The powder feeder is outside of the vacuum chamber. The hopper
is gas tight and connected to the plasma gun by a quarter inch
diameter polyflo hose through which the powder, entrained in a

carrier gas (He), is fed into the plasma gun.
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Once the powder is in the hopper and the hopper has been sealed,
the vacuum chamber and hopper are pumped down to a vacuum of
about 40 uym. The system is then backfilled with argon. The
oxygen level is measured to be typically below 50 ppm (see
Figure 12).

At start up the gas flow through the plasma gun is
initiated and the electric power gradually increased to about
25 kw. The powder feeder is then activated. The powder feed
rate is kept low (~10 g/min.) to promote particle melting. A
great deal of heat is evolved by the plasma spraying process
and this causes the weld chamber to heat up quickly. To
prevent failure of the rubber gloves and seals on the vacuum
chamber, the plasma spraying system is shut down after about
fifteen minutes of operation.

After the weld chamber has sufficiently cooled, the plasma
sprayed powder is removed and examined by SEM for particle
morphology and chemical composition.

PrFe2 has been reported to exist as a metastable phase.
This alloy was prepared by vacuum melting and prepared in
powder form to feed into the plasma gun. It was anticipated
that plasma sprayed powder would produce amorphous alloy which
then can be recrystallized to produce a fine grain structure.

The plasma sprayed powder of PrFe is shown in Figure 13.
As can be seen, a certain amount of spheroidization did occur
during plasma spraying. X-ray analysis indicated that powder

produced is crystalline.
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FROM CONSOLE TO PLASMAGUN

824-84
t. Figure 12. Metco Model PF-200 powder feeder unit.
_ The control panel is on the right side.
. The unit also has a screw feed which is

not shown here.
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Figure 13.

822-84

823-84

(b)

Plasma sprayed powder of Pr-Fe showing
partial melting (a) and spheroidiza-
tion (b).
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Melt Spinning

Melt spinning of rare earth-iron alloys was attempted
with a view of achieving extremely rapid quenching. The
technique employed is similar to planar flow casting. In this
process (see Figure 14), molten metal of the desired alloy is

. dropped on to a rotating chilled copper wheel. This permits
heat extraction at a rate of a million degrees per second.
The entire casting operation is carried out in a glove box.
A constant wheel speed of 2,800 feet per sec. (l4 meter/sec.)

was employed.

Quortz
Crucible

Copper

Wheel
NdFe

Ribbon

Figure 14. Planar flow casting type of process
for melt spinning (Courtesy of
M. C. Narasimhan, STAM).
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Typical ribbons produced by this process are shown in
Figure 15. X-ray diffraction of the ribbons indicated that it

is possible to obtain an amorphous structure.

821-84

Figure 15. Typical ribbons produced by the
melt spin process.

All subsequent work was carried out using melt spun alloys.
The research in the melt spun alloys can be classified into four
categories:

1. Alloys of Pr with Fe
2. Alloys of Nd with Fe
3. Alloys of Sm with Fe
4 New magnetic material with high potential.

Pr-Fe Alloys

Magnetization (M) versus temperature (T) data on the
rapidly quenched PrFe2 alloy indicated that there are three
magnetic phases with a TC of 219C, 2279C and a broad peak at
5750C. 1In order to interpret the TC data, it is important to

recognize the T of the various binary phases.
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Figure 16 is a plot of the Tc of various rare earth-iron binary

alloys.
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Figure 16. Curie temperature variation of various

binary rare earth-iron alloys with the
rare earth partner.

Using Figure 16, we can interpret that the rapidly quenched
PrFe2 contains 2:17 phase with a TC of 210C, a 6:23 phase with
a T, of 2279C. The broad peak at 575°C is interpreted as due

to the crystallization of the amorphous component in the alloy

(we have noted that in some of the boron-containing melt spun

alloy there is a correlation between the crystallization of

the amorphous phase as determined by X-ray diffraction with that

of the broad peak observed in the magnetization versus tempera-

ture data).
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The coercivity of the as melt spun alloy was 1300 Oe.

The presence of 6:23 phase instead of 1:2 phase was believed
to be due to the oxidation of Pr during alloy making and process-
ing. Hence an alloy richer in Pr was made. The M vs T data are
shown in Figure 17 for PrFel.5 alloy.

n O
o (o]

o

Magnetization (emu/gm)

o} 100 300 S00 700
Temperature (°C)

Figure 17. Magnetization variation with temperature
for melt spun PrFe . The arrows indi-
cate the data obtalﬁgd during heating
and cooling.

During heating, a magnetic transition at 230°C and the recrystal-
lization hump near 500°C was observed. On cooling the alloy, it
was found that only the 2:17 phase was present. This suggested
the metastable alloy formed during quench when crystallized
decomposes to 2:17 phase and possibly Pr. Similar observation
has been reported by Croat”. The coercivity of the PrFeL5

phase was 250 Oe in the melt spun condition (see Table 7).
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, TABLE 7

MAGNETIC PROPERTIES OF R-Fe AND R-Fe-B
¢ MELT SPUN ALLOYS

(Data collected on -35 mesh powder dis-
persed in plastic)

.- H . (Oe)
ci
Alloy As-Spun Heat Treated

PrFe2 1,300 0

PrFel.S 250 0

PrFel.?_E‘B.25 25,900 15,300
PrFel.OBO 5 3,500 28,200
NdFel.ZSBO.ZS 22,600 21,600
NdFel OBO.S 26,000 26,800
SmFeLS 1,500 470
SmFel 2580.25 1,300 680
SmFeBO.5 1,100 600
PrFeaB 12,900 26,600
PrFe6 4B 7,100 6,400
NdFe6 4B 4,500 7,600

Pr-Y-Fe Alloys

In order to stabilize the magnetic phase, yttrium was sub-

stituted for Pr and boron for iron. The addition of yttrium

was tried because a stable Laves phase YFe2 has been reported

and it was hoped smail amounts of boron would help in stabiliz-
ing metastable phases. Light elements such as carbon and boron
are known to stabilize magnetic phases such as Mn58i39, MnAllO,

etc.

Three alloys were made in the (PrY)Fe2 type with various

yvttrium substitutions for Pr.
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Licsted in Table 8 are the Curie temperatures, saturation
magnetization and intrinsic coercive forces of (PrY)Fe2 alloys.
TABLE 8

CURIE TEMPERATURES, SATURATION MAGNETIZATIONS
AND INTRINSIC COERCIVE FORCES OF (PrY)Fe2 ALLOYS

Curie Saturation Intrinsic Coercive
Temperature Magnetization Force (As-Spun)
Alloys (T 1°C) o (emu/gm) Hop (0e)
PrFe2 21, 227, 575 44,2 1,300
Pr0.7Y0.3Fe2 62 71.1 750
PrO.SYO.SFe2 147 68.3 350
PrO.3Y0.7Fe2 226 74.3 200

As shown in Table 8, the addition of yttrium increases the sat-
uration magnetization of PrFeZ, but it does not have any improve-
ment on the coercive force. The magnetic transition temperature
increases as the yttrium content increases.

Pr-Fe-B Alloys

In order to stabilize the magnetic phase with a TC of
230°C, boron was added to the PrFel 5 The M vs T data for
PrFel.ZSBO,25 and PrFeBO.5 are shown in Figure 18.
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Figure 18. Magnetization variation with

temperature for boron substituted
PrFe 5 melt spun alloys.

A single-phase alloy with Curie temperature of 2970C was

obtained.

The coercivity observed were remarkably high.

This phase appeared stable on heating and cooling.

The X-ray

diffraction on the as-spun and crystallized alloy did not

correspond to the RFe2 Laves phase (Figure 19).

Simulated

X-ray lines for the various rare earth-iron binary alloys

are given in Appendix I.

A Bl innctheckiin B
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In order to increase the iron content further, an alloy
PrFeAB was made and its M vs T characteristics are shown in

Figure 20.

40 N PrfeyB

20

o

Magnetizotion (emu/gm)

Q
Q 100 300 500 650
Temperature (°C)

Figure 20. Magnetization variation with
temperature for PrFe4B melt
spun allcy.

The Curie temperature of this alloy was also 2979C and the
intrinsic coercive force was still remarkably high (Table 7).

X-ray diffraction of the PrFeaB as melt spun and recryst-

allized are shown in Figure 21.

X-Ray_Intensity (Arbitrary Units)

+[ PrFe,8
Heat Treated
- )\ i ‘, J \ \
[~ “w”_:w;:‘ _ . .
- As-Melt Spun /,\
‘ W M\ N WMW
e ,/' \lu\.d«w‘f /\\"’ V/\ _J
50 "40 "3 30 25
20
Figure 21. X-ray diffraction data collected using
° Cu k, radiation for PrFe4B alloy melt
: spun ®and heat treated.
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As can be seen, the heat treatment of the melt spun alloys
improves the intensity of the lines but no new phase is formed
during the heating process.

Pr-Fe-B-Si Alloys

Attempts were made to optimize the magnetic properties of
the Pr-Fe alloys by varying the chemical composition to higher
Fe concentrations to get higher magnetic momentsll. The
following two master alloys were vacuum melted:

Weight Percentage we. %
Pr Fe B Si

Code Master Alloy
CRT-1A PrFe4.4B0.26Si0.18

38.7 67.15 0.77 1.38

CRT-1B  PrFe 24.7 73.15 0.77 1.38

7.580.415%0. 28

These alloys were blended in various proportions to vary
the Pr content from 24.7% to 38.7% to optimize the magnetic
characteristics. The blended alloys were remelted to assure the
desired mixture prior to the melt spinning process.

The'X—ray diffraction patterns on the as-melt spun CRT-1
and CRT-2 are shown in Figures 22 and 23. Also shown in the
figure are the attempts to crystallize the ribbons by holding
them at various temperatures. CRT-1 as-melt spun was amorphous
whereas CRT-2 was crystalline. CRT-1 alloy crystallizes between
600 and 7000°C.

Both the as-spun and crystallized alloys were first crushed
to powder size of -35 mesh and dispersed in wax in a d. c.
magnetic field for aligning the powder in the preferred magnetiza-
tion direction. Intrinsic coercivity and remanence to saturation
Br/BS ratio were measured. Table 9 lists the blended alloys and

: By .
their HCi and /BS ratios.
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Figure 22.

X-ray diffraction pattern of CRT-1 alloy
heat treated at various temperatures.

(Refer to Appendix 1)
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TABLE 9

INTRINSIC COERCIVITY (H.i) AND REMANENCE
TO SATURATION (Br/BS) RATIO OF PrFeB Si ALLOYS

crr-14 7 err-18 Hey (Oe) Pr/p,
We. % As-Spun Crystallized As-Spun Crystallized

100 0 11,500 11,100 0.55 0.62
80 20 9,000 7,750 0.54 0.64
60 40 5,800 7,200 0.52 0.61
50 50 4,800 5,500 0.48 0.56
40 60 580 620 0.23 0.29
20 80 1,800 2,900 0.41 0.55
0 100 490 1,000 0.21 0.32

As shown in Table 9, both H,; and Br/Bs decreases when CRT-1A
content decreases. It indicates that CRT-1A has the favorable
magnetic phase. Similar to PrFqu or PrFe6.aB, the M vs T data
of CRT-1A (Figure 24) shows a maximum magnetization close to
Curie temperature during heating. This maximum is attributed
to the changes in the magnetic hardness of the material.

The M vs T data of CRT-1B shows that this alloy has a two-
phase composition. According to the results of HCi and Br/Bs

ratio, this two-phase alloy does not provide high values of Hci'
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»
" Nd-Fe Alloys
. -
r{ Having observed high values of coercivity in the PrFeB
d alloys, we extended our investigation to the other rare earth
:; alloys. Boron addition to Nd-Fe alloys proved beneficial as
F. well. Intrinsic coercivity as 26,800 Oe was realized (Table 7).
¢
o The magnetization versus temperature data for the Nd-Fe
[ alloys containing boron are shown in Figure 25.
¢
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Figure 25. Magnetization vs Temperature data on Nd-Fe-B alloys.

The maximum in the magnetization observed close to the Curie
temperature is attributed to the changes in the magnetic hard-
ness of the material possibly because of changes in the Nd
subtlattice anisotropy. The increase in magnetization on
cooling is due to the effect of magnetic field permitting the

loose powder to orient more effectively at the Curie temperature.

The Curie temperature of the magnetic alloy is also around
300°C suggesting that the magnetic phase in the Nd-Fe system is
similar to that observed in the Pr-Fe-B and Pr-Fe-B-Si alloys.

Sm--Fe Alloys

Sm-Fe alloys were also prepared by melt spinning. Magnetiza-
tion versus temperature data indicate that as-melt spun alloys
(Figure 26) have a3 magnetic transition temperature around 300°C
but this pnase is absent when the ribbons are taken to 600°C.
After heating to 600°C and cooling, the Curie temperature of

4000C corresponds to that of SmFe This suggests that the

9
300°C magnetic phase is unstable at 600°C. It is interesting
to note that the SmFeZ,

conventional vacuum melting practices, can be prepared more

which is difficult to prepare in the

easily by heat treating melt spun alloy. This has a high
technological significance as SmFe, has high values for

magnetostriction.
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Magnetic Phase with a T, “~3000C

Both the Pr-Fe, Nd-Fe and Sm-Fe alloys containing boron
exhibited a Curie temperature near 3000C. Stadelmaier identified

Fe
3716
diffraction pattern of as-melt spun alloy of NdFe6 4B and

this phase to be of the composition R B or R3Fe20B. X-ray

PrFe6 4B is shown in Figure 27.

PrFeg 48
As-Melt Spun

,/\//\'\-f\ml S\ o

50 a5 a0 35 30 25
20

X-Ray intensity (Arbitrary Units)

Figure 27. X-ray diffraction data on melt spun
PrFe6 4B and NdFe6 4B alloys.

Indexing of the alloy to the tetragonal structure was possible
and Table 10 provides hkl values. Lattice constants were:

o 0
a =8.815 A and ¢ = 12.178 A.

Magnetization versus temperature data is shown for these
two alloys in Figure 28. As can be seen from Figures 20, 24
and 28, the magnetic phase in all these alloys of Pr-Fe have
the same Curie temperature. X-ray data comparison between
Figure 21 and Figure 27 indicates that the magnetic phase in
PrFe,B has nearly the same structure as PrFe6'4B.
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TABLE 10
X-RAY DATA ON PrFe6 ,+B
hki I/L,4 d Scocing ,
|
212 w 3.338 i
220 VVW 3.133
14 VVW 2.797
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33% w 2.528
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108 S 2.370 -
313 W 2.309
P S w 2.270
224 w 2.196
410 S 2. 146
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w 2.071
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206 VVW 1.855
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Figure 28. Magnetization versus temperature for NdFe
melt spun alloys.
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We made a series of alloys close to this composition.
Anisotropy fields and saturation magnetizations were measured
on the as-cast alloy. Anisotropy field was used as an indica-
tion for the potential to achieve coercivity. The magnetization

on a powder pressed magnet will be considerably higher than that

measured on an as-cast piece because of a better orientation of
magnetic domains in the powder. Nevertheless, the as-cast alloys
provide a fast indication of the potential of the alloys.

Table 11 lists the anisotropy field and saturation magnetization

measured on the as-cast RyTyB alloys.

TABLE 11

ANISOTROPY FIELDS AND SATURATION
MAGNETIZATION OF THE AS-CAST

R3T20B ALLOYS
HA AWMS
Alloy kOe (Gauss)
*NdFe7BO'33 47 11,900
*NdFe6NiBO-33 21 11,300
*NdFe()ﬁéBO‘33 52 11,600
NdF65.66N5B0.33 20 10,900
*NdFe6.66B 46 9,750
NdFe6.aB 52 8,700
*NdFe6NiO,AB 60 10,800
*NdFeS'ANiB 41 11,000
NdFea.aNizB - 9,300

“Alloys were selected for melt spinning.
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a Alloyvs with high saturation magnetization and high
anisotropy field were selected for the melt spinnirg nrocess.
5 Intrinsic coercivity Hci and Br/gs ratio were measured in the
as-spun and crystallized states. Table 12 shows the Hci’

Br/BS and Curie temperature of melt spun RqT)oB alloys.

TABLE 12

INTRINSIC COERCIVITY Hpi, REMANENCE TO SAT-

URATION RATIO By/p AND THE CURIE TEMPERA-

TURE OF MELT SPUN °R3TpoB ALLOYS IN THE AS-
SPUN AND CRYSTALLIZED STATES

H . (Oe) Br/BS
Cl T (OC)
Alloys As-Spun Crystallized As-Spun Crystallized “c
NdFe7BO.33 1,600 1,400 0.36 0.36 299, 784
NdFeéNiBo.33 200 400 0.09 0.20 358, 788
NdFe6.66BO.33 1,600 1,900 0.39 0.46 304
NdFe6 66B 2,950 1,900 0.44 0.41 295, 784
NdFe6NiO 4B 5,500 4,000 0.51 0.54 345
NdFe5 4NiB 1,300 4,100 0.34 0.52 260, 346,
: 487, 784

The addition of Ni increases the Curie temperature of hard
magnetic phase. With the Ni addition, higher metalloid content

appears to be required to maintain the coercivity

The M vs T data of R3T20B melt spun alloy during heating

are shown in Figure 29.
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SECTION 5

CONCLUSIONS

The objective nf the ONR program was to develop alloy
compositions that can be fabricated into magnets using raw
materials that are not of strategic importance.

We have successfully identified a series of alloys that
have high saturation induction and coercive force. Exploita-
tion of these alloys for permanent magnet manufacture will be
useful.

Specifically NdFeB and PrFeB alloys, with a composition
of R3T20B and R3T, B have been identified as useful alloys.

Future work on the higher iron containing alloys will be
useful for the development of an iron permanent magnet with
perhaps very little or no rare earth.
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APPENDIX 1T

X-ray Data on R-Fe Phases

X-ray diffraction data on the alloys made by the melt
spun process are shown in Figures 19, 22 and 23. Since a
. variety of phases can be formed between the rare earth and
. the iron, a simulated X-ray diffraction pattern for RFez,
R2Fe17 (hexagonal), R2Fe17 (rhombohedral), and the new
magnetic phase RFe6_AB are shown on Pages A-1, A-2, A-3
and A-4 respectively. Superposition of these patterns on
top of any of the data collected can provide clues to the

phases that are present.

» . . - ~ . R K . K . L .
> 3 AR WP A PP PO G ST U VT W) . R - e, PRSI N TR

TETw TS T,

oo




O Y

e

noIM KisA (2€2)
awam A1dp (12€)+
AOOM KJOA (HSI) A
oo KJ9A (L0O1)
A0 K2aA KIBA (2¢0)
NOIM Kaap Kaap :oejn_
$oWM KJOA (G21)
oM Kaop Kiop (911)
NoIM (g22)
oM KJap Kadp (21€)-
nodm Kiap Kadp {1€1)
ADOM (S02)A __
%09 (900)
A0IM (£12)
buosys (go€) (£08)
Buosis (022)1
woam KasA Aiap (G10)A
203M (¥20)-

(01 &) %0am Kiap

(220) %09 K1op Aiop

{bOb) Noam Kadp Auap

{90€£) (90€) NoIM AidA Kiap

uﬂm_nv RO >;o> >..o>

ﬁS_o. NOIM KiaA Laap
-(E19) (£1H) NOWM

-(212) Woam

vze)

(922) noam

(S0) nDIM K1aA Kiop

r(1G0) ADIM A4dA Kaap

-(20G) noam KiaA Kuap

~-(802) WoIM Kiop Aaap

-(0gE) AoOMm

- (1€2) 10Mm

r(1$2) Ao Kasp Laap

—(600) n09M Ka9A
A0aM (00€) ~(220) N0 Kiap Kaap

noOM Ka3A (22107 ~(821) ADIM K1op KJap AN
A09M KJdA (112)+ {egc) Buoys < ;
woOM KI9A (H0O1) - (2E1) n03m K19p RE
NOOM (S 1)~ (bSO} ADam K4ap KA n
noam Kaap Kuap (202) B |

NOOM KadA KadA (120)

noam Kiap Kiap (€00) .
NOIM Kiop Kaap .o:T_ !

[}

|

}

I

]

[

|

ADIM A23A KadA (210)
yoam Kasap Aaap :o:.. .H




N

NI AT A AT A T S

ADIM

noam Kiop Lasp ()1€)
AoIM Kadp Kaap (SOR2)

Buosig Liap (20€)

ND3M (€12)

ADIM Kuap KidA (GO1)

noam KiaA Kisp ($02)

yoam Kuap L42A (10€)

¥03M (00€)+

noap K1aA AJBA (b 11)4

ADIM K4\ Kadp (212)
noaM (g£02)

nooMm (1

woam Kiep KiapA (012)
noam Asap Kiap (401

108M (£00)
Aoam AJapn KudA (202N
¥oam AJaA (211)
xoem Kaep AudA (002) (102)
noam KisA (COI)
woom Asap KiaoA (OI1)
AOIM Kaap Kaap 201)
ADOM Asap AueA (200)

N0aM KadA K4dA (101) '
NOIM AJap AOOZA—

___ ! " "

y

Kiop KadA (21€)q(POE) NDOM

(o1€) (G12) noam

(v12)
Buouis (022)

(00 1) ADIM AsaA AidA

(E1§) N03M A13A Kuap
(10p) Wo3m KioA Kaap

(€0€) 5 (20t) WDaM Kiap Kiap

-(22) A03IM
ﬁﬂmon, NOoaM Aaap Aaap

(b1€) Noam Kaap Kiap

(02€) noam KA Aiap
(EOb) woBM Ki4dA Kiap
~(12€) NO3IM K4BA

~(222) N03m Aiap

—{01b) N03am Kaap Kaap
—(1 10) N03M Kaap Kaap

12) —(C2€) NDaIM

—(21b)

(C1t) noam Ki3pA Kuap
(00G) Hoam Ki3p KidA

—(10G) Aoam Kaap
—(20G) ADAM Kiap Kuap
—(OEE) ADIM

(02¢) n0dm Aaap Ksap

(2¢g) buoys

|
] L
( b
i _”
[
I
' [}

@--- S S g T ;r-___i____ 1k
xoam Kiap Ki3p (900)

¥DaM

MU T ______ Iy

K1ap Kaep (901) Q
NoIM AJIA KUdA ($OT

|_II:I._

joucboxay
Jwuw/tay

(120) noam Asap

Kidp

%

. v .« .
£ A A & £ 4 ¢ v .y M )

A-3




|
1
|
y

] |
.ﬁ. .
A .
b
1
"Q .
-. .M
-» . a)
s -
. Cd
3 1
. ‘-
ke -
5 NOOM (1€6)- .
[ Buosis (OPH) -
3 Buosis (£€€) (116) 8
d xoem (1€€) }
[ (3au) oam (00P) . 4
n. Buosis (222) 3
K BuosiS K49A (11€) <
. buonig (111) f

,w ! ;
1._ . ' ; 1
' — ;! 1 1 1 1 .
? ' . ] ] ] M L
A . - l _. ! " KR
X ; ' 1 , “ ' . )
. [} F} 1]
v ' v ' “ 1 N ] Nﬂusw A
. et R e et R e e e B e ]
2
4 .A.L
—t- . .¢L
_w
w‘ .. ‘w
h L]
r ’




o

Lt oie ol g

P

noam £Liap Ki3p (902)
noam Kiap L2127 (CLb)
yoaq Kiadp KJaA (pIg)
ADIM AonneJ

noam (1id)
buong (0IH)

AOIM (¥22)
*0IM (G11)
AOIM (E18€)
6uoais (SOl
Buosyys Kiap (v12)(S00) 4
woam K49\ (£22)
(noam (vO2)(21€)
A02M :_nJ
Npam Aadp KidA (vi1) o)
aoam Kiap Kiap (022)
¥oIM (212)
l_

—a03M (&)

Ao3IM (L02)

AOIM (GEE)

A0dM KudA (C1G)

~ 103M (It b)

~— A03M (800}

A03M (L1 €)

—X0am KidA K13 (802)
Aodm K43A (SE) (SOG)
noam KJ3A (GIG)YIEES)
—qDaM KiaA (P b)
(woom Kiap (822)

wam KidA ($09)

I R A O 1

mv.wwu;&

— e -

e . |

A-5

-




2—-85

PN SITEE SH W W ST WP, SO GO S

P S Y . )




