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The Discovery of
NdFeB Permanent
Magnets by the Rapid
Solidification Route
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Research at lowa State University

m  Graduate studies at the Metallurgy
Dept., lowa State University,
Ames, lowa.
Iowa State University was affiliated
with the Ames Laboratory, one of
the basic research labs that was part
of the US Atomic Energy Commission
(Now Dept. of Energy).
All students were assigned to a
research group. I was assigned to a
group which investigated the
1965-Graduate School, owa State preparation and properties of pure
LB e rare earths and rare earth
intermetallic compounds.
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My PhD thesis was involved with the preparation and
magnetic properties of high purity scandium, yttrium,
lanthanum and lutetium.

PhD Thesis: Magnetic properties Gk
of high purity Sc, Y, La and Lu =
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In 1971 | joined the Magnetic Materials Group of the

Physics Department at the General Motors Research
Laboratories in Warren, Michigan.

Research Building GM Technical Center
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The many uses for permanent magnets on a
modern automobile.

Door Lock Motors:

Seat Actuator Motors.
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Sm-Co magnets would have been excellent for automobile applications — but
too expensive.
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Any economically viable permanent magnet would need to be prepared from
either Nd or Pr combined with Fe.

Abundance of rare earths in
Bayon Obe mine in China.

Balance, 2.3

La,23 La and Ce were not
viable options for
permanent magnets
because they had no
unpaired 4f electrons, the
source of the anisotropy
or coercivity

Nd, 185

Pr.62

Ce,. 50
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Another significant potential advantage of Nd and Pr in combination with Fe —

they form the highest potential magnetic moments of any combination of
elements in the periodic table.

Calculated Magnetic Moments of
Fe; Compounds

e The problem was that Nd-
: Fe and Pr-Fe compounds

did not form. This was a

big problem and there

seemed to be no

solution.

MAGNETIZATION (%I'ﬂ‘cg)
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Possible solution - Researcher at the US Naval Surface Weapons Lab.
annealed a sample of amorphous TbFe, and developed coercivity (Hci)
of 3.4 kOe. This was the first reported incidence of developing
coercivity in a RE-Fe material.

We concluded that the
magnetic properties were
due to the formation of a
metastable (non-
equilibrium) intermetallic
phase.
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This data suggested to us that it might be possible to produce a
suitable Nd-Fe or Pr-Fe intermetallic phase using rapid
solidification. | began to evaluate this possibility using the melt
spinning technique to produce rapidly solidified samples.

Pressure Cap
Pressurized Gas Supply

Crucible

Induction Heating Coil
Molten Alloy
Molten Stream

Melt Spun Ribbon
Rotating Quench Rim
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This work was quite successful and within several years
| was producing melt spun material with coercivities of

over 8 kOe.

© ProsFeos A
& NdosFeos

| found that the
coercivity could be
easily changed by
vary the rotation
speed of the quench
rim.

o { 1 L
o 10 20 30 40
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Increasing rim speed (quench rate)
—_—
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"
Discovered Nd,Fe,,B Intermetallic Phase

m Ternary Nd-Fe-B intermetallic
phase formed that was mostly Nd
and Fe but stabilized by a small
amount of boron

m  One of the most important
intermetallic phases ever
discovered.

m Tetragonal crystal structure with
unique “c” axis of magnetization.

= High magnetic moment > 16.4 kG.

m High T, ~ 315°C.

.0 m High magnetocrystalline anisotropy
= DrecOuis —High Hg.

OFecOFee OFejDFej)®Foky @Feky 8B g
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EEROZENDY E LT, ERIORENTWDHED | AMEEWOfESEREIL Nd2Fel4B AIC9,
COWRE—AY ME16.4 k6 &, HmTHLAEME L AIINETHAINZFTRbELS, =2V
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= Rapid solidification produced a
magnetically isotropic powder with a
highly stable, extremely fine grained
(30-40 nm) microstructure.

= Magnetic powder was soon found to
be ideal for producing a family of
bonded magnets, particularly thin-
walled ring magnets.

= These bonded magnets soon found
acceptance in the new computer
peripheral market..

= Although isotropic nature of powder
resulted in lower magnetic strength,
bonded magnets could be produced
rapidly and a low cost.

= Cost effective thin-walled ring magnet
cannot be produced by the sintering
process.
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" «MEE————
Developed technology for producing melt spun powder in high volume
at Delco Remy Div., Anderson, Indiana — the biggest problem was
getting the molten NdFeB alloy to consistently flow out of 1 mm
diameter ceramic nozzle.

I Modern Production Melt Spinner | l

| Production Melt Spinning Process
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" EE————

Developed Powder Processing Technology

<—‘ Melt spun ribbon fake ‘

Crushed, annealed and sorted
press ready powder
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" EE————
We also developed the technology to produce bonded NdFeB
magnets from the rapidly solidified magnetic powder

Bonded Magnet Production

NdFeB Magnetic Powder
and Bonded Magnets
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" AEE————
In 1985 GM Research Labs developed family of
anisotropic hot deformation process -
development was completed at Delco Remy Div.
b

16 @ "

Anisotropic
Hot Deformed
Magnet

MKG)

g =
6 =

3
(b) Normal Direction
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H(&Oe)
: Anisotropic ring magnets can be
!sotroplc melt spun powder hot pressed produced by back extrusion
into a fully dense preformed and then process

hot deformed into anisotropic magnet.
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" «JEE———
Magnequench business was founded in 1986 to
commercialize rapidly solidified NdFeB permanent
magnets — first sales were to the computer
peripheral market.

. —
0
e 7~
P 1986 - Magnequench, Anderson, Indiana
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"
Early growth in the market for both sintered and bonded
NdFeB magnets was driven by the birth and rapid growth

of the personal computer.

HDD used bonded NdFeB in
Spindle motor for HDD

a,,

| Spindle Motor for HDD |

| Bonded NdFeB Ring Magnet

Sintered NdFeB was used in
Voice coil motor (actuator)
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Bonded NdFeB permanent magnets were also soon being

used in stepper and servo motors used in a wide variety of
consumer electronic and computer peripheral application

Stepper motor with bonded
NdFeB magnets for paper
feed on printer.
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" A
The hot deformation process is used today to produce
anisotropic ring magnets that are used in high end servo and

stepper motors.

(@ ()

8. osb
e B

Courtesy: Daido Electronics.

H (kOe)
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" AEE————
Hot deformed anisotropic ring magnets are being used for
many special applications — for example, this large 60 mm
diameter ring magnet used for automotive electric power

steering system,

X —21
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" «EE————
Reflections on the Last Half Century

m  1972: Only major application for rare earths was SmCosg

permanent magnets — limited use because of cost.
0 Very few applications for rare earths.

m 1982: Discovery of NdFeB magnets helped promote great
technological change - higher magnetic properties and
much lower cost drove the miniturization of the consumer
electronic and computer peripheral market, including the
persona computer.

m Today: NdFeB magnet are used in all manner of high tech
applications, including EV drive motors, windmill
generators and many computer and consumer electronic
applications.

1 Market is now almost $20 billion and growing rapidly .

m | am extremely gratified to have played in this discovery

and development.
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