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SUMMARY

A study of permanent magnets (PM) was performed in support of the
DOE/NASA electric and hybrid vehicle program. PM requirements for electric
propulsion motors are analyzed, design principles and relevant properties
of magnets are discussed. Available PM types are reviewed. For the needed
high-grade magnets, design data, commercial varieties and sources are
tabulated, based on a survey of vendors. Economic factors such as raw
material availability, production capacity and cost are analyzed,
especially for cobalt and the rare earths. Extruded Mn-Al-C magnets from
Japan were experimentally characterized. Dynamic magnetic data for the
range -50° to +150°C and some mechanical properties are reported. The
state of development of the 1mportant PM material families 1s reviewed.
Feasible improvements or new developments of magnets for electric vehicle
motors are 1dentified.

INTRODUCTION

This report presents the results of a multi-faceted study of
permanent magnets and their use 1in propulsion motors for electric vehicles.
It 1s intended to provide motor designers with technical design data and
economlc information they need to make an 1nformed choice among magnet
materials and to assist them 1in the most effective utilization of the
magnets.

Under the DOE/NASA Electric and Hybrid Vehicle Program, several
other contractors designed and developed new permanent magnet motors; also
the associated power supplies and electronic controls. Our project was
intended to complement their efforts. We had to interact with the motor
designers, provide requested information about the magnets they chose to
work with, and suggest possible alternatives to use in future PM motor
development.

The present report has analytic, encyclopedic, experimental and
tutorial aspects. The magnet requirements for electric propulsion motors
and the needs for quantitative information are analyzed. Relevant magnetic
and other quantities are defined and their value for the motor designer 1is
discussed. Principles of efficient magnetic circuit design using different
permanent magnets are qualitatively explained. Commercially available
magnetic material types are reviewed and the magnet types most suitable for
motor use are ldentified. Waith the cooperation of many magnet producers in
the USA and other 1industrial countries, data on the properties and
commercial availability of the magnets of potential interest were collected
and tabulated. Data for newly developed magnet materials
(Mn-A1-C, Fe-Cr-Co, rare earth-cobalt) were collected from the scattered
literature, certain properties of Mn-Al-C were measured, and the results
are systematically presented. Extensive references to more detailed source
material are given.

In view of the fact that electric vehicles might eventually become

a major new market for permanent magnets and consume a substantial fraction
of magnet production, an analysis of certain economic prospects was
undertaken. It takes 1into account the natural abundance of raw materials,

vii



geographic location of sources, present and projected production capacity
of the material and magnet-producing i1ndustries, as well as some cost
factors and price developments. Of particular interest in this respect are
the rare-earth magnets and their principal raw materials, cobalt, samarium
and the other rare earths. Potenti1al quantity requirements of different
suitable magnet materials for a hypothetical mass production of vehicle
motors are analyzed and put 1n perspective relative to the materials”
availabilzity.

Finally, the state of technology and industrial development for the
important permanent-magnet families 1s summarized. The prospects for some
new magnet materlals now 1in the research state are discussed. Some
feasible i1mprovements of magnets for motors or of manufacturing processes
for them are identified.
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I. PERHANENT MAGNET REQUIREMENTS FOR MOTORS

A. Purpose, Outline and llethodology of Study

1. General Review of Permanent Magnet Electric Motors.

Permanent magnets (PM’s) can be used to replace one set of windings 1in
several types of electric motors: DC motors, synchronous and various
hybrid AC machines, steppling motors, actuators. In mechanically
commutated DC motors, the magnets are located in the stator, while the
rotor has windings that are fed in the usual manner through brushes. With
the newer magnet materials of high energy demsity and high coercive force
it 1s also possible to put the permanent magnets in the rotor, using a so-
called "inside out" design (1). This has the advantage that no electric
power needs to be supplied to the rotor, which thus remains cooler.
However, 1f mechanical commutation 1is used with such an inside-out
machine, sliding contacts are still necessary; in fact, the commutator
structure becomes more complex, requiring additional slip rings (2).

PM motors with magnet rotors could be built even with the low coercive
force alnicos, but the designs are awkward, the rotors are large and
massive, and they have very high moments of inertia (3). Therefore, such
motors found only very limited use. Rotating-magnet machines have become
truly practical only with the availability of the modern magnets that
combine high intrimsic coercive force with at least moderately high energy
density. Particularly the rare earth-cobalt magnets and the best grades of
modern ferrites are suitable.

The availability of drastically improved permanent magnet materials 1in
the last decade has made P! motors a much more practical device than they
had been 1in the past. Because of this, their range of applications 1s now
rapidly broadening (4,5)." In the past, permanent magnets were used - with
very few exceptions - only in miniature motors and in fractional-horsepower
machines for battery-powered hand tools. Now, PM machines with ratings of
several kW are coming into widespread use 1n machine tools (6); larger
machines with 50 to 200 kW have been successfully developed for specific
aircraft and space vehicle applications (7); and design studies for much
larger machines - i1n the MW range - are said to show that these have
practical promise for ship propulsion (8).

Such dramatic progress was possible not only because of the
development of better magnet materials, but a confluence of new
technologies was also required to make the present revolution in motor
design and utilization patterns possible . High-power semiconductors,
modern amplifier technology and, 1increasingly, microprocessors are
important elements of the modern drive systems built around PM motors.
Thus, the conventional mechanical commutator can now be replaced by an
electronic commutation system that senses the angular position of the PM
rotor and switches the current 1in the stator windings in synchronism with
the shaft rotation. This led to the so-called brushless DC motors (9).
Such motors are almost i1dentical with PM synchronous motors as described in
the next paragraph. The distinction between a true AC synchronous motor
and a brushless DC motor l1ies 1n the nature of the associated power and
information processing equipment, not in the electromagnetic design of the
motor 1itself.
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The second basic kind of motor that can utilize permanent magnets 1s
thus the AC synchronous motor (10). A permanent magnet array in the rotor
tends to follow a rotating air-gap field produced by a multi-phase winding,
or by the winding of a permanent-split capacitor machine fed from a
l-phase line with the help of a phase-shift capacitor (pseudo 2-phase). PN
synchronous motors for many years were also restricted mostly to very low-
power devices, such as clocks, appliance timers, etc. Their use has
recently been extended to drive functions in small household 1items such as
kitchen blenders, mixers, and electric razors. Now, with the availability
of rare earth-cobalt magnets and recent advances 1in power electronics, they
have become practical as torque motors and industrial drives of several kW
ratings, aircraft starter motors of 60 and 150 kW, and, of course, they are
being considered for use as traction motors 1in electric automobiles
(11,12).

PM synchronous motors operated from a fixed-frequency supply are
generally not self-starting, and when a single-phase rotor 1is brought up to
synchronous speed somehow, 1t will run 1n either direction. To make a
synchronous motor self-starting under these conditions, 1t 1s often made
into a hybrid motor of some sort. One possibility 1s to imbed conductors
in the rotor in such a manner that the machine can function as an induction
motor - however 1nefficiently - during the start-up (13,14). Or one can
also use the self-starting properties of a hysteresis motor by including
an element of semihard magnetic steel in the rotor. These features of an
induction or hysteresis motor can either be integrated with the synchronous
PM rotor structure, or a separate auxiliary induction or hysteresis rotor
can be mounted next to the PM rotor on the same shaft. The variation of the
reluctance with the rotor position can also be used as a starting aid. For
single~phase synchronous motors, the running direction can be uniquely
defined by 1introducing a magnetic unsymmetry 1in the reluctance of the
magnetic flux path of the PM rotor-stator system.

A pure synchronous machine with a PM rotor can, of course, also be
operated at variable speeds from a variable-frequency power supply. If the
supply frequency begins to build up from zero at a sufficiently slow rate,
the motor will be self-starting. Recent advances 1n semiconductor
technology and 1in the art of power conditioning have made such variable-
speed synchronous motor systems a practical and often economic proposition.
They are being developed for many applications now. The currents supplied
to a permanent magnet motor do not need to be sinusoidal. The motors will
run on partial sine waves such as those supplied from SCRs, and a properly
designed motor can also be operated with a sequence of square pulses, so
that pulse-width and pulse-frequency modulation schemes may be used to
control the power and the running speed of PM rotors.

For the sake of completeness 1t should be mentioned that hysteresuis
motors are a form of PM motor with magnets in the rotor. The permanent
magnet materials used in them are purposely chosen to have coercive forces
in the 50 to 200 Oersted range - very low by present PM standards - so that
their magnetization can be reversed with only moderate difficulty during
the starting. As we mentioned before, such motors are self-starting, even
in a3 fixed frequency rotating field, and they can eventually achieve full
synchronism. However, hysteresis motors of a given physical size develop
much less torque than other motor types, so their application 1s restricted
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to timers and to certain applications where slip proportional to the load
1s 1mportant (e.g. co1l winders). If built to deliver several kW, they
would be extremely inefficient and bulky, and so they are entirely unsuited
for use 1n vehicle propulsion.

2. The Case for Permanent Magnet Motors 1n Electric Vehicle Propulsion.

The DOE/NASA Electric and Hybrid Vehicle (EHV) Program 1includes
projects to develop several alternative motor/controller systems and to
explore their utility for vehicle drives. Secunde (11) discussed the types
of systems and their prospects for EHV propulsion use as follows.

Presently operating electric cars generally use as their traction
motors one of the conventional wire-wound DC motor types. These have been
commercially available for a long time 1n the required range of power
rating of about 10 to 30 kW. They can operate from batteries over a wide
speed range, and they can be simply and efficiently controlled by changing
the field excitation current or the voltage applied to the armature (rotor)
terminals. The motor/controller systems are well developed and understood.
St1ll more flexible control 1s possible with modern solid-state choppers
(DC-to-DC converters). However, wire-wound DC motors are expensive to
produce, their size and weight for given ratings are relatively large,
they have mechanical commutators and brushes that wear, spark, need
maintenance, and limit the running speed; and they have a heat removal
problem. The need for electric excitation results in lower efficiency (and
thus greater battery drain) than can be achieved with some other motor
types.

With semiconductor power electronics 1t has become possible to build
vehicle propulsion systems that use AC machines or brushless, PM-type DC
motors. The alternatives now under development are brushless motors with
permanent-magnet rotors, electronically commutated by three-phase
semiconductor 1inverters; and AC induction motors controlled by polyphase,
variable frequency/variable voltage inverters. In both cases, the motor 1is
simpler and thus potentially cheaper to manufacture than a wound-armature
motor. The rotor 1is solid and has no electrical connections, 1t can
therefore run at higher speed, and no power 1s needed for excitation.
Induction motors are, of course, the most common electric motor type and
quite cheap. Inverted PM motors are still developmental items and - 1f
samarium-cobalt magnets are used - they are more expensive than wound DC
motors, because of the high present cost of the magnets. Both, induction
and PM motors, require complex control electronics only now being
developed. The 1nverters use high-current semiconductor elements
(thyristors or transistors) which are still quite expensive.

However, the prospects for the availability of much cheaper power
semiconductors in the near future are good. The electronic controller
provides virtually all needed control functions, and 1t can be programmed
with a microprocessor for optimum system performance over a wide operating

range. Thus, the induction and/or the PM motor system may ultimately prove
more economical than the brush-type motor drive.

We shall now focus on the permanent magnet motors. Generally
speaking, electronically commutated DC or synchronous PM machines offer
these advantages: They are simpler in construction than mechanically
commutated DC machines, they have no brushes and commutator, the
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elimination of coils means reduced 1losses, thus better electrical
efficiency and less heat development. The absence of rotor windings also
reduces the risk of insulation failure and thus increases reliabilaity. All
the I“K losses occur 1n the stator from which 1t 1s easier to remove the
heat. A properly built PM rotor with a support hoop can safely rotate at
speeds several times that of wire wound rotors. As a consequence, the
energy density of the machine - which 1s proportional to the speed - can
be considerably higher. 1In a properly designed permanent magnet machine,
these features add up to a substantially smaller motor size and a more
efficient machine.

Depending on the magnet material used, the 1initial cost of the motor
may be higher or lower than that of a wound machine. Machines with
ferrite, Alnico, Mn-Al-C and rare-earth magnets are under consideration.
Parker (5) argued that the use of rare earth-cobalt permanent magnets
(REPM) 1n larger electrical machines should bring economic advantages over
electromagnetic excitation, and even over PM motors utilizing ferrites, 1f
one considered the entire energy conversion system and optimizes the
design. At the present prices of high-current semiconductor devices,
the motor and power converter together are certainly more costly than the
conventional motor and controller system. However, 1t 1s expected that the
electronic package will become considerably cheaper 1in several years, so
that the life cycle cost of the system with an electronically commutated PM
motor may well become 1lower than that of competing systems. For these
reasons, DOE/NASA have contracted to develop several PM motor-electronic
converter propulsion systems (l11). The development of new brushless PM
motors under this program was described by Maslowski (12). It has 1indeed
resulted 1n experimental motors of much higher performance than their wire-
wound counterparts. The three participating contractors each chose at
least one motor design employing REPM, plus another using cheaper but
poorer magnet materials. For details see Section I,B below.

3. Objectives of the Study Effort under this Contract.

The work at the University of Dayton under this contract was to
support the further development of these and similar drive systems. It was
intended to ass1st motor designers and production planners by providing
detailed 1information on permanent magnets, their properties, correct use,
cost and supply factors, and the prospects for the future of magnet
development.

The specific objectives stated in the contract document were

1. To define the requirements that a permanent magnet must meet to
be used 1n propulsion motors for electric vehicles.

2. To 1dent1fy those permanent magnet types applicable to propulsion
motors for electric vehicles and to compile technical, cost and
availability data for them.

3. To establish the principles and procedures for integrating

suitable permanent magnets 1into the magnetic circuit design of
propulsion motors for electric vehicles.
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4, To characterize the properties of available manganese-aluminum-
carbon permanent magnets by experimental tests.

5. To recommend 1mprovements to existlng permanent magnets and/or
new magnets with the potential for overcoming the limitations of
exlsting magnet materials, and identify those for which further
development within a reasonable cost and time frame may be
feasible.

For the work toward these goals, the following task structure was
established:

Task I - Permanent Magnet Requirements for Motors

The literature on propulsion motors and PM motors in general was to be
studied, DOE/NASA contractors and motor manufacturers were to be visited
for discussions, and from the information gathered, a set of requirements
and characteristics was to be defined which PM’"s must possess to be useful
in propulsion motors.

Task II - Review of Permanent Magnets.
Pertinent data on technical properties, magnet availability and cost, and
on the materials supply base were to be compiled and tabulated, considering

all existing (and proposed new) suitable permanent magnets.

Task III - Permanent Magnet Categorization.

The results of Tasks I and II were to be integrated. The specific
suitability (or lack thereof) of the various PM for motor design with the
various magnets were to be discussed.

Task IV - Mid-Program Review.

An oral review of progress at the completion of Task III.

Task V - Permanent Magnet Tests.

Information on, and samples of, the new PM material from Japan, Mn-Al-C,
were to be obtained. The pertinent magnetic and other physical
characteristics were to be measured.

Task VI - Feasible Permanent Magnet Developments.
New PM Materials or potential improvements of existing PM"s for propulsion
motors were to be 1dentified. Specific recommendations for feasible

developments or improvements were to be made.

Task VII - Program Review.

This was a final oral review of progress and results for NASA-Lewis
personnel at the completion of Task VI.



4, Information Gathering Activities.

(a) The 1nitial task was to 1dentify and understand the design approaches
taken by the different groups working on electric propulsion systems under
DOE/NASA contracts. This was accomplished by obtaining and reading their
progress reports (which were few and uninformative in the early phases of
the work, in 1980/81), and by seeking personal contact with the project
managers and engineers. With the assistance of our NASA contract monitor,
Mr. F. Gourash, a number of visits to (and by) motor contractors were
arranged. K. Strnat made the visits. All contractor personnel were
cooperative and helpful. The following contacts were made.

1/1980 - Visit to the University of Dayton (UD) by P. Campbell of the
University of Southern California (USC). Dr. Campbell gave a seminar on
electric vehicle motors and discussed his group’s role in the DOE/NASA
project.

4/1980 - Conversations with F. Werner and K. Foster, of the Westinghouse
Research Labs., at the INTERMAG Conference in Boston. Discussed their
company”s motor projects, arranged a later visit to Westinghouse.

5/1980 - Visit to P. Campbell’s laboratory at USC, Los Angeles. Discussed

projects, saw motors, test stand. K.S. gave seminar lecture on modern
wagnet materials for USC students and local industry.

5/1980 (Same trip) - Visit to Garrett Airesearch Mfg. Comp. at Torrance,
CA. Discussed their NASA EHV-drive project, other PM motor and REPM device
development. Met with F.Echolds (project supervisor), A.Druzsca,
F .McCarthy, D.Moeller, C.Ramezani, K.Wuertz.

5/1980 - Visit at General Electric Corp. R&D Center, Schenectady, NY. Met
with G.Kliman (project supervisor), R.Hunsinger, R.Tompkins regarding NASA
project, saw motors, test stands. Also visited motor expert E.Richter in
another division. Visited magnetic materials scientists J. Becker, J.
Livingston, F.Luborsky, D.L.Martin. Gave seminar lecture.

7/1980 - Visit at University of Dayton by GE R&D Center personnel, G.Kliman
and R.Tompkins. Discussed further their magnet material requirements for
EHV motors, our work on magnets, showed UD laboratories. Planned Mn-Al1-C
magnet testing.

8/1980 - Visit to Inland Motor Div., Kollmorgen Corp., Rad. ¢, VA. HMet
B.Overton (project engineer) to discuss his DOE/NASA work done 1n
cooperation with VPI. Met with L.Langley, R. Fisher re. other PM motors,
with others - on the subject of magnet material requirements for motor
applications.

10/1980 - Visit to Westinghouse Research Center, E.P1ttsburgh, PA. Met
Wm.Jones (project engineer) to discuss NASA EHV project, D.Greene,
D.Triezenberg, A.Crapo re. this and other motor developments; F.Werner and
K.Foster about magnetic materials testing, saw their laboratory.

(b) The second aspect of the information gathering concerned permanent

magnet materials. Data for properties of importance 1n engineering design
were collected for the magnet types useful in EHV motors. Also of interest
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were the types and grades which are offered by major commercial
manufacturers worldwide; whether magnets are available 1in the required
shapes and large sizes; and their cost. To supplement the information
available 1n our extensive files and in the easily accessible technical
literature, we pursued three avenues:

A letter request was mailed in June, 1980 to 36 magnet producers or
vendors, 12 of them located in the USA and 24 in other countries. Twenty-
e1ght replies were received. These ranged from letters and relataively
superficial product listings to detailed technical brochures, sometimes
supplemented with thick packages of scientific articles. We now have an
extensive file of recent commercial literature on magnets that 1s open for
inspection on request to interested engineers from other EHV project
contractors. The tabulations in Chapter III of this report are an attempt
to analyse and summarize this information 1n ways that should help motor
designers in their design calculations, and 1in selecting and ordering the
permanent magnets needed from commercial sources. A draft copy of these
tables was submitted to the participating companies with the request to
review and, 1f necessary, correct the pertinent entries.

Some additional visits were made to permanent magnet manufacturers,
and some producer representatives visited us. In these conversations we
tried to explore topics generally ignored in the technical sales and
application literature, 1.e., the nature of the raw materials used 1n
magnet production, the materials supply situation, magnet prices and the
factors affecting them, production capacities and expansion plans.
Understandably, not much useful information was obtained regarding prices
and production, even 1n personal conversations with company executives.

Such personal contacts with magnet manufacturers included.

4/1980 - Raytheon Comp. 1n Waltham, Mass. (In conjunction with Intermag
Conference.) Met D.Hutchens, J.Sklenak, saw REPM production facility, and
laboratories; discussed development efforts.

5/1980 - Visit at the University of Dayton by Y. Sakamoto of the Matsushita
Electric Industrial Co. of Japan, at present the sole manufacturer of
Mn-Al1-C magnets. (This followed up a visit by K.Strnat, in 1979, to the
Matsushita Research Center 1in Japan.) We requested samples for testing
that were received in due course.

10/1980 - Visit to Colt Industries, Crucible Materials Research Center, at
Pittsburgh, PA. Met with Dr. Narasimhan and Mr. Preusch. Discussed
Alnico, ferrite and RE-Co magnet production and pricing. Saw pilot line
production facilities for REPM made by low-oxygen processing.

6/1981 - Visit at the University of Dayton by T. Shimoda of the Japanese
Suwa~Seikosha Comp. Discussed that company’s progress in the development

of high-energy, epoxy-bonded REPM, production and future plans. (Magnet
samples were received by mail later.)

8/1981 =~ Visit to Hitachi Magnetics Corp. at Edmore, Michigan. Discussed
REPM, ferrite and Lodex magnet production and saw parts of plant. Met
F.Doser, F.Jones, R.Parker, S.Rashidi and J.Thoe (Engineering Manager).
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Another valuable source of information was the 5th International Workshop
on Rare Earth-Cobalt Permanent Magnets, held in Roanoke, VA, in June,
1981. R.Secunde reviewed the DOE/NASA program. With view toward the EHV
motor requirements, a discussion session on raw materials was held. General
reviews of the magnet development 1in Japan and China were given by invited
speakers from these countries (Gll).

Finally, inquiries were made and personal conversations took place with
representatives of some raw materials suppliers. Companies that responded
with information were the Molybdenum Corp., the Research Chemicals Co. and
the Ronson Metals Corp. (all U.S. suppliers of rare-earth materials), the
French RE manufacturer, Rhone-Poulenc, and the German Th.Goldschmidt Co.
On the cobalt supply side, information was obtained from the Canadian
company, Sherritt Gordon Mines, Ltd., and recently, from the Cobalt
Development Institute in Brussels, Belgium. Information obtained from
these sources was used primarily in preparing Section I,D of this report.

5. Analysis of the Information Obtained

(a) From conversations with NASA-Lew1is personnel, the visits with motor
contractors and background reading, an overall picture emerged of the drive
system development program and of the approaches the different contractors
were pursuing. The general aspects of this program that are of interest
for our own work are outlined in this section. A more detailed discussion
of the various design concepts used in the development of permanent magnet
motors, and of the specific types and quantities of magnet materials
employed, wi1ll be found 1n the following Section B. From conversations
with the project engineers, we were also able to formulate a list of the PM
material properties that are, or should be, taken into account 1n the motor
design (Section C). Next, we attempted to determine the economic factors
that influence the uti1lity of a given permanent magnet material for EHV
motors., We accumulated some information on cost factors that influence the
finished magnet prices, with emphasis on raw materials, their availability
and typical prices (Section D). Finally, we formulated the specific
property requirements which the EHV application imposes on the permanent
magnets, relating them to different aspects of the motor desaign.
(Section E.)

(b) The design goals for the motor-controller system were given by the NASA
program management to the contractors indirectly, in terms of vehicle
performance specifications. From these, the specific motor design
objectives had to be derived under reasonable assumptions concerning losses
in gears and power train, and the behavior of the electric power processing
equipment. The guidelines were as follows. (11, 12).

A 3000 pound vehicle 1s to be operated according to Schedule D of the
SAE J227a test standard for urban passenger cars. It has to accelerate
from 0 to 45 mph in 28 seconds, be capable of continuous operation at 55
mph for 2 hours, and climb a 10% grade while maintaining 30 mph. The power
source would supply 120 V DBC and have 0.05 Ohm 1nternal resistance
(lead/ac1d battery pack).

From this information, a preliminary study concluded that the motor

should have a minimum power rating of 11 kW continous and 26 kW peak
output. Most contractors designed somewhat more powerful motors. The
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design objectives were thus not quite uniform, making 1t difficult to
directly compare the different motors, and thus the quantities of magnet
materials needed. Figure 1-1 depicts a typical duty cycle of 1instantaneous
motor power versus time consistent with these vehicle performance
specifications (11).

APPROXIMATE MOTOR OUTPUT, KW 28 KMM (30 MPH)
30~ __/_  ON 10% GRADE
0} ACCHLERATION CONSTANT SPEED
75 KMIH 4/~ 89 KMMH (55 MPH)
10 (SMPH) 7\ ———~— - cﬁA‘ST‘F_ ( IE
l—t 111 i T vl
0 10 2 30 4 S0 60 70 8 fpo /100 110 12
-10}~ TIME, SEC
-20—
-30F REGENERATION
FROM 56 KMM
-0 (35 MPH)
(CRUISE GEAR
RATIO)

Figure 1-1: Typical motor duty cycle. Instantaneous power
required during drive cycle according to Schedule D
of SAE J227a test standard (Ref. 11).

(¢) Following 1s a list of the motor contractors involved in this program
during the 1978-82 period, with a brief definition of their assignments.

A group 1n the Electrical Engineering Department of the Virginia
Polytechnic Institute and State University (VPI), 1n cooperation with the
Inland Motor Div. of Kollmorgen Corp. (KC), worked on brushless PM motors
of drum design (radial gap flux). Their motors have intermediate speed and
use the PM materials Sm-Co and strontium ferrite.

The Garrett AiResearch Manufacturing Comp. (GAR) built a high-speed PM
drum motor with Sm-Co, and then - as their "advanced design" - a homopolar
disk motor (axial gap flux) of moderate speed that also uses a sintered
Sm-Co magnet in the rotor.

The General Electric Corporate R&D Center group (GE) chose a low speed
brushless motor of disk geometry that was designed to use Mn-Al-C as the PM
material. But it was first built with Alnico 8 substituting for the as yet
unavailable new magnet alloy. Later the motor was redesigned with Sm-Co.

Each of these contractors began working on a motor based on existing
technology, called the "i1mproved design." Then they proceeded to motors
based on novel concepts, termed the "advanced design."

The University of Southern California”s Electrical Engineering
Department (USC) developed methods for the analytical modeling of axial-
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field PM motors, calculated the behaviour of several motor types, and
verified the results by testing such a machine in the laboratory. Special
attention was given to the problems with Alnico designs.

These were the contractors working on permanent magnet machines, whose
projects were to be directly supported by our study effort. Some
additional companies worked on motors that do not use magnets.

A group at the Westinghouse Research Laboratory develops a wire-wound,
brush commutated DC motor of disk geometry that 1s fed through a high
frequency electronic chopper. This 1s seen as a more economical solution
in the short term, until cheaper high-performance magnets and semiconductor
devices become avairlable. We understand that 1n a later version of the
same motor, a ferrite magnet may be added to the stator which would supply
that portion of the excitation field (30-40%) that does not need to be
varied for speed control.

Finally, three more contractors - another General Electric Division,
the Gould Corporation, and the Eaton Corporation - all work on drive
systems that employ an 1i1nduction motor driven by a variable
frequency/variable voltage/polyphase 1inverter. These projects were of no
particular concern 1in our present work.



B. Permanent-Magnet Motor Types Designed Under the DOE/NASA EHV Program

1. Different Design Concepts Pursued

In this section we shall discuss 1in greater detail the design
approaches chosen by the three contractors who designed and built PM
motors. The emphasis w1ll be on the geometry of the magnetic circuit, the
type of the PM materials employed, and the shapes and quantities of the
permanent magnets used. All the motors have the PM 1n the rotor and are
thus of the brushless, or synchronous variety.

The first choice of all contractors for the PM material was a rare
earth-cobalt magnet; more specifically, sintered SmCos. Of all magnets
commercially available when these programs were planned, this was the one
with by far the most desirable performance characteristics. (Very high
energy product and 1intrinsic coercive force, straight-line B vs.H
demagnetization curve throughout the second quadrant of the hysteresis
loop.) During the program period, the so-called "cobalt crisis" occurred.
For about three years, cobalt costs - and therefore REPM magnet prices -
rose to unreasonable levels, and serious questions about the long-range
cobalt supply situation were raised. In view of this adverse development
1t was logical to look for alternative, cobalt-free magnet materials that
could be used. Two of the contractors (VPI/KC and GAR) redesigned theuir
motors with ferrite ceramic magnets, the third (GE) chose the new metallic
PM material, Mn-Al-C.

"Continuous' and '"peak" power ratings are quoted for each motor 1in the
following discussions. It should be noted that these numbers are difficult
to define for the vehicle propulsion motors. The different contractors
seem to have used somewhat different test criteria, even relating to
different drive-test cycles for the vehicle, and therefore, the kW numbers
quoted should not be taken too literally. In terms of thermal load,
"continuous" means operation for at least 1 hour (more than the thermal
time constant), "peak power" refers to operation for 1 minute without
overheating.

(a) Garrett AiResearch Manufacturing Comp. Projects:
Design GAR-1 ("NASA Improved Motor")

This 1s a drum motor with the basic geometry shown in Fig. 1-2. It 1s
a high-speed machine rated at 26,000 rpm maximum speed, 35 kW peak power,
for 1 minute, and 15 kW continuous capability. It weighs 15 kg plus 2.7
kg for a fan required for forced-air cooling (12,15). This extremely low
weight 1s attributable to the very high operating speed. It 1s estimated
that the gearing needed to reduce the shaft speed wi1ll add another 2 to &

kg (11).
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Figure 1-2. Basic geometry of 4-pole drum motor with
radially oriented permanent magnets (REPM or
Ceramic) 1n the rotor. (GAR-1 and VPI/KC-1)
(Ref. 16).

This motor has a 4-pole rotor with radially oriented magnets bonded oni. a
magnetic steel core (shaft). In this arrangement, leakage flux 1s
minimized compared to designs in which the magnets do not directly face .he
air gap. However, the magnets must be constrained against centrifugal
forces by a nonmagnetic support sleeve. The thickness of this retainer
adds to the effective air-gap length, thus 1ncreasing leakage again.

The PM material 1s sintered SmCog of, nominally, 175 kJ/m3 (22 MGOe)
static energy product. This was the top grade of rare earth-cobalt magnets
commercially available 1n the 1978-79 time period when this motor was
designed. The quantity of PM material in the finished motor 1s 1.4 kg.

Design GAR-2 ("NASA Improved Motor, Low Cost Version')

This 1s a redesign of GAR-1 with ceramic ferrite magnets instead of
Sm-Co (12). Ferrites are relatively low-cost magnets, they contain uo
cobalt and use very cheap raw materials of unlimited availability, the
industry manufacturing PM ferrites 1s mature and there 1s excess productiol
capacity 1in the USA and worldwide.

The geometry of this drum motor 1s the same as before (see Fig.1-2),
Rated speed 1s 22,000 rpm, peak power 1s 26 kW. A 6-pole rotor design was
chosen. The machine weight 1s 34 kg, plus 2.7 for the fan, this 1s 2.3

times the weight of the Sm-Co motor. This motor was designed but not
actually built and tested.

The PM material chosen for this design was the Ceramic-8 grade of
sintered, anisotropic strontium ferrite. The nominal energy product 1s 26
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kJ/m3 (3.25 MGOe). Again, this was the best grade of ferrite for the
purpose available from U.S. commercial production at the time. It offers
an optimum combination of high remanence (hence, energy) and satisfactory
intrinsic coercive force. The quantity of ferrite needed per machine 1s 5.9
kg. This 1s 4.2 times the mass, or 7 times the volume, of the Sm-Co 1n
GAR-1.

Design GAR-3 ('NASA Advanced Motor")

This motor 1s radically different from GAR-1 and 2. It 1s a disk
motor of homopolar construction (Fig. 1-3). The ratings are 14,000 rpm
maximum speed and 11/26 kW power. The weight 1s 22 kg (11,16). This
machine was actually built. The development was terminated before the
design objectives were fully achieved.

/ IAONLESS STATOR

/PERMANENT MAGNET

——HE=

P

W

IRON POLES

Figure 1-3: Basic geometry of the homopolar disc
motor having a single, axially oriented
REPM centrally located in the rotor.
(GAR-3) (Ref. 16).

The rotor has a single, large, ring-shaped permanent magnet (6 incu
OD) that 1s axially magnetized. The poles are radially extended by solic
steel pieces that form 8 identical claws on each side. At the outer rim of
the structure, these claws direct the flux axially into an annular
interaction volume. In this "washer-shaped" air gap, eight angular
channels of high flux alternate with segments of low flux density. The
flux 1s in the same direction throughout the air gap. The 1ronless stator
winding (a sequence of bobbin-wound coi1ls) sees on each side an
alternation of stronger and weaker poles of the same sign, a total of 16
such "poles."

The PM material 1s sintered Sm-Co of a nominal energy produc& of 120
kJ/m3 (15 MGOe). The composite ring magnet of 5.957" 0D, 0.374" ID and
0.45" axi1al thickness weighs 1.672 kg. It 1s radially constrained by a
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hoop of nonmagnetic steel (Inconel), which does not add to the air gap 1in
this design.

This motor was 1intended to be self-cooling through the fan action of
the claw structure. Model tests showed that this also caused excessive
windage losses (11). These could be avoided by f1lling 1n the cutouts 1n
the pole structure. Other disadvantages of this unique design seem to be
increased flux leakage between the radial steel arms on opposite sides of
the magnet, and the danger of eddy currents in the aluminum housing walls.

(b) Virginia Polytechnic Inst. and Kollmorgen Corp.
Design VPI/KC~1 ("NASA Improved Motor'")

This 1s again a drum motor, very similar to GAR-1 (Fig.l-2), but 1t 1s
a medium speed machine. The ratings are 7,650 rpm maximum speed, 26kW peak
power, ll1 kW continuous. The machine weighs 40 kg, all inclusive
(11,12,17).

The 4-pole rotor has radially magnetized SmCoS sintered magnets
restrained by a nonmagnetic steel sleeve. Its overall dimensions are 3"
diameter and 6.3" axial length. The magnet material was not the most
expensive top grade, but a more conservatively chosen typical production
REPM that 1s now available from many suppliers. The design value of the

energy product was 144 kJ/m3 (18 MGOe). There are 2.4 kg (5.3 1b)
Sm-Co 1in the motor.

Design VPI/KC-2 ("NASA" Improved Motor, Version 2")

The above motor was redesigned as a 6-pole machine to reduce the
amount of expensive Sm-Co required. The ratings for this version are:
Maximum speed 8,600 rpm, peak power 26 kW, continuous power 11 kW, This
motor weighs only 27 kg. (11)

Using the same grade of sintered SmCoS (144 kJ/m3), only 1.47 kg of
the magnet are now required, practically the same quantity as for GAR-1.

Design VPI/KC-3 ("NASA Improved Motor, Low Cost Version')

The VPI/KC team, too, redesigned the latter motor (VPI/KC-2) waith the
cheaper PM material, Ceramic-8. This 6é-pole machine has 9,000 rpm top
speed, again 26 kW/1l kW power rating. Its weight 1s 58 kg, or 2.1 times
the weight of the equivalent Sm-Co motor. (11)

434 kg of Ceramic-8 magnet material with 26 kJ/m3 energy product 1s
required. This 1s about three times the weight of SmCog 1n VPI/KC-2, or
4.9 times the magnet volume.

(c) General Electric Corp. R&D Center

The work of this group was exclusively on disk motors with axial air-
gap field. (See Fig.l-4) The permanent magnets are nearly cubic blocks
located at the circumference of the single rotor disk. Their magnetization
direction 1s axial. They extend through the thickness of the rotor (no

1ron pole pieces) and are radially restrained by a thick nonmagnetic hoop.
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The double-sided stator has a flat, 3~phase layer winding that necessitates
on unusually large air gap. The flux closes on the outside of each stator
half through a slotless, spiral-wound, laminated iron return path.

NONMAGNETIC
41 " RETAINER RING

STATOR
” WINDING

e

(/] MAGNETS
4 RIBBON-WOUND !
CORE

STATOR HOUSING

Figure 1-4. Basic geometry of disk motor with eight
ax1ally oriented magnets (Mn-Al-C, Alnico 8 HC
or REPM) in the rotor. (GE-1,2,3) (Ref. 18)

Design GE-1 ("Proof-of-Principle Motor")

This first version of the new machine type that was built and tested
15 rated 5.2 kW (7 HP) at 3,600 rpm. It was said to be capable of
developing 75 kW peak power for a short time. The total weirght 1s 41.5 kg.
(18,19)

The rotor has 8 poles on each side, generated by eight magnecr of
sintered SmCos. Each magnet 1s approximately a l-inch cube, but 1s
assembled from several smaller pieces and trapezoirdally tapered. The total
welight of Sm-Co used 1s 7.8 kg - an excessive amount for the low power
rating of the motor.

Design GE-2 ('"NASA Advanced Motor")

This 1s a full-scale propulsion motor of the same basic design as
GE-1, but for higher-speed operation, and designed to use a less expensive
magnet material. It i1s rated 15 kW continuous at 11,000 rpm, 30 kW for 1
minute. The total weight 1s 58 kg. (11)

The 8-pole rotor was designed to contain 6.8 kg of the magnet material
Mn-Al1-C with a nominal energy product of 6 MGOe. However, since not enough
of this PM material was available, the machine was built using the same
volume of Alnico-8HC 1n 1ts place. This required 9.9 kg of Alnico having
5.5 MGOe.
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TABLE 1-1: MAGNET REQUIREMENTS AND COST FOR THE DIFFERENT MOTORS

DESIGN MAGNET TYPE INDIV MAGNET NO. TOTAL FOR MOTOR
(Rating, kW) (BH) max {(Weight, g) (Weight, kg) v (Cost, $)
GAR-1 SmC05 350 4 1 4 185

(15/35) (22 MGOe)

GAR-2 Ceramic-8 983 6 59 11

{(11/26) (3.25 MGOQe)

GAR-3 SmC05 1,672 1 1 67 221

(11/26) (15 MGQOe)

VPI/KC-1 SmCoc 60 4 2 4 317

(11/26) (18 MGOQOe)

VPI/KC-2 SrnCo5 245 6 1. 47 194

(11/26) (18 MGQe)

VPI/KC-3 Ceramic-8 723 6 4 34 8 12
(11/26) (3.5 MGOQOe)

GE-1 SmCog 975 8 78 1,030
(5.2/75) (18 MGOQe)

GE -2 Alnico-8HC 1,238 8 9 9 240
(11/30) (5. 5 MGQOe)

GE-3 SmCog 870 8 6 96 918
(15/45) (18 MGOe)

£
3

Cost estimates for magnets 1n

an assumed commercial production of 100, 000 motors

per year. These are based on the lowest price quotes for magnets 1n early 1983.




Design GE-3

After di1fficulties with gradual demagnetization of the PMs were
encountered in the operation of GE-2, the motor was redesigned using Sm-Co
magnets. (11,20) This motor was successfully tested and was said to be
capable of operating continuously at 15 kW without overheating, 30 kW for &
minutes, and 45 kW for 1 minute.

The 8-pole rotor contained 6.96 kg of sintered SmCog of 18 MGOe
nominal energy product.

2. Summary of PM Requirements for the Different Motor Designs.

The listing, i1n Table 1-1, of magnet material types used and the
quantities required for each of the motors 1s based on the preceding
discussion in Section B,1. The abbreviations designating the different
desi1gns were introduced there. The cost figures are based on the price
analysis detailed later in Chapter II, Section D,1. They are not the
prices actually paid by the contractor for the small quantities of magnet
material used in the experimental motors, but rather, the estimated cost of
the magnets in large production lots, 1f orders were placed early in 1983.



C. Motor Performance and Magnet Selection

In this section we 1nvestigate, 1n a qualitative way, the relationship
between desired motor performance characteristics or specific motor design
objectives on the one hand, and the properties of available permanent
magnet materials on the other. One purpose of this 1s to assist the motor
designer 1n analyzing the various factors that influence the decision which
magnet material to use. The second intent 1s to lay the groundwork for a
subsequent discussion of the PM materials, of the relevant properties of
the magnets, their definition and description 1in Chapter II.

Selecting the optimum PM for a propulsion motor 1is not simple. Many
considerations enter into the choice, and they often conflict, requiring
well thought-out compromises. These considerations include, of course, the
best performance of the motor, 1ts weight and size, and 1ts energy
efficiency; but also the consequences of these for the entire drive system
of which the motor 1s a part. Various economic factors enter: the direct
cost of the magnet material, the effects of the PM choice on the 1nitial
cost of the whole motor, of the power electronics package and the battery.
The life cycle cost of the drive system 1s affected by the PM material
choice. So 1s the producibility of the motor, 1including needed machining
methods, tolerances, problems with magnetizing the magnets after assembly
or handling them 1in the premagnetized condition, etc.

The results of our qualitative analysis of some of these relationships
are summarized in Table II. We first selected eight motor characteristics,
performance or producibility traits which are obviously all either required
or highly desirable. The second column in the table lists the motor design
parameters, or the cost factors 1in production or operation, which are most
closely related to each specific trait. The third column suggests material
choices and design measures that may be taken -~ especially in the magnetic
circult - to achieve the desired goal. Column 4 names the PM properties
that are most relevant to the design subtask at hand. In column 5, sem1-
quantitative information 1s given for one salient property. The important
PM materials that might be considered by the motor designer are listed in
order of decreasing values for that particular quantity. Sometimes 1t 1s
the highest, sometimes the lowest property value that 1s most desirable,
chapter II should be consulted for details. In the last column, some of
the designer’s options are mentioned and some consequences of his choice of
the PM material are discussed.
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TABLE 1-2:CORRELATION OF MOTOR PERFORMANCE CHARACTERISTICS AND
1) MAGNET MATERIAL CHOICE, PERTINENT DESIGN OPTIONS.

(Part

DESIRED MOTOR

CHARACTERISTIC

OR PERFORMANCE
TRAIT

RELATED MOTOR
DESIGN OR
MANUFACTURING
CONSIDERATION

MEASURES BY WHICH
DESIRED MOTOR
BFHAVIOR MIGHT

BE ACHIEVED

MOST RELEVANT
PERMANENT MAGNF1
PROPERTIES

MOTOR DESIGNFR'S

PRINCIPAL OPTIONS,

CONSEQUENCES OF
PM MATERIAL CHOICE

Compact motor,
minimum motor
weight

High air gap
field, Bg
(Designers are
used to 7-9 kG)
Motor rpm
permissible tem-
perature rise

Choice of high-remanence]
PM material, or flux
focussing with iron pole
structures High
running speed of motor
High current loading

Remanence, B,

Induction at typical
operating point,Bg

a) PM at gap »Bg limited to 0 5-0 9 B,
Lower Bg-plal‘ger pole area needed
(larger gap volume, machine
circumference)

b) Fe pole pieces can raise Bga»more
weight, volume, flux path length
in magnetic circuit

High torque at
low speed (start,
climb, stall conditions)

Good tolerance
for high tempo-
rary armature
reaction or high
current surges

Choice of PM material
with high resistance
to demagnetization
Design to take best
advantage of the H

k
available

Knee field, Hy (Bl=0 9Bl)

Intrinsic coercive
force, MHC

Recoil permeability, Wy

Temperature variation

of Hk and MHc

a) High Hy —»little danger of
demagnetization-sfreedom in
choosing PM position (at gap'),
operating point, tolerance of high
current peaks

b) Low Hy—»designer must Lumt stall
current and/or protect magnet by

placing it far from air gap, using
long PM or magnetic circuit length

Smallest absolute quan-
tity of permanent mag-
net 1n motor (Decision
between different PM
materials)

Size, weight of
magnet structure
Inertia of PM
rotor

Choice of high-energy
magnet material com-
bined with optimal
magnetic circuit design

Energy products
Static, (BH)max
Dynamic, or useful
recoil, (BH)u

a) Important when PM material expensive
(RE-Co) For cheap PM (ferrite) other
factors are more important

b) Must design for operation near BHp,5x
point  OK for RE-Co, most ferrites
Difficult when H; low (Alntco)

Minimuize fraction of
motor volume or weight
alotted to PM after a
specific magnet mate-
rial 1s selected

Size, weight,
inertia, (cost) of
magnet structure

Design for normal
operation near the
(BH)pax point Mimimize
stray and leakage flux
Optimize recoil be-
havior

Operating permeance
Bd/Hd for (BH)pmax

Hy (or demagnetization
curve shape) Recoul
loop field

PFRMANENT MAGNET
MATERIAL SELECTION
Materials listed 1n order of

decreasing relevant property

Alnico 5 B,=12-13 5 kG
Fe-Cr-Co 8 5-14
Sint RE-Co 7-11
Alnico 8 7- 838
Bonded RE-Co 5- 85
Mn-Al-C 5- 6
Sint Ferrite 3- 4
RECo H =8 - 20kOe

5
RE;Co) 5 4 -10
Ferrites 2 -4
Alnico 8 13-18
Mn-Al-C 13-15
Alnico 5 05-07
Fe-Cr-Co 03-07

(BH)max 1n MGOe

Sint RE2Co17 23-30
Sint RECos 14-26
Bonded RE-Co 6-18
Alnico 5-9
Mn-Al-C,Fe-CrCo 5-6 5
Sint Ferrite 3-4
.,Bd/Hd for (BH)p .y G/Ou
Alnico 5,5-7,5COL 16-18

Fe-Cr-Co 15-25

Mn-Al1-C 2 2-2 4

Sint RE_Co 1 2-1
Sint Ferrite 1 1-12
Sint SmCoS 1 0-11

a) Especially important when PM
material expensive (RE-Co)
Operation near BM ., point OK for
RE-Co and most ferrites Difficult

b

when H, low (e g Alnico)
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TABLE 1-2:CORRELATION OF MOTOR PERFORMANCE CHARACTERISTICS AND

(Part 2)

MAGNET MATERIAL CHOICE, PERTINENT DESIGN OPTIONS,

Constant torque and
power over operating
temperature range -
Or meet minmimum
performance specs at
temperature extremes

Temp variation
of air-gap flux

density Surge
currents at tem-

perature extremes

{a) Use PM with small
temperature varia-
tion

(b) Worst-case desi1gn
and temperature
compensation of
flux 1n circurt

{c) Keep motor
temperature low

Temperature variation
of By, mtl¢e, Hy

Recoil loop fields at the
extremes of operating
temperature range

Alnicos have best temper
stability Ferrites and
Mn-Al-C show strong temp
RE-Co
types intermediate (allow

erature variation

internal compensation —»
flux trade-off necessary)

trade -offs
See discussion in text and

Complex considerations apply
required
information for individual PM types
Note The usually quoted temperature
coefficients (of By) are quite insufficient
as an aid 1n motor design

Minimum cost of electro
magnetic motor com-
ponents

Low motor price

Total materials
cost (PM + soft-
mag maerial +

copper) Cost of
fabrication and

assembly

Balance costs of PM,
softmag matl , Cu, manu
facturing cost of mag
circutt for individual
case

Cost per unit energy or
gap flux of raw materials
and/or fimshed magnet
(Cost factors raw mat-
erials, magnet produc-
tion, shaping)

Raw material cost $/kg

Ferrites 0 53
Mn-Al-C 1 60
Fe-Cr-Co 4 70
Alnicos 3 50-5 00
RE,Coy 5 23 - 3p
RECog 16 - 50

Complex Trade-offs necessary

(a) Cheap PM — larger volume and
weight, motor bigger other costs
rise

{b) Expensive RE-Co -3 very compact
design possible

{c) High Hc' Hk -3 larger gap OK, less

critical machining tolerances,
assembly 1s easier

Ease and low cost of
initial magnetization

Cost of magnet-
1zing fixture
Complexity of
procedure for
magnetizing 1nt-
trally and after
repair Energy
cost for magnet-
Lzing

Know behavior of spec-
tfic PM chosen Keep
options for magnetizing
and their cost 1n muind
when designing motor

Applied''saturat, '"field Hq

needed to develop full
{(or sufficient) Br'Hc

d H
an K

DC magnetizing field in
closed circuit, Hg[kOe]

RECo_{(virgwn) 10-15
RECo_(remag ) 25-50
REZCol,](precnp ) 10-15
Mn-At-C 10-12
Ferrites ~ 10
Alnico 8 ~8
Alnico 5 ~3 5
Fe-Cr-Co 2 ~-8

Complex behavior, depends on specific

PM type Some additional factors to

constider

{2) Magnetizing before or after assembly

(b) DC vs
length)

(c) geometry of magnetic circuit
charging flux path eddy currents
(pulse charging)

(d} [ncorporation of spectal magnet-
1zing coils 1n motor {Alnico
Fe-Cr-Co may require them)

pulse magnetization (pulse

Energy-efficient moto:
operation in electric
vehicle

High enerpgy
efficiency under
normal operating
or driving con-
ditions

Use of PM instead of
wound field Design for
high gap flux density
Power conditioning
system should be con-
sidered with motor

Br, (BH) max
B, at (BH)max

(see above histings)

PM motors have general efficiency
advantage over wound-field motor
High gap-flux density 1s favorable
PM rotors have low windage loss




D. PM Material Properties Relevant to Motor Design.

1. General Comments

Based on the foregoing discussions we can now compile a list of those
physical properties of the magnet material that should be considered in the
motor design. Unfortunately, the magnet manufacturers often provide quite
insufficient information with their products, so that one has to hunt
through textbooks and research papers for data measured on other materials
that are presumably similar. This search 1s time-consuming and frequently
ylelds meager results regarding some of the desircc informataion.
Particularly, magnetization curves 1n transverse applied fields, recoil
loop sets, the temperature variation of properties over the operating range
of the machine, demagnetization curves for the "third quadrant,” and the
long-term flux stability at elevated temperatures are often not given or
only very incompletely described. In response to the relatively recent
insistence on more information by increasingly sophisticated magnet users,
such data are now being generated. This 1s done in part by independent
laboratories under U.S. Government sponsorship - such as the
characterization work on Mn-Al-C under the present contract - but
increasingly also by progressive magnet producers.

The motor designer needs property data about the PM materials in four
general categories - magnetic, mechanical, thermal and electrical. More
specifically for the passenger vehicle application, there should be data on
the temperature variation of many properties 1in the range of the potential
operating temperatures of the motor magnet, from about -50°C to +150°C.
The temperature may frequently cycle through all or part of this range, and
prolonged operation near the upper temperature limit 1s likely.

Especially the useful magnetic flux often varies 1in a complex way with
temperature. It exhibits irreversible losses on first heating or cooling,
nonlinear reversible changes, and finally, aging effects during prolonged
heating that may also be influenced by chemicals 1n the atmosphere.
Furthermore, the magnet 1n a propulsion motor 1s exposed to strongly
varying demagnetizing fields (1ts operation 1s '"dynamic"), and when the
magnet 1s located at the air gap, the armature reaction currents produce a
strong magnetic field component under right angles to the magnetization
direction. The worst of these demagnetizing influences - experienced
during start, motor stall or steep climb of the vehicle -~ can occur
simultaneously with the temperature extremes. (E.g., starting the car
after overnight outdoor parking in severe winter weather, or restarting the
engine when 1t stalled or was turned off at the end of a long climb,
particularly on a hot summer day.)

2. Listing of Needed or Potentially Useful Design Data

Magnetic Properties:

(a) Major hysteresis loop or second-quadrant curves of B and (B-H) vs. H,
measured 1n the easy and hard directions of magnetization.
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(b)

(c)
(d)

(e)

(£)

(g)

(h)

(1)

Numerical data for B,, Hy, mH., Hc, (BH)pax, Bg/Hg at (BH)pax-
Second/third-quadrant recoil loop fields.

Numerical data for Br, (BPH)m or (B H)u, (Ber)’ (Blﬂ)m,

Temperature variation from -50°C to +150°C of the quautities By, By at

preferred operating point, Hy, yH., B_, recoi1l loops at several
temperatures.

Tr:?

Temporal stability at elevated temperature in air of the quantities
B., By (preferred operating point), Hy, mH:

Initi1al magnetization curves, first-quadrant minor loops for
remagnetization, dependence of second-quadrant properties on the
magnetizing field and on magnetic history of the PM.

Numerical data for the minimum required field for full charging of
virgin and of previously magnetized magnets.

Information regarding 1initial magnetization/remagnetization at
elevated temperatures.

Mechanical Properties-

(a)
(b)
(c)

(d)
(e)
(£)

General physical integrity and fragility of magnets.
Brittle vs. ductile fracture behavior.

Tensile, flexural and compressive ultimate strength (statistical
datal).

Elastic and transverse modulus (Young”s modulus, Poisson’s ratio).
Hardness data by appropriate method.

Machinability and recommended shaping methods.

Thermal Properties:

(a)
(b)
(c)
(d)

Heat capacity (0 - 100°C) or specific heat around room temperature.
Thermal conductivity and its direction dependence (anisotropy).
Coefficient of thermal expansion and 1ts anisotropy.

Thermal shock resistance.

Electrical Properties:

(a)
(b)

Resistivity (or conductivity) and 1ts anisotropy at room temperature.

Temperature coefficient of resistivity (0 - 100°C).
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In Chapter III some of these concepts and quantities that are not 1in
very common usage, or which have special significance for motor design,
w1ll be defined and discussed in some detail. The above listing has also
guided our attempt to collect and organize the data on commercial magnets,
whose results constitute Chapter III,

3. Economic Factors to be Considered

Again, we shall first merely list the factors of interest in the
context of this report. A more detailed discussion of these with
quantitative data presented 1n the form of tables and graphs 1s given 1in
Section II,C.

In any discussion of such a multi-faceted subject as we are attemptlng
in this report, 1t 1s inevitable that terms are sometimes used before they
are defined, or data come from systematic tabulations in a later section.
Where possible, forward references are made to facilitate the understanding
1n such cases.

The following topics of a primarily economic nature will be considered
in Section II,C:

1. The quantities of PM materials that would be required 1f one of the
motors designed under the NASA/DOE program went 1into mass production
for vehicle use. They will be put 1into perspective relative to
present production levels of the important PM material types.

2. Magnet prices and the factors that influence them. Present prices,
price history and future outlook with emphasis on developmental magnet
types.

3. Raw materials for magnet production and their cost. Quantities of
these raw materials needed for the different magnet types, with
emphasls on scarce or expensive constituents.

4. The raw material supply situation. Domestic and global resources,
natural abundance; location of the main deposits.

5. Special attention will be given to the availability of cobalt,
samarium and the rare earths 1in general.
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II. REVIEW OF AVAILABLE PERMAINENT NAGHET MATERIALS

A. Magnet Types and their Relative Significance

1. Definition and General Function of a Permanent llagnet

A permanent magnet (PM) 1s a piece of ferro- or ferrimagnetic material
capable of storing magnetic energy. This energy 1s invested in the Pl
during the initial process of magnetizing 1t by means of electric energy
("charging"). The magnet will more or less retain this energy for an
indefinite period of time under the adverse influences 1t may experience 1in
use, These 1nfluences can be due to the environment or to tue action of
other conmponents of the device of which 1t 1s a part.

The PM can be used in a device or machine to produce the same effects
as an electromagnet excited with DC current, but without the need for
continuous electric power 1input. Generally speaking, the PM generates a
magnetic field 1n a volume of space which can then interact with other
magnetizable bodies, electric currents, moving charged particles or
electromagnetic waves. lore specifically in electric machinery (but also
in loudspeakers, etc.) the PM 1s used as a source of air-gap flux that
exerts a force on a current-carrying conductor, or which assists 1in
inducing electric voltage during motion. The PM can also provide a
magnetic moment to be acted upon by an external magnetic field, generating
mechanical force or torque over a distance without physical contact. This
1s 1ts primary function in the brushless PM-rotor motors, 1in modern
torquers, linear actuato.s, etc., but also 1n magneto-mechanical devices
such as couplers or magnetic bearings.

Although 1n most applications these functions could be - and 1n the
past often have been - provided by electromagnets, with or without cores of
softmagnetic materials, PMs are 1ncreasingly becoming the preferred choice.
The reasons are the dramatic improvements of the properties of modern PM
materials, the trend toward miniaturization of devices, and the 1increasing
cost of energy.

While the PM 1s useful because 1t stores magnetic energy, this energy
1s not consumed 1n the device operation. In motors, e.g., a conversion of
external electric energy into mechanical energy takes place, the reverse
happens 1n generators. In this conversion, the Pli plays a role comparable
to that of a catalyst 1in a chemical reaction: it 1s a necessary
intermediary, but its energy 1is not used up. (If the air-gap flux or rotor
moment 1s established by electromagnetic excitation 1instead of a PM, the
excitation field energy 1s still comserved. However, some energy is then
dissipated, namely, the ohmic IZR losses of the excitation current, I,
needed to maintain the gap flux.)

2. Available Permanent Magnet Types

Vhen we speak of a specific permanent magnet we 1mply a circuit
component of a particular size and shape that has a very specific set of
physical characteristics - defined by the long list of quantities 1in
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Section 1,D,2 or by an appropriate subset. Size ana shape are partly
design choices, but to a large extent they are determined by the more basic
material properties. The material’s properties, in turn, depend on the
chemical composition, on 1ts metallurgical state, the grain alignnent
(which determines the magnetic anisotropy), and tc a lesser extent on some
other aspects of magnet production method and circuit use. Since so many
factors must be considered, comparisons between different magnets are by nc
means straightforward. The proper choice of a magnet that 1s optimal for a
particular application can become quite a complex task. Some of the
detailed data needed 1n making this choice can be found in the tabulations
in Chapter III and we will also discuss their significance in notor design.

But first we shall make z more cursory comparison of the available
magnets. This 1s done by grouping them according to their basic chenical
makeup. Such a comparison 1s i1ndeed useful since the groups so defined
have 1important common characteristics. For 1instance, ferrites are
electrical (and thermal) insulators while all other magnets are metallic
conductors. Alnicos and Fe-Cr-Co have relatively high remanence and low
coercive force, ferrites have low remanence and fairly high coercivity,
while both these quantities have high values for the REPM. Econonic
criteria strengthen the individuality of the basic compositional groups and
provide further discrimination betweern them Ferrites use very cheap and
plenti1ful raw materials, PtCo by far the most expensive and scarce ones,
Alnico and REPL use much cobalt, but with greatly different efficiency,
while Mn-Al-C and the ferrites require none at all. For the REPM one must
consider a raw material market, namely the rare earths, which has been of
no concern for permanent magnets before about 1970. - All these factors are
given closer scrutiny in later chapters.

Table 2-1 1lists the commercially available PM material types. Those
that are now or will probably soon be used 1n large quantities are
underlined. For each magnet category the period of 1ts commercial
introduction 1s stated, although improved subtypes were sometimes developed
much later. (See Fig. 2-3.) Brief comments are made concerning the
relative commerciral significance at the present time and the perceived
trend of usage.

TABLE 2-1 IMPORTANT COMMERCIAL PM MATERIALS
AND THEIR USES

(MATERIAL TYPE) {INTRODUCED) se) (USE TREND)
MARTENSITIC STEELS 1820 - 1930 V. SMALL DECLINING
ALNICO ALLOYS 1930's {ARGE DECLINING
REMALLOY (Fe-Co-Mol 1930's MED UM DECLINING
PtCo 1930's vV SMALL FAST DECLINING
CUNIFE CUNICO 1930's SMALL ?

VICALLOY 1940's vV SMALL ?
ESD Fe-Co 1950's SMALL ?
FERRITES (OX1DES} 1950's V. LARGE FAST GROWING
RE-Co ALLOYS 1970's MEDIUM FAST GROWING
Fe-Cr-Co ALLOYS LATE 70's SMALL -

REPLACING REMALLOY ALNICO 5
Mn-Al C ALIOY LATE 70's SMALL -

REPLACING SOME ALNICOS
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3.Comparison of Basic PM Properties

An elementary method often used for roughly comparing PM materials
with each other is to consider their room-temperature B vs. H
demagnetization curves. Fig. 2-1 shows such curves for a selection of the
PM materials that are of possible interest for propulsion motor use. These
curves are for the best commercial magnets of each type available about
1981. For the large PM families, Alnico and REPM, we show two subtypes in
each case - those with the highest remanence and the highest coercivity.

800 600 400 200 [kA/m] -H

14 T T T T T T T 14
Alnico 5./
: 112
1.2 Fe-Cr-Co
» V]
1.0} /10
B o8} L 4g B
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02| -2
Ceramic 8
.
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10 8 6 4 2 0

-H [kQOe]

Figure 2-1: Room temperature B,H-demagnetization curves for magnet types of
potential importance for PM propulsion motors.

Another simple but very frequently used comparison between magnet
types 1s based on the quantity called static energy product, (BH)max'
Figure 2-2 compares energy product values of available magnets. Here we
have 1ncluded all the PM types listed in Table 2-1, and for those of
possible utilaity in EHV motors there 1s a further breakdown 1into
subcategories. Since each bar represents a family of commercial products,
the lower and upper limits of the range of advertised products are
indicated. The materials are arranged in the order of increasing best
values. All REPM seem superior to all other magnets in this comparison.
We see that the sintered "2-17" REPM can store the largest amount of
magnetic energy per unit volume, followed by sintered (RE)Cog and the
matrix-type REPM made from powdered "2-17" alloys. Ferrites have much
lower energy products, with Alnico, Mn-Al-C and Fe-Cr-Co being in between
these extremes.



Figure 2-3 c . pares pbasically the same types of P! raterials in still
another way, considering three salient room temperature properties, the
reranence Dr, energy product (BU) _., and the intrinsic coercive force -
Here, the materials are arranged 1in the order of decreasing B. values tthe
best advertisec). Uhere 1mprovements are yet to be expectea, the probable
limiting values are indicated by dashed brackets. The most outstanding
property of all REPIH 1s their extremely high 1intrinsic coercive force.
Their large energy products are the result of combining this high N, witn
the also rather nigh B, values. But we shall see that, for the propulsion

motor application, a nigh e 18 of great importance in 1ts own right.
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Figure 2-2 Comparison of static energy product values for commercial
permanent nagnet materials.
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B. Magnet Types Most Useful in Propulsion Motors

1. liaterials Selected by NASA Contractors

In Chapter I we stated that the different wotor contractors had made
the following selections of PM materials for their designs

(D SmC05 was everybody’s first choice strictly from a performance point-of
view., Its use resulted 1n excellent motors, but the high price of the
magnets and severe temporary supply difficulties with cobalt made 1t seen
an economically indefensible choice 1n 1979-80.

(2) Ceramic 8 ferrite was finally considered the best low-cost alternative.
It 1s the material that would have to be used unless the cobalt supply
problems were satisfactorily resolved and sufficient long-term supplies of
Co and Sm at reasonable and stable prices were guaranteed.

(3) Mn-A1-C was seriously considered for awhile, but 1t was abandoned as
lacking 1n elevated temperature magnetic properties, and because 1ts future
availability at low cost 1s questionable.

(4) Alnico & was used 1in one design, but merely as a placeholder for
¥Mn-Al-C.

2.D1scussion of these Choices

Using the property information given in the preceding graphs and in
Table 1-1, we can see why these materials were chosen. Disregarding cost
factors first and looking only at the roomtemperature B,H properties as
shown 1in Fi1g.2-2, a magnet would be considered best for EHV propulsion
motors 1f 1t combines high B_ with a straight-line demagnetization curve
The higher coercivity version of the "2-~17" REPM labeled Sm(Co,Fe,Cu,Zr); 4
would thus be the best of the magnets shown, SmCoS would be the second
choice. However, at the start of these motor projects high-coercivaity
"2-17" magnets were not yet available, so SmCog was the logical choice.

In view of the high price of the REPM and the developing cobalt
crisis, Co-free or low-cobalt alternatives were considered. Low-Co
Fe-Cr-Co magnets, while offering attractively high remanence, are
disqualified by their low coercive force. (See the requirements specified
in Table 1-2.) Alnico 8 1s better in this respect, although still not very
good, but we shall show later that 1t makes less efficient use of the
cobalt contained, and even at present Co prices - which are low again - 1t
has a higher material cost per unit magnetic energy than Sm-Co.
(See Table 2-10.)

The new Mn-Al~C seemed like the next best choice. It has a lower B,
but better H. than Alnico 8, yet a significantly higher B, and energy
product than any ferrite. Like the latter 1t contains no cobalt and 1is
made from low-cost raw materials. The detrimental large negative
temperature coefficient of yH. was not known at the time. It was the

.
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reason why the GL group later abandoned Mn-Al-C as unsuited for their
motor. Another reason was that Mn-Al-C so far shows no realistic promise of
indeed becoming the 1nexpeasive magnet material which one might expect from
the low raw material cost.

By contrast, the ferrite PM are 1ndeed inexpensive and the raw
materials plentiful. The commercial grade chosen, Ceramic 8, has a coercive
force almost as high as 1ts B value (1f both quantities are measured 1n
Gauss or 1n Tesla). Its B vs. H demagnetization curve approximates the
desirable straight line through most of the second quadrant. In this
respect Ceramic 8 1s comparable with the REPM. But the ferrite magnets
also have by far the lowest remanence and energy product of all materials
considered. This has the consequence that considerably more magnet
material must be used. The entire motor becomes bigger and heavier, and
the magnetic circuit design less efficient.

Comparing motor designs using Ceramic 8 and SmC05, the following
general statements can be made The ferrite’s lower remanence means that
the volume of the P! material must theoretically be increased at least in
proportion to the ratio of the B, values, 1.e., by a factor of about 2.3 to
2.6. (Since remanence times volume 1s a measure of the approximate
magnetic moment of the rotor magnets). Taking 1into account the different
densities of the two PM materials, the ferrite magnets should have to be
heavier than the SmCog at least by a factor 1.4 to 1.6. In these
comparisons 1t 1s assumed that the motor design remains essentially
unchanged - same number of poles, rotor diai ater and RPM, only the rotor
length 1s to be increased.

Let us now compare the actual magnet weight ratios, Ceramic € to
SmCos, for the two pairs of motors built and testec by VPI/Kollmorgen end
by Garrett AiResearch. (See Section I,B,l1 and Table 1-1.) The motor
designated VPI/KC-3 actually used a 3 times greater magnet weilght than
VPI/KC-2, versus a minimum welght~increase factor 1.4 calculated from the
remanence ratio. The twe VPI/KC motors were indeed quite comparable (6
poles, same rotor diameter, almost the same speed). - For the motor pair
GAR-2/GAR-1 the actual magnet mass 1ncreased 4.2-fold, versus a minimum
factor of 1.6 calculated from the ratio of the remanence values. Of
course, the two GAR motors differ more strongly. (4-pole REPM vs. 6-pole
ferrite design, 18% lower speed for the ferrite motor.) - In any case, we
see that the real magnet weight increase was more than twice that predicted
from the ratio of remanence values alone. Here as 1in many other 1instances,
the volumetric design advantages offered by the REP!M go far beyond what the
mere consideration of their greater induction or, 1n other cases, their
energy product values would suggest. Some reasons for this will Ee
discussed below and in Chapter IV.

3. Potentially Useful PM Materials 1in Development.

In the PM family of sintered ferrites, some laboratory developments cf
the last decade have recently been introduced into commercial production.
This development occurred first in Japan and Europe, but U.S. companies are
nowv also introducing these new "supergrades' of ceramic magnets. One type
potentially very useful for propulsion motors has B, = 3.7 kG, yli, = 4.2
kOe and 3.25 MGOe energy product (1,2). Yet higher L0tTinsic coercivities

are possible zt a sacrifice of remanence, e.g., 3.0 kG at 5.2 kOe (1).
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Such magnets might also be advantageous for EHV motors.

Two-component {errite magnets have recently been developed 1n
Germany (1) for use as radially magrnetized stator arcs 1n automotive
starter motors of about 1 kV rating. These have a high-Hc segment at the
edge where the demagnetizing effect of the armature reaction 1s hignest,
while most of the arc 1s a 1ower—HC/h1gh—Br material. This principle might
be used to make improved ceramic magnets for propulsion motor use, or it

"

might even be employed to make Z-component REPM arcs.

New rare earth-cobalt magnets that will be more suitable for
propulsion motors than the sintered SmCo5 used so far are also beceming
available. The high-coercivity versions of "2-17" magnets, Sw(Co,TM); ,_
7.4» have B =10 to 11.5 kG combined with yEK. = 10 - 12 kOe and energy
products of 24 to 27 liGOe. They have substantially straight-line B vs. H
curves 1n the entire second quadrant (at room temperature) and they need
less Co and Sm per unit energy or flux than the SmCog. llew RCog miagnets
with some of the scarce Sm substituted by Pr are now also commercially
produced that have sufficiently high coercivity and up to 27 1liGOe energy
product, The replacement of a large portion of the Sm in RCog by Ce or
mischmetal 1s feasible - although not now done in large-scale commercial
production - 1f a sacrifice of remanence, energy density and temperature
coefficient 1s accepted as a trade-off for the advantage of cheaper and
more plenti1ful raw materials. These matters are discussed i1n detail 1in

Section II,C.

Several types of bonded, or "matrix" type REPM are now also available.
While present magnets of this kind are not stable enough for the propulsion
motor application (3), or their coercivity has not been high enough (4),
improvements are now in the laboratory stage which should make the next
generation of matrix REPM very attractive for EHV motors. Crucial
improvements 1involve the utilization of high-Hn "2-17" alloys and a soft-
metal matrix (4,5).

Microcrystalline rare earth-iron alloys fabricated by rapid quenching
of a molten alloy are now under active 1nvestigation 1n several
laboratories (6,7,8). Their utility as permanent magnets 1S yet to be
proved, and 1f a practical magnet material should result, 1its commercial
availability 1s certainly still many years 1in the future.

For details about material development efforts, their prospects and
possible significance for EHV propulsion motors see Chapter VI.



C. Economic Information on Magnets and Raw Materials.

1. General Considerations, PM Quantities Required and Produced

The economic considerations which will determine the ultimate choice
of one specific motor design over another, or even the decision in favor of
using a specific PM material, are quite complex. Any serious attempt to
discuss them all would far exceed the scope of this report. In the present
section, we shall only try to provide factual information on the cost of
the magnets, the raw materials from which they are made, and on some of the
factors that influence these costs and the supply of the materials. A
general discussion is offered first. It 1s followed by the results of
quantitative analysis - presented 1in the form of tabulations and graphs -
with more detailed comments where appropriate.

First, of course, one must know the quantity of magnet material needed
per motor. For the motor types designed or tested under the NASA LeRC
program this was determined in Chapter I,B. (See Table 1-1.) From this
information one can calculate the approximate quantities of PM material and
of the principal raw materials, that would be needed annually for a
hypothetical production of 100,000 vehicles per year. The PM material
requirements are summarized in Table 2-2 and compared with approximate
production figures. Table 2-3 gives the amounts of the constituent

materials that would be consumed.

TABLE 2-2:

ESTIMATED WORLD PRODUCTION AND POTENTIAL

EHV REQUIREMENTS FOR SEVERAL PM TYPES
(References 9, 10, 11, 12, 31)

MAGNET ESTIMATED WORLD ESTIM. REQUIREMENT FRACTION OF
N iy me | PRODUCTION 1980 (83)| FOR 100,000 EHV MOTORS | PRODUCTION
[Metric tons/year]-" [Metric tons/year]s«+ REQ'D, [%}
ALL ALNICOS 8, 700 990 (ALNICO 8 HC) 11
(6, 000) (16 5)
ALL FERRITES 96, 400 434 (CERAMIC 8) 0. 45
(130, 000) (0.33)
ALL REPM 175 140 (SINT.SmCos) 80
(650) (21)
Mn-Al A few 300 {MATSUSHITA -
(~100) Type - B) (~3xprod.)

Production figures for 1980 based on information from several sources which agree

reasonably well, Mn-Al-C data based on conversation with Y. Sakamoto.

Figures

for 1983 are author's estimates based on observed trends and predictions contained

in references

"Excludes Communist countries which do not publish production figures
~*'Based on these motors in Table II requiring the minimun. quantity of each PM.
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TABLE 2-3 ESTIMATES OF RAW MATERIAL REQUIREMENTS FOR EHV MOTORS
BASED ON 100,000 UNITS PER YEAR (SEVERAL ALTERNATIVE PM TYPES)
MA C S t
PM TYPE IN CONSTITUENTS (Quanti Le;s 1in Metric Tons/']Year)
Mn Fe Co -[ N1 Cu Al Sm Sm203 2 Ca T1 7r i Hf FeZO3 SrCO3
4
|
ALNICO 8 HC 287 376 149 30 69 79 )
|
] |
CERAMIC 8 N . o ‘ 388 65
|
SmCog 92 ! 48 or 56 and 24 i 1
Sm(TI\‘I)-] 2 21 71 8 5 36 or 42 and 17 F 3 5 or?2 |
|
Mn - Al 215 25 81 ‘ l |

% Samarium metal used 1n the melt-metallurgical production of the REPM alloys

*% Samarium oxide and calcium (as a reducing agent) used instead of Sm metal 1n the direct reduction process

Next, the unit selling prices of the magnets - 1n large quantities and
in the required sizes and simple shapes - are of i1nterest. These prices
are reasonably well established only for some of the magnets, as 1s
discussed below.

The different grades of Alnico magnets have, of course, long been 1n
large-scale production. Many competitive commercial facilities exist; the
manufacturing methods are well developed, and thus, a solid basis for a
meaningful cost analysis exists. Nevertheless, the last few years have
brought wild price fluctuations due to the "cobalt crisis" of 1978 through
1981. After this period of very high prices, which must be considered a
temporary aberration, Alnico prices have now again stabilized at a
relatively low level. Present quotes for large quantities can probably be
considered realistic estimates for the next decade, except for inflat:iomary
increases.

the raw material supply has been plentiful
Raw material costs are lower than
Large-scale production

For the ceramic ferrites,
and stable, 1t 1s essentially unlimited.
for all other magnets, much lower than for most.
facilities have been 1n existence for 20 years. They are now 1n a period
of modernization, automation and expansion. A substantial excess
production capacity exists for the standard grades at this time. Better
manufacturing methods are being i1ntroduced that yield improved
"supergrades'" which are more desirable for electric motors thamn the
standard Ceramic 8. The present price structure 1s likely to remain fairly
stable, and cost estimates based on current quotes should be realistic for
years to come. The ferrite quantities potentially needed for EHV
propulsion motors are small compared with present total production (see
Table 2-2), and such a new use would not require a major expansion of
industrial capacity.

The pricing situation for all the other magnet materials under
consideration 1s less clear. They are all newer products for which true
mass production facilities have not yet been established, and for which the
technology 1s still under vigorous development.

The 1iron-chromium-cobalt based magnet alloys have evolved in the last
decade. Their commercialization started seriously only when cobalt became
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scarce, and just a few of the many possible grades are now 1in a limited
production. These magnets duplicate Alnico properties, but they have a
significantly lower Co content for comparable properties. The raw
materials cost slightly less than those of equivalent Alnico. Finished
magnets are priced like the equivalent Alnico grades, and this will
probably remain so for the foreseeable future. However, if cobalt supply
difficulties should again develop, the prices and availability of Fe-Cr-Co
need not be as severely affected as those of Alnico. ~ These magnets are,
at present, of no interest for propulsion motors; their best coercive force
values are not high enough.

The new Mn-Al-based alloy magnets had been seriously considered for
use in propulsion motors, although we shall see that their poor elevated
temperature properties probably disqualify them. This magnet material
contains no cobalt at all, a fact that made it seem very attractive when Co
was scarce, and which has spurred its development. The main constituents,
manganese and aluminum, are plentiful and rather inexpensive. The raw
material cost for Mn-Al, per unit magnetic energy stored in the magnet, 1s
low - only about twice that of ferrites. However, the only successful
manufacturing method known to produce good grain orientation involves a
very costly extrusion process. As a consequence, the finished magnets are
quite expensive — comparable at present to Alnico 8 - and are likely to
remain so for the predictable future.

The rare earth-cobalt magnet alloys (REPM) use by far the most
expensive raw materials of all magnets of interest here. They also contain
the largest weight proportion of cobalt - 48 to 66%, depending on the
subtype. But the total amount of Co required per unit of useful magnetic
energy 1s significantly less than for Alnico. This is true even for static
device aplications, but more so yet for motors, where one can take
advantage of the very high intrinsic coercivity of the REPM. The rare
earth elements are not as rare as the name suggests (Table 2-4). In fact,
the RE most used 1n the magnets at present, samarium - although it 1s one
of the rarer of the RE - 1s more abundant in nature than, e.g., beryllium.

If we compare raw material costs per unit energy again, the REPM are
quite competitive with the Alnicos for static aplications, and cheaper when
the comparison 1s based on the "intrinsic energy product"” often used to
measure the relative merit of magnets for motor applications. (See Table
2-5.) - Manufacture and use of the REPM have so far been on a modest scale;
the estimated world production i1n 1980 was only a little more than the
potential annual requirement for the EHV application. In 1983, it may be
about three times that requirement. (See Table 2-2.) A significant
expansion of present production facilities would therefore be required if
this automotive application came about. This 1s particularly true for some
newer types that would probably be best for the propulsion motors:
sz(TM)17, MMCog and bonded 2-17 magnets. If these were used, it will be
necessary to develop more efficient manufacturing methods and build new,
larger plants - especially in the USA. The present world production 1s
st1ll 50 to 75% sintered SmCog. - Finished magnet prices are still much
higher than the raw material cost, but there 1s no reason why this should
remaln so. If automotive or other uses for large quantities of REPM
develop, rationalization and increased competition in the magnet,
metallurgical and mining industries are likely to bring prices down.



TABLE 2-4: ESTIMATED ABUNDANCE OF VARIOUS ELEMENTS IN
THE EARTH'S CRUST. (Part per million, or gram per metric ton)

Al 81,300 Cu 70 Pr 5.5
Fe 50, 000 Ce 46 Hf 4.5

Ti 4, 400 Sn 40 cd  o0.15
Mn 1,000 Y 28 Ag  0.10
Sr 300 Nd 24 Pt 0.005
Ba 250 Co 23 Au 0,005
Zr 220 La 18 RE 133, %%
Ni 80 Sm 6.5 LRE 100.

* According to Ref. 14 (1952). Other sources report somewhat different
values. Note that more recent estimates claim Ce-60, I.a-30 and the
total rare earth abundance RE-185 (Ref. 15).

*% RE = total rare earths, including Y and the heavy lanthanides.
LRE = light rare earths, La + Ce + Pr + Nd + Sm. These can all
be used in REPM and, together, constitute mischmetal, MM.
Yttrium, Y, can also be used as a minor addition to Sm in magnets.



2. Magnet Prices and Price History

The prices of permanent magnets are difficult to define in a general
way. They depend strongly on the size and complexity of the part,
quantities produced, the amount of surface machining to be done, tolerances
for properties, dimensions, chips and microcracks, etc. For this reason,
manufacturers are hesitant to quote prices per unit weight of any magnet
material, but especially for the newer ones. We have nevertheless
undertaken 1t .¢ obtain such prices per pound or kilogram, to use them 1in
determining the cost of a unit of useful magnetic energy stored in the
various PM materials.

The price information was obtained in conversations with managers of
many magnet producers and a few large-scale users. The basis of the quotes
was always the proposition that simple shapes would be needed on a regular
basis in the rather large annual quantities defined in Table 2-2. Surface
finish and other quality specifications were to conform to MMPA-defined
minima. Little or no machining was to be included in the price. The
informal and non-binding quotes received are listed as "selling prices" in
Table 2-5. We see that they still cover a rather wide range for a given PM
type. The lowest value listed for each material category was used as the
basis for calculations and comparisons, on the assumption that - 1in case a
large vehicle motor market should develop - the magnets would indeed become
available at prices at least as low as the quoted minima. (This ignores
inflationary 1ncreases and the possibility of another artificial raw
material shortage.) This 1s probably a good assumption for Alnico and
Ferrite, while the REPM prices should eventually drop below present minima.

The prices of the magnets which contain significant amounts of cobalt
have undergone drastic fluctuations in the last few years. This was a
consequence of a temporary disruption of cobalt metal supplies from the
principal source of primary cobalt for the Western World, the mines 1in
South-Central Africa. The so-called “cobalt crisis" began in 1977/78 when
civil war and insurgency temporarily halted production 1in Zaire and
international speculation in cobalt aggravated the problem. Figure 2-4
1llustrates what has happened to cobalt prices since then. The so-called
producer price, for long-term quantity contracts, rose fivefold 1in about
two years and was maintained at that prohibitively high level for another
two years. In 1981/82, however, the price dropped rapidly again to levels
equal to those of 1976. Taking inflation into account, the Co price 1s now
again comparable to that which prevailed virtually unchanged (1in "real
dollars") for at least two decades preceding the supply crisis.
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Figure 2-4: Historical Development of the Market Price
of Cobalt Metal Since 1960

The supply crisis caused Co users to substitute other materials for Co
where possible (ferrites and Fe-Cr-Co for Alnico magnets, Ni-base for Co-
base superalloys in jet engines); also to avoid waste and recirculate
scrap, and to recover Co from discarded products (engine parts). As a
consequence, the U.S5. and worldwide cobalt demand dropped significantly
while the supply was fully restored. But the substitutions mentioned are
largely permanent. It is now widely believed that the present cobalt
surplus will last, prices will remain low for many years to come, and no
further shortages are expected in the near future.

The magnet prices most affected by the cobalt crisis were those of
Alnico and the REPM. Figure 2-5 shows the development of the prices for
rare earth-cobalt magnets and raw materials since the invention of the
REPM.

The events of the last 5 years are reflected as a 2~1/2 fold temporary rise
of the minimum Sm-Co magnet prices. If the Co price holds steady as
expected, 1t seems likely that REPM unit prices will continue to fall as
manufacturing methods improve, quantity uses develop, and additional
production capacity 1s installed. The 1975/76 minimum of about $60/kg for
sintered SmCog could well be reached again. In fact, 2-17 magnets of 40%
higher energy density than SmCos may become the cheapest REPM. If this
happens, the lowest cost per unit energy for REPM would drop to about 1/3
of 1ts present level.
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Fig. 2-5 .Development of the prices for rare-earth magnets, alloys and

raw materials since the invention of the REPI1. The curve
marked "finished magnets" represents the lowest quoted
prices.

While Alnico and REP! prices rose, hard ferrites became better and
slightly cheaper. This 1s attributable to improved manufacturing methods
and 1ncreased commercial competition.

In any case, the cost analysis under this contract, first attempted 1in
1680 when cobalt-magnet prices were at their peak, had to be repeated
recently. Up-to-date cost 1nformation was obtained by phone-calls to
suppliers, and tables and bar graphs were redone.

Table 2-5 1includes a price analysis for all commercially available PN
types of interest for propulsion motors, with other standard Ceramic and
Alnico grades 1included for comparison. The cost per unit energy, in terms
of the usual definition of energy product, was calculated and 1s given in
$ per Joule. This was done for two different "energy figures of merit,"
the commonly quoted "static energy product”" and the "intrinsic energy
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product." Neither measures very directly the performance of the PM 1in
motors of common design, but indeed, there 1s no single such figure of
merit that has general validity. Some motors - at least with the expensive
REPM - have been designed so that the Pl material works near (BH)_ ... It
can also be argued that the absolute limit of the demagnetizing ?o?ce to
which an REPM or ferrite magnet can be pushed without significantly
demagnetizing 1t 1s near the knee of the intrinsic curve. At that point
the motor would deliver maximum torque (at least for a short time, until 1t
overheats). The operating condition of the magnet 1s then fairly

characterized by the intrinsic energy product, (Blﬂd)max'

In any case, Table 2-5 compares the lowest magnet costs per unit weight,
per Joule for optimum static operation, and per Joule for operation at the
knee of the intrinsic demagnetization curve. We see that the unit weight
prices vary widely, almost by two orders of magnitude between Ceramic 8§ and
the best REPYM. In the "static $/J" column this difference 1s narrowed to a
factor 20, and the energy unit i1n an REP! costs less than twice that of
Alnico 8. If the "intrinsic $/J" are considered, the REP! energy costs
less than that provided by any Alnico, and only 10 to 15 times as nuch as a
$/J 1in the ferrites. Mn-Al and Fe-Cr-Co cost more per Joule than Alnico 8
in static or intrinsic terms, and even the REPM are cheaper than either in
terms of "intrinsic $/J".

3. Raw Materials for PM Production and their Cost

A similar cost analysis can be performed in terms of the raw materials
from whicn the permanent magnets are produced. In preparation, we first
review the chemical composition of the different PM types (Table 2-6). The
second input we need 1s the prices of the metals, oxides and other reagents
needed. These are listed 1n Table 2-7. MNote that Alnico, Fe-Cr-Co,
Mn-Al and the REPM by one commercial manufacturing process are made by
melting together the metallic ingredients. By contrast, the starting
materials for the ferrite production are iron oxide and strontium or barium
carbonate (and sometimes a little Sr-sulfate). And an increasingly popular
alternative method for making the alloys for REPMN production, the
reduction/diffusion or coreduction process, introduces the rare earth
component (usually Sm) and the Zr or Hf or Ti 1in the form of oxides. These
are significantly cheaper than the metals, but the cost difference between
the melting and direct reduction methods 1s narrowed by the requirement for
calcium metal as a reducing agent in the latter.

We can now calculate the approximate raw material costs for the
different magnet materials of interest. The results are given in Table 2-
8. We see again a very wide spread of unit costs, but the differences are
not as extreme as those seen 1n the finished magnet prices. In terms of
the $/Joule (static) figures, the cheapest REP!M are now equal to the Almnico
8! There 1s sti1ll no question that the ferrites are - and will remain - by
far the cheapest of the magnet materials, in terms of any measure we
employ. However, the raw materials for Mn-Al cost only three times as much
as the ferrite 1ngredients, and per unit static energy they are only twice
as expensive as Ceramic 8.
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TABLE 2-5:

SUMMARY OF PRODUCER PRICES AND COST PER ENERGY UNIT FOR PERMANENT

MAGNETS (Finished high-grade permanent magnets.

shapes in mass production, no or minimal machining.)

Prices quoted 1982-83 for siumple

VALUES ASSUMED IN CALCULATIONS*

PRICE PER UNIT OF

(BH) ... [MGQe] APPROX | SELLING MAGNET PRICE ENERGY DENSITIES** é'szfigc i?ﬁgﬁ:
DENSITY PRICES (Lowest Quotes) (BH)pax (B Hg)max
MMPA COMMERCIAL | BEST | THEO d /1b $/3 $/3
PM MATERIAL STAND RANGE LAB | LIMIT | g/em? $ $/1b $/kg MGOe MGOe
Ceramic 5 34 34-42 1-2 1 00 2 20 38 8 2 0 36 017
Ceramic 6 2 45 25-32 1-3 1 00 2 20 30 10 0 0 46 014
Ceramic 7 ? 75 2 75-35 45 57 50 1-3 1 00 2 20 32 12 0 0 43 012
Ceramic 8 35 34-42 0 85 -3 0 85 1 87 38 10 5 0 31 011
"Super'' 3 8x3 8 - ~3 5 1 50-3 1 50 3 30 35 16 3 0 59 013
Alnico 5DG 65 65-70 7-25 7 00 15 40 55 59 2 56 2 38
Alnico 5 COL 7 55 75-82 12 R 73 10-28 10 00 22 00 80 8 5 2 51 2 36
Alnico 8 53 50-62 11-30 11 00 24 20 60 73 3 68 3 03
Alnico 9 90 90-10 5 15-50 15 00 33 00 100 11 8 3 01 2 55
SmCos 15 - 18 16 - 22 ~ 30 60 00 132 00 18 80 7 52 169
(Sm, PriCos 20 - 27 28 ~ 36 82 60-200 22 90 615 150
H1 - He - 22 - 26 65 00 143 00 24 80 6 26 1 88
Smj, TMy7 ~33 ~60 8 4 65-200
Lo - H, - 24 - 30 65 00 [143 00 26 47 578 320
MM Cog 12 10 - 14 ~16 ~20 8 0 50-100 50 00 {110 00 14 50 7 86 2 20
Fe-Cr-Co - 4-6 ~8 ~15 77 10-15 10 00 22 00 5 53 424 4 00
Mn-Al-C - 5-6 ~8 ~12 50 15-20 15 00 33 00 5 8 0 416 2 58

For ferrites, Alnico 5 and 8, SmC05 and Sm,PrCcv5 these prices would probably be quoted at this time (1983) for a

large scale production of propulsion motor magnets on long-term contracts
production lower prices (in 1983 dollars) are likely for large, long-term orders

(BH)

demagnetization curve

""Magnetic energy' 1s here defined 1n terms of the above ""figures of merit'", (BH)ynax and (BlHd)
calculated as (Price x Density)/(Energy Product) = P[$/1b] x d[g/cm3] x 125 [MGOe cm¥71]/{

Other prices are lowest for the present small-gcale

(Except for Alnico 9 and, perhaps,Mn-Al-C )
max '8 the usual "'static energy product' as measured by the area of the largest rectangle inscribed in the second-quadrantBvs H

(ByHg) .ax 'S measured by the largest rectangle 1nscribed tn the intrinsic demagnetization curve, B, vs ©

max

The price per untt energy 1s
BH)[MGOe] x 454 [g/1b]
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TABLE 2-6: COMPOSITION RANGES OF THE IMPORTANT P.M. TYPES (In Weight %)

(Principal constituents.

Magnetic component only, binder of bonded magnets not included.)

CriMnlFe| Co} Ni Cul A1}y Ti} Zr | Hf Ba| Sr Sm{Ce |Pr |ORE C O
ALNICO 29 123 14 31 71 o
5,8,9,8HC 54 {38 15 4y 9] 8
Fe-Cr-Co ig 225 1;
70 0 27 C.5
Mn-Al-C 73 0.8 30 0.7
63 34
SmC05 _6_6_ 3—7—
RE(TM 11148 10 (0) o [32]0
(TM)5_6 8 | 52 12 (1) 37 to |17
o (2049 4 ) {1.5[@1.5) 18 | 8
RE(TM)7_g 3 1 |13 |52 11 (1) |2. 5] (2) 27 o
59 12 8 27
FERRITES 63 14 |10 29
MAGNETIC 3d-
RARE EARTH 5f - NON-
SERIES TRANSI NONMAGNE TIC META
METALSTR NSITION M TALS TRANSIT. METALS | METALS




TABLE 2-7: PRICES OF METALS AND REAGENTS USED IN MAGNET
PRODUCTION (Values used in computing raw materials cost
given for magnets, )

PRICES IN $/kg *

$/ke DATE

METAL - For Metal as For Oxide (Oxide) |For Metal OF

OR Melt Stock Powder or Carbonate| (Formula) | Contained PRICE
REAGENT (Alnico, etc. ) | (REPM by R/D)| (Ferrites, or REPM by R/D or KOR)| QUOTE
Chromium 9.40 5/81
Manganese 1. 60 5/81
Iron 0.75 4.25
Cobalt 10. 00 14.00
Nickel 3. 45 4.50 10/82
Copper 2.00 4.00
Aluminum 1. 60
Hafnium 220,00 80. 00 (Hf02) 94 00
Titanium 9.00 18. 00 5/83
Zirconium 33,00
Lanthanum 48 00 xx% 15. 00 (La203) 17.65
Cerium 48 00 10. 00 (Cels) 11 80
Praseodymium 88.00 35.00 (Prg0y) 41 18
Neodymium 120. 00 8. 00 (Nd,03) 9.30 |{ /83
Samarium 120. 00 44, 00 (Sm503) 51 90
Yttrium 300.00 95, 00 (Y,03) 126,70
Calcium 12. 00
Fep0s 0. 44
BaCO;, 1 00 2/83
SrCO3 1 03

REPM ALLOY POWDERS made by direct reduction process (R/D or KOR)

SmCog 66 - 75
40w/o Sm-Co 73 - 88 2/83
SmTM.7 3 66 - 73

Generally based on minimum orders of etther 100 lbs
Price range for magnet-grade metals

or 1000 Lbs
The lower prices are for stock used tn the melt-metallur-

gical production of Alnico, Fe-Cr-Co, Mn-Al or REPM The higher prices are for the powders
required for the production of Sm-TM alloys by the direct reduction methods (R/D or KOR)

4+ Of the rare earths in metallic form, only samarium s produced on a large commercial scale
today As markets develop, for magnets or other large-scale uses of the metals, the prices
are expected to drop significantly, reflecting the greater availability of these metals compared

to Sm
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The information on magnet prices and raw material costs 1s surmarized
in the form of two bargraphs, Figures 2-6 and 7. These 1irclude not only
the lowest present prices but give ranges where a range of prices was
quoted to us. Closer 1nspection shows that the differential between
material cost and the lowest prices for finished magnets 1s much greater
for Mn-A1-C and for all the REPI{ types than for the long-established
Alnicos and for the ferrites which are 1n a true and highly automated mass
production. While the extrusion process may keep the processing cost for
Mn-A1-C high, 1t seems there 1s hope for a reduction of the high
processing-cost differential 1in case of the REPM. Their processing
resembles that of the ferrites in many ways, and the latter has become very
cheap. (However, the need for exclusion of air complicates the REPM
processing.) Boncded versions of the rare-earth magnets (with a polymeric
or metallic matrix, see Chapter VI) may ultimately offer the lowest
processing cost of any REPI.

BER RAW MATERIAL COST
200 |- —
% ]

FINISHED MAGNETS
(LOWER LIMIT FOR SIMPLE SHAPES,
MIN. MACHINING, LARGE QUANTITIES)
($/kqg)
100 —
— | L &R
o) P23 ,/A ed 1w 1] R

CERAMIC 8 } Fe-Cr-Co J AtNICOSHC] SmCoy 1§
Mn-Al-C  ALNICO 5COL MM,8Sm,2C05 Sm(TML 5 3
F1g.2-6 : Magnet Cost Estimates (Feb. 1983). Range of price per unit

weight, $/kg, for large quantities of raw materials and
finished magnets.
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Fig.2-7 : Magnet Cost Estimates (Feb. 1983). Cost per unit
energy, $/Joule, based on typical static energy
product, (BH) ..

4. General Raw Material Supply Situation

We shall now briefly consider the availability of minerals from which
the metals or other starting materials for magnet production are made.
Much 1s written about this topic each year. The figures quoted for
production, consumption and, particularly, for estimated total reserves
vary considerably. Probably the most reliable statistics and estimates are
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TABLE 2-8: COST OF RAW MATERIALS FOR SELECTED HIGH-GRADE MAGNETS (1982/83)

Assumed (BH) Density UNIT COST OF RAW MATERIALS
MATERIAL TYPE rn33x )b 3 $/kg $/Joule (Static)
(COMMERCIAL EXAMPLES) | MGOe | ki/m 107g/m Melting | Reduction | Melting | Reduction

ALNICO 5 COL (Many Brands) 7.5 60 7.3 3.50 - 0. 43 -
ALNICO 8 HC (Many Brands) 5.0 40 7.3 5.00 - 0. 91 -
Fe-Cr-Co (INDALLOY V) 5.5 44 7.7 4.70 - 0.82 -
Mn-Al-C-Ni (TYPE-B) 5.5 44 5.0 1.60 - 0.18 -
SmCog (Many Brands) 18.0 143 8.2 50.00 34. 00 2.87 1.95
MMCog (Several Brands) 12.00 95 8.0 23.80 16. 00 2 00 1.35
(Sm, Ce) (TM)4 (SEREM - R22) 21.0 167 8.4 32. 40 22,80 1 63 1. 15
Sm(TM)7.4 (REC-30) 27.0 215 8.4 36. 30 23.00 1. 42 0. 90
Sm(TM)-LZZ(REC-Z()) 25.0 200 8.4 37.10 26 70 1. 56 1 12
Sm(TM)7.25(HICOREX-27) 27.0 215 8 4 38.50 27 20 1.50 1 06
Sm(TM)B.35 (SAM-DH) 15.0 119 7.1 34,00 23.80 2 03 1 42
Epoxy-bonded magnet
CERAMIC 8 (Many Brands) 4.0 32 5.0 0 53 0 08




those contained in the annual reviews published by the U.S. Bureau of Mines
on specific elements. While the figures given in this chapter are taken
mostly from other publications - topical review papers dealing with magnet
materials, the "cobalt crisis" or the rare earths - the Bureau of Mines is
usually quoted as the primary source of information.

In Table 2-9 are listed most of the elements needed in the production
of those permanent magnets which are potentially useful for the EHV motor
application. (Trace constituents are ignored.) We can see that, at the
present time, a large fraction of the raw materials is imported. The
reason for this is often that it has been cheaper to import than to produce
in the USA, and not that there are no substantial natural mineral reserve
on U.S. territory - there are! There has been a tendency to neglect the
development of U.S. mines and refining facilities, or even to close some
that were previously operated. This can lead to severe temporary
disruptions in our materials supply, with concomitant severe price
fluctuations such as those which were recently experienced with cobalt.

TABLE 2-9- IMPORTS OF PM RAW MATERIALS IN 1982
(Refs. 16, 29, 31)

Mineral Imports in % Major Foreign Mineral Used in PM Materials
or Metal of U S. Consumption Sources for EHV Motors
, Cobalt 98 Zaire, Zambia, Canada Alnico, FeCrCo, REPM
l% Iron 23 Canada, Venezuela Alnico, FeCrCo, REPM
l Nickel 73 Canada, Norway Alnico, Mn-Al

Copper 18 Canada, Peru, Chili Alnico, REPM
, Chromium 91 Zimbabwe, S. Africa, USSR FeCrCo
]: Manganese 98 Brazil, Gabon, S Africa Mn-Al

Aluminum 88 Jamaica, Australia, Canada Mn-Al, Alntico

i Titanium 23 % Canada, Australia Alnico
| Zirconium 75 Australia, S Africa REPM

Hafnium 75 Australia, S Africa REPM

Samarium 90 Australia, Brazil, China REPM

Barium 40 Peru, Ireland, Mexico Ferrites

Strontium 100 Mexico, Spain Ferrites

') For tlmenite The much rarer mineral, rutile, which has been the man
raw matertal for Ti1 metal production, 18 97% imported.

In the following two sections we shall consider in greater detail the
supply situation regarding the two materials that are most important for
high-performance magnets, cobalt and the rare earths. Among the RE, the
samarium supply is of greatest concern.

In addition to ferrite ceramics, the REPM and Alnico 8 are the magnet
materials of greatest interest to us here. The raw materials for the
ferrites - iron, barium and strontium minerals - are plentiful in this



country, even though all strontium 1s now i1mported. For the Alnico and
REPM production, cobalt 1s the most critical material. It was in short
supply for a period of several years. This Co supply crisis 1978 to 1981
caused a major shift in magnet use patterns from Alnicos to ferrites; 1t
stimulated the development of the Co-free or low-Co metallic magnet
materials, Mn-Al and Fe-Cr-Co; and 1t brought a steady 1increase of the use
of REPM in high-technology applications. However, the supply difficulties
also frightened and discouraged many potential large-scale users of REPM.
Companies who had developed motors and other products destined for the
automotive market that would use rare earth-cobalt magnets indefinitely
postponed the production of these.

The second major constituent of the REPM 1is samarium. Small
quantities of praseodymium and cerium are also used in commercial REPM
types. Pr, Ce and some other rare earths will probably find growing
applications 1in commercial magnets as the REPM consumption grows. These
metals are relative newcomers to the technological scene. Application
engineers and production planners are often still unfamiliar with the
economlc circumstances surrounding them.

It is 1instructive to determine the relative quantities of cobalt and,
where applicable, samarium that are needed to accomplish the desired device
function with different common high-energy magnets. We shall again assume
that the magnetic circuit 1in each case is optimized for use of the minimum
volume of PM material (which 1s often not possible or desirable for other
reasons). For five selected Co-containing magnet types, Table 2-10 shows
first the weight fractions of Co and Sm. From these and from the stated
typical numbers for the static and intrinsic energy products, we can
calculate the amounts of these elements required per unit of the stored
magnetic energy. Although the two representative REPM have the highest
cobalt contents, the picture changes when we reference these figure to
energy units. Even 1in terms of static operation, the "2-17" magnet yields
more energy per gram of Co than the other magnet alloys listed. In devices
designed to deliver maximum torque, so that (BiH )max becomes a good figure
of merit, both REPM types are by far the most efficient users of cobalt.
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TABLE 2-10: Co AND Sm NEEDED PER UNIT MAGNETIC ENERGY
FOR HIGH-ENERGY MAGNETS CONTAINING THESE METALS

1
Assumed Energy | Weight Fraction Amount of metal per mag. energy untt

MAGNET TYPE Products [MGOe] | [g(metal)/g(PM)] Static * [g(metal)/Joule] Intrinsic
(Commercial Example) Static Intrinsic Co Sm Co Sm Co Sm
ALNICO 5 COL 8.0 8.5 0.24 - 27.4 - 25.8 -
ALNICO 8 HC 5.5 6.8 0. 38 - 63.1 - 51.0 -
Fe-Cr-Co (INDALLOY V) 5.25 5.5 0.15 - 27.5 - 26.3 -
SmCog, Sintered 18.0 80. 0.65 0. 35 37.0 19.9 8.3 4.5
Sm(TM)~7 2(REC-26) 26,0 80. 0. 50 0.26 20.2 10.5 6.6 .4

%Co(Sm) per energy unit [g/J] = 125x Density [g/cm3]x Weight Fraction [g/g]/Energy Product [ MGOQOe]

For "stlatic" values, the energy product is (BH) for "intrinsic" (BiHg)

max’ max’®



5. Cobalt Production and Utilization (See references 17 through 21)

a. Mining and Primary Production of Cobalt

In the ore bodies cobalt 1is always associated with other metals of the
iron group, usually with copper or nickel, or with both. It 1s almost
invariably a minor constituent of the minerals and a co-product of the Cu
or Ni production. This puts definite limits on the availability of Co (at
reasonable cost) which are independent of the total cobalt reserves, since
the processing of ores for their Co content alone has not been justifiable.
On the other hand, some large nickel producers have not extracted the Co
from the ores processed, but could be equipped to do 1t. The high price
which cobalt commanded a few years ago induced some mining conpanies to
make the necessary investment to provide additional Co from current Cu and
N1 production.

The most 1important single source of the world’s cobalt have long been
copper mines 1n south-central Africa, i1in Zaire and to a lesser extent
Zambia. Some of the material 1s still processed 1in or traded through
Belgium. Zaire still supplies nearly half the new cobalt produced,
although 1ts market share 1s steadily falling as new sources come oOn
stream. Mining companies in Australia, the Philippines, 1n New Caledonia
(French S. Pacific possession), South Africa and Zambia have added
processing facilities 1in recent years and are beginning to produce
substantial quantities of additional cobalt. There has been much talk
about plans to reopen some old or develop new U.S. mines and Co processing
plants. The Blackbird Mine in Idaho (Noranda Comp.), the Madison Mine 1in
Missouri (Anschutz Mining Company) and a new mine for Ni-Co deposits 1n
Northern California (CA Nickel Comp.). The author does not know which of
these plans will i1indeed be realized 1in view of the recent precipitous
cobalt price drop and the present relative Co glut.

The annual world consumption of cobalt 1n all forms has been around
30,000 metric tons 1in the last few years (Figure 2-8). An estimated 75% of
this 1s used in the non-communist countries, about 25% in the USA alone.

The total known cobalt reserves of the world in dry land deposits
worth mining are fairly large when compared with present production levels.
They are summarized in Table 2-11.

It would thus appear that the cobalt reserves could supply the world's
industry for between 130 and 300 years at present consumption levels and,
presumably, at a fairly steady price. Experience also shows that the
world’s mineral reserves are still incompletely explored and poorly
documented. Estimates such as those 1in Table 2-11 are usually 1increased
every few years, and deposits that are not now considered rich enough for
mining may be reclassified in the future, as mining and chemical technology
improve.
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TABLE 2-11: ESTIMATED WORLD COBALT RESERVES (Ref. 16,21)

Country Documented Estimated
or Deposits Additional
Region (Reserves in 1,000 metric tons)
Cuba 800 300
Indonesia 565 300
Zaire 450 230
Philippines 425 1750
USA 400 350
New Caledonia 385 450
Zambia 300 50
Canada 220 30
USSR 200 150
Australia 135 165
Est. World Totals ~ 4000 ~ 4500
(Including minor reserves
in other regions not named.)

An additional potential future source of cobalt are the seabottom
deposits of so-called "manganese nodules." In addition to 14-25% Mn,
0 4-1.3%7 W1 and 0.15-1.2% Cu they contain 0.25%-0.7%Z cotlt :1t.

%91ca11y 0.3%.) The total reserves of these nodules are estimated as
to 1018 tons (Ref.21). This would mean additional potential world
reserves which are 10,000 to 100,000 times larger than the most optimistic
recent estimates of land based deposits. Commercial deep sea mining will
certainly not start before the 1990°s. It has been estimated (Ref. 21)
that 10 mining sites might process 3 million tons of nodules per year and
produce 35,000 t/a of cobalt, thus doubling present production levels, or
completely satisfying present consumption.

In any case, there 1s no reason to conclude from the recent cobalt
crisis that the world 1s about to run out of Co reserves. — However, 1in the
interest of securing an uninterrupted supply of this important material at
acceptable prices, 1t will be necessary to further develop some of the new
sources mentioned, 1ncluding domestic ones. At this time, North America
and Europe are st1ll too strongly dependent on the output of two single,
remote regions 1in Africa that may well be subject to more political
upheaval and milaitary action in the future, which could again cause another
severe supply crisis. — Before a commitment is made to a potentially very
large new industrial use of a material that contains much cobalt, such as
magnets for automotive propulsion motors, the Co supply should be care it 1ly
analyzed and secured. On the other hand, the panic reaction of some
companies to the recent shortage seems strongly exaggerated.



b. Cobalt Uses and Consumption

We shall now consider cobalt consumption and compare 1t with the
supply. Figure 2-8 shows that total world consumption substantially
exceeded production of new cobalt for most of the last decade. This was
possible in part because the United States had accumulated a large
stockpile of the metal which it was liquidating 1in the early 1970°s. These
government sales were responsible for keeping the selling price low until
about 1977, but this also discouraged domestic U.S. production. The
beginning of the "cobalt crisis" coincided with the end of stockpile sales
following several years of 1increasing consumption; also with the civil war
in Zaire and fights over the control of Shaba province (Katanga). Note,
however, that the line marked "Zaire production" in Figure 2-8 shows a
steady rise since 1977. The supply interruptions from the former Belgian
Congo were thus not primarily due to production stoppages but rather to the
destruction of the only rail link, which made normal shipping impossible.
Altogether it seems that the production buildup since 1976 simply was
initially not rapid enough to keep up with the increasing demand. A
general slight Co shortage and the extreme temporary price rises we
discussed before (see Figure 2-4) were the result.

WORLD PRODUCTION

ZAIRE
PRODUCTION
10 |~ .
US CONSUMPTION

0 |7/tl 1 1 1 1 1 L 1

1970 1976 1978 1980 1982

Figure 2-8: Annual Cobalt Production and
Consumption. (Ref. 20, 21, 22))
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The normalization of shipments from Africa, addition of production
capacity elsewhere, widespread Co substitution by users, and finally,
stricter conservation and scrap recycling measures have since then created
a much more favorable situation for cobalt users again. Since 1980 world
production has exceeded demand and cobalt is now cheaper than just before
the crisis years.

Since cobalt 1s i1ndispensable for many industrial uses and plays an
important role in airplane engines, the USA and other industrial countries
are 1in the process of rebuilding their strategic Co stockpiles. The
existence of these, coupled with the increased production capacity outside
Africa, should go far to assure supply and price stability over the long
term.



In order to plan for a large new use, one has to know what other major
uses for cobalt exist, what share of the supply they consume, and what the
developrent trends are for consumption 1in the various use categories. Ve
shall therefore briefly review these next.

The U.S. Bureau of Mines categorizes 1industrial cobalt uses as
follows. (1) Magnetic alloys (permanent magnets, soft magnetic Fe-Co-base
alloys), (2) Superalloys (for hot stages of gas turbines, etc.), (3)
Cutting tools and wear resistant materials (binder 1n cemented carbides);
(4) Other metallic uses (especially in steels), and (5) Chemicals and
miscellaneous (coloring of glass and ceramics, catalysts for petroleum
processing, plastics and paint production. Figure 2-9 summarizes the U.S
consumption by category through the crisis years from 1977 to 1980. After
a 1978 use peak we see a significant drop 1in all categories except
"superalloys." In spite of a slow shift from the use of Co-base to Ni-base
high temperature/high strength alloys (which do use Co, but less), the
consumption of Co for these has 1increased rapidly, and this trend 1is
expected to continue. - The shift from Alnico to ferrite magnets and REPM
has reduced the Co market share of all magnetic alloys from 21% 1n “77 to
only 15% of the (lower) 1980 total. Magnets will further decrease their

share. ~ The downtrend 1in category (3) 1s expected to continue due to new
carbide bonding techniques that use less binder and the partial replacement
of Co by Ni. - The decreased use of Co catalysts 1s attributed more to the

generally low economic activity than to substitution, so this use 1s
expected to rise agaain.

0T l | l TOTAL U.S.
— | COBALT
s b CONSUMPTION
2 — OTHER
e U777 Cuses
= p— ////.'
5 % NTOOLS,
<, WEAR
RESISTANT

1977 1978 1979 1980

Figure 2-9 U.S. Cobalt Consumption by
Use Category. (Ref. 30)

The total U.S. usage of cobalt dropped 23% between 1978 and “80, with
much of the reduction believed to be i1rreversible even 1n this time of
excess production. These shifts should help to keep the price down. We
also see that magnetic materials with their share of 157 (and permanent
magnets alone with perhaps 10%Z) are no longer the major user of Co they
used to be. (In 1974, the magnetic alloy industry, with a 25% share, was
considered the largest single cobalt consumer.)
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It is 1nstructive to express as a percentage of cobalt consumption the
Co quantities that an annual production of 100,000 electric vehicle
propulsion motors would require. (See Table 2-3.) If Alnico 8 HC and the
design GE-2 were used, 376 metric tons of Co metal would be needed. This
1s 5.47 of the total U.S. cobalt consumption in 1980, or 36% of the
magnetic materials share. If SmCoc in the VPI/KC-3 designs were employed,
92 t/a of Co, i.e., only 1.3% of total U.S. Co consumption, or 8.8%Z of the
magnetic materials share of Co use would be required. Neirther is expected
to upset the supply or price structure of the Co market; certainly the REPM
solution would not.

6. Production and Utilization of the Rare Earths (See references23-30)

a. General Considerations

The "rare earths" are a family of 15 elements (17 1f we include their
close chemical relatives, yttrium and scandium) that are chemically very
similar. For this reason they always occur together 1in the minerals from
which they are commercially produced. However, they differ strongly in
some of their physical properties, 1including their suitability for use in
permanent magnets. Samarium is the most desirable of the RE for this
purpose. Other RE metals can be used, singly or combined, but i1n most
cases still with a strong admixture of Sm.

The DOE/NASA motor contractors have so far only considered sintered
SmCos in their designs. While this is justifiable during the developmental
stage, we shall in this section discuss some compelling economlc reasons
why in a mass-produced vehicle motor a different REPM type with much lower
samarium content should be used. Fortunately the development of the REPM
has progressed to a point where several alternative magnet types with
useful properties are now or will soon be in production that need less
Sm or even none at all. Even if the latter should not be good enough for
propulsion motors, their use in other applications will remove some
competition for the Sm supplies.

As we saw before, Sm is a relatively scarce element. (Only 1/3 as
abundant as Co.) More importantly, though, it constitutes only between
0.5%2 and 3% of the total RE content of the common rare-earth minerals.
During the early stages of processing these, all the RE stay together;
later on they must be separated from one another. It would be utterly
unreasonable to process large quantities of ores only to extract the
samarium content, or any narrow portion of the RE "spectrum." This would
raise the price of Sm,0; at least tenfold (Ref. 23), or the Sm metal price
to 4-5 times 1ts present level.

Thus 1t 1s economically essential that a large portion of the other RE
present in the ore can also be sold. The commercial availability of any
given RE at acceptable cost is always related to the whole rare earth
economy. Such availability can only grow at the rate at which markets for
the majority constituents of the minerals grow, i.e., for Ce and/or La, Nd,
or their commercial mixtures, including mischmetal. This means that the
global supply of samarium will be limited to the Sm content of the total
ore quantity processed for other reasons by all the rare-earth producers.
Like cobalt, samarium is a co-product, primarily of lanthanum and cerium.
However, 1t 1s also true that much more of the Sm contained in the
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processed ores could be recovered than 1s at present.
b. Rare Earth Ores, Deposits and Individual Abundance

It 1s instructive to look again at the estimated abundance of the
elements 1n the earth”s crust, this time of the RE relative to each other.
(Fig. G 2-10. We see that Y, La, Nd and especially Ce are all much more
abundant than Sm, while the "heavier RE" (with higher atomic numbers than
Sm) are all rarer. Also, all even-numbered RE are more plentiful than
their neighbors. While the composition of the RE ores varies somewhat, 1t
generally reflects these distribution patterns.

ABUNDANCE

LN L
Y‘LaCePrNdeSmEquTbDyHoErTmYbLu
39 57 58 59 60 6I 62 63 64 65 66 67 68 69 70 7I

RARE - EARTH ELEMENT

Figure 2-10: Natural Abundance of the Rare-Earth
Elements in the Earth”s Crust (Ref. 15).

The most important RE-bearing minerals in the common ores are called
Monazite, Bastnaesite and Xenotime. The first two are the feed material
for the large-scale production of mischmetal and the separated "light RE",
and thus also the principal source for Sm. Xenotime 1s the main source for
yttrium and the heavy RE. While 1t contains more Sm than most
Bastnaesites, 1t 1is a much rarer mineral and of little importance for the
magnet 1ndustry. Table 2-12 lists typical chemical compositions for these
three mineral types (which often occur mixed in the ores). Also given 1s

2-31



28-¢

TABLE 2-12: TYPICAL ANALYSES OF IMPORTANT RARE-EARTH MINERALS
(References 15, 24, 27, 30)

MINERAL, —>» BASTNAESITE MONAZITE BAOTOU MIN'L XLENO IIME
Contains % (LRE)FCO3 (LRE)PO4 2/3 Bast , 1/3 Monaz (Y,HRE)PO4
of equivalent 3 (Californmia, USA) (Kerala, [ndia) (Inn Mongolia, China) (Malaysia)
Th203 <0 1 9 8 03 11
TOTAL REO ~70 (75) ~59 (70) ~ 61 ~ 60 (67)
actual (theoret )
Indiv. REO Individual contents in % of total REO 1n muneral
Lazoq 33 23 27 0.4
CeOZ 50 46 50 1 4
Pr6011 4 5 5.5 05
Nd203 12 18 15 12
Sm;0, 05 3 1.3 11
Eu203 0.1 0.1 . 0 01
Gdp0, 0.2 1.8 .4 40
Tby0,4 ] 12
Dyz03 6 5
H0203 2 5
Er,0, ? 01 11 0 35 6.1
TmZO3 09
Yb203 90
Lu203 3 0.8
Y203 01 2.0 0.25 64 3
ASSOCIATED Barite (Ba) Ilmenite, Rutile (Ti) Magnetite (Fe) Heavy-Metal

WITH OTHER
USEFUL MINERALS

Celestite (Sr)
Calctte (Ca)

Zircon (Zr)
Cassiterite (Sn)
[Xenotime (Y,HRE)]

Hematite (Fe)

Muinerals

[Monazite (LRE)]

TOTAL REO
CONTENT IN
ORE [wt %)

1-20

1-20




an analysis for the Chinese Baotou ore (see below) which contains a mixture
of Bastnaesite and Monazite. The contents of individual RE are as usual
quoted as weight % of the oxides, rather than the elements.

Table 2-13 states the general location of the world’s important known
RE ore bodies and the predominant RE minerals found there. It shows first
recent estimates of the deposits in terms of total rare-earth oxides (REO),
the "resources." Note that there are significant deposits of
Bastnaesite in the United States, which is probably the largest supplier of
RE concentrates to the industry at this time. In China, near Baotou in
Inner Mongolia, is what appears to be the largest deposit of rare earths in
the world. It reportedly contains three times as much total REO as all
other known reserves combined. It is also noteworthy that the Baotou
mineral has about 2-1/2 times as much samarium as the California
Bastnaesite, 1.3% vs. 0.5% Sm,05. - The table also shows the corresponding
approximate reserves of Sm,0 and the equivalent samarium metal, since
these are of such great importance for the REPM. If we compare the figures
in the last column with the projected need for samarium in magnets for EHV
propulsion motors at 36-48 t/a, we would judge the total reserves of Sm as
virtually inexhaustible. Even the proven U.S. reserves alome could supply
the EHV application for over 800 years! However, a realistic assessment
has to relate the Sm supply to the annually processed quantity of RE
minerals instead. This shall be attempted next.

TABLE 2-13: ASSURED RARE EARTH DEPOSITS AND ESTIMA TED
SAMARIUM RESERVES OF THE WORLD, IN METRIC
TONS. (Ref. 15, 23, 24)

GEOGRAPHIC PREDOMINANT RESOURCES EST. SAMARIUM CONTENT*
LOCATION MINERAL TYPES 103 ¢ total REO 107 t SmZO3 103 t Sm Metal
Africa and Monazite 150 45 39
Madagaskar Bastnaesite 100 05 0 4
Australia Monazite 500 15 12 9
Uranium Ore 300 12 10 3
Brazil Monazite 1,000 30 25 8
Canada Uranium Ore 150 6 5.2
China (Inner Mon /Bast,
Mongolia) ## Muxture 35,000 455 391.3
India Monazite 3,000 90 77 4
South-East Asia Monazite 100 3 2 6
USA Bastnaesite 5,000 25 21 5
Monazite 700 21 18
ESTIMATED WORLD TOTALS 46,000 662 569

*Estimates based on Smy03 contents of 3% of total REO for Monazite,
0.5% for Bastnaesite, 1 3% for the Chinese ore and 4% for the uranium
by-products The amount of contained Sm metal 1s 0.86 times the
Smy03 content of the ore

+#% Taillings from an iron-ore mine These estimates were made after 20 years
of production and thus appear quite reliable
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¢. Samarium Availability and Production

Table 2-14 contains statistics for the worldwide processing of RE
ores in 1977 (24) and an estimate for 1983 (31). The upper limit on the
amount of Sm metal that could theoretically have been available 1in 1977 is
about 364 metric tons. This figure assumes that all of the Sm contained 1in
the ore would i1ndeed be separated and that this separation 1s 100%
efficient. This 1s, of course, not possible. In fact, the industrial
capacity for Sm separation 1in 1977 was quite limited, with one company
(Rhone-Poulenc at La Rochelle in France) producing most of the world’s
supply of Sm,05. The actual production 1n “77 was probably less than 50 t
equivalent Sm metal. The magnet industry was practically the only user of
this Sm.

TABLE 2-14: RE ORES PROCESSED IN 1977 (ESTIMATES FOR 1983)
AND THE POTENTIALLY AVAILABLE REO AND
SAMARIUM CONTENTS, (Refs. 24, 31)

URANIUM
PRODUCTION fr MINERAL -+ MONAZITE | BASTNAESITE | XENOTIME .
v RESIDUE
WORLDWIDE PRODUCTION | (77) 11,000 18, 400 30 45
(Metric tons REO) {83) 14, 000) (18, 400) (0) 10)
GRAND TOTAL (1977) 29,535 Metric Tons Total REO
RARE EARTHS OXIDES (1983) (32,400) " " " '
CONTAINED (1977) 327 92 2 2
SAMARIUM OXIDE (1983) (416) (92) (0) (0)
GRAND TOTAL (1977) 423 Metrtc Tons SrnZO3
SAMARIUM OXIDE (1983) (508) " 1] 1"
GRAND TOTAL CONTAINED| (1977) 364 Metric Tons Sm
ELEMENTAL SAMARIUM (1983) (437) " " "

Recognizing the rapidly growing demand for Sm, two companies are in
the process of greatly expanding their RE separation facilities (solvent
extraction plants), and some of the new capacity is already in operation.
Rhone-Poulenc has built a new U.S. plant in Freeport, Texas; Union-Molycorp
has added separation capacity at Mountain Pass, CA, and 1t produces Sm
metal in Washington, PA. The W. R. Grace Comp. 1s also considering RE
separation facilities. Table 2-15 shows a 1977 estimate of the total
annual Sm production capacity that would be installed between 1980 and “82.
(24) It also contains approximate production figures for some years past
and projections for the near future which J. G. Cannon presented orally at
the 6th Workshop on REPM, Sep. 1982.

d. Sufficiency of the Sm Supply for REPM Production

Based on the predictions about Sm availability contained 1in
Table 2-15 we can now define probable upper limits for the availability of
rare earth—-cobalt permanent magnets. In turn, we can compare these with
our estimates of the quantities of magnet alloys (or their constituents)
that would be required for an annual production of 100,000 vehicle
propulsion motors. (See Tables 2~2 and 2-3.) We shall do this, making
several alternative assumptions about the chemical compositions of the REPM
used.
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TABLE 2-15: SAMARIUM AVAILABILITY BASED ON INDUSTRIAL RARE EARTH SEPARATION
Estimated production (24,29, 31), present separation capacity, and future production

estimates (24, 31).

[Metric tons. ]

ESTIMATED Sm PRODUC I'ION

INSTALLED SEPARATION

PROJECTED PRODUCTION (31)

COMMERCIAL

PROCESSOR 1975 1977 1979 1980 CAPACITY 1982 (29, 31) 1983 1985 1990
Rhone-Poulenc €————— In France only —— 3> || France, USA 250

Union-Molycorp <« None - > USA 180

Others (exclusive Mostly Chlna] 90

of USSR) and Japan

TOTAL Sm, 0, 12 47 93 150 520 250 340 500
CONTAINED Sm 10 40 80 129 447 215 290 430




Of many useful compositions now 1n production or development, we shall
select four examples, keeping in mind that high intrinsic coercive force 1is
an essential property for a propulsion-motor magnet. The first 1s sintered
SmCor, which 1s at present the most-produced of the REPM and was used 1n
all the developmental EHV motors. Next 1s the prototype of the new, high-
coercivity "2-17 magnets" that are now being commer01a11y introduced, with
formula Sm(Co,TM) 7 ;5. The third example is (Sm gRE ;) (Co,TM) g 35 -
an alloy that 1s closer to the 1deal 2-17 composition. Sintered magnets of
this variety do not yet exist. But based on the use of a high-H,
Sm(Co,TM) g 8.35 1 bonded REPM and the successful partial substitution of Sm
by RE = Ce EQ,Y,Gd or Er in low-H_ "2-17", 1t seems certain that suitable
magnets of this general type will become commercially available in the next
few years. Finally, we shall include an often considered "mischmetal-
cobalt" magnet of 1-5 stoichiometry in which 20%Z of the total RE 1s Sm to
assure acceptably high coercive force. Magnets of similar compositions
have been 1n a small-scale commercial production for years, but they have
not really been needed since the Sm supply has been ample for the modest-
s1ze REPM market.

In Table 2-16 we show availability limits for these four alloy types,
calculated from the prior estimates of samarium availability in the years
1983, 1985 and 1990.

TABLE 2-16 : QUANTITIES OF DIFFERENT REPM ALLOYS OBTAINABLE
FROM PROJECTED WORLD SAMARIUM PRODUCTION
(100% Yteld assumed'! - USSR not included)

YEAR 1983 1985 1990
Est. Sm Production [ met, tons] 215 290 430
ALLLOY TYPE ALLOY QUANTITY [metric tons]
Sm Cog 600 810 1,195
Sm (Co, TM), 25 830 1,120 1,665
(Sm.SRE 2)(CO,TM)8 35 1,165 1,570 2,320
(MM 8SH12)C05 3,115 4,205 6,225

If SmCog was to remain the REPM of choice, the Sm supply could barely
satisfy the anticipated growth of the REPM market, even without the
addition of a new automotive application. The 140 t/a which 100,000 EHV
propulsion motors would require are a rather large fraction of the
availability limit (23% now, 12% 1n 1990). A transition to 2-17 magnets
would help 1n two ways: More alloy could be made from the available Sm
(example 3 would double the alloy supply); and less magnet material would
be needed 1in the motors since the energy product 1s higher (22-28 MGOe vs.
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18 for average SmCoc), so that only about 100 t/a might be required for EHV
motors. The 1-5 mischmetal magnets of example 4 have lower energy products
(12-16 MGOe); thus, more alloy would be needed for the EHV motors, perhaps
180-200 t/a. But compared to the availability projections, this would
represent a much smaller fraction, ~6%Z in 1983 and ~3.2% in 1990.

In reality, of course, the commercial offering of REPM will be a mix
of these and other types. It seems likely that various "2-17" magnets will
soon replace SmCor as the most-used REPM. Cerium-based REPM with little or
no Sm could be used 1n less demanding applications, freeing Sm for motor
magnets. And magnets with a high mischmetal content, similar to example 4,
could certainly be produced with properties acceptable for EHV motor use.-
It seems that one or more of these alternatives must be introduced in
commercial magnet production if EHV propulsion motors and possibly other
automotive applications for REPM were to become a reality.

All these speculations have left out of consideration the potentially
large additional samarium supplies that could come from China. At this
time, the Chinese rare-earth industry has only a small Sm production
capacity, and the PRC is not yet a viable supplier of the magnet industry
in other countries. However, it appears that the PRC plans to build large
new plants for RE separation, samarium, alloy and magnet production, so
that 1ts exports of these products may well become a major factor in
another decade. This could dramatically raise the limits imposed on the
growth of the REPM market by the samarium supply.

e. Use Patterns for the Rare Earths. (References 15, 24, 25, 28, 30)

For the rare earths it is even more important than for cobalt that a
potential large-scale user keep informed about the range of other
commercial applications and the material requirements for them. There are
two aspects to this: On the one hand, we must know which other uses
compete with the magnets for the available supplies of the elements needed
in REPM production. (Sm; Pr, Ce; the mixture MM; for specialty magnets
also some Gd, Dy, Ho or Er; and in the future perhaps Y, Nd and La in
combination with Sm.) The other aspect, previously mentioned, 1s that the
RE always occur together in nature, and as a consequence, the availability
and cost of the individual elements are strongly dependent on the markets
for other rare earths.

The rarer of the RE that are useful in magnets - Sm, Pr, Gd, Dy, Ho,
Er - can only be economically produced as a co-product of cerium/lanthanum
(or mischmetal) from Bastnaesite and Monazite ores, or as a co-product of
Yttrium from Xenotime. The demand for Ce, La, MM and Y at a given time
thus fixes the upper limit on their availability, as was discussed in
detail for samarium. On the other hand, if one of the dominant
RE elements - Ce, La, Nd, Y (or better yet, mischmetal) - were later needed
in large quantity for the magnets, it would be quite economical to process
more of the appropriate mineral specifically for this purpose. (But there
would then be more of the rarer RE available as a by-product looking for a
market.) In any case, the rare-earth industry must always attempt to keep
in balance their full range of products. In view of the large number of
elements involved and the fact that the quantity relations between them are



fixed by nature 1in fairly narrow limits, this 1s difficult to do.
Potential large-quantity users of rare earths are advised to consult and
cooperate closely with the few major RE producers in their development and
production planning efforts.

The major industrial applications of RE at the present time are
briefly described in the following paragraphs. Most uses are not for the
metals but rather for oxides or other inorganic compounds. Also, about
two~thirds of the consumption is for broad RE mixtures; one—third 1s for
chemical concentrates of one or two elements; only about 5% of the total
production is as pure individual elements (>98%). Applications requiring
specific RE elgments because of their individual properties are still few
and require only small quantities. Among them are the presently produced
magnets. It should be mentioned, however, that most large scale,
nonspecific applications for mixed rare earths - such as catalysts or
additives for 1iron and steel production - permit the extraction of minor
constituents that are wanted for other uses, such as Sm or the heavier RE.

Following 1s a brief review of the applications:

Petroleum cracking catalysts containing 5-10%Z Ce-depleted mixed REQ
are now the largest single use for rare earths. RE catalysts are also used
for hydriding, the polymerization of plastics, i1n converters for car
exhausts, (Ce), etc.

Metallurgical uses - mostly for mischmetal - include lighter flints,
additives to malleable cast iron (graphite nodularization) and steels (to
change sulfide morphology). These are declining rapidly. Individual RE
(Pr, Nd, etc.) are used in small quantities in structural magnesium,
aluminum, copper and titanium alloys.

The glass and optical industries use large quantities of Cey03 for
polishing. Nd, Pr and Er are used for glass coloring, Ce also for
decolorizing, Nd and Er in laser glasses. La, Y and Gd 1increase the
refraction index, with La particularly being used 1n most camera lenses and
optical fibres.

The ceramic industry 1s a user of REO for tile coloring (Pr, Ce), 1n
enamels (Ce), refractories such as metallurgical crucibles (YY), etc. The
U.S. Consumption for these purposes is only 10 - 15 tons per year.

The bright red phosphor in color TV screens contains Y and some Eu.
Many other RE are also suitable as phosphors for different colors. The
lighting industry increasingly uses Y and Eu in highly efficient
fluorescent bulbs and 1n high-pressure Hg vapor lamps. Mixed RE from
monazite have long been used in carbons for high-intensity arc lamps.

In solid state electronics RE are needed in ceramic dielectrics for
capacitors (Nd), in garnet orthoferrites for microwave devices and magnetic
"bubble" computer memories (primarily Gd), and La 1in high-emission
cathodes. These are generally uses for small quantities of highly pure
rare earths and are of no concern as competitors for REPM raw materials.

In nuclear reactors Gd is used in control rods. Eu, Sm and Dy are
also suitable. Ceramic radiation shields also employ these elements.
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The figures 1in Table 2-17 give us a feeling for the consumption of RE
in the different major market segments. Gschneidner (Ref.30) distinguishes
4 main categories. The first three - metallurgical, chemical and
glass/ceramics - each accounted for about one-third of the world”s RE
consumption in 1978, while the fourth - highly purified separated RE - was
only 1%. The 1iron and steel industry uses natural mischmetal, and the
dominant chemical use, catalysts, also employs the natural mix of RE.
Together these consume 60% of the RE globally. The content of specific
minor elements 1in the mixtures 1s 1mmaterial for these applications. This
1s 1mportant for the magnet industry' In the electrolytic MM production,
the Sm and Eu are retained in the slag, which 1is now reprocessed to provide
these elements for magnets and TV phosphors, respectively. They are also
increasingly removed from the cracking catalysts as the RE industry
installs more separation capacity.

Note that in this table the RE used for magnets are included under the
heading "metallurgical” and lumped together in a subcategory with flints.
We see again that the magnets require only a small fraction of the total
rare-earth production (this may now be about 1%), and even rapid growth
w1ll not make them a major consumer of RE. The total RE market has shown a
fairly steady annual growth of about 10% in the last decade. One can

expect this expansion to continue, with the consequence that the potential
Sm supply should also grow at this rate.

TABLE 2-17: THE RARE EARTH MARKETS IN 1978. (Ref. 30)

CONSUMPTION [METRIC TONS REOQ]
MARKE EGMENT
Ts Non-Com.World | USA [% of N. -C.W.]

METALLURGICAL INDUSTRY (7,850)

Cast Iron 2,650 67.9 %

Steels 4,000 72.5

Flints, Magnets, etc. 1,200 62.5
CHEMICAL INDUSTRY (7,800)

Cracking Catalysts 6,000 80.0

Other Chemical Uses 1,800 77.8
GLASS AND CERAMICS (8,600)

Polishing 4,400 36.4

Additives 4,200 45,2
PHOSPHORS, ELECTRONICS (250)

(Separated 98% pure REO) 250 60.0
TOTALS 24,500 62.4%

o
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I1ITI. P! CHARACTERIZATION AND INTEGRATION INTO MOTORS
A. Introduction

It was originally intended that this report should contain an
"exposition on design' of magnetic circuits for PM motors. lowever, other
aspects of the work - collecting and organizing PM property data, economic
analysis, the experimental characterization of Mn-Al-C, and analyzing
feasible future PM developments - consumed much more than their share of
time and funds. So the design method study was de-emphasized. But also,
as he learned more about electric motor design, the author felt
increasingly inadequate to do this complex job justice. Therefore, no
pretense 1s made that we can teach the motor experts what they know much
better. Nor shall we rehash the basic formulas for magnetic circuit design
based on the electric circuit analogy, their augrentation by empirical
"fudge factors" to account for leakage flux, or by the more precise
computerized small-element techniques of flux pattern analysis. Fairly
thorough general expositions of these mathematical design aids (as well as
applications to specific cases of motor design) may be found 1n the

References G2, G4, G6 through Gl1l, and Gl6.

Instead we shall attempt two things in this chapter. First we discuss
some specific properties and behavior patterns of permanent magnet
materials that are of importance for their use in motors, also defining the
quantities used to describe them. Then we shall survey pictorially the
basic geometries of PM motors, discuss some of the factors which influence
the shape and placement of the PM in the machine, and the consequences of
different magnet locations.

In the course of doing this here (and also in the earlier review of
the specific NASA EHV motors in Chapter I) we accomplish at least in part
the objective of developing design tools and rules. The emphasis 1s on
knowing the PM material, 1its possibilities and limitations, rather than on
the mathematics of magnetic circuit design.

3el



B. Concepts and Quantities for Describing Permanent llagnets

1. Introductory Remarks

In Section I,D,2 we had coripirled a list of magnet material properties
for which the motor designer needs quantitative 1information or numerical
data. The purpose of this was threefold - to guide our data collection
effort, to help the motor design engineer 1in critically using the product
literature and communicating with magnet vendors, and to suggest to the Pli
manufacturer what properties to measure and report to the motor producer.
In the following we shall concentrate on the "magnetic properties" listed
before, defining some quantities and developing concepts that are
particularly i1mportant for motors. A familiarity with magnetic properties
and units, and a knowledge of the basic description of permanent nagnets
are assumed. Ue shall emphasize less well-known concepts and the behavior
patterns of those PM materials that were selected for propulsion motors.

2. Static Magnetic Properties at Room Temperature.

(a) llajor Hysteresis Loops.

By "major loop" we mean a loop tracec 1n a quasi-static manner vith
slowly and monotonically changing applied field. It 1s also implied that
the peak field value 1s sufficient to saturate the material with eirther
polarity. Fig. 3-1 shows such major loops and indicates some commonly used
salient properties - remanence, B., the two coercive forces, pli ("normal")
and yE. ("intrinsic"), enc the static energy product, (BH),,, For modern
permanent magnets the distinction between the "normal" B vs. H and the
"intrinsic" B-hE vs. 1 curves 1s very important since they differ strongly
fron each other, especially for ferrites and the REP! . It must also be
notecd that for certarn REPL (e.g., SmC05) it 1s often aifficult or
impossible to trace a true major loop, as these materials require extremely
high field strength to saturate them.

B,(B,H)
G
BvsH

PERMEANCE LINE

B 1B-H) vaH

‘/

Ticure 3-1. Major hysteresis loops aid
sorte salient Pl. properties.
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(b) Second Guadrant Demagnetization Curves and Salient Quantities.

Most operating states of a permanent magnet are locatea in the second
quadrant (Q-II} of the hysteresis loop, so usually only that 1s reported by
the magnet manufacturers. Fig. 3-2 shows the normal and the intrinsic Q-IT
curves for a good sintered SmCog magnet. They are strongly differen. znd
both need to be known for propulsion motor design! Under the influence of
the extreme armature reaction during startup or stall of a motor, the
magnet may experience such a high demagnetizing field that the operating
point 1is driven into the third quadrant of B vs. I and the sign of the flux
1s 1ndeed reversed. However, as long as the magnetization or intrinsic
induction, b, = B-H, remains essentially constant, the magnet 1s not
demagnetized. In fact, the motor torque i1ncreases 1in proportion to the
increasing field applied by the armature current.
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MAGNE TIC FIELD STRENGTH

Figure 3-2: Demagnetization curves showing

B, I, (BH) and coercive forces.

r’ max

The magnet can thus operate to the end of the horizontal portion of
B, Vs I, or to the end of the straight-line portion of B vs H, which 1s (as
usual) not shown 1n Fig. 3-2. It 1s now common, although not universally
accepted, to define this terminal operzting point as the one vhere the
intrinsic 1nduction has been reduced by 105, 1.e., 3. = (.9 B.. Tne
highest permissible demagnetizing f1eld so defined is called the "knee
field," Hk. If 1t 1s exceeded 1n operation, even momentarily, the magnet
1s usually severely and permanently weakened.

Note that for many low-coercivity magnet materials (steels, most
Alnicos, Fe-Cr-Co) the B and the B, curves in Q-II are nearly identical.
The distinction between them, and between the two coercive forces, 1s then
not i1mportant, and often only the B vs. I curve 1s given. Note also that
the B-curve can always be constructed from the E,-curve. In principle the

reverse 1s also true, however, 1f Bvs. H 1s only drawn to the ghi, point,
we have 1insufficient information to construct the left part of B, vs. H and
to determine Hy. (See Fig.3-2.)

(c) Static Energy Product
This frequently cited figure of merit, (BH)m x» 1s represented by the

area of the largest rectangle that can be i1nscribed in Q-II between the
B vs. I curve and the coordinate axes. It was indicated in the Figures 3-1
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and 3-2. (BL) 1s an energy density per unit magnet volume. It 1s
proportional to the field enmergy which this P!l volume unit can contribute
to the useful magnetic field in the air gap of a static device (e.g., a
loudspeaker). Thus, a given steady field 1n a given ecir-gap volume can be
generated with the mininur amount of a specific wagnet material 1f the
latter 1s operated at the point of (BH)max on the major loop. In turn,
when we corpare differert P! materials, we should need only half the ragnet
volume of a Pl with double the energy product.

This assumes that 1t 1s indeed possible to design the device so the Pl
operates at the permeance line corresponding to (Bﬁ)max' However, this 1s
often not the case and other considerations overrule the minimum magnet
volume criterion. For instance, for the low-coercivity 2-17 REPIi, the
Q-I1 curve looks like Fig. 3-3, the (BH)max point 1s practically at the
knee. If one designs the magnetic circult so that the P} operates normally
in points P/P” then there 1s no protection against demagnetization by the
high stall or start current in a propulsion motor. The armature reaction
field, H,, would demagnetize the magnet substantially as 1t approaches the
knee field, H, (points G/Q"), which 1s only slightly greater than Hj for
the maximum energy product. Therefore, one must design for a higher
operating point and use more magnetic material. For the high-B, ferrite
magnets and for !n-Al1-C the demagnetization curves look similar and the
same qualitative considerations apply. With Alnico & the situation 1s
worse. The "knee'" and thus the (BH)_ . -point are shifted far up toward the
remanence point, and to prevent accidental demagnetization, the operating
point may have to be moved even closer to B.. - For a high-coercivity
ferrite magnet, the Hy may be high enough to afford sufficient protection
against the armature reaction, but the operating flux density, By, at the
BH_,.-point 1s very low (1.5 to 2 kG). A higher B; 1s usually chosen to
increase the air-gap flux, and again more than the minimum magnet volume
suggested by the energy product number must be used. - For a good SmCo5
magnet or a high-coercivity 2-17 REPM the situation 1s &s shown 1in
Fig. 3-4. The circuit can generally be designed to operate at (BH)max
under normal circumstances, the very high H; affords protection against
any conceivable demagnetization effects. While the designer might still
like to 1ncrease the air-gap flux density above the Eg = 4 - 5 kG level,
the high cost of the magnet material generally demands designing for
minimum PM volume.



Figure 3-3 Schematic demagnetization curve of

low-H, perm. magnet with optimum
static operating point or range.
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Figure 3-4. Schematic demagnetization curve of

a SmCog or high-H, ferrite magnet.

3. Initial Magnetization, Charging.

In the traditional description of permanent magnets for the
application engineer, 1initial magnetization curves or other B,H-
relationships 1nvolving the first quadrant are seldom mentioned. Thuis
reflects the fact that Alnicos, most ferrites and any of the other older PM
having fairly low coercivity coercivity can be saturated with rather modest
applied fields, and when they are saturated, their Q-II permanent magnetic
properties are fully developed. It 1s generally said that a field at least

equal to 3 - 5 times H. 15 needed for this, whether the magnet 1s "virgin"
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or has been magnetized before and 1s to be reversed. This means that about
3 to & kOe are sufficient to magnetize or 'charge" Alnico and Fe-Cr-Co, 10
to 12 kOe are required for ferrites or IIn-Al1-C. Such field strengths are
easily achieved with the conventional DC or pulse magnetizers which most
device producers have available.

Some of the rare earth-cobalt magnets, however, pose new problems 1in
this respect. They need much higher charging fields to be fully
saturated ~ 35 to over 50 kOe - and 1f only lower fields are available, the
crucial G-II properties depend 1n & complex manner on the field strength
end the prior magnetic history of the magnet. Unfortunately 1t 1s just the
high-H, magnets best suited for propulsion wmotors that show this
undesirable behavior.

The older of the precipitation hardened REPK, i1ncluding some "1-5",
"1-7" and the lower-H, versions of "2-17", are rather well behaved
12 to 15 kOe wi1ll fully charge them. However, the common SmCog and similar
RCog magnet types show the magnetization behavior 1llustrated in Fig. 3-5.
The 1niti1al magnetization curve of the virgin magnet rises steeply and
appears to reach saturation at about 10 kOe. However, the second quadrant
demagnetization curve 1s not fully developed by charging the magnet in such
a relatively low field. The remanence and, especially, the intrinsic
coercive force and knee field (and thus also the energy product) have not
reached their best possible values. HMuch higher charging fields are needed
to get the performance quoted by the manufacturer. - If a SmCoS magnet was
previously magnetized (e.g., 1n an acceptance test) and then field-
demagnetized for assembly, 1t requires an even higher field strength to
remagnetize 1t. - The problem 1s sti1ll greater with the newest, high-
coercivity "2-17" nagnets. More will be said about this later.
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Figure 3-5 Initial magnetization of a SmCog mMagnet.
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High coercivity ferrites exhibit a behavior that 1s qualitatively
similar to that of SmCog. But this 1s of little practical consequence
because the absolute level of their coercivity 1s rwuch lower. The magnets
can be fully charged with commonly available magnetizing equipment.

4. Dynamic Operation of lMagnets

We mentioned that the function of a permanent magnet in many devices,
such as loudspeakers, can be described by an operating point on the second
quadrant of the major hysteresis loop. For magnets 1in most motors,
however, this 1s an 1nadequate description. A magnet in a motor (and in
many other devices, including tne simple door latch) 1s subjected to a
varying demagnetizing field. This 1s called "dynamic operation." The
operating point lies no longer on the outer, '"major" loop, but 1t moves 1n
a cyclic fashion along a "minor loop” that lies entirely within the area
enclosed by the major hysteresis loop. One consequence 1s that the flux
density 1s lower than the value of B we read off the wmajor Q-II curve for a
given negative field strength. Ve shall discuss this in some detail.
Another effect - a small additional energy loss due to minor-loop
hysteresis - 1s of little consequence, and so we shall ignore 1t.

(a) Recoil Lines, Recoi1l Permeability, Recoil Loop Fields

This specific kind of minor hysteresis loop in the second quadrant is
called a "recoil loop." Figure 3-6 1llustrates such recoil loops in Q-II
of the B vs. Il plot. The example chosen, although qualitative, reflects
most closely the behavior of Alnico 5 DG. 1If the negative field reaches a
largest value Hy, then decreases to a smaller magnitude, H,, and continues
to cycle between these two values, the small lancet-shaped minor loop
between the points A; and A) describes the varying magnetization states.
If the field 1s decreased to zero in each cycle, the larger lancet loop
Ay-B,, with sides C and D, 1s traversed. We then speak of "complete
reco1l." Unless otherwise specified, this 1s meant when we speak of a
reco1l loop per se. (The small area inside the loop 1s a measure of the
energy dissipated as heat during each cycle.) If later the maximum
negative field increases to Hy the magnet 1s demagnetized to the point Aj
on the major loop (flux density B3), and from then on the magnet states
cycle between A3 and B_“ on the lower recoil loop. We see that, once point
Ay 1s below the knee of the major loop (H)>H,), small increases in the peak
demagnetizing field (from I to H3) cause a major reduction of the useful

flux density (B} to By, or By to E 7).

To simplify design procedures, the recoil loop 1s usually replaced by
1ts center line (e.g., Aj-B ), called the "reco1l line." In turn, this
line 1s described by 1its sfope, the "reco1l permeab111tyﬂ”ﬁ%=(Bo-Bl)HHJ
This permeability 1s (incorrectly) used even 1in calculations 1nvolving only
partial recoil, such as from point Al to A9, which 1s clearly along a
flatter line. A further approximation that 1s commonly made assumes that
eall recoil lines originating from different points on the major loop have
the same slope. In other words, a single value for M, 1s usually
attributed to a given magnet material.



Figure 3-6 Definitions of recoil loops,
lines and permeability.

Adopting these simplifications we can now discuss, with the help of
Fig. 3-7, the use of such recoi1l lines 1n motor design. Assume that the
operating point P; is defined by the smallest air gap between rotor and
stator. The corresponding permeance value 1s p = —Bm/H.’ and the position
of the permeance line can also be defined by the angle, O& There are three
or four possible effects that will cause the magnet 1n a motor to operate
on a recoil line. We shall discuss them one by one, using one and the same
geometric construction in Fig. 3-7, although 1n reality they will be of
different magnitude, and although they can i1ndeed occur simultaneously.

| }*'Ho*4

Figure 3-7: Use of recoil lines 1in
magnetic circuit design.
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(1) As the motor rotates, the air gap 1s slightly increased, causing
operation 1n point P, on a new permeance line under angle QL + Aot . VWhen
the gap 1s reduced again, the permeance line returns toO( , but the magnet
will now operate on the recoil line, 1n point P, In multi-pole motors
with many armature slots this 1s a very small effect.

(2) 1f the motor 1s disassembled and the rotor pulled from the stator, this
amounts to a very drastic increase of the air gap. Here, too, the
operating point will slide down the major loop and then, upon reassembly,
recoil to a lower flux state, P3, on the recoil line. With magnets of low
or medium coercive force (Alnico, etc.) one can and must guard against such
self-demagnetization by "keepering," or remagnetize after assembly.

(3) During operation of the motor, and especially under the worst-case
conditions of stall or start, an armature reaction field, H,, will be added
to the "self-demagnetizing" field, H;. This, too, first lowers the
operating point on the major loop, to Py, and when the armature reaction
ceases, the magnet recoils to Py and a lower flux density than 1t had 1in
Py. The corresponding geometric construction 1s to draw a line parallel to
the permeance line 0-P;, offset along the H-axis by H,. This defines Pj.

(4) Temperature changes - heating or cooling, depending on the magnet
type —can also cause the magnet to operate on a minor loop. These flux
losses will be discussed below.

For the most complete description of the recoil behavior, families of
such minor loops covering the entire second and parts of the third quadrant
of B vs. H should be plotted. An example of such a "reco1l loop field" 1s
shown in Fig. 5-5, Chapter V. From such detailed information the designer
can graphically determine operating points or read the most appropriate

slope to use as /&r 1n equations.

(b) Dynamic Energy Products

The previously discussed static energy product, (BH)max’ 1s valuable
in comparing the volumetric efficiency of different PM materials in devices
when there 1s little or no change of permeance. For electric motors this
15 only the case when the armature reaction 1s small. (BH) 1s thus

max
certainly not a good figure of merit for vehicle propulsion motors.

For these and any other devices 1n which the PM working point moves
significantly during the operation, and the magnet operates on a reco1il
loop, other figures of merit must be used. A number of different energy
quantities have been defined that may be collectively called "dynamic
energy products." They serve more or less well i1n rating magnet materials
for different dynamic applications. We shall discuss four that have been
used by motor designers (1). All take into account that a good motor
magnet should have a high remanent flux density (to which the air-gap flux
and the magnetic rotor moment, and thus the torque are proportional) and a
high resistance to demagnetization by armature reaction. The latter 1s
especially important when the PM directly faces the air gap, as it often
does 1n modern P¥ motors, but less so when the magnet 1s buried and 1ron
poles are employed. The four energy quantities used as dynamic figures-of-
merit try to give roughly equal weight to these two factors.
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J. R. Ireland (2) introduced the quantity (B H,) whose definition 1s
shown in Figure 2-8a. It combines the zero-field remanence, B, with the
demagnetizing field strength, Hx’ which reduces the 1intrinsic induction or
magnetization intensity to 80% of 1ts remanent value. This lf, 1s somewhat
arbitrarily defined highest permissible value for the armature reaction
field during stall or start. One might with equal justification allow only
a reduction of B to 0.9 B, under the worst circumstances. The
corresponding energy product would then be (Ber) where as before,
He = H at 0.9 B..

H <4H ©
(@ °*

Figure 3-8 Definitions of different "energy products.”

In a more direct analogy to the static energy product, one can define
an "intrinsic energy product" (3). This (Blli)maX 1s measured by the area
of the largest rectangle that can be inscribed in the i1intrainsic
demagnetization curve, Fig. 3-8b . For square-loop magnets 1t 1s
nunerically close to B M, . For low-li, magnets like Alnico 5 1t 1s also not
much different from EEH)max’ but 1t becomes many times larger than the
static energy product for high-coercivity ferrites and, especially, SmCos.
This 1s the example chosen 1n the figure.

Figure 3-8c helps us define the quantity (BpH)max’ (See G-4, Parker
and Studders, p. 121 £f.) B_ 1s the "permanent induction' at H=0 after
full reco1l fron the lowest working point, P4,. As P, 1s moved along the
major loop, the magnitude of B H; changes. The highest value, (L M ax> 18
a2 unique characteristic of the magnet material. liote that this maximum may

occur for recoil from a point Py 1n the third quadrant of B vs. . This 1s
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the case for high-coercivity, square loop REPH or ferrites, where the
quantity (B H),.x can again be close to the values (B H,) and (Blﬁ)max, and
much larger than (BH)j,,- Our 1llustration i1s more characteristic of a
magnet like Mn-Al-C where the maximum occurs in Q-II.

Finally we should mention the "useful recoil energy product" which E.
Schwabe (4) first introduced as a quantity meaningful in the design of
pulling-and-holding magnets and of PIlI couplings. Its definition 1is
1llustrated in Fig. 3-8d. We take again areas 1in the B,H-plane as a
measure of energy quantities per unit PM volume. If the air gap in a
device changes and, as a consequence, the magnet operates between the two
permeance lines shown (or between points P, and P ), the shaded rectangle
represents the energy available for the work og pulling. For a given
reco1l line, this area 1s largest when Pg 1s the midpoint between P, and
B,. Again, 1f P, 15 allowed to slide along the major loop, the area and
1€s corresponding energy, (BH), will have a highest value, (BH),. This
reco1l energy product then 1s exactly one quarter of the previously defined
(B H)max' Therefore, these two quantities are equivalent as figures of
merit for magnets. (BH)u-values have frequently been published. The
reco1l energy 1s always smaller than the static energy product, but for
high-coercivity, square loop ferrites or REPM 1t can become nearly equal to
(BH)max' This 1ndicates the superiority of such magnets over Alnico, etc.,
for dynamic applications.

The two latter quantities, (B H) . and the equivalent (BH),, can also
be directly and quantitatively related to the energy converted 1in a DC

permanent magnet electrical machine (5).

Temperature Variation of Magnetic Properties

(a) General Statements

Variations of temperature bring about a variety of changes in the PM
properties that are complex and therefore difficult to describe. Certainly
any attempt to discuss the temperature effects in a concise manner, such as
the present one, will always leave much to be desired. Published
information 1s sometimes confusing, even with regard to nomenclature and
definitions of the quantities used. The different classes of PM materials
react very differently to temperature change; for a given material the
location of the operating point plays a role (this 1s often overlooked!),
and there are strong thermal hysteresis effects when the temperature 1s
cycled. For a demanding magnet user 1t 1s therefore 1important to
critically study the published information for each specific magnet
material considered. The designer 1s also advised to consult knowledgeable
technical personnel of the magnet manufacturer.

Although we discuss here the temperature dependence of PM properties
and their temporal variation under two different headings, 1t should be
noted that they can often not be clearly separated. This 1s especially
true for thermal cycling to and the long-term aging effects at elevated
temperatures. (See II1,C,6).

Here we can only give a very general review of the temperature/time
related phenomena and their description, 1llustrating our comrments with a

few examples. Some more detalls for specific selected magnets can be found
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in Section IV. For gemeral treatises of temperature effects on Pil the
reader 1s directed, e.g., to Refs. (6) and Cl through G4. They also
contain much specific information on the behavior of older magnet types,
especially Alnico.

(b) Temperature Variation of Remanence

The most basic and well-known thermo-magnetic effect 1s the
temperature variation of the spontaneous magnetization, lis, or somewhat
inprecisely, of the "saturation." Usually, M_ (or the saturation intrinsic
induction, B or Bs) decreases monotonically with 1ncreasing
absolute temperature, toward zero at the Curie point, TC. The rate of drop
increases as T 18 approached. All the PN materials considered for
propulsion motors act this way. The upper curve 1n Fig. 3-9, for SmCoS,
may be taken as qualitatively typical for them. But note that Curie points
vary widely, from about 570 K for Mn-Al-C, through 720 K for the ferrites,
900 - 1100 K for the different REPIl, to 1120 K for Alnico 8. The slope of
the curve around room temperature 1s greater when T, 1s lower.
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Figure 3-9: Temperature variation of
spontaneous or saturation
magnetization

For good, square-loop PM, the reversible temperature function of the
remanence, B, closely follows that of Bg. In the operating temperature
range of motors, perhaps 225 K to 400 or 450 K (about -50 to +125 or
175°C), 1t 1s common to approxXximate the temperature variation of B, and B
by a straight line and to quote 1its slope as the "temperature coefficient.P
This 1s obviously more justifiable for magnets with high Curie points
(Alnico, REPM, Fe-Cr-Co) than for the ferrites or Mn-Al which have low TC,
although 1t 1s also done for the latter. When such a temperature
coefficient 1s used 1n design, 1t 1s important to know how 1t 1s defined:
at a fixed temperature or for a range? What 1s the range? What 1s the
reference temperature? (Usually room temperature.)



It should be noted here that some high-coercivity alloys of heavy rare
earths (HRE) have a very different temperature function of B,, as 1s
1llustrated for GdCog by the lowest of the curves in Fig. 3-9. Such alloys
have a positive 1instead of the usual negative temperature coefficient 1in
the use range around room temperature. This can be exploited for making
magnets that have a fairly flat temperature function of B , as shown by the
middle curve in Fig. 3-9. It 1s done by mixing in a HEE with the light
rare earth (LRE). Gadolinium substituted SmCog magnets (7) are now 1in use
for microwave tubes, and other temperature compensated magnets of this kind
are under development (8). They may later become of i1nterest for motor
applications.

(c) Temperature Variation of Coercivity

We saw that the lowest expected value of the intrinsic coercive force
1s an lmportant design parameter for PM propulsion motors. Therefore, the
variation of MHC over the operating temperature range 1s of crucial
interest. The yH. vs. T function shows much greater variety than B. vs. T.
The two seem rather unrelated. (The physical factors controlling the

coercivity are complex and still poorly understood.) Fig. 3-10 shows
important examples of the MHc vs. T dependence for some EHV motor magnets.
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Figure 3-10. Temperature dependence of pil. for representative
magnets of importance for propulsion motors.

If the intrinsic coercivity 1s low (as for Alnico, Fe-Cr-Co, Mn-Al-C
and some ferrites), the induction coercive force, B¢, 1s determined by yH.
and closely follows 1its temperature variation. If yH. 1s very high and the
hysteresis loop "square" (SmCog, high H, versions of ferrites and 2-17
REPM), then gH. 1s determined primarily by the remanence and 1its
temperature variation follows closely the B, vs. T.



Figure 3-11-

SINTERED FERRITE - CERAMIC 5

(b) Sintered Ceramic 5, (c) Extruded lin-Al-C,

(d) Sintered SmCog .
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B, H demagnetization curves of several magnet materials
measured at different temperatures. (a) Cast Alnico 5,
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(d) Demagnetization Curves at Different Temperatures

There are very important borderline cases (some ferrites and 2-17
REP!!) where the temperature dependence of pic follows that of . in one
part of the temperature range of 1interest, B. in another, and neither very
closely. At least 1in these cases additional information 1s needed. Also,
for many magnets the demagnetization curve 1s not very well defined just by
1ts end points, B, and H.. Important subtle changes 1n the curve shape,
and thus 1n the operating flux levels for realistic working points, can
only be seen from sets of demagnetization curves measured at different
temperatures 1in reasonably close 1intervals.

Fig. 3-11 shows such families of major-loop second quadrant curves for
four types of magnet materials. They are selected to 1llustrate the great
variety of behavior. For the highly coercive materials 1t 1s i1mportant
that both, the "intrinsic" and "normal" curves are known. For lower-H
magnets, which have a "knee" in the second quadrant of B vs. E at al
temperatures, a set of the normal demagnetization curves 1s sufficient for
the purposes of the design engineer.

Note the unique behavior of the ceramic ferrite magnets for which e
has a positive temperature coefficient, while the coefficient for the
remanence 1s negative. For the other magnets the coefficients for both, B
and E., are negative, although the two can have very different numerlcaf
values. Alnico 5 has also a negative temperature coefficient of H , but
only at cryogenic temperatures, this 1s out of the operating range for EHV
motors.

(e) First-Quadrant liagnetization and Remanence Curves

Like the Q-II demagnetization curve shape, the initial magnetization
curve of a virgin magnet 1s also temperature dependent. This fact has been
of little practical consequence for device design and fabrication, and 1t
has therefore received virtually no attention 1in the engineering
literature. Q-1 magnetization curves usually have design significance only
in relation to the ease of "charging”" the magnet. When such a curve 1s
shown, 1t 1s normally for room temperature only, and 1t 1s usually a plot
of zero-field remanence as a function of the peak magnetizing field, rather
than the virgin magnetization curve per se. This B vs H 1s easier to
measure and more useful to the engineer than B (or Bl) vs. H in Q-I.

[ ]

For all older magnet types, 1ncluding the alnicos and ferrites, the
field strength needed to fully magnetize them at room temperature (RT) -
before or after 1ncorporation in a motor or subassembly - 1s within the
range of common pulse or DC chargers. (See Section III,B,3). The
situation 1is different for the new rare-earth magnets, though. For SmCog
magnets one needs a 50 kOe or higher charging field at RT to develop the
optimal Q-II curve shape. Charging at elevated temperatures would reauce
the field requirement. But room-temperature magnetizing 1s much more
convenlient. And since 15 to 20 kOe at RT yields compromise values that are
acceptable for most applications - e.g., 80 to 85% of (BIH) - elevated

. max
temperature charging 1s generally not employed.



The newest commercial REPI! type though (and potentially the most
valuable propulsion motor magnet), the high I, 2-17, does 1indeed need about
50 kOe charging field at room temperature. Just slightly lower fields
will yield significantly poorer Q-II properties. This can be seen from the
25° C-curve 1n Fig. 3-12 which shows the remanence values that can be
achieved with different peak magnetizing fields (1l1). V. Ervens also measured
such B_ vs. H_ curves at 200 and 400°C. It can be seen that at 400°C a
more reasonable charging field of 15 to 20 kOe suffices. For these
magnets, elevated-temperature charging may have to become a commercial
production technique. This also 1implies that charging after device
assembly may ofter be impossible, and that the magnets will have to be
handled 1n premagnetized form.
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Figure 3-12- Effects of temperature variations
on the operating-point inducation
(Schematic) Definitions of reversible
and material effects.

(f) Irreversible and Reversible Losses

The most common way of describing the temperature variation of PL
properties in the application literature 1s 1in terms of "losses." By this
term we mean a reduction of the flux-density value, Bd’ at a specified
operating point on the major loop Q-II (with unit permeance, p) by a short-
term temperature excursion from room temperature (usually heating). This
1s expressed as a percentage of the initial RT value. lore useful than
numerical values for these "losses" are curves of B, (at By/Hy=p) vs.
temperature showing one or more full heating-cooling cycles. Fig. 3-13,
after R. Tenzer (12), shows examples of such curves. These are schematic
and meant to facilitate a general discussion of the heat-cycle effects, but
they describe qualitatively the behavior of Alnico 8, SmCog and Mn-Al-C.
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Figure 3-13: Change of operating point induction during
elevated-temperature aging. (Schematic.)

Curve a) in Fig. 3-13 applies only to small temperature excursions.
The 1induction changes reversibly along a slightly bowed line that
represents the B-coordinates of intercepts of a chosen permeance line with
the major loops for different temperatures. If a set of such Q-II
demagnetization curves 1s available, By vs. t curves can be constructed for
any permeance value. The quantity B4(25°)-B4(T) 1s called the "reversible
loss." This reduction of the useful flux density on heating 1s fully
recovered simply by returning the magnet to room temperature. - For larger
temperature excursions, case b), only a part of the B-change will be
recovered on cooling, Bd’—Bd(T). The other part, Bd-Bd’, 1s permanent as
far as passive device operation 1s concerned. It can only be recovered by
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recharging the magnet. This 1s called the "irreversible loss." - Finally,
when the temperature exceeds several hundred °C (with the exact value
depending on the material, but also on the time of exposure), changes 1n
the microstructure of the magnet, surface oxidation, etc., can cause an
additional loss which can no longer be recovered by recharging in a field.
This quantity, B;-B;" 1in Fig. 3-13 ¢, 1s often cclled the "permanent loss."

The pictures 1ndicate that on repeated cycling small additional
irreversible losses are incurred. A stable reversible curve 1s reached
only after several cycles (3 to 10). If constant or repeatable flux values
are needed 1in device operation, the mragnet must be stabilized by preheating
1t to the highest anticipated use temperature and cycling several times.

The reversible By vs. T behavior closely reflects the temperature
variation of spontaneous magnetization and remanence. It 1s commonly
approximated by a straight line and characterized by a "temperature
coefficient”" (see ITI,B,b). This 1s convenient but obviously imprecise,
and 1t can be very misleading, as we shall see below.

By contrast, the 1rreversible loss depends strongly on the shape of
the demagnetization curve of the 1ndividual magnret, and thus on
metallurgical parameters such as heat treatment, grain size and porosity,
and on 1ts magnetic history (e.g., the peak magnetizing field). As an
exarple we consider a set of loss measurements by D. L. tfartin (13) on
sintered SmCos magnets, Fig. 3-14. We see that the loss 1s low and
constant when the intrinsic Q-II demagretization curve 1s square (I} 1s
high), but that 1t shoots up when the knee field becomes too low. As By
sometimes varles drastically in the commercial production of certain magnet
types, so do the irreversible losses (14).
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Figure 3-14. Dependence of 1irreversiole loss
on heating to 150°C on knee field, Hy,
for sinterea SmCog. (Ref. 13)



(g) The Thermal Cycling Behavior of Selected Magnet Types

The actual behavior of specific magnets can be significantly more
complex than that shown schematically in Fig. 3-13. For magnets which have
low Hy values and a knee 1n the Q-II of the L vs. ll curve, the shape of the
Byq vs. T curves depends strongly on the permeance, p=B/H. As a still
relatively simple case we show first, 1n Fig. 3-15, a set of curves for a
2-17 REP!M of the low-coercivity variety, REC-30 of the TDK Corp. (15).
This set of B vs. H curves 1s much like the schematic one in Fig. 3-13: as
the temperature 1ncreases B, and H, decrease and the whole curve moves
inward toward the origin. For a hlg% permeance, where the operating point
remains clearly above the knee at all temperatures, By vs. T 1s almost
linear and reversible. But for the lowest B/H values, the operating point
drops below the knee at higher temperatures and the 1rreversible losses
increase dramatically.
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Figure 3-15: Demagnetization curves, and temperature cycling behavior of a
2-17 REPM, low-E. version. (Ref. 15)

For Alnico 5 (F1g.3-16) the B vs. H curves change relatively little
with temperature, but they cross over. At high permeance (curve a) the
curve shifts resemble those for the REPM, and Bd vs T 1s reversible and
linear. But for operating points below the knee (curves b and c), there 1is
a large irreversible loss on cooling, as well as the expected loss on
heating. 1In addition, the reversible curves traced during subsequent
cycles are strongly nonlinear and even show maxima. This has to do with
the fact that the operating point does not remain on the major Q-II loop
but ends up on a recoil curve. This 1s more clearly seen 1n the next set
of curves, for a ferrite.
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Figure 3-16: Demagnetization curves and temperature cycling behavior
of Alnico 5. (Ref. Gl)

Figure 3-17 shows a measured set of demagnetization curves at
different temperatures for a ferrite with high remanence and relatively low
coercive force, and a correlated set of Bj vs. T thermal cycling curves
{(15). On the right hand side of the page 1s a set of similar, but
schematic, curves showing permeance lines and three operating points -
above, at and below the well developed knee (16). When the temperature
changes, the permeance line remains the same (a static device 1s assumed!),
while the demagnetization curves move relative to 1t. If the room-
temperature operating point 1is at the knee (case b), heating will lower the
flux (Pl to PZ)’ but the point wi1ill remain on the reversible top part of
the hysteresis loop. On cooling below RT, however, 1t will slide down the
steep flank of the shifting curve (Pl to P3) thus lowering the flux again.
On rewarming to room temperature, the operating point will now move onto &
reco1l loop which itself will sink down as the temperature increases. The
operating point will consequently move still lower, to P,. This process 1s
reversible - either on recooling or on further heating - as long as the
operation continues on a reccil line.

In analyzing the expected performance of a ferrite magnet in a motor,
constructions like these must be combined with those discussed in III,B,4
above. In addition to the temperature variations of the hysteresis loops,
movements of the operating point due to changing permeance {(motor rotation)
and demagnetizing fields (armature reaction) must be taken into account.
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6. Temporal Stability of liagnetic Properties

(a) General Comments on Stability

The permanence o0f a permanent magnet 1s relative. The flur 1t
delivers i1nto the magnetic circuirt of a device changes with time under
environmental influences. Early steel nmagnets showed poor stability
against such i1nfluences. This was due largely to their low coercivity.
‘odern magnets, which have several ten to hundred times higher ;L _. and Fi
values, show indeed a very high degree of flux stability. Aging ef%ects at
or near room temperature are usually of concern only for delicate meter
movements or electronic instruments. However, even 1in some of the new
magnet materials, flux losses on the order of several percent - and more in
some Pi! types - can occur when they are used at elevated temperatures (say,
100 to 200°C). This 1s particularly true 1f the heating 1s combined with
other adverse external influences. The temporal stability of the muagnet
materirals we intend to use 1in ERV propulsion motors must therefore be of
interest to us.

In the case of the propulsion motors, i1mnportant factors that cen
affect the flux stability are- (1) steady magnetic fields, 1including self-
demagnetizing fields due to the air gap, (2) alternating ragnetic fi1elds
generated by currents i1n the armature and by reluctance changes during
rotation, (3) heat-elevated operating temperatures of 100°C or more may
occur for long periods of time, and (4) mechanical stresses - steady (due
to restraining or centrifugal forces) and alternating (changing magnetic
attraction by the stator teeth).

Of course, these will always occur combined. As far as purely
magnetic changes are concerned (flux changes by domain-wall relaxation)
each of the above influences may bring about the same effects in time. The
resulting flux change will thus be due to several causes. For the purpose
of experimental study and description, however, 1t 15 necessary to 1solate
the various 1nfluences from each other. In the following we shall restrict
our discussion mostly to the relatively high-coercivity/high energy magnets
we have considerec for this motor application.

ilechanical influences (steady stress or shocks) did affect the
magnetization of the early steel magnets, but they have been shown to have
negligibly small effects on the flux stability of alnicos, ceranic
ferrites, REPM ana lin-Al-C. (See, e.g., Gl, G2, G&). 1lany of the best
magnets are, of course, brittle and may break when subjected to mechanical
shock.

The influence of demagnetizing I'-fields has peen discussed above.
There are time-dependent effects associrated with this, variously called
magnetic zftereffect, magnetic viscosity and relaxation. Especially when
Hy approaches or exceeds Hy, there may be a prolonged slow change of Eg,
measurable for a period of several minutes.

Alternating fields (or cyclic DC fields) can activate the same domain-
wall relazation phenomena. This leads to a small position change of the
recorl loop, which will stabilize only after several cycles. Figure 3-18



1llustrates this effect for two cases. a change of the applied field
(armature reaction) and of the self-demagnetizing field (perneance change
due to a varying air gap.

The adverse effects of temperature changes on the flux stability were
discussed 1in detail in the previous section. llote that temperature cycling
clways takes time, even 1n laboratory tests. And i1n motor operation the
magnet wvill certainly be exposed to elevated temperatures for varying
periods. It 1s thus clear that the effects of temperature cycling
(1rreversible losses) and of long-term exposure (aging) can not be clearly
separated. Nevertheless 1t 1s common to distinguish between temperature
effects (short time) and aging effects (long time). - Thus, we come to the
special topic of this section, the temporal stability of mwagnets.

(b) Temporal Stadpility of Magnet Properties.

Vhen a magnet 1s newly charged and 1ts flux (or 1ts operating-point
induction, or the magnetic noment) 1s observed for a long period of time, &
slowv decay 1s found to occur. It usually follows a time function such as
that depicted i1n Figure 3-19, at least at higher temperatures. First there
1s a relatively severe and fast-occurring initial loss. (The 1irreversible
loss 1n a heating-cooling cycle 1s a major part of this!) This 1s followed
by a long period of increasing stability, marked the "platezu," during
which there 1s often a constant loss per logarithmic time cycle (1.e., the
lin/log plot 1s & straight line). At higher temperatures and for some
magnets, the flux decline will later accelerate and sometimes become
catastrophic. This was observed for steel magnets, but also for the very
high-coercivity SmCog above 200-250°C (14), polymer bonded REPH at 50-100°C
(17), and high-H_ 2-17 REPM above 350°C (11). The example of F1g. 3-19 1s
for sintered SmCog, B/H=-1, aged at 250°C. Like the 1rreversible losses on
temperature cycling, the aging losses depend on the operating point
permeance. The lower the B/H value the more severe are the aging losses.

Corresponding to the three more or less distinct segments of the aging
curve, we distingulsh three kinds of aging losses An initial loss (in the
first several hours at temperature), a long-term aging loss that 1is thought
due purely to magnetic effects and 1s recoverable by recharging, and - at
least 1n some materials - a permanent aging loss. The latter 1s attributed
to changes 1n the metallurgical microstructure or to oxidation effects (or
to other corrosion). In bonded magnets 1t may also be due to a softening
of the matrix.

(c) Prestabilization Measures

The 1initial loss can be anticipated by heating the magnet for 1 to &
hours to & temperature slightly above the future operating temperature. The
flux 1s thereby reduced by the initial loss and in device use, 1mmediately
enters the relatively stable "plateau." It 1s also possible to"knock down"
and prestabilize the flux of a magnet by exposure to a DC demagnetizing
field at RT or at a moderately elevated temperature, or by AC field cycling
according to Fig. 3-18. In either case, the later thermal aging losses are
reduced. The exact conditions needed for such prestabilizatin are a matter
of trial and error, and the user should consult the magnet manufacturer
about effective procedures.
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C. lagnet Circuit Geometry of P Motors

1. Survey of Basic Motor Geometries.

In Chapter I we discussed the geometry of several PM motors wvhich
NASA/DOE contractors considered or built for potential EHV propulsion use.
To put these 1in perspective relative to other earlier or recent work on P
motors, we present here a number of schematic cross sections of motors.
This 1s not meant to be an exhaustive collection, but 1t will indicate the
basic magnetic circuit geometries that have been devised.

Figure 3-20 shows several classical arrangements of motors that use
magnet materials with relatively low coercive force. 1In all cases the air
sap flux 1s (at least mostly) radial. On the left are a 2-pole and a 4-
pole motor with the PX located in the stator. This common geometry has
unrestricted room for the P!, which 1s necessary when energy product is low
and 2 large magnet volume 1s needed. Also, 1iron flux conductors and pole
pleces are used here. These have a two-fold function: They raise the PII
operating permeance high above the knee, which 1s necessary to prevent
self-demagnetization of the low-H. magnet. They also protect the Pl from
demagnetization by the armature reaction by placing the nagnet far from the
air gap.

In the center and right of the picture are early designs with the
magnet 1n the rotor. For the reasons discussed - the need for a long flux
path and protection of the magnet from armature reaction by removing 1t
from the gap - the magnets therselves are long and steel pole pieces are
used again. These rotors become very massive because of the fairly low
useful energy density of the PM materials. Also, the leakage flux losses
are quite large, requiring the use of even more PM volume. The imbriczated-
pole designs shown yield more compact and thus mechanically preferable
rotors; but most of the Pl” flux 1s wasted as leakage flux between the
fingers of the pole structures.

In figure 3-21 we hve radial-flux geometries that are appropriate to
the modern high-k-. magnet materials. The high coercivity makes the magnet
imnune to demagnetization by the armature reaction and allows one to place
the magnet directly at the air gap. The Pll arcs should be short 1in the
flux direction. On the left are two examples of common designs with the PI
1n the stator. They require mechanical commutators ana brushes. The 2-
pole motor on top 1s proper for ferrite. Because of the low remanence, a
large magnet cross section 1s needed to produce enougn pole flux.
Multipole designs such as the one below 1t are more suited to REPM which
have high remanence as well as high H_.

Because of their very high energy density, the REPM can also
conveniently be put in the rotor. Examples of this are shown 1n the ceater
column. These are suitable rotors for brushless DC or synchronous motors.
SmCosg or 2-17 REPM have high enough remanence to place them directly at the
air gap, without pole pieces, and yet use 4, 6 or 8—-pole designs. SmCog
and the new high-H. 2-17 magnets also have an 1intrinsic coercive force 0
high that armature reaction, even at start or stall, 1s no threat to them.

A great advantage of rniagnets that face the air gap 1s the extremely
small leakage flux. This, in turn, helps minimize the PM volume. If one

3-25
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can, 1n addition, design for a normal operating point near (BH)maX, the
absolute minimum amount of magnet material 1s used.

The pictures on the right show an alternative which removes the
magnets from the air gap. It uses iron pole preces and a flux-focusing
principle. This permits one to increase the gap-flux density above the
rmagnet 1induction value, Bd' However, 1t also creates new leakage paths anca
thus reduces the efficiency of magnet utilization.

The upper designs, right and center, use magnets that are usually
cemented to the rotor core. Such motors are limited in their running speed
since the centrifugal force wants to throw off the magnets. In high-speec
motors one must therefore use a retainingz ring. If this ring 1is
nonmagnetic 1t 1ncreases the effective airgap. Thus 1t reduces the useful
gap flux and i1ncreases the flux leakage around the sides of the magnets.
An 1ngenious solution uses a composite ring with alternating magnetic and
nonmagnetic steel segments (1B), but this 1s expensive to fabricate.

Finally, 1n Figure 3-22, wve show schematically two axial-field designs
(19,20). These, too, are best suited for use with high-coercivity mnagnets
such as ferrites, REPM or Mn-Al-C. The Pl can be stationary (left),
combilned with an 1ironless rotor and commutator, or the PM can be placed 1in
the rotor (right picture).

3. Factors Affecting Magnet Location in the Motor

Summarizing the above discussion, we can make the following statements
about the relationship between the characteristics of the PM and 1its proper
location 1in the wotor.

(a) PM Energy Density: Vhen the intrinsic energy density (Blu)nax 18 very
high, 1t 1s easy to place the magnet in the rotor. Lower-energy magnets,
such as ferrites, require a very long rotor.

(b) Remanence: If the remanence and thus the operating flux density are
low, 1iron poles and flux-focusing techniques should be employed. This 1s a
desirable approach for ferrite motors, but usually not required for the
REPIL.

(c) Stray Flux Considerations. Placing a stort magnet directly at the air
gap (1n rotor or stator) minimizes flux leakage. It 1s possible to do this
with ferrites and REPM. It is certainly the most material-efficient design
for the latter. Alnicos and Fe-Cr-Co are 1nefficient motor magnets. Their
low coercivity dictates long path lengths which cause large leakage flux
losses.

(d) Armature Reaction The A.R. 1s particularly severe 1n vehicle
propulsion motors. Only SmCog the high-H, 2-17 REP!, or high-coercivity
ferrites can be used directly at the gap, where the exposure 1s highest.
Alnico and Fe-Cr-Co magnets must be placed away from the gap, 1n the
stator, separated from 1t by Fe poles, to protect them fron being
demagnetized. Even Alnico 8 and !n-Al-C are probably endangered 1f placed
at the gap.



(e) Beating: lMagnets with a low Curie temperature, such as Mn-Al-C, must
be located where they will not become too hot. This would again speak for
placing the magnet 1n the stator, away fror the winding, and 1n a place
where 1t 1s effectively cooled.
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Iv. COMMERCIAL PERMANENT MAGNETS - TYPES,
PROPERTIES AND SOURCES

A. Introductory Remarks

1. Magnets Included 1in Listings

This chapter 1s a summary of information on selected commercial PN
materials, their typical properties, i1mportant manufacturers and the brand
names used by them. The information has been arranged mostly in the form
of tables. (Some of i1t 1n alternative ways.) It is hoped that this will
assist motor designers in quickly selecting candidate magnet materials for
any given design alternative considered, and 1n locating several potential
commerclal sources for them.

The magnet types selected for these listings are the "high grade
materi1als”" which might conceivably be used in propulsion motors for
electric vehicles. This includes all the PM"s that NASA contractors have
indeed used or seriously considered in their designs, but also some of the
newer rare—earth magnet materials, and some conventional PM"s that are
technically less well suited but may have a cost advantage. Particularly,
all Alnico types - cast and sintered - of grade 5 or "better" (in the sense
of having higher energy product or coercivity) are listed; also their new
Fe-Cr-Co counterparts, Ceramic 5 and better ferrites; and extruded Mn-Al-C.
Almost all commercial REPM, including most polymer-bonded varieties, would
qualify in principle for EHV motor use and are thus 1included.

2. Sources of Information

The tabulations are based in large part on the product information
sent us by 28 magnet producers 1n response to our solicitation in 1980.
(See Section I, A, 4). 1In addition, we used reference books as well as
product and application literature 1n our files. A first draft of the
tables was sent to the participating magnet manufacturers in 1981 for a
review of our description of their products. Comments and corrections
received were taken 1into account. Because of the long delay 1in publishing
this report, we made an attempt to update, late in 1982, the listing of
product types and commercial sources, but this was not as systematic as the
initial collection effort.

No claim 1s made as to the completeness of our listings of companies
and their products. There are certainly additional manufacturers not
included here, especially outside the USA. And in the newer and still
developmental magnet categories, some additional products may have recently
been 1ntroduced or specifications changed.

3. Suggested Use of Information

The information given 1in this chapter should be taken as 1llustrative
rather than exhaustive. It 1s impossible to offer, in a report such as
this, a comprehensive collection of design data for all the PM types of
possible interest. The motor engineer 1s admonished to use the information
given here only to familiarize himself with the basic properties and
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behavior patterns of the different PM types avairlable, and perhaps as a
guide 1n making the basic decision which type to use. For the quantitative
design, 1t 1s absolutely necessary to obtain detailed product information
from the prospective vendor for his specific product. The selected
property tabulations and graphs given in this chapter, and the general
discussions 1n the preceding chapters should only be considered examples.
They might suggest which type of information 1s important and should be
obtained from the magnet supplier.

B. Summary Listing of High-Grade PM’s for Electric Motors

1. Material Types, Generic Names (U.S.) and Brand Names

In Table 4-1 (seven pages) the magnets are arranged by major subtypes
that are distinguished by different processing and different magnetic
properties. In addition to the approximate (nominal) composition and
salient permanent magnet properties at room temperature, the table gives
the names and locations of manufacturers of equivalent products and
the brand names they use.

2. Manufacturers and Magnet Types Produced by Each

Table 4-2 (eight pages) lists the various participating magnet
manufacturers 1in alphabetical order. It tells us the basic types of
magnets they sell and 1dentifies subtypes by their brand names. These can
be correlated to their approximate generic (U.5.-MMPA) equivalent as given
in the table heading.

3. Magnet Producers Included in this Summary

Table 4-3 lists the addresses of company headquarters or principal
plant locations where additional product information may be obtained or
orders placed. For foreign manufacturers, the address of the U.S. sales
representative 1s given where known to us.

4. Summaries of Basic Design Data for Important PN Types

The following three tables, 4-4, 4-5, and 4-6, summarize the numerical
design data most needed by motor designers for high-grade magnets of the
three most 1important magnet families: cast Alnicos, Ferrites and REPMs.
Given are ranges or average values for salient magnetic, physical and
mechanical strength properties at room temperature.
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TABLE 4-1: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY MATERIAL TYPES) Page 1 of 7

STANDARD NOMINAL NOMINAL PERMANENT MAGNET PROPER TIES BERQAI}“[?AN;E”;F;S&’;
;Z;‘i COMPOSITION (SALIENT SE(;OND QUADRAN;QUANT[TES) MANUFACTURES NAME COUNTRY SIMILAR
(US-MMPA) WEIGHT % By B¢ M < (BH)ppax PRODUCTS
kG T kOe | MA/m| kOe |MA/m|MGOe [kI/m>
CAST 8Al, 14N1, 24Co| 128 | 128 064 Jo 051 55 | 438 |AIMANTS UGIMAG FRANCE |ALNICO 600, 700
ALNICO 5 3Cu, 51Fe ARNOL D ENGINEER ING UsA |aLwnicos
COLT INDUSTRIES uUsa |aLnicos
DURA MAGNETICS Usa |ALNCOS
FIR TH VICKERS FOUNDRY ENGLAND |ALCOMAX II, Lt
HITACH! MAGNETICS CORP USA JALNICOS
H'TACHI METALS LTD JAPAN |YCM-1B
INDIANA GENERAL DIV EM&M USA JALNICO S
JAMES NEILL (NAPIER STREET)LTD |[ENGLAND | ALCOMAX 11, I
KRUPP W(DIA GERMANY | KOERZLT 500
MUTSUBISHL STEEL MAGNETICS LTD | JAPAN | MK-5
MAGNETFABR'K BONN GMBH GERMANY | ALNICO 500
PHILIPS HOLLAND | TLICONAL 500
PREFORMATIONS LTD ENGLAND | MAGLOY 1
SUMITOMO SPECIAL METALS LTD | JAPAN |NKS-500
THOMAS AND SKINNER [NC. usa |aLnicos
TOHOKU METALS IND LTD JAPAN |TMK-1B
WARABI SPECIAL STEEL CO , LTD | JAPAN |WM-7
CAST 8AlL, 14N1, 24Co) 133 | 133 | 067 | 0 053 6.5 | 51 7 |AIMANTS UGIMAG FRANCE |ALNICO 600 UGIMAX
ALNICO 5DG|  3Cu, 51Fe ARNOLD ENGINEERING UsA JALNICO 5ce
COLT INDUSTRIES usa |aLnico spa
HITACHI MAGNETICS CORP U's A |ALNICO 5DG
HITACHL METALS LTD JAPAN |YcM-1p
INDIANA GENERAL DIV EM&M USA |ALNICO 5DG
KRUPP WIDIA GERMANY | KOERZIT 600
MAGNETFABRIK BONN GMBH SERMANY | ALNICO 580
MUTSUBISHI STEEL MAGNETICS LTD | JAPAN |MK-5DG, -55DG
PHILIPS HHOLLAND [ TICONAL 550, 600
PREFORMATIONS LTD NGLAND | MAGLOY 10
SUMITOMO SPECIAL STEEL CO ,LTD| JAPAN | NKS 600
THOMAS AND SKINNER INC Usa |ALnico -spG
TOHOKU METALS IND LTD JAPAN | TMK-1BG
WARABI SPECIAL STEEL CO , LTD | JAPAN |WM-7D
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TABLE 4-1: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY MATERIAL TYPES) Page 2 of 7

BRAND NAMES OF
STANDARD NOMINAL NOMINAL PERMANENT MAGNET FROPERTIES EQUIVALENT OR
;z;i COMPOSITION (SALIENT SECOND QUADRAN’IIF‘{ QUANTITIES) MANUFACTURES NAME COUNTRY SILAR
(US-MMPA) WEIGHT % Br B'e Mc (BH)max PRODUCTS
kG T kOe | MA/m| kOe |MA/m|MGOe |ki/m>
CAST 8Al, 14N1, 24Co) 13 135|074 0 059 7 55 60 1 | AIMANTS UGIMAG FRANCE |ALNICO 600 Super Ugimas
ALNICO-5COL| 3Cu, 51Fe ARNOLD ENGINEERING Us A ARKOMAX 800
(ALNICO 5-7) COLT INDUSTRIES Usa ALNICO 5-7
DURA MAGNETICS INC Us A ALNICO 5-7
HITACHI MAGNETICS CORP USsaA ALNICO 5-7
HITACHI METALS INC JAPAN |HIMAG
INDIANA GENERAL DIV EM&M USsSaA ALNICO 5-7
KRUPP WIDIA GERMANY | KOERZIT 700
MAGNETFABRIK BONN GMBH GERMANY | ALNICO 700
MITSUBISHI STEEL MFG CO , LTD | JAPAN |MK-100CG
PREFORMATIONS LTD ENGLAND | MAGLOY 100
SUMITOMO SPECIAL METAL LTD JAPAN |nks-750
THOMAS AND SKINNER [NC US A ALNICO 5COL
TOHOKU METALS IND LTD JAPAN |TMK-1FG
CAST 7Al, 15N1, 35Co] 8 2 0.82 165 |0 131 53 42 2 | AIMANTS UGIMAG FRANCE | ALNICO 1500
ALNICO 8 | 4Cu, 5T:, 34Fe ARNOLD ENGINEERING US A ALNICO 8B
COLT INDUSTRIES USs A ALNICO 8
DURA MAGNETICS US A ALNICO 8
FIRTH VICKERS FOUNDRY INC ENGLAND | HYCOMAX (I
HITACHI MAGNETICS CORP US A ALNICO 8A
HITACH!{ METALS LTD JAPAN | YCM-8C
INDIANA GENERAL DIV EM&M US A ALNICO 8H
KRUPP WIDIA GERMANY | KOERZIT 450
MAGNETFABRIK BONN GMBH GERMANY | ALNICO 40/12
MITSUBISHI STEEL MAGNETICS LTD | JAPAN | MK-8B
PHILIPS HOLLAND | T'CONAL 550
PREFORMA TIONS LTD ENGLAND | MAGLOY 8B
SUMITOMO SPECIAL METALS LTD JAPAN | NKS-550H
THOMAS AND SKINNER INC Us A ALNICO 8C
TOHOKU METALS IND LTD JAPAN | TMK-5
CAST 8Al, 14N1, 38Co| 7 2 072 |19 015 50 39 8 |AIMANTS UGIMAG FRANCE |ALNICO 2000
ALNICO 8HC/| 3Cu, 8Ti, 29Fe ARNOLD ENGINEERING USsaA ALNICO 8H
H TACHI MAGNETICS CORP US A ALNICO 8B
HITACHI METALS LTD JAPAN |YCM-8E
KRUPP WIDIA GERMANY | KOERZIT 1800
MITSUBISHI STEEL MFG CO LTD JAPAN |MK-6B
PREFORMATIONS LTD NGLAND | MAGLOY 8H
THOMAS AND SKINNER INC Us A ALNICO 8HC
TOHOKU METALS IND CORP JAPAN | TMK-5B
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TABLE 4-1: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY MATERIAL TYPES) Page 3 of 7

BRAND NAMES OF

STANDARD NOMINAL PERMANENT MAGNET FROPER TIES
NOMINAL EQUIVALENT OR
;X;i COMPOSITION (SALIENT SECOND QUADRAN;QUANT”ES) MANUFACTURES NAME COUNTRY SIMILAR
{US- MMPA) WEIGHT % Br e Mg (BH)pax PRODUCTS
kG T kOe | MA/m| kOe |MA/m|MGOe [kI/m?
CAST  |8Al, 14N, 38Co,] 88 | o088 | 18 |o14 675 | 537 |AIMANTS UGIMAG FRANCE |ALNICO 2000
ALNICO 8HE |3Cu, 7T1, 31Fe ARNOLD ENGINEERING US A ALNICO 8HE
HITACHI MAGNETICS CORP usa |aLnicosc
INDIANA GENERAL DIV EM&M UsaA |aLnicosHE
THOMAS AND SKINNER INC Usa |ALNICOBHE
TOHOKU METALS IND CORP JAPAN TMK-5A
cAST  |7al, 15N, 35C0,] 105 | 105 | 15 |o12 90 | 71 6 |AIMANTS UGIMAG FRANCE | Alnico 1500 Super Ugimax
ALNICO 9 4Cu, 5T1, 34Fe ARNOLD ENGINEERING US A ALNICO 9
HITACHL MAGNETICS COR P Usa |ALNICO9
HITACHI METALS LTD JAPAN YCM-9B
'NDIANA GENERAL DIV EM&M usa |aLnicos
JAMES NEILL (NAPIER STREET) LTD |ENGLAND | MODIFIED HYCOMAX
MITSUBISHI STEEL MAGNET'CS LTD JAPAN MK-N9
PHILIPS HOLLAND | TICONAL 900
SUMITOMO SPECIAL METALS LTD JAPAN NKS-1000
THOMAS AND SKINNER [NC USsA |ALNICOY
TOHOKU METALS IND LTD JAPAN TMK-5D
SINTERED TAl, 15Ni, 35Co, 7 4 0 74 15 012 40 31 8 |ARNOLD ENGINEERING UsSaA SINT ALNICO 8B
ALNICO 8 4Cu, 5T1, 34Fe HITACHI MAGNETICS CORP USA SINT ALNICO 8A
INDIANA GENERAL DIV EM&M USA SINT ALNICO 8H
KRUPP W(DIA GERMANY| KOERZIT 450
SUMITOMO SPECIAL METALS LTD JAPAN |NKSP-450H
THOMAS AND SKINNER INC USsa |ALNICO8C
THYSSEN EDELSTAHLWERKE GERMANY| OERSTIT 450K
TOHOKU METALS IND LTD JAPAN Q-6
SINTERED 7Al1, 14N, 38Co, 6 7 0 67 18 014 4 5 35 8 |ARNOLD ENGINEERING USA SINT ALNICO 8H
ALNICO 8HC |3Cu, 8T1, 30Fe HMITACHL MAGNETICS CORP USA |SINT ALNICO 8B
INDIANA GENERAL DIV EM&M USA SINT ALNICO 8
KRUPP WIDIA GERMANY | KOERZIT 1800
THYSSEN EDELSTAHLWERKE GERMANY | OERSTIT 450kk
TOHOKU METALS IND LTD JAPAN [SR-1
SINTERED 7A1, 14N, 38Co, 8 6 0 86 15 012 1 57 013 55 43 8 [INDIANA GENERAL DIV EM&M USA SINT ALNICO 8HE
ALNICO 8HE |3Cu, 6T1, 32Fe TOHOKU METALS IND LTD JAPAN |SR-2




TABLE 4-1: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY MATERIAL TYPES) Page 4 of 7

9-%

BRAND NAMES OF
STANDARD NOMINAL NOMINAL PERMANENT MAGNET FROPFRTIES EQUIVALENT OR
N COMPOSITION A LIEN T SO A QUANTITIES) MANUFACTURES NAME COUNTRY SIMILAR
(US. ipA) WEIGHT % By sH: Mic {(BH)ax PRODUCTS
kG T kOe | MA/m| kOe | MA/m|MGOe |ki/m?
SINTERED MO-6Fe, 0, 38 038 | 24 019 34 27 0 |AIMANTS UGIMAG FRANCE |SPINALOR 3B
FERRITE ALLEN-BRADLEY Ferrite Division UusSaA M5
CERAMIC 5 (M=Ba, Sr) ARNOLD ENGINEERING USA JARNOX 5
60 Fe, 13 Ba, COLT INDUSTRIES US A |FERRIMAG 5
or/and Sr, DURA MAGNETICS Us A |DURAMAX-5
270, (%) HITACHI MAGNETICS CORP US A |CERAMIC 5
z HITACHI MFTATS 1.TD Japan  |ysM-1BB
KRUPP WIDIA GERMANY | KOERZ1T 300 3060
MAGNETFABRIK BONN GMBH GERMANY | ox 380
PHILIPS HOLLAND | FXD 360
PREFORMATIONS LTD ENGLAND | FEROBA 2
STACKPOLE CORP US A |STACKPOLE 5
SUMITOMO SPECIAL METALS LTD JAPAN |FxD-380(4)
TDK ELECTRONICS CORP JAPAN |FB4A,4C
THYSSEN EDELSTAHLWERKE GERMANY | OXIT 380R
SINTERED MO-6Fe,0, 34 034|325 |o26 ) 032 1275 | 21 9 |AIMANTS UGIMAG FRANCE |SPINALOR 4F
FERRITE (M=Sr, Ba) ALLEN-BRADLEY, Ferrite Division US A M7
CERAMIC 7 ’ ARNOLD ENGINEERING Us A |ARNOX 7
COLT INDUSTRIES Us A |FERRIMAG 7
(see sbove) HITACHI MAGNETICS CORP US A CERAMIC 7
HITACHI MFTAIS [ TD JAPAN |yBM-2BC
KRUPP WIDIA GERMANY | ROCRZIT 130k
MAGNETFABRIL BONN GMBII GERMANY | 0X 330
PHILIPS HOLLAND | FXD 270
STACKPOLE CORP US A |STACKPOLE 7
SUM(TOMO SPECIAL METALS LTD JAPAN |SSR-320H
TDK ELECTRONICS CORP JAPAN | FB4H
THYSSEN EDELSTAHLWERKE GERMANY | OXIT 310
SINTERED MO+6Fe,0, 385 Jo385 295 |o23 05 | o 24 35 27 9 |AIMANTS UGIMAG FRANCE |SPINALOR 4H
FERRITE (M=Sr, Ba) ALLEN-BRADLEY, Ferrite Division Uus aA M8
CERAMIC 8 ARNOLD ENGINEERING UsA |ARNOX 8
(see above) COLT INDUSTRIES US A |FERRIMAG 8
HITACHI MAGNETICS CORP Us A |ceraMmics
HITACH' \IETALS I TD 1APAN  |yBM-2B
KRRUPP WIDIA GERMANY [ ROER/IT 380
MAGNFE TIPABRIA BONN (MBH GERMANY Jox 400
PHILIPS HOLLAND } FXD 370
PREFORMATIONS LTD ENGLAND | FEROBA 3
STACKPCLE CORP UsaA STACKPOLE §
SUMITOMO SPECIAL METALS LTD JAPAN | SSR-360H
TDK ELECTRONICS CORP JAPAN | FB4B,ax
THYSSEN EDELSTAHLWERKE GERMANY | OXIT 410




L-¥

TABLE 4-1: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY MATERIAL TYPES) Page 5 of 7

STANDARD

NOMINAL PERMANENT MAGNET PROPERTIES

BRAND NAMES OF

NOMINAL EQUIVALENT OR
;X;i COMPOSITION (SALIENT SEZOND QUADRAN; QUANTITIES) MANUFACTURES NAME COUNTRY SIMILAR
w PRODUCTS
(S MMPA) EIGHT % By BHe e (BH)max
kG T kOe | MA/m| kOe |MA/m|[MGoe |kI/m>
71 5Ma, 2741, | 52- |osz2- | 20- |o1s9-]24a- Jo191-] 50- | 398-
Mn-Al-C 07C, 08Nt 62 .0 62 2 6 _0 207| -3 0 .0239] -6 5 .51 7 Matsushita Electrical Ind Co , Ltd JAPAN Mn-Al-C
8 5- | 085- | 05- | 004- 2 0- | 15.9- |ARNOLD ENGINEERING USA |ARNOKROME-I
Fe-Cr-Co EXAMPLES 14 | 14 | -0 73| -0 o058 -6 0 | -47 7 |HITACHI METALS LTD JAPAN |KHJ
26 Fe, 31 Cr,23CH INDIANA GENERAL DIV EM&M USA |INDALLOY 5
or MITSUBISHI STEEL MAGNETICS LTD | JAPAN |KM-5
55Fe, 33Cr, 17Col PREFORMATIONS LTD ENGLAND | CROFECO [
o SUMITOMO SPECIAL METALS LTD JAPAN |CKS-500
61Fe, 28Cr, 11Co TOHOKU METALS IND LTD JAPAN |K-1, K-2
VACUUMSCHMELZE GMBH GERMANY | CROVAC-23/500, 23/250,
15/400, 15/150, 10/ 380,
10/130
WARABI SPECIAL STEEL CO , LTD | JAPAN |WK-200, 400, 480
WESTERN ELECTRIC CO , INC USA |CHROMINDUR IIB,IH,
(Bell System) ug, 1v
P&’“}\;’D"é‘? EXAMPLES 50 05 40 | 032] 70 | os6| e 48 |MAGNETFABRIK BONN GMBH GERMANY | SECO 50/60p
(’ffsc‘; 64Co, 365Sm |4 4 9 4 004;45' 27-60 002:8' 4.9 | 32.72 |MITSUBISHI STEEL MFG CO , LTD | JAPAN |MP 5L,5H,7L,7H,9L,9F
. ' N .
64Co, 27Sm, 0 49- 0 34- 0 552
1Co. 275 19-54) 000 |a3-aa| 02 feo-138 © 07| 5666 4653 |PHILIPS HOLLAND | REM 50/60
Plus different | 4 0-50 0042(') 30-40 002; 90 | o072 | 4-6 | 32-48 |POLYMAG INC USA |POLYCORE 60
organtc binders 0 55- T
55-59 0 [45-52[ 00| voo [oso | 7.8 56-64 | PREFORMATIONS LTD ENGLAND | SUPERMAGLOY B2, B3
0 60- G 4a- T2-
6064 geo |ss-60f 0% f1s20| 127 | 9-10 | 72-80 |RECOMA INC usa |RECOMA 10
6 4-70 °_§‘*7'0 53.57 004421; 10-12 | 80-95 |SUWA SEIKOSHA CO , LTD JAPAN [SAM-D
6469 0% |sz-sof O ? 0, | 74-85 | ToHOKU METAL INDUSTRIES, LTD | JAPAN |LANTHANET LM-10
6 0-6 4 0_52'4 55-6 0 031; 15-20 l_l‘(; 9-10 | 72-80 |uGiMAG-RECOMA Switzerland RECOMA 10
ss5-64] 02 5363 O2 1 188 | 15 [75.10 | 60-80 |vacuumscHMELZE GMBH GERMANY | VACOMAX 65K
POLYMER
51Co, 16Fe -
BONDED |:2}Co» . o78-|6 2- | os- 0 80- 104-
RE-co |1Cw zr,23sm |78-81) 07816 3 )05 o | 080 N usys 104 ) sywa seikosHA co L LTD JAPAN |SAM-15(SAM DH)
"z
8689 086-65-70] os2-|10-12 | 0 80- | 16- B SAM-
1 98; 052 0, 80; 17 | 128 M-17 (SAM FX)
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TABLE 4-1: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY MATERIAL TYPES) Page 6 of 7

STANDARD

NOMINAL PERMANENT MAGNET FROPERTIES

BRAND NAMES OF

NOMINAL D QUADRANT QUANTITIES EQUIVALENT OR
;X;E: COMPOSITION (SALIENT SECOND QU = ) MANUFACTURES NAME COUNTRY SIMILAR
H PRODUCTS
w T BH
(US-MMPA) EIGHT % By B¢ M¢ { Ymax .
kG T kOe MA/m| kOe MA/m | MGOe | kJ/m
SINTERED { oy mpres [83-87| %83 [so0-84f 0841 15 [ 12 | 16-19 |135-150] ArManTs uGMaG FRANCE |CORAMAG
RE-Co -0 87 067
"y g N 15- .
¢1-5%) 64 Co, 365m |, 5 a5) 06515 54] 0145 10-16| © 8% | 10-20 |80-160 | coLT INDUSTRIES U S A. |CRUCORE10,12,15,18,20
or -0 85 -0 64 -1 27 »1e,15,18,
49Co, 9 Fe, 0 80- 0 60- T27- | 1,
e e, fpo-ss| Ores |75-83) 2ee | 16-20| L7, | 16-18 [127-14d ELECTRON ENGERGY CORPORATION| U A |REMCO 16,18
or 0 82- 0 60-
s2co sre (8294 Coas | 7588 S | 15 119 | 16-21 |127-171] siTACHI MAGNETICS CORP USA |HICOREX 90A,B,96A,B
11 Cu, 28 Ce D 78- 0 56- T 50- 18A,B,C.22A, B
o 78108 078 | 7010 | 0000 720 | O %00 | 1527 [119-215| mTAcH METALS LTD JAPAN [HICOREX , 10 %
- 63- -
81-9 4 008;4 79-813 00 26 10-16 018;7 16-21 [127-167| INDIANA GENERAL DIV EM&M UsA |INCOR 16, 18, 21
075- | 653- | 0522
7590 2T | 02 | 0% [ 126 | 1o | 1420 [111-160{ kRUPP WiDIA GERMANY |KOERMAX 130, 160
80-85 008;’; 70-80 0052; 12-15 1102' 15-18 |120-140| MAGNETFABRIK BONN GMBH GERMANY |SECO 120, 140
067- 0 40~ 088"
67-99| 007 ) s0-7e O F0c ) uias | P07 [ 1z-21 [ 95-167 [ MiTsuBISHI STEEL MAGNETICS O | JAPAN |MRC1, 2, 3
g1 |os 75 | oeo | 163} 13 16 128 | PHILIPS HOLLAND |RES160
88 |08 |75-85 (_)062; 18 | 144 | 17-18 |136-145| PREFORMA TIONS LTD ENGLAND |SUPERMAGLOY
0 83- 0 64- Tz-
8 3-96 08 fs0-95| S0 | 1518 | 1P [ 16-23 |i28-183| RavTHEON cOMPANY usa Jraeco 1s, 20, 23
75-90 007;(') 70-85 ?0525-; 9-15 0172' 16-20 [127-160| RECOMA INC USA |RECOMA 18,20,22
0 73- 024 0 26- R9HA,R10H, R12
73.86| %2 |30-54] 02 15 558 %0 1 516 | 92-127 [sHIN-ETSU CHEMICAL €O , LTD JAPAN |SEREM i X 1000 R
70-98| °70- 15583 0 10-23 | 80-183{SUMITOMO SPECIAL METALS JAPAN |CORMAX-1300,1800,2300
0 73- 0 52- 0 60-
73.92f 2 te 590 2020 7516 |° 0% [13-21 |103-167| TOK ELECTRONICS CORP JAPAN |REC 14,16,18,20
80-90 °§%‘0 75-85 ooezé 14 112 | 16-20 |127-160| THOMAS AND SKINNER INC. USsA |RE-Co
92 | o092 | 905 | 072 | 20 16 | 20 160 | THYSSEN EDELSTAHLWERKE GERMANY | SECOLIT
0 78- 0 61- 16,19,
78-96| 070 [76-94 000 15-23 |119-183 | TOHOKU METALS IND , LTD JAPAN |LANTHANET LM-},
6g-72| 998 | 4s.5q 930 1a7.55 937§ 10.12 | 80-95 |rOSHIBA CORPORATION JAPAN |TOSREX-11
- -0.72 i -0 40 - 044 ) " " -
75 075 | 70 | ose 9 072 16 127 | UGIMAG-RECOMA Switzerland RECOMA 14
8 2 7 X
0 82 77 061 }17-28 }14-22] 1450 | 111-160] vARIAN TWT DiVISION US A |Samarium Cobalt
0 80- - 3
80-10 | 989 te o 10 955 | yo.31 |} 5.2 5|15 5-27]|125-220[ vAcuuMSCHMELZE GMBH GERMANY |[vacomax- 120 145
-1.05 0,80 170, 200
9 0-9 8 °09:8' 78-85 006?6-3 b0-21 5 |160-178 | CENTRAL IRON & STFEL 'NSTIT CHINA |RF 100, 110
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TABLE 4-1: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY MATERIAL TYPES) Page 7 of 7
BRAND NAMES OF
STANDARD NOMINAL NOMINAL PERMANENT MAGNET PROPERTIES EQUIVALENT OR
o COMPOSITION (SALIENT SECOND QUADRAN-; QUANTITIES) MANUFACTURES NAME COUNTRY SIMILAR
H PRODUCTS
WEIGHT BH
(US-MMPA) % Br B c M ¢ (BH)max ;
kG T | x0e | MA/m| kOe |MA/m|MGOe |kI/m
SINTERED 0 92- 0 44- usa |HIcorREX-99a,B,C
EXAMPLES |92-11 55.70 60 | 048 |20-30 |159-238|HiTACHI METALS LTD - B,
RE-Co 50 Co, 15Fe,8 Cu -1 1 -0 Z" T JAPAN | HICOREX 23,2527
R . . - - -
"2-177) 1527r,255Sm |8 5-11.4 ?18155 45.70 (103 ol 4780 ‘_’0324 18-31 (143-247|NAMIKI PRECISION JEWEL CO ,LTD | JAPAN |KM-20,23,26,30
or
49Co, 13 5Fe, |8 0-11 d 018100' 70-75 0052;) 75 oo |1s-26 |143-201RECOMA INC UsSA |REcoMa- 26
10 5Cu, 1Zr = -
» 127, 0 78- 0 40- 0 44- R18A, R18H
26 Snzr 78-103) 00N |s0-85] 200 |55 | O | 1528 [119-223[smin-ETsU cEMCAL co , LTD JAPAN |SEREMF)5A: R1SH,
T o2- 056~ T 50-
51Co, 13Fe,  [92-112 _1912 70-10 [ "o | 6z-10 | T | 20-31 |159-246|TDK ELECTRONICS CORPORATION | JAPAN |REC-22,24B,25,26,30
8Cu, 1 Mn,
- 2- 0 48 -
27 Sm 83-96 ‘i:f’é 6580 ?0564 6 0-90[ °>- |17-23 (135-183( TOSHIBA CORPORATION JAPAN |TOSREX-18,22
- 6-
3 0-11 0 _018100 70-75 ?0560 75 060 |18-30 [143-240] UGIMAG-RECOMA Switzerland RECOMA 20,25
1o (110 | 67 |os4 290 | 232 | CENTRAL IRON & STEEL INSTIT CHINA |RE 130
Temperature
Compensated | EXAMPLES AIMANTS UGIMAG FRANCE |CORASTAB
SINTERED |46 co, 275m, 7Ho[q 0 60- 0 2a- US A |HICOREX-92,93
. - 55-60 2 6 - . .
NEER .27 0-75 | 90% 155 aa | 20 1 9-14 | 71-111|HiTACHI METALS LTD SAPAN  |HICOREX 105 135
('1o50)
66Co,208m,14Gd ., | 595 | 56 |o04s 14 111 |CENTRAL IRON & STEEL CHINA |RE 120 ("1-5")
99 {099 | 58 | o047 226 | 178 | CENTRAL IRON & STEEL CHINA | RE 140 (217
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TABLE 4-2:COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY PRODUCER) Page 1 of 8
SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
MANUFA
g CTURER MANGANESE - IRON- RARE-EARTH (ANISOTROPIC)
COBALT
ALNICO 5 ALNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM- CHROMIUM- |\ \isotroPIC) RCo, (Cu)
ALNICO 5DG ALNICO 8HC ALNICO SHC CERAMIC 7 CARBON COBALT RCoy (Ca)
COMPANY COUNTRY ALNICO 8HE R_Coy, (Cu)
2017
ALNICO 5COL ALNICO 8HE CERAMIC 8 (ANISOTROPIC) | (ANISOTROPIC) R,Co,. (Cu)
(5-7) ALNICO 9 TEMP COMP
ALNICO 600
ALNICO 700 ALNICO 1500 SPINALOR 3B CORAMAG
AIMANTS ALNICO 2000
FRANCE ALNICO 600
1 H
UGI'MAG UGIMAX SPINALOR 4F
ALNICO 600
ALNICO 1500 CORASTAB
A
SUPER UGIMAX [ ©n o "o e SPINALOR 4H
M5
ALLEN-BRADLEY
FERRITE USA
DIVISION M7
M8
ALNICO 5 ALNICO 8B ALNICO 8B ARNOX 5
ARNOL D ALNICO 8H
ENGINEERING USsA ALNICO 5cc ALNICO 8H ARNOX 7 ARNOKROME-!
ALNICO 8HE
ARKOMAX 800 ALNICO 9 ARNOX 8
IR
CRUCORE
K ALNICO 5 ALNICO 8 FERRIMAG 5 10,12,15,18,20
COLT INDUSTRIES,
CRUCIBLE USaA (UNDER- (UNDER -
MAGNETICS ALNICO 5DG FERRIMAG 7 |npyp] OPEMENTIDEVELOPEMENT)
ALNICO 5-7 FERRIMAG 8 (DEVELOPING)
ALNICO 35 ALNICO 8 DURAMAX-5
DURA
MAGNETICS USaA
INC
ALNICO 5-7

*#* Central Iron and Steel Res Instit (China) Listed 1n back
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TABLE 4-2:COMMERCIAL HIGH-GRADE PERMANENT MAGNETS B8Y PRODUCER) Page 2 of 8

SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
MANUFACTURER MANGANESE - IRON- RARE-EARTH | (ANISOTROPIC)
COBALT
ALNICO 5 ALNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM- CHROMIUM- | 2 by Reo, (cal
ALNICO 5DG ALNICO 8HC ALNICO 8HC | CERaMiC 7 CARBON COBALT RCoj (Cu)
COMPANY COUNTRY ALNICO 8HE R,Co|q (Cu)
2
ALNICO 5COL ALNICO 8HE CERAMIC 8 (ANISOTROPIC) [ (ANISOTROPIC) R,Co (Cu)
(5-7) ALNICO 9 TEMP COMP
-
w
16, 18
ELECTRON
ENERGY USsaA
CORPORA TION
(DEVELOPING)
ALCOMAX HYCOMAX It
I, 1
FIRTH
VICKERS ENGLAND
FOUNDRY LTD
HICOREX
ALNICO 5 ALNICO 8A ALNICO 8A CERAMIC 5 90A,B 96A,B
HITACHI ALNICO 8B HICOREX
MAGNETICS USs A ALNICO 5DG ALNICO 8B CERBMIC 7 994,B,C
CORP ALNICO 8C
ALNICO 5-7 CERAMIC 8 HICOREX
ALNICO 9 92,03
Hicorex18A,B,C
YCM-1B YcM-8¢C YBM-1BB P18,22A,B25,26A
HITACHI YCM-8E
METALS JAPAN YCM-1D YBM-2BC KHT HICOREX
LTD 23,25,27
HICOREX
HIMAG YCM-9B YBM-2B 105, 138
INCOR
ALNICO 5 ALNICO 8H ALNICO 8H 16,18,21
INDIANA
GENERAL Us A ] .
DA
DIV EM&M ALNICO 5DG ALNICO INDALLOY
ALNICO 8HE
ALNICO 5-7 ALNICO 9 ALNICO SHE
L
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TABLE 4-2: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY PRODUCER) Page 3 of 8

SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
MANUFACTURER MANGANESE- IRON- RARE-EARTH | (ANISOTROPIC)
COBALT
ALNICO 5 ALNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM- CHROMIUM- | |, o opic) Reo, (C0
ALNICO 5DG ALNICO 8HC ALNICO 8HC CERAMIC 7 CARBON COBALT RCo, (Cu)
COMPANY COUNTRY ALNICO 8HE R,Co,q (Cu)
ANIS P 2
ALNICO 5COL ALNICO 8HE CERAMIC 8 (ANISOTROPIC) [ (ANISOTROFIC) R,Co,, (Cw)
5-7) ALNICO 9 TEMP COMP
- |
ALCOMAX
1, 1l
JAMES NEILL
(NAPIER ST )  |[ENGLAND
LTD
MODIFIED
HYCOMAX
KOERZIT KOERMAX
KOERZIT 500 KOERZIT 450 | xorRrzIT 450 300, 360 130,160
WEST KOERZIT 1800
KRUPP WIDIA GERMANY | KOERZIT 600 KOERZIT 1800 | KOERZIT 330K
KOERZIT 700 KOERZIT 380
ALNICO 500 ALNICO 40/12 OX 380 SECO 120, 140
SECO 50/60p
MAGNETFABRIK WEST
BONN GMEBH GERMANY ALNICO 580 0X 330
ALNICO 700 OX 400
MATSUSHITA
ELECTRIC
INDUSTRIAL JAPAN Ma-Al-C
co , LTD
MK-8B -
MITSUBISHI MK-5 MP-5L, 5H, 7L, MRC 1,2,3
pisieies 7H, 9L, 9H
MAGNETICS JAPAN x:::?s)gc KM-5
co , LTD
MK-100CG MK-N9
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TABLE 4-2: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY PRODUCER) Page 4 of 8

SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
R
MANUFACTURE MANGANESE- IRON- RARE-EARTH | (ANISOTROPIC)
COBALT
ALNICO 5 ALNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM- CHROMIUM- |\ R OPIC) Ree, (C0
ALNICO 5DG ALNICO 8HC ALNICO 8HC | CERAMIC 7 CARBON COBALT RCo, (Cu)
COMPANY COUNTRY ALNICO 8HE R,Coy (Cu)
2017
ALNICO 5COL ALNICO 8HE | CERAMIC 8 (ANISOTROPIC) | (ANISOTROPIC) R,Co,, (Ca)
(5-7) ALNICO 9 TEMP COMP
__ __
NAMIKI
i S m
. 20,23, 26, 30
LTD
TICONAL 500 TICONAL 550 FXD-360 REM 50 RES 160
REM 60
TICONAL 550, 600 FXD-270
PHILIPS
(ELCOMA DIV) [Netherlands
TICONAL 900 FXD-370
POLYCORE
PM-60
POLYMAG INC USs A
SUPERMAGLOY
MAG 8
MAGLOY 1 LOY 8B FERROBA | SU;E?;AGLOY S1,s2
PREFORMATIONS MAGLOY 8H
LTD ENGLAND MAGLOY 10 FERROBA 2 CROFECO 1
MAGLOY 100 FERROBA 3
RAECO
16,19,21
RAYTHEON Usa
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TABLE 4-2: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY PRODUCER) Page 5 of 8

SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
NU
MANUFACTULRER MANGANESE- IRON- RARE-EARTH | (ANISOTROPIC)
COBALT
A - -
ALNICO 5 LNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM CHROMIUM- | e pic) Rco, (Co
ALNICO 5DG ALNICO 8HC ALNICO 8HC | CERaMIC 7 CARBON COBALT RCo, (Cu)
COMPANY COUNTRY ALNICO 8HE R,Coy- (Cu)
2717
ALNICO 5COL ALNICO 8HE CERAMIC 8 (ANISOTROPIC) [ (ANISOTROPIC) R,Co,, (Cu)
5-7) ALNICO 9 TEMP COMP
RECOMA
RECOMA 10 18,22,20
RECOMA INC Us A RECOMA
26
SEREM R9HA,R10H
R10A,R12,R14
SHINETSU
CHEMICAL IND JAPAN SEREM R16, R18A,
CORP LTD R18H, R22,R28
STACKPOLE 5
STACKPOLE INC Us A STACKPOLE 7
STACKPOLE 8
CORMAX- 1300,
NKS-500 NKS-550H NKSP-450H FXD-380(4) 1800,2300
SUMITOMD
SPECIAL MTTALS | JAPAN NKS-600 SR 3201 CKS.- 500
co, LTD
NKS-750 NKS-1000 SSR - 36011
SUWA SAM-D
SEIKOSHA JAPAN
co ., 11D
SAM-DH

—— e
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TABLE 4-2: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY PRODUCER) Page 6 of 8

SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
,
MANUFACTURER MANGANESE - IRON- RARE-EARTH | (ANISOTROPIC)
COBALT
ALNICO 5 ALNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM- CHROMIUM- | i R OPIC) RCo, (C
A
ALNICO 5DG ALNICO 8HC ALNICO 8HC CERAMIC 7 CARBON COBALT RCoj (Cu)
COMPANY COUNTRY ALNICO 8HE R, Coyq (Cua)
A PI €17
ALNICO 5COL ALNICO 8HE | CERAMIC 8 (ANISOTROPIC) | {ANISOTROPIC) R,Co, (Cw
(5-7) ALNICO 9 TEMP COMP
s _
REC
FB4A, 4C 14,16,18,20
TDK ELECTRONICS
JAPAN REC
CORPORATION FB4H 22,24B,26,30
FB4B, 4X
ALNICO 5 ALNICO 8C RE-Co
THOMAS &
s};?NNER USsaA ALNICO 8HC
e ALNICO 5DG (DEVELOPING)
ALNICO 8HE
ALNICO 5COL] ALNICO 9
OERSTIT 450k OXIT 380R SECOLIT
THYSSEN GE‘ngiI;\IY
EpELSTAHLWERKE OERSTIT 450kk | OXIT 310
OXIT 410
LANTHANET
TMK-1B TMK-5 Q-6 LANTHANET 1L.M-16,19,22
LM-10 219,
TOHOKU TMK-5B K-1
METALS JAPAN TMK-1BG SR-1 K-2
INDUSTRIES LTD TMK-5A
TMK-1FG TM<-5D SR-2
TOSREX-11
TOSHIBA
CORPORA TION JAPAN TOSREX-18, 22
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TABLE 4-2: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY PRODUCER) Page 7 of 8

SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
MANUFACTURER MANGANESE- [RON- RARE-EARTH | (ANISOTROPIC)
COBALT
ALNICO 5 ALNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM- CHROMIUM- | |\ TROPIC) RCo, (Cu)
CARBON COBALT
ALNICO 5DG ALNICO 8HC ALNICO 8HC | CERAMIC 7 RCo, (Cu) ——
COMPANY COUNTRY ALNICO 8HE ANISOTROPIC) | (ANISOTROPIC) ,Coy7 (Ca
ALNICO 5COL ALNICO 8HE | CERAMIC 8 { "W R,Cop, (Cu)
(5-7) ALNICO 9 TEMP COMP
S h 5 e ——
VACOMAX
CROVAX- 140,145,170,200
23/200 VACOMAX 65K
VACUUMSCHMTLZE WEST 15/400
GMBH GERMANY 10/380
SAMARIUM-
COBALT
VARIAN
TWT DIVISION usa
o RECOMA 14
RECOMA 1
UGIMAG Switzerland EC
RECOMA izer RECOMA
20,25
WARABI WM-7 WK-200
SPECIAL WK-400
STEEL JAPAN WM-7D WK-480 -
co, LTD
WESTERN CHROMINDUR
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TABLE 4-2: COMMERCIAL HIGH-GRADE PERMANENT MAGNETS (BY PRODUCER) Page 8 of 8

SINTERED SINTERED POLYMER SINTERED
CAST ALNICO ALNICO FERRITE BONDED RE-COBALT
UFACTURE
MANUFAC R MANGANESE - IRON- RARE-EARTH | (ANISOTROPIC)
COBALT
5 A - -
ALNICO LNICO 8 ALNICO 8 CERAMIC 5 ALUMINUM CHROMIUM- | i ROPIC) RCo, (0
ALNICO 5DG ALNICO 8HC ALNICO 8HC CERAMIC 7 CARBON COBALT RCo, (Cu)
COMPANY COUNTRY ALNICO 8HE R, Coyq (Cu)
2
ALNICO 5COL ALNICO 8HE | CERAMIC 8 (ANISOTROPIC) | (ANISOTROPIC) R,Co, . (Cu)
5-7) ALNICO 9 TEMP. COMP.
Central Iron and RE 100, 110
Steel Reaearch Instit CHINA
RE 130

Peking University

RE 120 ("1-5")
RE 140 (**2-17")




TABLE 4-3;: ADDRESSES OF MAGNET MANUFACTURERS
INCLUDED IN THE NASA/DOE SURVEY (p.1l of 3 pages)

Address of Plant or Address of U.S, Sales Representative
Principal Business Office for Foreign Manufacturers

Aimants Ugimag S. A RECOMA, I(nc.

34, rue de Mironmesnil 2 Stewart Place

75008 Paris Fairfield, NJ 07006

FRANCE

Magnetics Div., Allen Bradley Co.
1201 S. Second Street
Milwaukee, Wisconsin 53204

Arnold Engineering Co.
P.0O. Box G
Marengo, Illinoits 60152

RECOMA, Inc.
2 Stewart Place
Fairfield, New Jersey 07006

Central Iron & Steel Research I[nstitute LDJ Electronics, Inc
Peking (Betjing) P.O. Box 219
CHINA, People's Republic of 1280 E. Big Beaver Rd.

Troy, Michigan 48099

Colt Industries, Colt Inc.
Magnetics Division

RFD #2

Elizabethtown, KY 42701

Dura Magnetic, Inc.
Pyle Drive
Sylvania, Ohio 43560

Electron Energy Corp.
329 Main St.
Landisville, PA 17538

Firth Vickers Foundry Ltd.
Garter St., P.O. Box 160
Sheffield S4 7QY
ENGLAND, U.K.

Hitachi1 Magnetics Corp.
Edmore
Michigan 48829

Hitach: Metals, Ltd. Hitachi Magnetics Corp.
1-2, 2-chome, Marunouch: Edmore
Chiyoda-ku, Tokyo, JAPAN Michigan 48829

Indiana General

Div. of EMM Corp.

405 Elm Street
Valparaiso, Indiana 46383

Industria Ossidi Sinterizzati, S.R. L.
21023 Malgesso (Varese), ITALY



TABLE 4-3 (p.2 of 3 pages)

Address of Plant or Address of U.S, Sales Representative
Principal Business Office for Foreign Manufacturers
Fried Krupp GmbH Krupp International, Inc
KRUPP WIDIA 550 Mamaroneck Avenue
Munchener Str. 90 Harrison, NY 10528

Postfach 102161
4300 Essen |
WEST GERMANY

Magnetic Products

James Neill (Naprer Street) Ltd.
Napier Street, Sheffield S11 8 HB
ENGLAND, U.K.

Magnetfabrik Bonn GmbH Electro-Physik Inc.
Postfach 2005 5700 Thurston Ave., Suite 224
Dorotheenstrasse 215 Virginia Beach, VA 23455

D-5300 Bonn 1, WEST GERMANY (BRD)

Matsushita Electric Industrial Co,., Ltd.
Kadoma, Osaka 571, JAPAN

Mitsubishi Steel Magnetics Co., Ltd. Mitsubishy Steel Mfg. Co., Ltd.
9-31 Shinonome l-chome, Koto-ku 227 Park Avenue

Tokyo, JAPAN New York, N,Y. 10017

Namiki Precision Jewel Co., Ltd. Namiki Precision Jewel Co., Ltd.
22-8, 3-chome, Shinden 15 Essex Road

Adachi-ku, Tokyo, JAPAN Paramus, New Jersey 07652

N.V. Philips Gloe\lampenfabrieken
Electric Components and Matertials Div,
Eindhoven, THE NETHERLANDS

POLYMAG, Inc.
Horseblock and Yapank-Patchogue Roads
Yaphank, NY 11980

Preformations, Ltd.
Cheney Manor, Swindon
Wiltshire SN2 2PX ENGLAND, U, K.

Raytheon Corporation
190 Willow Street
Waltham, Massachusetts 02154

Shin-Etsu Chemical Co., Ltd
2-Chome, Ohtemach1
Chiyoda, Tokyo

JAPAN

The Stackpole Corporation
Magnet Division
700 Elk Avenue
Kane, Pennsylvania 16735

Sumitomo Special Metals Co., Ltd.
22 Kitahama, 5-Chome, Higashi-ku
Osaka, JAPAN



TABLE 4-3 (p.3 of 3 pages)

Address of Plant or Address of U.S, Sales Representative
Principal Business Office for Foreign Manufacturers

Suwa Seikosha Co., Litd.
3-3-5 Owa, Suwa-Shi
Nagano-Ken 392, JAPAN

TDK Electronic Corp. TDK Corporation of America
13-1, 1l-chome 2041 Rosecrans Ave., Suite 365
Nihonbash, chou-ku El Segundo, Califorma 90245
Tokyo 103

JAPAN

Thomas & Skinner, [nc.
1120 East 23rd Street
Indtanapolis, IN 46205

Thyssen Edelstahlwerke
Magnetfabrik Dortmund
Ostkirchenstrasse 177
4600 Dortmund

WEST GERMANY (BRD)

Tohoku Metal Ind., Ltd.
13-10, 7-chome, Ginza
Chuo-ku

Tokyo, JAPAN

Toshiba Corporation

Metal Products Division

26-5 Toranomon 1- Chome
Minato-Ku, Tokyo 105, JAPAN

UGIMAG-RECOMA AG RECOMA, Inc.
Hardstrasse 5 2 Stewart Place

5600 Lenzberg Fairfield, New Jersey 07006
SWITZERLAND

Varian, TWT Div.
611 Hansen Way
Palo Alto, California 94303

Vacuumschmelze GmbH

Postfach 2253 c/o Siemens Corp.

D-6450 Hanau 186 Wood Avenue South
WEST GERMANY (BRD) Iselin, NJ 08830

Vacuumschmelze

Warab: Special Steel Co., Ltd.
1-16-1, Chuo, Warabi-sh
Saitoma, JAPAN

Western Electric Co. , lne.
Send inquiries to

Bell Laboratortes

Murray Hill, NJ 07974
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TABLE 4-4.
(Property values at 25°C except as noted.)

COMMERCIAL HIGH-COERCIVITY CAST ALNICOS - SUMMARY OF PROPERTY DA TA

MMPA DESIGNATION (USA). ALNICO 8 ALNICO 8 HE ALNICO 8 H(HC) ALNICO 9
MAGNETIC PROPERTIES MMPA COMMERCIAL MMPA COMMERCIAL MMPA COMMERCIAL MMPA COMMERCIAL
MIN RANGE MIN RANGE MIN RANGE MIN RANGE

Restdual Induction B, kG 8 2 8 0-83 92-94 72 72-78 10 5 1 05-1 15
Coercive Force BH. kQe 1 65 16-17 1 5-16 19 19-20 15 156 -16
Intrinsic Coercive Force MH, kOe 1 65-1 76 20-23 2 05-22 15 -17
Knee Field (Bg =0 9 B,) Hy kOe 05-06 05-06 07-08 12-13
Static Energy Product (BH)yax MGOe 53 50-55 58-62 50 50-58 90 8 5-10 5
Intrinsic Energy Product (B \H)max MGOe 6 5-72 70-75 6 6-78 10 2 -12 3
Recoil Energy Product (BH), MGOe 16-21 . 23-25 26-3
Recoll Permeability By G/Oe 2-3 ~ 2 ~ 2 13-15
Toinl\{i?;:::elfdif::;ent J:—;ingr % per °C About - 0 015 (0-100°C, for By only Temp variation of By depends strongly on By/Hy'")
Carie Temperature T, °c ~850°C
PHYSICAL PROPERTIES
Mass Density d ~173 g/cm3
Thermal Expansion 100xAL -6 o

— - ?
Coeffictent (0-100°C) dle AT (10 - 12) x 10" "% per °C (no direction specified, average?)
Specific Heat Cp ~0 11 cal/g °C /& 460 J/kg.°C = 0 11 BTU/lb °F
Thermal Conductivity K

Electrical Resistivity (50 - 62) x 10'6 Q cm

MECHANICAL PROPERTIES (Real fracture strength 1s determined by cracks Magnets should not carry load )

Tensile Strength
Compressive Strength e
Flexural Strength
Modulus of Elasticity
Poisson's Ratio
Rockwell Hardness

a9

T O

C 56 =58

5 - 30 kgf/mm?Z = 50 - 300 MPa = (7 - 43) x 10> pst




TABLE 4-5; COMMERCIAL HIGH-GRADE SINTERED P.M. FERRITES - SUMMARY OF PROPERTY DATA
(Property Values at 259C except as noted.)

MMPA DESIGNATION (USA) CERAMIC 5 CERAMIC 6 CERAMIC 7 CERAMIC 8 NEW "SUPERGRADES"(Examples)
TDK BOSCH
FB4X HC400
MAGNETIC PROPERTIES MMPA COMMERCIAL | MMPA  COMMERCIAL | MMPA COMMERCIAL | MMPA COMMERCIAL In limited commercial
MIN RANGE MIN RANGE MIN RANGE MIN RANGE production
Residual Induction By kG 38 38-42 32 32-37 34 34-38 3 85 385-41 41-43 375
Coercive Force pH, kOe 2 4 20-25 2 82 28-33 325 325-36 295 295-3 4 28-31 ~36
Intrinsic Coercive Force MHe kOe 202-26 33 31-36 40 40-44 3 05 30-3 55 28-32 48
Knee Field (B4=0 9 Br) Hy kOe 19-24 25.31 37-42 28-34 27-31
Static Energy Product (BH)max MGOe 34 33-.42 2 45 25-32 275 275-35 35 34-41 40-42 ~35
Intrinsic Energy Product (BiH)max MGOe 80-85 90-107 1 -13 93-115 10-11 ~16 3
N Recoil Energy Product (BH)y MGOe 15-18 20-23 25-28 24-29
| Recofl Permeability [T G/Oe 11-12 11-12 105-11 105-11 105-11
o Revera Temp Coefficient 100x Br o, . _ o o
o of Residual Induction J=__'B,.xAT % per °C 0 18 to -0 20 reported (average value 0 to 100°C, or at 25”C, but often not 1dentified)
Curie Temperature Tc °c ~450°C (440 - 460° reported Upper limit for strontium ferrite )
PHYSICAL PROPERTIES
Mass Density d g/em? 48-51 46-49 47-49 48-49 49-50
Thermal Expansion wol00sar 1076w M 14 14 15 15 15
Coefficient (0-100°C) "Lx AT J|per °cJ LM 95 90 10 10 10
Specific Heat Cp 016-02cal/g °C = 670 - 840 Jkg °C = 0 16 - 0 2 BTU/1b °F
Thermal Conductivity K 0 005-00lcal/cm s °C =2 1-42W/m °C=1 2 -2 4 BTU/ft hr °F
Electrical Resistivity 2x105 - 1x108 Q em {semiconductors resistivity reduced upon heating)
MECHANICAL PROPERTIES (Real fracture strength depends on cracks that are always present Magnets should not carry load )
Tensile Strength ()_" 2-6 kgt'/mxn2 = 20-60MPa = (29-8 T)x 103 pst
Compressive Strength (8 40 « 150 kgt’/mm2 &= 400 - 1500 MPa = (58 - 220) x 103 pst
Flexural Strength Gy 5 - 9 kgf/mm? = 50-90 Ml:’a3 =(7T2-13)x1 3 pst
Modulus of Elasticity E (14 - 20) x 103kgf/mm2 = (140- 200)x10° M Pa = (20 - 30) x 10 psi
Poisson's Ratio P ~0 28
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TABLE 4-6:

COMMERCIAL HIGH-GRADE RARE EARTH-TRANSITION METAL MAGNETS -
SUMMARY OF PROPERTY DATA (Property values at 25°9C except as noted.)

SINTERED SINTERED SINTERED Sm3(Co, Fe, Cu, TM) SINTERED SINTERED EPOXY-BONDED
MAGNETIC PROPERTIES L 17
Sm-Cog (Sm, Pr)Cos Low-H, High-H_ (MM gSm ,)Cogq (Ce g5Sm ) (Co, TM), Sm;y(Co, Fe, Cu, Zr}),

Residual Induction B, kG 78-98 92-105 92-112 92-108 70-85 80-86 78-89
Coercive Force sHe kOe 75-95 85-102 60-638 70-100 6-78 44-54 63-70
Intrinsic Coercive Force MH, kQOe 12 - »25 210 62-70 10 - 12 7-10 48-60 10 - 12
KneeField(BdﬂJ 9 B,) Hy kOe 5 -20 7-9 52-54 75-9 6-75 4-5
Static Energy Product (BH) .y, 35 MGOe 16 - 23 20 - 27 22 - 31 20 - 27 12 - 16 14 - 17 13 -17
Intrinsic Energy Product (BH) . MGOe 40 - >120 50 - 80 45 - 50 60 - 90 40 - 60 30 - 40
Recoil Energy Product (BH), MGOe 14 - 220 ~ ~
Recoil Permeability Hr G/OCe 10-105| 10-105 10-105 105-11 101
Revers Temp Coefficient|f 100sBr g pop0c |0 045100 04 -0 05 -0 03 -0 06 -0 09 -0 06
of Residual Induction Bpr AT (-20 to +80°C)
Curie Temperature Tc °c 700 - 750 | 700 - 750 800 - 850 ~520 ~850
PHYSICAL PROPERTIES
Mass Density a  g/em? 81-83|80-81 83-85 80-81 83 70-72
Thermal Expansion _100xAL 10'6%} M 60 61 8o 4
Coefficient (0 - 100°C) Lx AT per °C} AM 13 0 12 5 11 0 12
Specific Heat Cp cal/g °C 0 09 - 0 08 009
Thermal Conductivity K 10°3cal/em s °C 25 - 30 26 - 29 28 25
Electrical Resistivity ‘D 1006 Q em 48 - 53 —_ 86 65 003-01 cm
MECHANICAL PROPERTIES (Real fracture strength determined by presence of cracks Magnets should not carry load )
Tensile Strength G kgf/mm? 35-41 36 ~35
Compressive Strength Ge kgl’/mrnZ 25 -105 50 - 82 ~130
Flexural Strength Gt kgf/mm? 7-18 12 - 15 12 - 16 8 -12
Modulus of Elasticity E 10°kgf/mm 16 - 18 12 -15 ~18
Poisson's Ratio P -
Hardness Rockwell C Re - C50 - 55 -- 52

Vickers Hy - 450 - 520 500 - 600 550 80 - 120




5. Examples of Graphic Design Information

We shall now consider some selected examples of graphic data
presentation. In the author’s opinion, these show very useful ways of
summarlzing generally needed design 1information for a given type of
permanent magnet material. The emphasis here 1s on the mode of
presentation. While the graphs do also convey useful design data, no
attempt was made to be comprehensive either with regard to PM material
types or their manufacturers. Specific commercial products are chosen
merely as examples, not because they are unique or their use 1s recommended
over other, similar products.

First we shall consider a graphic method that 1s convenient for
orienting oneself about the salient room-temperature properties avallable
in a given family of PM materials. Fig. 4-1 demonstrates a nice way of
summarizing a given manufacturer’s offering of PM ferrites. The example 1s
taken from the TDK Corporation’s commercial application literature. In a
plot of remanence versus intrinsic coercive force, typical properties of
specific ferrite grades and their nominal production tolerances are
indicated as rectangles. Primary grade designations are 1in the company’s
code, which 1s not familiar to most U.S. users. Approximate equivalents to
the grades standardized by the U.S. Magnet Materials Producers” Association
(MMPA) are written 1into the rectangles. These correspondences are
suggested by TDK. The author has also put circles 1nto the figure that
represent the MMPA minimum values for these older standard grades.

This graph 1llustrates fairly well the range of ferrite properties now
being offered by an 1increasing number of manufacturers. Note that modern
ceramic magnets often significantly exceed the minimum values of the
traditional standards, particularly with regard to the remanence. This 1s
due to the introduction of improved wet-pressing procedures 1n recent years
which produce improved particle alignment.

Next we take a look at commercial offerings of rare earth-cobalt
magnets. Fi1g. 4-2 again shows a graph as published by TDK, with dots put
in by the author representing MMPA standard grades. Fig. 4-3 1s an
equivalent graph, composed by the author, summarizing the REPM production
program of the Hitachi Magnetics Corp. Both summaries correspond to the
status of 1981. Several other major magnet producers 1in different
countries offer a substantially equivalent set of magnet grades.

In these graphs, the remanence values are plotted versus the induction
coercive force (or "normal" Hc). This 1s done as a matter of convenience,
since the intrinsic coercive force covers a very wide range that cannot be
easi1ly plotted. For some REPM types mHc 18 very high, and 1t also varies
more 1in production than gH.. Since yH. and Hy are very important
quantities for the design of certain motors and other devices, these graphs
present only a part of the information needed for making even basis

decisions on material selection.
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Note also that these graphs and company grade designations do not
specify the chemical and metallurgical nature of the magnets. For
ferrites, the variation 1n this respect 1s not so great. In the REPHK
family of magnets, however - as was previously discussed - a large variety
of compositions and heat-treating methods 1s possible. This leads to
strong variations in magnetic and some other physical properties, which are
already represented 1in today’s commercial production, and the variety keeps
growing. The Figures 4-2 and 3 1nclude 1-5 and 2-17 magnets, nucleation
and pinning controlled types, compositions with Pr, Ce and mischmetal
substitutions for Sm, and even magnets with heavy—-RE substitutions for
temperature compensation. (The two companies chosen as exarples do not yet
manufacture bonded REPY¥ types, but other vendors who do might include such
matrix magnets in the same graph.) Note that this kind of summary by
itself does not allow this important distinction to be made.

In the following figures we show examples of how property summaries
for specific subtypes of magnets can be presented that do give the designer
more 1nformation on the magnetic behavior while still being simple and
fairly general. While we do 1dentify some specific products that were
tested, the information given 1in the composite graphs 1is characteristic of
generic magnet types that are now available from different vendors. (See
Tables 4-1 and 4-2.)

We begin with 1mportant rare-earth magnet types. Figures 4-4 and 5
show the results of tests on sintered SmCor magnets obtained from several
commercial sources. (See references 10 and 14, Chapter II1I.) The
intrinsic room-temperature demagnetization curves fall within the broad
shaded band. Note that the B vs. H curves alone do not reveal this
production variation; they are practically all identical. The temperature
variation of the second-quadrant, major-loop shape 1n a hypothetical
extreme motor operating range, -60 to +200°C, 1s shown for one of the
magnets tested, namely that with the lowest mHc- The temperature
dependence of 1ts salient numerical quantities, B,., gH. and (BH)_ .., 1s
derived from these curves and plotted separately. The description of long-
term "stability" 1s represented by curves that show the relative change of
the open~caircuit flux as a function of exposure time 1n air at 150°C.
These curves show the aging from a prestabilized state achieved by briefly
heating the magnets to 150° (for 15 minutes). The permeance values B/H =1
and 0.25 correspond to operation near the (BH) ., —point and fairly close to
the intrinsic coercive force point. Note that the aging losses vary with
the permeance, and that aging curves (or temperature cycling curves) for Br
(at H=0) that are often reported are not a good description of the actual
behaviour of the magnet. Magnets are always used at a lower operating
peint 1n the device or machine. For propulsion motor design, the recoil
behavior of the magnet 1s of i1mportance. Fig. 4-5 shows sets of reco1l
curves for another good sintered SmCog magnet, measured at 259C and
elevated temperatures to 200°C. Three B vs. H plots show lines for recoil
from several points 1in the second quadrant. They almost coincide with the
major loop, even at 200°C. This behavior 1is typical of well-made, square-
loop REPM and ceramic ferrites. (But certainly not of the other, lower-H
materials.) When the demagnetizing field exceeds the knee field,
significant flux losses occur during field cycling even for SmCos. The

second-quadrant (B-H) plot shows recoil curves describing this situation at
25% and 200°cC.
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The next figure, 4-6, 1s a similar set of curves for a "2-17" REPM of
the relatively low-H. variety. Most of the measurements were made on TDK’s
grade REC-30. This 1s a material of the approximate composition
Sm(Co,Fe,Cu,Zr)7'3 that has been sintered and optimally heat treated.
Several other companies are now offering similar products that have similar
magnetic properties. However, 1t should be noted that the addition of Mn
or Cr, and the partial substitution of Sm by other RE (particularly Ce or a
heavy RE) wi1ll result in a significantly different temperature variation of
the magnetic properties. We want to emphasize again that 1t 1s 1mportant
for the critical user to demand that the magnet manufacturer identify the
magnet type by composition and provide very specific test data of the kind
shown here by example.

The remaining figures in this chapter show similar magnetic property
summaries, particularly temperature variation and stability information
where available, for other new magnet types. Fig. 4-7 1s for Mn-Al-C. More
details, including recoil curves, can be found in Chapter V and in an
earlier report 1ssued under this contract, Ref. 5-1. 1In Fig. 4-8, similar
information 1s shown for one kind of Fe-Cr-Co alloy magnet that 1s now 1in
commercial production at several companies. We have not been able to find
aging data but 1t can be assumed that the behavior 1s similar to Alnico 5.

While this collection of data sheets 1s quite incomplete and the
selection somewhat arbitrary, it may make the intended point that the motor
designer needs much more information than a set of numbers describing
static magnet operation at room temperature. Magnet manufacturers and
their contract laboratories are increasingly aware of this need and are
generating data of the kind shown above. It 1s hoped that this discussion
w1ll help to increase the awareness of both, user and producer, and
stimulate efforts to evolve a somewhat standardized format for presenting
the design 1nformation in graphic form. Certainly, as new PM types are
developed, data on the dynamic magnetic behavior, temperature variation and
temporal stability of properties should be generated early on under
conditions meaningful for electric machine operation and should be
presented 1n ways most useful for the design engineer. The graphs shown
here may serve as useful examples.
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V. TESTING OF Mn-Al-C MAGNETS

A. Background Information:

An experimental characterization of the magnetic and some of the
mechanical properties of the new permanent magnet material, Mn-Al-C, was
called for as part of this contract. The principal purpose was to evaluate
its suitability for use 1in EHV propulsion motors. Since the General
Electric R&D Center group had designed a disk motor that would use this
magnet (Design GE-2, see Section I-B,1), we communicated with Drs. Kliman
and Thompson there about the data needed and planned the tests accordingly.
This task was completed in 1981 and a detailed separate report was
prepared (1). Some of the results have been published in a jourmal (2).
Therefore, only a short review is included here, highlighting the work plan
and the results.

In the last ten years the Matsushita Electric Industrial Co. in Japan
has developed to commercial maturity this permanent magnet material, which
is based on a manganese-aluminum intermetallic phase (3,4). In terms of
their room temperature magnetic properties, the best magnets of this kind
(as described in Matsushita publications) combine moderately high remanence
values (Br==6 kG), approaching those of Alnico 8 HC, with a coercive force
(Hc:=2.7 kOe) in the range of that of high-energy hard ferrites.

B. Material Available from Japan

The only commercial source for Mn—-Al-C magnets at the present time 1s
the Matsushita Company. Magnets produced in Japan are now available in the
USA from the Panasonic Company, Inc. In earlier laboratory pilot
production, Matsushita produced a variety of rods of circular cross
section, ranging from about 4 mm to 31 mm diameter. Some of these sizes
are now going 1into a larger-scale commercial production (including 4 mm,
6.5 mm and 31 mm rods). Engineering samples of sufficient quantity for the
evaluation in motors were not available in the U.S. until 1981, but we were
given samples from several sizes of bar stock for this evaluation program
by Mr. Y. Sakamoto of the Matsushita Research Center at Osaka, Japan. The
commercial version of the magnet grade we tested is now called Type-B.

C. Magnetic Data Requirements and Plan of Studies

1. For the contemplated use of Mn-Al-C magnets in the rotors of traction
motors, it would be desirable to have a high air-gap flux density of
about 6 kG. However, if the magnet is placed directly at the gap, as
in the GE axial-field, "advanced motor" design, Beap is only about 3
to 4 kG if the material is used close to 1ts maximum volumetric
efficiency. The high motor currents possible during vehicle climb or
in a stall/start condition, and the self-demagnetizing fields due to
the air gaps, require that the magnet have a high resistance to
demagnetization. The coercive force of Mn-Al-C, ~ 2700 Oe at room
temperature, is relatively favorable in this respect compared to the
values for Alnico grades (600-1900 Oe).



The flux direction 1n the magnet 1s not always or in every volume
element parallel to the easy axis of magnetization (the extrusion axis
in Mn-Al-C). Attempts to take this fact quantitatively 1into account
in the design of machines require a detailed knowledge of the
magnetization characteristics of the permanent magnet, not only for
the easy-axis magnetization direction for which they are usually
published by the manufacturer, but for three mutually perpendicular
directions. We undertook 1t to describe the magnetic anisotropy by
measuring major hysteresis loops for the extrusion axis, the radial
and the circumferential ("transverse'") directions of the 31 mm
extruded bar. This was done at several temperatures, and at room
temperature for two locations on the bar cross section.

The vehicle traction motor was designed to operate at windaing
temperatures of about 150°C. Peak temperatures of 180°C to 200°C
might be tolerable from the point of view of electrical insulation and
structural integrity. Although the magnets will generally be cooler,
they certainly could get as hot as about 150°C unless special
provisions are made for cooling them. Because of 1ts low Curie
temperature, Mn-Al-C shows fairly severe flux losses on heatuing.
While the generally reported temperature coefficient of B_(H=0) 1s
moderate (-0.12% per °C, average between 0 and 100°C), the intrinsic
coercive force and hysteresis loop shape deteriorate much more rapidly
on heating than does the zero-field remanence. As a consequence, the
temperature coefficient of the useful flux demsity, By at a realistic
operating point of perhaps Bd/Hd = -2.3 to -2.5, 1s golng to be much
less favorable. Also, the losses above~l100°C wi1ll rise at an
increasing rate. The severe loss of M. on heating means a poor
resistance to demagnetization under the combined influence of motor
overheating and large currents during a prolonged steep climb, an
operating condition that must be expected on occasion. The designer,
who must protect the magnet against demagnetization under worst-case
conditions, thus needs detailed information about the temperature
dependence of the hysteresis curves and recoil loops. While low
temperatures do not pose a threat to the stability of Mn-Al-C magnets,
their characteristics down to the lowest expected environmental
temperatures should also be known. With these requirements 1n mind,
we measured demagnetization curves B vs. H and (B-H) vs. H over the
range from -50°C to +150°C.

The variable effective air gap during motor operation, current surges
occuring for any reason, or partial disassembly of the motor cause the
magnet material to "recoil" and work on a minor hysteresis loop 1in the
second quadrant of (B-H) vs. H. We have measured recoi1l loop fields
(full recoi1l to H=0) at several different temperatures 1n order to
allow designers to accurately assess the effects of such operating
point changes.

For some samples (at room temperature only) an extended minor-loop
field was plotted with the recoil lines continuing through the first
quadrant to the full original forward magnetizing field. These curves
will be useful 1in determining how to initially charge the magnets 1n
the fully or partially assembled motor, or how to remagnetize them
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after accidental demagnetization, or 1n simllar operations. Minor
loop fields were plotted only for the extrusion axis, 1.e., the normal
magnetization direction.

D. Experimental Procedure and Results of Magnetic Tests

1. Measuring Method:

Intrinsic hysteresis loops and demagnetization curves were measured 1n
a closed circuit, using the quasi-steady field of an 1ron-core
electromagnet. The peak field was ~24 kOe. The instrument was an
integrating hystgeresigraph which utilizes inductive B and H sensing
and electronic (B-H) signal formation. (B-H) vs. H loops were traced
and B,H curves constructed from them.

2. Uniformity of Properties in 31 mm Extruded Bar:

Two 6.35 mm cylinders were cored out, by electric discharge machining,
from the edge and the center of a 6 mm thick disk. Full hysteresis
loops were plotted for each of the two samples at room temperature.
They are shown in Figure 5-1. The remanence near the edge of the disk
1s slightly better than at the center, while the i1ntrinsic coercive
force 1s the same. The higher Br 1s thought to be due to better
crystal orientation. It 1s likely that the greater shear stresses
near the die wall during the extrusion process favor the formation of
the desired crystal texture. This can be correlated to the results of
another set of measurements on cylindrical samples of different
extrusion diameter. (See Table 5-1.) The smaller the extrusion
diameter, the higher are remanence and energy product. It seems that
the material in the smaller bars 1s subjected to a higher average
shear stress during extrusion and therefore better oriented.

8 J
Edge (XG] (T]
o8

Figure 5-1: Non-Uniformity of Properties in the 31 mm Extruded Rod.

TABLE 5-1: ROOM-TEMPERATURE PROPERTIES AS A FUNCTION OF EXTRUSION DIAMETER

Rop DIAMETER || B, | mic | g | @M,
(mm] (k6] | kol | tkoel | MGOel
6.5 59 | 263 24 | 6.0
2 585 | 3.0 2.5 | 5.4
31 54 | 315 255 | 50
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Easy and Hard Axis Magnetization Curves at Several Temperatures

Using an 8.2 mm cube cut near the edge of another 31 mm disk,
measurements were performed at -50°C, 0°C, 50°C, 100°C and 150°9C. For
these measurements, a special temperature-compensated fixture provides
a controlled temperature environment for sample, coils, and
electromagnet pole piece extensions.

Major hysteresis loops were plotted for the easy axis and the two
hardest axes of magnetization at all temperatures. An example of
typical intrinsic loops 1s shown 1in Figure 5-2. (The radial and
transverse hard-axis loops are almost 1dentical and represented by a
single trace.)

R L
B, U
- (kG] | {T] H // Extrusion
e SN slos Axis (L)
— N\
Vad N2 T L) Z
. HiAxis
v 4104
- (R,T
3tmm -8 -6 -4 40 2 (47 & s[kOe]
Di —r ey
f [kA/m)

Figure 5-2: Easy Axis & Hard Axis Curves At 259C.

A composite of easy and hard axis intrinsic demagnetization loops with
temperature as the parameter 1s shown in Figure 5-3. All of the major
intrinsic and normal easy-axis demagnetization curves at the various
temperatures were replotted on a single chart to reflect the magnetac
property variations with temperature. One can see from Figure 5-4

that B, retains a respectable value of ~4.7 kG ( ~ 0.47T) at +150°C,
but FHC drops drastically from ~ 2.8 kOe (~ 223 kA/m) at +25°C to ~1.5

kOe (~120 kA/m) at +150°cC. B J
[kG] [T]
{ 8 j08
Easy AXIS 7107
(Extrusion Axis)
T 6 106

] N
150 C
m§§ /
bkﬁmoa
: =N
AN

7 l ol

0 Jo
R
[(kA/m} 300 200 100 0

Figure 5-3: Easy and Hard Axis Curves at Selected Temperatures.
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4. Dynamic Operation of the Magnet.

Recoil loop fields were measured at all the temperatures. Faigure 5-5
1s an example for room temperature. In order to be able to describe
numerically the recoil loops, we used the quantity f‘r’ a recoil

permeability that we defined as the slope of the line connecting the
two tips of the minor loop for complete recoil from the optimum magnet
operating point at B/H = -2.5 G/0Oe (B//AOH = -2.5).
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Figure 5-5: Second Quadrant Recoil Loops at 25°C

Summary of Temperature Variation of Magnetic Properties

The best way to summarize all of the numerical data 1s to plot the
principal magnetic property values as a function of temperature. This
was done 1n Figure 5-6. From such a graph, one can calculate
temperature coefficients for the various properties at various
temperatures or temperature spans following methods described 1in
detail 1in many published articles (5).
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5 05 1400 [ 400
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Figure 5-6: Magnetic Properties vs Temperature.
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E. Mechanical Tests

1. Machining Experience

During the machining of test samples it became obvious that the
extruded Mn-Al-C (Ni) alloy 1s not really ductile at room temperature.
While 1t can certainly be machined with carbide tools according to
Matsushita’s instruction, the workpiece chipped severely during
dri1lling on the exit side. In spark-erosion machining (EDM), too, a
prece broke off the corner of one cube. The latter fracture may have
started at a flaw that was present 1in the 31 mm disc from the
extrusion process. The fracture surfaces look like those of ceramics
and are indicative of brittle fracture.

2. Bending Test for Flexural Strength

Room-temperature bending tests were performed on two specimens cut
from a 31 mm daisc. However, only the ultimate strength was
determined. The samples were too small to instrument them for elastic
modulus and Poisson”s ratio measurements, as was originally intended.

The flexural tests were performed on prismatic bar specimens of
3 x3 x ~26 mm (013 x 0.13 x ~1 1n) size, with the load applied
parallel and perpendicular to the magnetization // extrusion direction.
The long direction of the bar was essentially along a diameter of the
31 mm disc, 1.e., a magnetically hard axis. The samples were
magnetized. Four-point flexure testing was used 1n preference to a
uniaxlial tension test.

From the machining experience described above we had reasons to
suspect that the material 1s indeed relatively brattle. The fracture
mode of the flexure test bars confirmed this. The broken surfaces
look 1like those of the machining fractures, and there 1s no evidence
of plastic deformation before failure of the bars.

TABLE 5-2: RESULTS OF THE FLEXURE TESTS:

Specimen Dimensions Load Ultimate Strength
Type b{mm] d{mm] (kgf] [(MPa] [kgf/mm?] [kps1]
FlIM 323 3 24 27 3 150 8 ! 14 3 21 9
FLM 3 34 3.21 3.0 171 0 !L ls 8 24 8
3. Compressive Strength Test:

A cube cut from the 31 mm diameter stock was subjected to a
compressive strength test. An Instron Universal Tester with self-
alignment fixture and load pacer was used in this compressive strength
test. The sample was loaded i1n the compression fixture with the force
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parallel to the extrusion direction // magnetic easy axis // thickness
of the cylindrical disc. A stress-strain curve was recorded.
(See Ref. 1) Numerical values for Young”s modulus of elasticity and
for ultimate strength were derived from the curve. T-type strain
gauges were bonded on the side of the cube thus measuring strain 1in
both the longitudinal and transverse directions for given static
loads. A transverse strain vs. longitudinal strain curve was plotted
from which Poisson”s Ratio was calculated.

TABLE 5~3: RESULTS OF COMPRESSIVE STRENGTH TEST ON CUBE M-1647

DIMENSIONS b=8 11l mm=0 3193 1n
d=8 0l mm=20 3153 n

COMPRESSION FAILURE LOAD = 8550 kgf = 18, 800 lbs
ULTIMATE COMPRESSIVE STRENGTH = 1290 MPa = 131 kgf/mm° = 186 7 kpst
YOUNG'S MODULUS, E = 180,000 MPa = 18,300 kgf/mmZ = 26,000 kps:

POISSON'S RATIO, J =0.25

F. Conclusion and Summary of Results.

An experimental characterization of selected magnetic and some

mechanical properties of the new permanent magnet material, Mn-Al-C, was
undertaken. The samples were provided by the only commercial producer, the
Japanese Matsushita Electric Industrial Co., Ltd. Pieces of extruded rods
of three different diameters (6.5 mm, 24 mm and 31 mm) were tested.

The magnetic results may be highlighted as follows.

(1)

Matsushita reported conservative numbers for the magnetic properties.
We measured slightly higher values for remanence, coercivity and
energy product. This 1s unusual. We normally find the claims of
vendors exaggerated and measure lower properties than reported by the
producers.

5-7



(2)

(3)

(4)

(5)

(6)

The B, and (BH)_ . for the 31 mm rod are poorer than those of the 24
mm or 6.5 mm rod stock. It appears that the smaller the diameter of
the extruded bar, the better 1s the grain orientation achieved, and
therefore the remanence, loop squareness and energy product are
better. The remanence and energy values for the 24 mm rod stock lie
between those of the 6.5 mm rod and those of the 31 mm rod, but closer
to the latter.

There 1s a radial gradient of the properties, at least in the 31 mm
rod. B, and (BH) 4 near the rim are about 7% and 18% higher than the
respectlve quantities at the center of the rod. This seems again to
be due to better crystal orientation. It 1s likely that the greater
shear stresses near the die wall during the extrusion process favor
the formation of the desired crystal texture there. Not enough of the
24 mm material was available to make a similar homogeneity check.

The hardest axes of magnetization perpendicular to the extrusion
direction - 1in the radial and transverse directions - are practically
i1dentical 1n their magnetic properties.

As a consequence of the low Curie temperature of Mn-Al-C (TC = 275 -
300°C), all of the magnetic properties are strongly temperature
dependent. They deteriorate very rapidly as the samples are heatea to
~150°C. Although B, only drops from 5.76 kG at 25°C to 4.78 kG at
150°C, the quantities mH. and (BH)_,, fall off much faster. the
intrinsic coercive force goes from 2.85 kOe down to 1.46 kOe, and the
energy product from 5.2 MGOe to only 2.7 MGOe when the temperature
rises from 25°C to 150°C.

Detailed information was obtained on the recoil behavior of Mn-Al-C at
various temperatures between -50° and +150°C. The second-quadrant
reco1l loop fields reported should be a valuable a1d 1n the proper
design of motors. It was found that the intrinsic recoil loops of
Mn-Al-C have an unusual sickle shape. This finding 1s strictly of
basic-science 1interest.

The mechanical tests showed the following results.

(1)

The extruded Mn-Al-C (N1) alloy 1s not really ductile at room
temperature. While 1t can be machined with carbide tools according to
Matsushita’s 1instructions, the workpiece easily chips and one has to
be very careful. In spark erosion machining (EDM), too, a piece broke
off. The latter fracture may have started at a flaw that was present
in the 31 mm disc from the extrusion process. The fracture surfaces
look like those of ceramics and are indicative of braittle fracture.

From the machining experience described above we concluded that the
material 1s indeed relatively brittle. The fracture mode of flexure
test bars confirmed this. The broken surfaces again look like those
of the machining fractures, and there 1s no evidence of plastic
deformation before failure of the bars.
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(2) The ultimate strength measure during the flexure tests was 150.8 1Pa
when the force was parallel to the direction of magnetization, and
171.0 MPa when perpendicular.

(3) In a compression test of a cubic sample, the ultimate compressive
strength was 1290 MPa. Young’s modulus 1s 180,000 ¥Pa and Poisson’s
ratio 1s 0.25.

In conclusion, 1t must be said that the Mn-Al-C does not look very
attractive for use 1in automotive propulsion motors because of the severe
loss of coercivity on heating above 100°C. At least, the engineers will
have to carefully design for the worst-case current load at the highest
magnet temperature expected in use. The limited sizes and shapes in which
the material 1s presently available are also a disadvantage. lowever,
there 1s no question that Mn-Al-C has the potential of replacing Alnico 5
1n many other applications where the magnet stays essentially at room
temperature and/or the operating point 1s essentially fixed.
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V1. FEASIBLE IIAGUET DEVELOPLENTS

A. Objective, Chapter Organization

The stated purpose of Task VI was tc identify potential new perr.anent
magnets or suggest possible inprovements te existing permanent magnets. To
be corsidered vere materials which show 2 hignh potential for use in
propulsion motors for electric or hybrid venicles (EHV).

This chapter 1s an attempt to &assess relevant finauings under the other
tasks of this program. The objectives were to define feasible development
possibilities in the permanent magnet field, to determine the nature and
extent of modifications that might be made to magnets to effect useful
inprovements, and the i1mpact such improved magnets could have orn propulsion
nctors.

An analysis was performed that included presently available ana
proposec new permanent-riagnet materials. We triea to determine which of
them show a potential for substantial improvement 1in notor performance, or
which could reduce certain exilsting limitations imposed on motor design by
the permanent magnet material. This resulted in specific recommendations
for development work on new permsanent magnets or for improvements on
existing magnet types. The recommendations take into account not only
technological ana presumed economic feasibility, but also the
investigator’s knowledge of current development work sponsored by industry
or U.S. Government agencies. Unnecessary duplicatior of effort should be
avoided and any parallel efforts should be coordinated.

This report on Task VI 1s organized in the following manner: First we
reviev the present state of development - 1in laboratory and commercial
proauction - of those magnet materials that are defiuitely or potentially
suitable for motor use. Next, permanent ragnet developments waich are
judged feasible znd promise to have substantial impact on the technology of
EI'V propulsion motors are summarized. Current efforts to achieve such a
development as far as they are known to the investigator are considered in
this section. Finally, some specific materials development and
nanufacturing technology projects are suggested which - in the author’s
opinion - would have particular payoff for EHV propulsion, and which ao not
seer to be pursued with adequate effort and funds anywvhere in the USA. The
criterion for "adequate effort" 1s whether 1t could make a promising
material commercially available in a 2 to 5-year time frame.

B. State-of-the-Art Summary for the Different High-Grade liagnet laterials
Considered for Possible Use in EHV Propulsion Motors

1. COIZIERCIALLY AVAILABLE NAGIET lIATERIALS

Ve shall first consider the coumercrally available materi1al types
which were 1ncluded 1n the data collection effort under Task II. These are
the magnet types which NASA motor contractors have used in their designs,
and others which have sufficiently attractive properties so that they could
be considered for propulsion motor use, possibly after some improvements
have peen made. Subsequently we shall discuss experimental new materials
that are now in the early stages of lezboratory development. Finally, we
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chall speculate oa possivilities to develop ccupletely new magnets which
coula have an impact on propulsion mectors 1in the long run., perhaps after e
period of 5-10 years of development weork. The selection here 1s vased on a
combination of phnysical properties, anc or. eccnomic factors as far as they
can be assessed at the present time.

{a) ALUICO AGLLTS.

Sipnificance for EHV: IASA/DOE prograr contractors have used or
considered using 1n their desigrs only the higher coercive force grades,
/1lnico &, 8 IIC and 8 HL, and the meximun energy version, &Aloico 9. Alnico
5-7 1s a more econonical and conmon Alnico variety, however, 1t 1s nuch
iess well suited for the electric propulsion motors pecause of i1ts low
coercive force.

State of Development. The invention of the precitrsors of tocay’s
Alnico alleys in toe early 19307s was followeu by a Z0-year perioa of
innovation and steady improvements. A plateau witn regard to the useful
magretic properties vas reached in the RLD laboratories acout 20 years ajo.
The last gains were made by 1ncreasing coercivity to necrly 2000 Oe and
developing parallel grain orientation in these high-i.. alloys. Tne
resulting commercial grades -~ Alnico ¢ and ¢ - were 1ntroducec 1nto
comriercial production by a limited number of manufacturers in the 19607s.
Tne manufacturing tecnnology for all Almico grades 1s now very well
developed. Iovever, the production methoas for Alnico €. znu even riore so
those for Alnico 9 which 1involve sophisticatd measures to promote
directional solidification from the nelt, are quite elpensive.

Future Prospects. In the perioc from 1950 through the m1d-1970"s tne
Alnicos 1n peneral were by far the most i1mportant commercial perwanent
magnets, In the last decade, however, the hardmagnetic ferrites replaced
teen in this role, first in Europe and nore recently also in the USA and in
Japau. )

The highest-coercivity/high~energy Alnico graaes most useful for
propulsion motors contain 35-405 by weigint of cobalt. The high Cc content
makes Alnico magnets in general, and these € and 9 grades 1n particular,
economically highly vulunerable to cobalt supply difficulties and the
resulting strong cobalt price fluctuations. During the recent cobalt
crisis tnat peaked in the years 1978 through 1980, neny former lar_e-
gquantity users of Alnico switched to ferrites wherever tre lower [lux
censity and poor high and low temperature perforiiance of the latter are
scceptable. (As they are, e.g., 1n loudspeakers.) In soie other
applications, where highest performance and compact device design are more
important than magnet cost, the switch was to rare earth-cobalt magnets.
The copbalt crisis also accelerated the commercial introcuction o the
Fe-Cr~Co family of magnets. Fe-Cr—Co magnets have properties so simllar to
Alnico 5 that cthey can be directly substituted 1n existlng circult ceslgns.
(See below). It may be reasonably expected that this mew nagnet type will
slowly replace at least the medium Alnico grades 1n most applications where
ierrites cannot be used.

The epplicapility of Alnico (and Fe-Cr-Co) magnets to EIV propulsion

notors 1s limitec by their lov to moderate coercive-force values. (<1 kOe
for Alnico 3,<2 kOe for Alnico 8.) While 1t 1s theorelically still not
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well uncerstood why tre coercivit; shoulc be so limited, tne absence o1 eny
substantial improvenent of 1, during the last 20 years - 1n spite of soue
continulitg research eilrorts — suggests that further gains are unlikely,.

liorl to be done 1n general. There are interestin, research problers
st1ll to be resolved. Towever, no feasible developuient project 1s foreseern
that would promise significant property gains or cost reductions.

Recommendations for HASA effort: Keither a materials nor a
manufacturing wmethod developuwent effort can be recoumended. L.otor
cesigners shoula not expect nev Alnico varieties with higher energy or
coercivity to beccme available. On tae contrary, Alnico ¢ production hes
veen sbandoned by several manufacturers as econcmically unjustifiable. One
rust generally expect that Alnico production will continue to cecline 1in
tre coming years.

{b) IROK-CERONIU..~COBALT LAGI'ETS

Significance for LHV: Different merbers of the relatively new
Fe-Cr-Co-based family of magnets now offer properties equal to tnose of
flinico 5 and the lower Alnico grades. Fe-Cr—-Co alloys may eventuclly allow
duplication 1n cormercial production of Alnico O magnets as well. Toe
required cobzlt content 1s only 35 to 50 percent of that of the
mwagnetically equivalent Alnicos. As long as most of the cobalt metal usec
in the USA has to be importea frowm South-Central Africs anc¢ the supply anc
price situation remains precarious, this wust be considered a very
important economic advantage ot Fe-Cr—Co over Alnico. Another potential
advantage of Fe-Cr~Co, that coula lead to lower device production costs,
lies 1n the f{act that these alloys can be cold-formed and machined to some
degree 1n an intermediate state of heal treatment. By contrast, the
finisain, of cast Alnico 1s strictly limited to grinding, or else to slow
anc¢ costly techniques such as spari. erosion.

State of Development: The best Fe-Cr-Co grades now commercially
offered are comparable with Alnico 5 with regard to their magnetic
properties. The properties of cast Alnico 5~7 and of sintered Alnico &
have veen nearly equalled 1n laboratory samples, but the best coercive
force 1s still lower than that of Alnico &, namely, only about 1.4 LOe.
The Fe-Cr-Co producticn technology is similar to tnat of Alnico, but zat tre
present time of early commerciralization, processing appears to be still
more expeusive than that of equivalent Alnico grades, thus recuciunl the raw
material price advantage. The neea for rapid cooling after the
solutionizing heat treatment has so far limited the maximum stock sizes to
10 mm diameter, a definite drawback for EEV wmotor use.

Futurc prospects. The presently advertisec best renanent values of
about 12 kG cre still significantly short of the theoretical limit ot about
14 kG, As with the Alnicos, 1t 1s difficult to say where the ultimate
upper liuit for the 1ntrinsic coercive force may lie, but 1t 1s reasonable
to hope for a significant 1increase over the highest value of about 1.4 kOe

reached so far. Maximum energy products of 7 to 8 hGOe 1n small-piece
production in the next few years are a reasonable expectation.

Lork to be done 1n general: The alternative process of deformation
aginy, presently under active development by Bell Lab scientists (1),
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coula lead to a cheaper manufacturing process (2). Tuis iine of development
should certainly be pursued. Different erforts to improve the
metallurgical grain alignuent and thereifore B. anc (En)nah’ and to
cultivate higher coercive force, are 1n progress 1n several i1ndustrial
laporatcries arounc the worla. They are likely co braing significant
progress in uncerstanding the process parameters whicn control properties,
and they will undouttealy resulie 1a rmprovec cna cheaper comnerciail
Fe~-Cr-Co magnets 1in tle next fev years.

leconimendations for NASA: It does not appear necessary for UNASA/TOE
(or any cther U.S. Govermnnent agency) to support L&D work on Fe-Cr-Co
magnets at this time. Several of the major U.S. magnet-produclng firms are
now gqulte actively developing a domestic manufacturin, technology,
primarily 1in competition with some Japanese manufacturers who took the lead
several years ago. Their rotivation 1s, of course, the threat thet
Fe-Cr-Co wi1ll 1increasingly replace the higher quality Alnicc grades, and
that the Alnico production and sales will continue to decline. As a direct
replacenent 1n existin, device or machine procduction lines, Fe-Cr-Co 1s
lilely to capture a significant portion of the present Alnico market.

(c) HAFGALESE~-ALULMIITUII-CARBON MAGLETS

Significance for ELV: This material has room temperature
magnetization curves which made 1t appear quite attractive for use 1in
propulsion motors. It combines a remanence comparable to that of Alnico &
with an intrinsic coercive force that 1s up to 50 percent higher than that
of Alnico & hC. The very low Curie temperature, about 300°C, and the high
negative temperature coefficient of coercivity that 1s a consequence of the
low T,, are severe disadvantages of this alloy 1in the propulsion motor

application.

The material has the very important economic advantage of containing
no cobalt at all. The principal alloying constituents, lin and Al, are very
abundant and use low-cost raw materials. It rust be noteda, though, that
practically all the manganese and aluminum (or i1ts parent mineral, bauxite)
used 1n the United States are presently imported. The electrolytic
reduction processes used in producing the two metals are very energy
intensive, making the formerly quite 1nexpensive materials sensitive to
upward price pressure as energy costs 1increase. This will partly offset
the advantage of cheap and plentiful ores. The finished magnet material
lin=A1-C (~N1), like the Fe-Cr-Co, 1s workable to a limited extent witn
conventional hard-faced cutting tools. This offers a potential
manufacturing cost advantage over Alnico 1in electric motor production.

State of Development: At the present time the material 1is
commercially available from only one source, the llatsushita Corporation of
Japan. (Traded under the brand name ALHAX by Panasonic in the USA.) The
anisotropic magnets - those which looked promising for propulsion motors -
are produced by a sequence of steps that include an extrusion of bars at
moderately high temperatures. The need for this extrusion with a large
reduction ratio, which produces an orientation of the metallurgical grains
along the extrusion axis, severely limits the available shapes and sizes.
The rods - generally cylindrical in cross section - are proauced with
diameters between about 6 and 30 mi1llimeters. Magnets of more complex
cross sections have to be machined from the cylindrical rods, and larger
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magnets nave to be conposites of swaller pieces. Tne cost per unit weight
or the extruded bar in 1ts final concuition 1s at present comparable to that
of Alnico 5, that 1s, tne use of cheap rav naterials has not yet resulted
in tne 1nitially expectea low cost per unit of enmergy. Since the extrusion
equiprient presents a very large investnent and the process seems innerently
expensive, 1t 16 quite possible that the prospect of a very inexpensive new
ragnet may not materialize.

The most severe shortcomin:, of this material, 1ts low Curie point,
1s unfortunately an 1inherent disadvantage associated witn the Iin-Al-phase
on whiich the magnets are based. The minor alloying additions made so far
for practical reasons -~ carbon to stabilize the desired metallurgical
phase, anc nickel to facilitate the extrusion - have only lowered Tc
further. There appears to be ro prospect for significantly increasing T_
above 300°C. Tnis magnet type relies basiczlly on one single, fairly
narrowly defined intermectallic phase of Iln and Al. }n-Al cannot give rise
to a whole family of widely variable compositions, as do Alnico, the
Fe-Cr-Co, and the rare-earth magnet alloys. There 1s very little potential
for modifying the chemical composition 1n a way that promises higher Tc‘
The development prospects in this important respect are, therefore, quite
limited.

Yiork to be done in general. The most important need 1s for a cheaper
magnet production process that 1s capable of developing a grain crientatior
equal to or better than that obtained in the warm extrusion. Alternative
nethods of plastic deformation may have a chance of success and should be
explored. Note, however, that in an earlier phase of aevelopment work on
hn-Al about 20 years ago (without C and li1 additions at the time), swaging
had been extensively tried. This had only moderate success anc was
abandoned as an unpromising method for commercial production. Powder
metallurgy (pulverizing, pressing, sintering) 1s another basically
different alternative. Illatsushita researchers have apparently tried 1it,
with some success, but discarded 1t as unecoromical for nass
production (3). Hovever, there may still be a chance for significant
improvement 1f deterwined attempts to develop a powder metallurgical
alternative were to be made. Of course, the proven warm extrusion method
itself snould be developea further.

Recommendations for NASA. Based partly on the detailed
characterization of Japanese lin-Al-C samples undertaken as part of the
present program (see report on Task V), and also on experiences with the
material in a prototype motor built at GE (4), 1t now appears that lln-Al-C
1s nuch less attractive for use in EHV propulsion motors tham was initially
assumed. The principal difficulty 1s with the strong loss of intrimsic
coercive force on heating near and above 100°C. In view of this and the
apparent absence of hope that the Curie point can be increased, we cannot
recommend that VASA/DOE 1invest 1n elther a material or a process
cdevelopment effort on Mn~Al-C at this time.

The material as 1t 1s now produced by Matsushita does have potential
applications in devices that operate essentially at room temperature.
Since 1pn these, at present, Alnico 5 1s used, the magnet industry 1n the
USA and 1in Europe 1s now fairly active in trying to duplicate the earlier
Japanese accomplishment, and perhaps to 1improve the ecomnomics of
manufacturing. The prospect here 1s for a completely cobalt-free
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replacenent for the most—used magnet material, so the economic stakes are
high. It 1s almost certain that the industry will, of 1itself, maxe &
suificient eifort to develop cheaper production processes. If tuls 1s
successful, a substantial production capacity will uvncoubtedly be developed
rather rapidly, without the need for government subsidies.

{d) HARD-14G. iTIC FERRITES

Significance for EHIV: The features that make the nexagonel Ba and Sr
oxlde ferrites the material of choice in a large and growiny nuuber of
ragnet applications are the very low material costs and the virtually
unlirited supply of raw raterials. Finished magnet prices depend very nuch
on the quantity in which a particular ferrite grade ana maguet Siupe 1s
procuced, and on the neeced sophlistication of the manufacturing process.
Isotropic or poorly orientec sinterea ferrites, and polymer-bonded wagnets
made by 1njection molding or sheet rolling (which induces a relatively
poor, mechanically induced orientation, are indeed very cheap rna,nets.
However, these lov graces are of no interest for propulsion motor use. For
tre Ei V motors, only the well oriented, high—coercive force sinctered grades
classifiec as Ceramic 5, 7 &ana &, or the very recently introduced
"superferrites'" witn even higher remanence anc energy procict values, cep
be considerea. For these, the processing costs are Z to 5 tines the rav
material costs. But the finished nagnets are still far less expensive tnan
any of the metallic permanent wagnets. In application aress where the
magnet constlitutes a major portion of tihe device cost anc where a large
device volume 1s not objectionable, ferrites are by far the riost economairc
cnoice. This fact has led to phenomenal growth 1n tneir production and use
during the last aecade.

However, the best remanence values of ferrites are only Letwveea 1/3

—-

zna 2/3 of the B of the metal nmagnets discussec here, .nu this restricts
their energy product to between 10 and 40 percernt ol tue lutter. Tais
means that (in static-f{lux devices) betweeu 2-1/2 .nd 10 tines the ragnet
volume has to Le used compared to, say, .n-Al-C on the ore ard sz(Co,Fe)l7
or. the other extrere of the range ol metal r.agnets. TFor propulsion notors,
cdditional considerations come 1nto play, as was discussea 1n Lhe previous
task summaries. A ferrite totor will aiveys nave & signiiicently lar_er
total size for the sar.e powver rating than & notor using in-f1-C ¢1 «nb
Alnico-6 magnet. A jreat uisadvantuage of Territes 1s again tue stron,
temperature dependernce of their properties. The Curie point 1s woderately
low, about Tc=450°C, ane as a consegueice, the 3. decreases fairly rapidly
on heating. (lizgh negative temperature coefficient.) ‘iore detrimental,
nowever, for propulsion motor use 1s the fact that the 1intrinsic coercive
force of all ferrites decreases quickly on coocling pelow room te.perature
(RT), Although the RT magnetization coercive force ("intrimsic" I ;oL a
Ligh-reranence ferrite rmay be petween HC = 2,500 ara 2,500 Ce, one hes to
vesign the rmotor for the significently lover value that prevails at tue
lovest expected use tern perature, say at -56°C. This, too, Lacresses tne
quantity of magnet material needed anc thus the overall motor volu-ie arc
velght, orften so significently that the feesibility of using ferrite
magnets in ERV motors 1s questionable. Sore designers have arguec that the
use ¢of a much rore expensive PL. material that combines nigh ener.y ceusity
with high E_. and good temperature behavior can sontetimes result 1u an
overall draive syster thet 1s cheaper to produce than one vsang 3 ferrite
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noter. Or at least 1t may have sufriciently nigner performance and lower
operating costs, so that tne somet.nat higher inmitiel system cost aue to the
edued expense of the better wagnets 1s justifiasle.

State of Development. It appears that tte large cmount of laboratory
work regortec belore about 1965 ned explorec wost of the corpositional
variatious possible with the hexasonal ferrites. Iy avout 1670, laboratory
T ethiods had been devised for obtaining neariy perfect grein orientation 1in
siatered ferrites, and the preparation parameters hcc been optimized for
cesiruble combinations of b, end i, for various application categeries.,
Curing the last decade, meny of these zavances have been 1ntroducecd 1nto
cormercial procuction practice. It appearc that by rov both, the science
of hare fecrrites anc industrial production techrolo,y, have ccnleved =
wature stcote.

Future Prospects. Ve may expect that connercial magnets approaching
tne rest laboratory properties of 5 to 10 years azo0 will becoune
increasingly available in mass production. This conuiercialization process
1s ferther along in Japenese anda European nagnet plants thben 1t 1s 1in this
country. Howvever, the U.S. ferrite industry 1s nov in a state or reneval,
vith sowe of the older plants bein;, closed and large new, highly zutomated
riess procduction facilities beins built elsewhere (5). The capability for
producing rather large single-piece magnets of several cubic inches volume
15 also being dcveloped. Ve can expect best commercial magnets which
coubine a 2, 4,600 Gauss with en ke 2,500 Ce or one end of the range of
room-teripcrature properties, and B, 4,100 G with I 3,560 Oe cn tre
other. At an adaitional sacrifice of remanence, sti1ll higher coercive
forces (in excess of 4,000 Oe) are now also possible in production.

Vork to pe dome in general® A recent publication indicatcs that the
poor temperature coefficient of remanence can be rmprocved by arsenic
substitution 1ir. barium ferrite (6). This 1s an areaz wvhere additional
laboratory research should be dore. Otherwise, the trend - and perhaps the
primary need - seems to be for changes in the manufacturing process zinec
at lowering the productior costs without unduly compromising magnetic
properties. One 1interestinyg project of recent years concerned the
preparation of siugle-piece sintered, arc-shaped magnets in which the
coercive force 1s made to vary along tne arc by means of controlled
composition variatioms (7). Such magnets are szid to give better
performance 1n stacrter motors. If zn EEV propulsion motor shoula be
desiyned using arc-shaped magnets facing the air gap, similar mzgnets witn
graduated properties might be beneficial. Either a gracdual compositior
variation, or a step-like change achievec by cementing together sectiomns of
different materials, could be considered for large motors.

FLecommendations for HASA: The only prospect for a signiiicant
irprovement of ferrite magnet properties of potential importance for ELV
notors 1s the above mentioned lowering of the temperature variatior by As
aaditions. It seems questionable, however, that the large-scale handling
of highly toxic arsenic compounds 1n the otherwise rather benign
environment of a large ferrite production plant woulc be acceptaple. If 1t
were dore, the added expernse of the environmental controls might well make
the modified ferrite quite expensive.

Ctherwise, all desirable material or process modifications now appear
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to be 1a the cransition fron labtoratory to production pilant. Tre wnagret
industry has awple econoriic incentive to set up fcr the production of tnc
test maguets at tne lowest possible prices. Luocouragement from government
agencles snould rot be needed. Especially, too, tihe use of fairly large
siutered ferrite magnets 1in electric nmotors other tnan propulsion motors 1s
rov becomwmin, so lmportant, and 1s growing so rapidly, that the neecec
prociction capacity shoulc be available 1f and wher electric venicles
should require such naszuets.

Gne worthwhile special avenue to explore would be the use of the
above-mentioned composite magnets. These could either combine two
different ferrite types, or a ferrite plus another, netallic, magnet
material. At this time, 1t would seemw tc be up to motur desigr experts to
explore whether such nagnets would be beneticial for vehicle propulsion
rmocors. If tre decision 1s affirmetive, the special manufacturin,
techi.ology for such composites would rave to be developed.

(e} PALE EARTH~COBALT [AGLLTS

Significance for EAV: These relatively new magnets (che first
prototype uvent into small-scale production only twelve years a2go) have
properties that make ther almost i1deally suited for use 1n electric wotors
end cererators (). They have very high erergy products (C to >30 1iCOe),
whicr permits their convenient use in the rotor of a machine ard, nore
generally, allows a very compact machine design. Their remanence values
(6 to >11 kOe) cover the same range as the Alnico, Fe-Cr-Co or lLin-Al
magnets, they are high enough that the ragnets can be located directly at
the eair cap. In addition, the rare-—eartn permanent magnets (REPL) have by
far the highest intrinsic coercive force values of any practical pernanent
rnagnet raterial, namely, 1lhe = 5 to 40 kOe. This means that wrost REP:.
(witn tlhe exception of a few hlgh—Br/relatlvely low-t, subtypes) are
essentially i1mpossible to demagnetize even under the most aaverse operating
congitions encountered 1n a motor. 1lio special desizn consideration needs
to pe given tc self-demagnetization during partial disassembly of the
machine or to demagnetization by armature reaction - both of which are
serious proeclems with Alnico and Fe-Cr-Co. With rezard to temperature
effects, there are no problems encountered 1in cooling below room
temperature - 1in contrast to tne ferrites. The upper limit for long-term
stable operation lies betveen about 125°C and at least 300°C for the
different varieties of REPL.. Vith Curile temperatures between 500 and
900°C, the reversible temperature coefficient and the 1rreversible flux
loss on heating to the top use temperature are generally quite small. (li1thn
the notable exception of one type of 2-17 magnet and some CeCo5—baseu
variants, vhich should be avoided for the motors.)

On the negative side, the great uvrittleness of the sinterea REPIL
causes handling problems in device manufacture, and their hardness
necessitates grincing or EDL: machining as the finishing operations, as with
Alnico. Large, single pieces of sintered REPIl, and also the thipn arc
segments desirable 1n some designs, are difficult to produce. The magnets
contain a large proportion of cobalt metal (50 to 66 weight %) and this
makes them vulnerable tc the cobalt supply difficulties and price 1increases
of the kinc recently experienced, again a problem they share with the
Alnico magnets. However, the REPI take very much better advantage of the
cocbalt contained in the alloy than do either Alnico or Fe-Cr-Co, especially
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in dynanic applications such as in electrical nacninery, so that the total
cobalt metal needed for an REPl machine of comparable rating can Le less.
A significantly smaller magnet volume 1s needed when REPI! are used. This
results 1in savings of structural materials elsewhere in the motor, and the
manufacturing costs are lower, with these secondary savings often
offsetting the higher cost of the permanent ragnet itseltr.

Several of the NWASA/DOL rotor contractors have designed anc bu:ilt
successiul propulsion notors using sintered SmCos magnets. They apparently
consider the rare-earth magnets the 1deal PII to use and have corncluded that
the REP!I could be economical 1in this application - even at the present
rather high prices for SmCoc - 1f only certain practical problems of magnet
manufacture and handling can be overcome. Before a truly large-scale
production for electric automobiles pegins there shoula also be assurance
that the recent cobelt supply crisis 1s not likely to be repeated. This is
primarily a proolem of world politics and will 1n part depend on the Co
stock-piling activities of the U.S5. government.

State of Development. The "rare earth-cobalt" magnets (REPIi) are
potentially a very large family of permanent magnets, differentiated by
cheilrcal corposition, the basic mechanism of wagnetic hardening, and by the
production technology employed. The T'EPI{ offer a very wide range of
magnetic, mechanical and other physicel properties. This great variability
in properties, composition, alloy cost and raw material availebility has no
precedent 1rn any other family of permanent magnets. It far surpasses even
the possibilities of varying the alnicos and the ferrites. This 1s due to
several circumstances: There are fi1fteen rare-earth elements, many of
which can be used singly or in combination as the KE partner in the PEPL
alloys. Cobalt i1s not the only transition metal usable; one has learned to
partially substitute the cobalt by other magnetic elements, namely, 1iron,
manganese, chronium, or nickel. Copper and minor amounts of still other
transition metals are added for specific effects. The alloys can be made
either by melting together the elements or by a direct reduction method
fror. oxide powders. The magnets can be produced rrom the alloys by powder
metallurgy involving sintering, at least in principle also by casting, and
one can make matrix wagnets witn either polymer or netal Dinders. It 1is
possible to consciously employ either domain nucleation or dowain-wall
pinnilng by precipitates as the principal magnetic hardening mechanisn.
This relates to details of the alloy composition, determines the level of
coercive force obtainable, and it has important practical implications for
the ease of charging the magnets.

For several years {(and in the USA for all practical purposes until
now) sintered SmCor was the only REPH material conmercially producea 1n
significant quantity. fost present device or machine designs using REPL
are basea on 1t. Sinterea SrCog offers production values of the energy
product between 1€ and 22 NCOe, an extremely high coercive force (15 to 40
kOe), and it contains about 667 cobalt and 34% samarium by weight.

Three or four years ago, several Japanese companies introduced
sintered products that are based on the "2-17" intermetallic phase (of
actual composition in the range Sm(Co, Fe);.g). Energy procucts up to 33
MGOe were reported in the best laboratory samples, about 28 1.CCe, at a
coercive force of yH. = 5 - 7 kOe, seems to be consistently achievable 1in
production. These so-called "2-17 magnets" are better and more economical

6-9



for the propulsion motor application than SmCo: for several reasons.
However, their intrinsic coercive force was 1n1t1a?ly judged somewhat too
low for propulsion motors. Very recently, the TDK Corp. of Japan
introduced an advanced product of this kind which has about twice the
coercive force, 11-12 kOe, and an advertised energy product of 26 MGOe.
These properties make 1t appear as the i1deal magnet for motor use. In
fact, we can expect that alloys of this kind will replace the sintered
SmCos 1n nearly all i1ts present or potential device applications. However,
the needed simultaneous control of several critical process parameters, a
long-term heat-treating cycle, and the lack of competition have kept this
material, so far, relatively expensive. Its broad-based availability at
competitive prices 1n the USA wi1ill require a substantial investment 1in
domestic production facilities and 1s probably sti1ll 3 - 5 years 1n the
future.

The rare-earth element preferentially used in the REPM, samarium, 1s
in relatively limited supply, and 1t 1s therefore significantly more
expensive than the more abundant elements cerium, lanthanum, praseodymium,
neodymium and yttrium. Recognizing this, several industrial laboratories
have developed magnets which used little or no Sm, but instead Ce or even
Ce-rich mischmetal, or in which at least a significant portion of the Sm 1is
replaced by the elements La, Ce, Pr and Nd or Y. This has so far been done
mostly for the alloy type RECog, although similar substitutions are also
possible 1n the '"2-17" alloys. %elatlvely little development work has been
done on the latter. It appeared several years ago that the REPMs would
soon find large-scale applications 1in the conventional automobile. For
this large-quantity use 1t would have been absolutely essential to get away
from the dependence on samarium. However, the cobalt supply crisis and the
quintupling of the cobalt price 1n less than two years changea the economic
realities, at least temporarily. The automobile manufacturers abandoned or
postponed most of their plans for using REPMs, and for the limited
quantities presently used in non-automotive applictions, the Sm supply has
so far been adequate. Sm 1s the preferred rare earth because 1t takes
better advantage than the other RE of the expensive cobalt. Several magnet
producers who had advertised Ce- or mischmetal-based 1-5 magnets have
withdrawn them from commercial production. Such products that are still
available have not found a large market to date.

Matrix magnets based on SmC05 with various polymer binders have been
commerclally available for a number of years. In this type of magnet, one
dilutes the magnetic material with a non-magnetic binder. This degrades
the magnetic properties. But one gains some 1mportant advantages regarding
production costs, the ease of handling the magnets 1in assembly operations,
and a degree of machinability. Matrix magnets also offer an easy
possibility for producing large, or thin, or fairly complex shapes 1in a
single piece and without excessive machining or material waste, and the
production yield can be dramatically improved.

Such matrix magnets, 1f they use a fine-grainea SmCog powder as the
magnetic constituent, have room-temperature energy products of 5-12 MGOe.
Most of them still qualify as high energy magnets, superior to most other
magnet types except the sintered REPM. However, bonded SmCog magnets have
the severe disadvantage of aging rapidly when exposed to elevated
temperatures (9). Their manufacturers specify highest permissible use
temperatures between 60 and 100°C, but even at such relatively low
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temperatures, the loss of coercivity and remanence as a function of
exposure time is intolerably fast and severe. Recently announced epoxy-
bonded magnets using a "2-17" samarium alloy as the magnetic constituent
have considerably better 1initial room-temperature properties, with
(BH) .. = 12-18 MGOe covering the range of emergies that sintered MMCosg can
provide (10). They also exhibit much better long-term stability at
1009C (11). According to a representative of the manufacturer, the Suwa
Seikosha Company 1in Japan, the economic production for the best magnets 1s
at this time restricted to small pieces of less than 6 grams (12).

Future Prospects: There 1s still much room for further development of
the REPM. The above mentioned possibility of using different rare earths,
or mixtures thereof, allows one to tailor-make alloys to the requirements
of different applications (13). The addition of praseodymium and neodymium
can increase the energy product and remanence of Sm-Co magnets and broaden
the raw material base somewhat (14). Lanthanum, Cerium, the 1inexpensive
mixtures known as mischmetal (MM), (15), and to some extent yttrium, can be
used to lower the cost and broaden the availability of the raw materials
very significantly. The incorporation of the so-called heavy rare earths,
gadolinium, dysprosium, holmium and erbium, can be used to achieve internal
temperature compensation. (However, the heavy rare earths are indeed rare
and expensive) (16).

In the RCos subgroup of REPM, many of these substitution possibilities
have been explored successfully in the laboratory (17); some additional
magnet types have been developed to near production maturity, and a few are
in a small-scale production (18). This is true for Gd-substituted,
temperature compensated magnets which are desirable for microwave devices
(19). Cerium- or mischmetal-based RCor were contemplated for use in
certain automotive applications, but their low Curie point most likely
precludes their use in EHV propulsion motors. Furthermore, MMCo: will only
be economical as compared to the Smy(Co, Fe);7 alloys 1f cobalt remains
sufficiently cheap.

Sintered "2-17" Sm-alloy magnets will undoubtedly soon be commercially
produced by many REPM manufacturers. They should quickly replace SmCor 1n
most aplications. The use of 2-17 powders with organic and metallic
binders will give matrix magnets much more attractive properties, so they
should soon find rapidly increasing acceptance and use. These, too, can
substitute for sintered Sm005 in many of i1ts present applications. But
they should also be a very attractive replacement for Alnico 8 which they
resemble with regard to remanence while offering superior energy product
and much higher coercive force.

The manufacturing technology for sintered 2-17 magnets 1s fairly well
developed 1n Japamn, but U.S. companies will have to make an intense effort
in the next few years 1in this field. For polymer-bonded magnets,
production techniques using extrusion methods and injection molding appear
to be under development by several industrial firms (20). These will yield
relatively poor magnetic properties, due to poor particle orientation and
high binder content, but they will have the great advantage of low
production cost. Whether semi-isotropic magnets produced this way find a
true mass market will depend on the future development of the cobalt price
and on the degree to which Co can be replaced by 1ron and other magnetic
transition metals in the 2-17 alloys. Flexible magnets with a high content
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of a rubber-like binder have been developed in the laboratory. They, too,
could find a wide variety of applications - just as flexible ferrite
magnets did - provided cobalt prices are sufficiently low and the magnet
alloys become significantly cheaper. To reduce the alloy costs, through
savings 1n processing, the direct reduction process of making alloy powders
from oxides should be adapted to various types of the precipitation
hardened 2-17 magnet alloys. A Chinese laboratory has recently claimed
success in doing this (21). The Hitachi Magnetics Corp. has been making a
2-17 alloy powder in the USA by their R/D process for some time but not yet
sintered magnets; these are produced by Hitachi in Japan (22).

Work to be done 1in general: In the area of 2-17 magnet alloy
development, the partial or complete substitution of Sm by the more
plentiful rare-earth metals Ce, Pr and Nd - or possibly by the Ce + La-rich
mixture known as mischmetal - should be vigorously pursued. The maximum
practical limits for replacing Co by Fe, possibly 1in mixture with Mn or Cr,
should be explored. Magnets should be developed 1in which the total
transition metal-to-rare earth ratio 1s as high as possible, close to the
stoichiometric ratio 17:2 (8.5) or even higher. Again, the Japanese Suwa
Seikosha Company has pointed the way to an excellent solution (23).

The possibilities of 1internal temperature compensation by the
incorporation of heavy rare earths into 2-17 alloys should be developed for
electron tubes and other special applications. A recent Chinese
publication reported progress in this respect (24).

Bonded magnets using 2-17 alloys - first the Sm variety and later
others based on rare-earth blends - should be placed in commercial
production rapidly. They seem destined to have broad areas of utility.
Their main limitation and physical integrity problems, due to softening of
the matrix on heating, embrittlement and shrinkage on cooling, can be
alleviated by the use of a soft-metal binder (25). The manufacturing
technology for such magnets should also be developed, particularly with the
EHV motor applications 1in mind.

Recommendations for NASA: EHV motor designs evolved by NASA
contractors that now incorporate SmCor sintered magnets could all use the
newer, high coercive force 2-17 magnets instead, in a very similar way, but
with greater material ecomomy. The machines could become still slightly
more compact 1f the design is optimized. On the other hand, the best of
2-17 bonded ("matrix") magnets might be directly substituted for the SmCos.
This would result in slightly larger motors. But the corresponding small
increases 1n the cost of the magnet alloy, conductor and structural
materials could be more than offset by economies 1n magnet manufacture and
handling in the motor assembly operations. In the GE advanced disk-motor
designed for Mn-Al-C magnets, easy-to-manufacture bonded 2-17 REPM of
fairly high binder content could be used directly in the place of the
Mn-A1-C (or of the Alnico 8 used in the first experimental motor).

The polymer-bonded REPM, especially fine-powder magnets based on
SmCoS, have the above-mentioned severe temperature restrictions. If bonded
magnets are to be used in propulsion motors, the much more stable metal-
matrix magnets made with coarse—-grained 2-17 alloys would seem the correct
choice. Development work on a manufacturing technology for this latter
product is therefore recommended. Metal-matrix magnets were prepared in
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the leboratory several years ago. Aging tests have shown ther to be quite
steble up to 150°C (26). Hovever, before the application in EEV propulsion
r.ctore became a serious prospect, the nagnet industry haed no incentive o
develop a commercial product of the kind. This appears tc be cn arec where
UASAIDOL 1irvestment in the development of & ranufacturing technology woulc
seert higily beneficial and probally necessary to mave prototype magnets for
testing in the motors available socn.

1ore enerally, for all the newer types of 2-17 REPL. that have
potential utility for propulsion notors, there 1s as yet o definite lack of
many of the specific property wata which the mnotor design engineer
requires. Information on the dynamic recoil behavior over the range of use
tenperatures, nechanical strenyth, the electricel and tnerwal
corncductivities and their direction dependence, long-terr/elevated
tentperatuvre stability, etc., may also have to be gererated uuwcer goverawent
contracts. lieasurement programs shoula be uncertaken soon 1f the data 1is
to Le available 1p time for the motor developers to r ake 1ntellicent cesign
decisions, or to optimize their machiues before the start of production
runs.

2. EXPERIIENTAL NIEV PERMAIFELT LAGUET ATERIALS
(a) TZAVY PAPE EARTH-IFPOL COIIPOURDS

State of the Art. In the last seven or eight years, another zroup of
rare earth-transition netal intermetallic compounds, the RFe, family, has
veen intensely studied. Some of these compounds have been proposed as
potentially useful new perrenent magnets alloys (27). Among all rare
ecrtli—1ron cowpounds, these have the relatively highest Curie tenrperatures,
with a peak of about 520°C for Cd Fe,. RFe, corpounds exnist only with the
rare—earth elenents Ce, Sm, and the so-called hesavy rare earths, Gd throush
Lu (28). The crystal structure of all the RFey, compounds 1s cibic, not
lexagonal as that of the prototype permanent-umaguet conpouncs 2Cog and
[5Coq7. Surprisingly, however, they were founa to have a very high
nagneto-crystalline anisotropy, one of the basic nagnetic properties that
can qualify a substance as a potential permeanent nagnet naterial. Some of
the nezvy-rare-earth PFe, have indeed Dbeern discussed 1in scientific
publications in terms of their "perwanent magnet properties." A room temp.
erergy product of ~ 9 1iGOe has been reported for a film of TbFe, that was
first prepared in amorphous form by rapid sputtering (27) then crystallizec
by annecling 1n & magnetic field. These compounds have, however, a mu.mber
of disacdvantages that almost certainly disqualify them as practical
perr anent magnets. For one, they contain rather larze weight percentages
cf the relatively expensive and scarce heavy rare—earth metals. Tne
conpounds with recsonably high saturation, SmFe,, DyFe, and LrFe,y, nave
itarzinel Curie ter peratures of 300 - 400°C. The RFe, are ferri-magnetic,
wvith the Fe anc the RE magnetic nowents opposing each other and
subtracting, ratiher than adding. This nakes the use of the heavy rare
eartits doubly unccoronical. Anc terbium, of course, 1s one of the rarest
and most expensive of the PE metals (29). It would not be reasonable to
plan on using it 1n permanert wagnets for a mass-technology applicatior.
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The crystalline RFe, compounds possess an extremely high
magnetostriction. For that reason they have been under intemnse study, with
applications in sonic and ultrasonic transducers in mind (30).

(b) Microcrystalline Rare Earth-Iron Alloys

Very recently, a variety of 1ron-based alloys containing substantial
amounts of rare-earth elements, plus small additions of glass formers (B,
P, C, S1), have been prepared in amorphous form and investigated for useful
magnetic properties. It was found that several of the compositions studied
developed a high coercive force during a subsequent annealing heat
treatment that converts the alloys to a crystalline state with extremely
fine grains. The first such case was probably the above mentioned
sputtered TbFe, f1lm (27). Since then, rapid melt quenching techniques
have been successfully employed for preparing rare earth-iron alloys in the
amorphous state. Light rare earths (LRE) have been used instead of - or 1in
combination with - heavy rare earths (HRE) because they are more plentiful
and cheaper than the HRE, and their magnetic moments couple
ferromagnetically with those of the iron atoms. Investigators affiliated
with several research laboratories have suggested that such recrystallized
amorphous RE-Fe alloys could be useful permanent magnet materials.

N.C. Koon et al. (31) reported for a specific alloy, (Fe goB 1g).9
Tb.OSLa.OS’ that a coercive force of yH. = 8 kOe was achieved. This alloy
also has a moderately high room temperature saturation 1induction of about
8,000 G and thus theoretically a potential energy product of 16 MGOe.
But the Curie point 1s very low, only 230°C, which foreshadows an
intolerably severe temperature dependence of the PM properties. The
initially reported hysteresis loop 1s far from the desirable "square"
shape, although that can certainly be 1improved. However, even this alloy
st1l1l has a rather high content of the very scarce element, terbium, about
15 weight Z. The alloy composition 1s, 1n fact, not far removed from the
composition R,yFejy. It was long ago concluded (32) that the RyFeyy
intermetallic compounds 1n crystalline form were not suited as potential
permanent magnet materials because of their low Curie temperatures. The
addition of a glass—-forming element and the preparation 1n a semi-amorphous
state cannot be expected to change T, much and may even lower 1t further.

Melt-quenching and similar techniquest do, however, allow the
preparation - 1n a homogeneous amorphous state — of alloys which do not
ex1st as single—phase intermetallics in the crystalline state. When such
alloys are cautiously annealed, or when the 1nitial quenching rate 1s not
too high, they can exist i1n a mixed state of an amorphous phase plus one or
more crystal phases, and the latter may themselves be metastable. Any
structure sensitive property, such as magnetic coercivity or permeability,
may be very different i1in such a sample from what 1t would be 1n a fully
crystallized condition of metallurgical equilibrium.



This possibility has been exploited by J. J. Croat et al. (33,34).
They made metastable Ry_,Fe, alloys (containing some boron and si1licon)
with R = Pr and Nd 1in the composition range x = 0.4 to 0.7. No binary
crystalline compounds of Pr or Nd with Fe seem to exist in this portion of
the phase diagram which includes the 1:1 and 1:2 atomic ratuios.

On melt-spun ribbons of these, coercivities up to 8.5 kOe were
observed at RT, and at cryogenic temperatures (20 K) up to 60 kOe (!) were
measured. For the alloy Nd ,Fe g hysteresis loops were measured at 22°¢C
which are interpreted by some as promising good permanent magnet behavior.
A coercivity of 7.5 kOe, remanence of 40 emu/g, and saturation of ~55 emu/g
were reported. Assuming a density of about 8.5 g/cm3 (no value reported),
we can estimate the saturation induction as ~8,200 G, which corresponds to
a potential energy product of about 17 MGOe. Since samples made by this
technique seem to be i1nherently 1sotropic, this is not a realistic upper
limit. But even 1f only half that value could be achieved in practice, one
would i1indeed have a useful new magnet. However, the Curie point is again
only 500 K (227°C). This means that magnetization and coercive force will
drop rapidly with increasing temperature, which is very detrimental
behavior for propulsion motor magnets, and indeed for many other
applications. (It should be remembered that even the somewhat higher Curie
point of Mn-Al-C, 300°C, disqualified that material for the EHV motors.)

With these alloys, again, the use of Sm for the rare earth results 1in
the highest coercive force (35). An ,H. of 24 kOe was achieved with
Sm ,Fe ¢, but at a lower saturation, and the Curie point 1s still much too
low.

G. Hadjipanayis et al. (36) have recently indicated that they have
achieved yH. = 3-7 kOe on melt-quenched Fe(Tb,Pr), alloys. These alloys
have significantly higher Curie points, Ty = 440°C (like ferrite magnets).
But they have lower saturation, and they contain again the scarce and
expensive rare earth, terbium.

Very recent reports from the Sumitomo Special Metals Co. 1in Japan
indicate that a breakthrough in making Nd-Fe-based magnets may have been
achieved there (38). Magnets having 35 MGOe energy product were prepared
in the laboratory and a pilot production is said to start late 1n 1983.
Although no details are known as yet, the high (BH) .. suggests that this
magnet 1s crystalline, well-oriented and dense. It 1s not made by melt
quenching (39), but apparently by sintering. To obtain the high B,, 1t
must be based on an Fe-rich composition, perhaps "NdFeg" stabilized by
third-element additions. More information 1s expected from papers
scheduled for conferences in October and November, 1983 (40).

Reviewing these preliminary results, this author concludes that
microcrystalline RE-Fe alloys do not look very promising as useful new
permanent magnet materials. In addition to the drawbacks mentioned above,
one must consider the very high RE content (about 60 weight % for
Nd ,Fe ¢). This partly offsets the professed ecomomic advantages of going
from Co to Fe with respect to raw material availability and cost. It could
also mean greater chemical and therefore magnetic instability compared with
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the RCor or 2-17 alloys. The fact that the semi-amorphous state 1s 1itself
thermodynamically unstable may also contribute to undesirable magnetic
aging effects at elevated temperatures.

A material like Sumitomo’s "Neomax" may have greater practical
promise. Its utility for motors will strongly depend on temperature
variation of the magnetic properties 1in the 100° to 200°C range. It

probably has a fairly low T., which is likely to preclude an efficient use
of the magnets 1n EHV propulsion motors.

(c) Crystallized Amorphous Fe~Ni-Base Alloys

Another recent line of research has shown that coercive forces of a
few hundred Oersted can be achieved in rapidly quenched Fe-N1i alloys
without rare earths. J. J. Becker (37) prepared alloys (Fe’Nl)SOGZO in the
amorphous state, using for the glass former, G, various combinations of
phosphorus, boron and carbon. Crystallizing these during a brief anneal
formed a major phase with the structure of cementite (Fe3C), along with a
finely dispersed FCC N1 phase, and coercivities up to 430 Oe were obtained.
For a cobalt- and RE-free metallic material, this is a respectable coercive
force. With further improvements, such a material might be able to rival
Alnico 5.

This work was obviously motivated by the general rush away from cobalt
which the Co supply crisis had triggered a few years ago. Too little is
published as yet to allow a detailed assessment of the practical potential
of such alloys for permanent magnets. But whatever merit a Co-free magnet
with less than 500 Oe coercive force may have for other applications, 1t
would not be suitable for EHV propulsion motors because the H, 1s too low
in absolute terms.

(d) Recommendations for NASA

In summary 1t can be said that none of the experimental cobalt-free,
1iron-based alloys discussed 1n this section promises to become a
particularly useful new permanent magnet material for propulsion motors.
It is conceivable, however, that the application of the techniques of melt
quenching and microcrystallization, when used with alloys containing
substantial amounts of cobalt after all, might yield results of practical
utility,.

No development effort on crystalline RE-Fe or on any melt—-quenched
material 1s recommended in support of the EHV motor project. However, the
continuation of the above mentioned laboratory studies of metastable alloys
made by rapid solidification should be carefully monitored.

C.Summary of Developments that could Impact EHV Propulsion Motor
Technology

We shall now briefly summarize the applicable statements made about
each material type 1n Sections A and B of this Chapter. A more detailed
discussion can be found in those sections, under the subheadings "Work to
be done" and "Recommendations for NASA Effort." Here we shall only
consider developments or improvements that appear feasible and could result
in better or more economical magnets for PM electric motors.
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Fe-Cr-Co magnets would become marginally useful for propulsion motors
1f the coercive force can be raised to more than 2 kOe, so that magnets
with properties at least equivalent to Alnico 8 HC can be made. Methods
for producing pieces of larger cross section would then also be needed.
Methods of grain alignment and the "deformation aging" process should be
improved to allow economic production of an Alnico 9 equivalent. No need
for NASA sponsorship of such work 1s perceived.

Mn-Al-C would need a coercivity of at least 5 to 6 kOe at room
temperature, combined with good loop squareness, to offset the large
negative temperature coefficient and retain a sufficiently high H. at
1500C. If this were achieved, a cheaper alternative to hot extrusion as
the method of developing good grain orientation must be found. It should
be suited for making pieces of larger and other-than-round cross sections.
The prospect for achieving all this 1n a reasonable time frame does not
seem good. The restoration of a normal cobalt supply situation and recent
low Co price has again removed much of the impetus for a heavy effort to
develop the Mn-Al technology.

For sintered ferrites, the prospect of improving the temperature
coefficient by arsenic additions - or a possible alternative method for the
same purpose - should be explored. Composites of high-B /high-H, materials
(Bosch magnets) should be developed in the types and sizes suitable for use
in radial-magnet rotors for EHV motors. Possible advantages of applying
this concept to combinations involving metal magnets should be explored.

In the rare earth-cobalt family, high—Hc"2-17"magnets should be
modified by substituting other light RE elements (Ce, Nd, Pr) and/or
yttrium for Sm to the greatest possible extent. The Fe content should be
maximized and the alloy composition brought close to stoichiometric 2-17,
all while maintaining an RT coercivity in excess of 12 to 15 koOe.
Magnetizing methods for the high-H, 2-17 magnets must be developed that
permit 1in-situ charging after asseﬁ%ly. A combination of moderate long-
pulse fields and moderately elevated temperature will probably be most
effective. The use of Mg alloying additioms to dramatically enhance the H_
of mischmetal-cobalt magnets should be further developed and introduced in
commercial production. Bonded magnets based on high—coercivity 2-17 alloys
and efficient production methods for them should be further developed,
especially the temperature-stable metal matrix versions.

D. Specific R&D Projects Recommended for Possible NASA/DOE Funding

The following are some special topics selected from the above summary
list. The selection 1s based on the perception that such innovation would
particularly benefit the development of EHV propulsion motors; also, that
they are either not being seriously pursued now, or the effort 1s not
adequately funded to assure sufficiently rapid progress toward
commerciralization 1n less than five years.

1. High energy/high H. ferrites with reduced temperature variation of
properties -~ the suggested arsenic substitution ®-should be further
developed in laboratory, the feasibility of 1ts use in commercial
production should be explored.
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2. Composite ferrite arcs, consisting of a high-remanence segment to
provide maximum gap flux and a high-coercivity segment at the trailing edge
to prevent demagnetization, are now produced by the German Bosch company
for new automotive starter motors. Similar ferrite composites, perhaps
with continuously varying properties, and optimized for propulsion motors,
should be developed i1n the USA. The possibilities of extending thuis
concept to metallic, high-flux magnets should be 1nvestigated. The
desirability of such magnets with several possible property combinations
should be analyzed by an imaginative motor designer.

3. Bonded REPM with metal matrix. - The method of solder bonding
magnetic particles should be applied to the new, high coercivity 2-17
alloys. Preparative metallurgy for optimizing these alloys for bonded-
magnet use must be developed. Efficient production methods for alignment,
compaction and soldering should be developed. The integration of magnet
formation into subassembly production for most economic motor manufacture
should be explored. Binder/flux system alternative to Sn—-Pb solder should
be developed for higher temperature capability and improved creep strength.

4, Magnet characterization efforts: A program should be initiated to
fully characterize the newer REPM magnet types specifically for propulsion
motor operation. Missing information includes dynamic recoil behavior
from -50° to +150°C, mechanical strength and thermal property data, effects
of transverse field components on the magnetization, long-term property
stability at elevated temperature, effective and cost-efficient methods of
magnetizing and demagnetizing. Of particular interest are the new high-
coercivity 2-17 types based on Sm, the versions with other RE metals
substituted for Sm, and bonded magnets made from them.
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VII. CONCLUDING REMARKS

We have conducted a general review of the requirements - technical and
economic - which the use in propulsion motors imposes on permanent magnets.
From this we distilled a list of properties for which the motor design
engineers need data. Engineering terms not in common use were defined and
their significance for magnetic circuit design was discussed. Similarly,
some economlc requirements were identified, and thus a framework was
created for the subsequent discussion of the cost and supply situation for
different magnet types.

The commercially available permanent magnet materials were reviewed.
Those found applicable to electric vehicle motors — or judged at least
potentially useful - were treated in greater detail. Important engineering
data and physical properties of concern to the designer, also commercial
scurces for magnets and brand names, were tabulated. A full
characterization of all quantities of interest would far exceed the
limitations set for this report. However, at least 1llustrative examples
of graphs and tables were given for the desirable detailed description of
behavior such as dynamic recoil, the variation of the magnetic flux with
temperature, 1ts dependence on the operating point on the hysteresis loop,
the temporal flux stability under various operating conditions, etc. We
pointed out gaps in the published information, and we made some suggestions
for a better and more unified description of magnetic properties.

If and when electric vehicle motors with permanent magnets go into
large-scale production, magnet prices, the supply situation and the cost of
the raw materials will become important factors. For some of the newer
magnets, especially those containing rare-earth elements and/or cobalt
metal, the economic future is as yet rather unclear. Motor designers are
often not familiar with the longer-term supply and price situation. With
extensive input from magnet and metal producers, and with information
provided by mining firms and the National Bureau of Mines, we have
attempted to compile information that should assist in a realistic economic
planning for future commercial production of PM motors.

For one particular new magnet material, Mn-~Al-C, an experimental
study was performed to characterize its properties for propulsion motor
use. Mn-Al-C became only recently commercially available from a Japanese
firm. Its appearance caused much excitement because of the low raw
material cost. We reached the conclusion that it was not well suited for
this application, primarily because of the fast decrease of the intrinsic
coercive force on heating.

Finally, we attempted to analyze the prospects for development work on
magnet materials and manufacturing processes that could make better or
cheaper magnets for propulsion motors available in a few years. In this
analysis we considered commercially available magnets as well as
experimental materials now emerging from research laboratories. This
discussion was concluded with some recommendations for specific development
projects that might be beneficially pursued by DOE and/or NASA.



The study performed had so many different aspects, and so many
different materials were discussed, that a concise summary of the specific
and quantitative conclusions is nearly impossible. The reader 1s advised
to use the table of contents to find a specific subtopic of interest, and
then to look for conclusions at the end of the appropriate chapter.

It 1s hoped that this report will be of use not only to the designers
of vehicle propulsion motors, but to all users of high-energy permanent
magnets.
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APPENDIX B
TABLE OF SYMBOLS AND ABBREVIATIONS

Alternating current

Magnetic flux density (induction)

Gap flux density in motor

Intrinsic induction

Residual flux density, remanence
Operating-point induction, corresponds to demagnetizing
field, Hy, see below.

Saturation (intrinsic) induction

Static maximum energy product

Useful recoil energy product

Intrinsic energy product

Direct current

U.S. Department of Energy

Elastic modulus

Electric discharge machining

Electric and hybrid vehicles

Electric vehicles

Face centered cubic (crystal structure)
Garrett AiResearch Manufacturing Corp.
General Electric Company

Hitachi Magnetics Corp.

Heavy rare earth (element, metal)

Magnetic field strength, general

Anisotropy field strength

Magnetic coercive force

Magnetizing field strength

Induction coercive force ("normal" H.)
Magnetization coercive force ("induction-H_")
Operating field strength, '"demagnetizing field"
in second quadrant of hysteresis loop.
Vickers hardness

Inner diameter

Institute of Electrical and Electronic Engineers
Kollmorgen Corporation

Coreduction method of alloy production
Length~to-diameter ratio of cylindrical magnet
Light rare earth (element, metal)
Magnetization intensity (vector)

Saturation magnetization

Mischmetal (a rare earth mixture)

Magnetic Material Producers Association, USA
National Aeronautics and Space Administration
NASA-Lewis Research Center

Outer diameter

Poisson”s constant (elasticity theory)
Permanent magnet

People”s Republic of China

Second quadrant of hysteresis loop
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Ra Rockwell-C hardness

R&D Research and development

R/D Reduction-diffusion method of alloy production
RE Rare earth (element) metal

REO Rare-earth oxide

REPM Rare-earth permanent magnet

rpm Revolution per minute

RT Room temperature

SCR Silicon controlled rectifier

T Magnetic Curie temperature

TDK TDK Electronics Corp., Japan

™ Transition metal (3d-element)

UD University of Dayton, Ohio

Usc University of Southern California

VPI Virginia Polytechnic Institute and State University
' Permeability

LN Permeability of free space

Ly Recoil permeability

G e Compressive strength

Gt Tensile strength
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