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Permanent magnets are pervasive in modern industrial societies. They enable 
conversion of electrical energy to mechanical energy, they underlie microwave 
communications, and they constitute the active material in data-storage devices. 
To sustain the evolution of new and improved permanent-magnet materials, an 
active research enterprise is required. In this paper, the status of modern rare 
earth-transition metal magnets is outlined, contemporary research directions 
are summarized, and unresolved issues and research opportunities are enumer- 
ated. 
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INTRODUCTION 

A Committee on Magnetic Materials was estab- 
lished by the National Materials Advisory Board in 
1984 to assess the status of research and development 
in magnetic materials in the United States. 1 Partly in 
response to that assessment, a workshop was con- 
vened by the U.S. Department of Energy (DOE) in 
1988 to explore the topic of magnetic materials spe- 
cifically from the viewpoint of materials science. That 
workshop was summarized by Thomas, who identi- 
fied the most important research needs and opportu- 
nities. 2 In light of the substantial amount of research 
and development that has ensued since the DOE 
workshop, it is appropriate to update the assessment 
of research trends and to recommend the most fruitful 
avenues for future work. 

In this paper, we summarize the current status of 
bulk permanent-magnet materials, review contem- 
porary research directions in the science and engi- 
neering of permanent-magnet materials, enumerate 
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unresolved issues, and suggest the most promising 
research opportunities. For economy of space, the 
fascinating developments associated with magnetic 
thin films (recording media), magneto-optic materi- 
als, and magnets constituted ofhigh-T c superconduc- 
tors have been excluded. 

A brief overview of the current classes of modern 
permanent magnets sets the stage for a more detailed 
examination of current research directions. 

MODERN PERMANENT MAGNETS 

A magnet of a given volume maintains the highest 
field in a gap when the product of induced magnetiza- 
tion, B, and applied field, H, is a maximum. (BH)m~ or 
maximum energy product can be expressed as either 
megagauss-oersteds (MGOe) or equivalently as kilo- 
joules per cubic meter (kJ/m3); 1 kJ/m 3 = 4~ x 10 -2 
MGOe. 

Superior permanent magnets require materials 
with high magnetization and strong, uniaxial, 
magnetocrystalline anisotropy. It was first shown in 
the mid-1960s that certain rare earth-transition metal 
(RE-TM) compounds could satisfy those conditions. 
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Fig. 1. Regimes of energy product vs coercivity for modern permanent 
magnets. 
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Fig. 2. Curie temperature of RE2Fe17 (open circles) and RE2Fe17N:~ 
(solid circles). Adapted from Ref. 12. 

Initial research centered on the compound SmC%, 
which was fabricated by conventional powder-metal- 
lurgy methods. SmC% magnets with maximum en- 
ergy products of 16 to 22 MGOe are now produced for 
the commercial market. For comparison, the best 
alnico (Fe-A1-Ni-Co alloys) magnets have energy prod- 
ucts of about 9 MGOe and best ferrite (iron-strontium 
oxide or iron-barium oxide) magnets about 4 MGOe. 

A second generation of RE-TM magnets with higher 
magnetizations was based on the compound Sm2Co17. 
These magnets contain substantial amounts of iron 
and copper plus small amounts of zirconium, hafnium, 
or titanium. They rely on solid-state precipitation 
reactions for their coercivity. Energy products of 25 to 
28 MGOe are typical of the commercial forms of these 
magnets. All aspects ofRETM 5 and RE2TM~7 magnets 
are covered in the comprehensive review by Kumar. 3 

The most recent development in RE-TM magnets, 

and perhaps the most important one in its implica- 
tions, is based on a neodymium-iron-boron compound. 
This iron-based material combines high magnetiza- 
tion and high coercivity, and the raw materials are 
less costly than those for Sm-Co magnets. Energy 
products of up to 50 MGOe have been reached experi- 
mentally and magnets with energy products of 35 
MGOe are readily available commercially. The major 
drawback of Nd-Fe-B magnets is low Curie tem- 
perature (585K), which causes the properties to be 
strongly temperature-dependent at room tempera- 
ture. Properties and processing of Nd-Fe-B magnets 
have been reviewed by Herbst 4 and Parker. 5 Funda- 
mental aspects of RE-TM magnets in general are very 
clearly presented by Gavigan and Givord2 Magnetic 
property comparisons among RE-TM alloys, alnicos, 
and ferrites are illustrated by Fig. 1. 

CONTEMPORARY RESEARCH DIRECTIONS 

Discovery of Nd-Fe-B magnets set off a search for 
other rare-earth compounds, preferably with iron as 
the main transition metal, that could serve as the 
bases for improved permanent magnets. In part, this 
search is motivated by the obvious benefits of higher 
remanent magnetizations and higher energy prod- 
ucts. There is also the motivation to overcome the 
limitations of Nd-Fe-B magnets: low Curie tempera- 
ture and chemical instability (high susceptibility to 
corrosion). The two main thrusts of current enquiry 
are searches for new, iron-rich compounds, and im- 
provements in processing and manufacturing tech- 
nologiesY 

St ra teg ies  in the  Search  for  New Compounds  

Four strategies for discovering new permanent- 
magnet compounds are reviewed: systematic varia- 
tions on known compounds, structure maps, sublattice 
substitutions, and crystallization of amorphous de- 
posits. Each strategy is based on the recognition that 
modern permanent-magnet materials are character- 
ized by large exchange interactions, high spontane- 
ous magnetizations, and large magnetic anisotropy. 
Uniaxial magnetic anisotropy occurs only in low- 
symmetry crystal structures, typified by BaCd11, 
ThMnt2, and NaZn13. Since there are no binary RE-Fe 
compounds with those structure types, a central issue 
has been how to choose ternary (or quaternary) el- 
ements to stabilize RE(Fe,X) n, where n is 11, 12, or 13. 

Systematic Variations on Known Compounds 

By far the most common approach to discovering 
new magnets is the one in which incremental changes 
are made to well-established compositions, e.g., 
Nd2Fe14B. A sampling of such research can be found in 
Refs. 8-10. 

Perhaps the most promising development from 
systematic variation is interstitial modification of 
RE-Fe compounds. Research has focused on RE2Fe17 
compounds (the analogs of RE2(Co,Fe)~7 alloys), which 
are particularly stable and occur across the entire RE 
series. As binaries, these intermetallics have low 
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Curie temperatures  and do not exhibit easy-axis 
anisotropyo They crystallize in rhombohedral  and 
hexagonal variants  with two kinds of interstitial 
sites: octahedral sites in the c-planes and sites along 
the c-axis between two RE ions. Carbon and nitrogen 
occupy only the octahedral sites. 1~ 

Intersti t ial  doping of RE~Fe~ powders with ni- 
trogen has thus far produced the most interesting 
resultsA ~,1~ Crystal s tructures are unchanged by ni- 
triding, but  expansion of the unit  cells by 6-7 pct 
occurs. The most striking effect is elevation of the 
Curie temperatures,  as shown in Fig. 2. Anisotropy 
fields are high; however, only Sm~Fe~N~ has easy- 
axis anisotropy. Magnetization is respectable (16.4 
kG) for Sm~Fe~vN~_~, which equates to an ideal upper 
limit of 59 MGOe on energy product. Although a 
practical means of fabricating magnets  from nitrided 
powder has not yet been reported, the prospects for 
Sm-Fe-N magnets  with higher Curie temperatures  
than Nd-Fe-B are considered to be good. ~4 

Structure Maps 

A second approach to choices for third (or fourth) 
elements that  stabilize RE-FE compounds is with so- 
called structure maps. It has been shown that  the 
structures of A B binary compounds in existing 
databases can be organized by crystal structure within 
two dimensions by invoking a coordinate, M, called 
ihe Mendeleev number. ~5 M is obtained by running a 
string through a modified Periodic Table, Fig. 3, and 
then pulling the string straight to order all the ele- 
ments  along a one-dimensional axis. Note that  the 
string runs from right to left through the rare earths 
(downward from Sc (19), around Y (25), and thence 
behind the panel containing the rare earths to enter 
at Lu (20) on the right-hand side), in order of increas- 
ing number  of valence d-electrons. The number  ac- 
companying each element in Fig. 3 is the Mendeleev 
number.  M is not based on combinations of physical 
factors such as electronegativity, atomic size, or aver- 
age number  of valence electrons per atom. Rather,  M 
is a purely phenomenological coordinate. This simple 
procedure for obtaining M turns out to provide good 
structural  separation of binary systems into domains 
by plotting M A vs M s. Furthermore,  ternary  or quater- 
nary compounds with binary structure types AmB ~ 
can be t reated as pseudo-binaries characterized by 
average Mendeleev numbers,  M; the pseudo-binaries 
are found to fall into the same structural  domains as 
the pure binaries46 Figure 4 is an example of the map 
for domains with the ThMn~2 structure, in which 
binary and pseudo-binary compounds are both repre- 
sented. 

Equivalent maps can be plotted for each AraB n 

structure type, and particularly the BaCd~, NaZn~, 
and Th~Ni~ structures that  are of most interest  for 
iron-rich permanent  magnets. However, it proves 
more useful to plot more than one domain on a single 
map by assigning a separate symbol or color to each 
structure. Then examination of the domains adjacent 
to, or sometimes overlapping, the structure of interest  

can suggest how to convert one structure into another 
by the addition of an appropriate third (or fourth) 
element. Thus, Pettifor et al. point out that  for new 
compounds in which iron is the majority element, two 
domains look promising: ~ a ThMnl~ domain that  re- 
sults from replacing iron with transition metals to the 
left of iron in the Periodic Table; and a NaZn~ domain 
that  incorporates early rare earths and iron replace- 
ment  with metalloid elements to the right of iron in 
the Periodic Table. As will be seen in the next subsec- 
tion, there has been extensive exploration of jus t  
those areas. 

Sublattice Substitutions 

Another approach to new magnet  materials is based 
on binary intermetallic compounds in which at least 
one cons t i tuen t  e lement  occupies two or more  
nonequivalent crystallographic sites, as shown in Fig. 
5 for REFe~ with the ThMn~ structure, is Preferential 
occupation of one of those sites by a third element (X) 
may then lead to a ternary compound. This approach, 
which is parallel to s tructure maps, originally identi- 
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Fig. 3. A string running through a modified Periodic Table puts al  the 
elements in sequential order, given by the Mendeleev number. Group 
IIA elements Be and Mg are included with group liB, divalent rare 
earths are separated from trivalent, and Y is inserted between Tb and 
Dy. Adapted from Ref. 16. 

80 

70 

6o 

5 0  

40 

i l i  i l i l  i1~111 l l l l l l l J l l l l l l l [ I  I I I I I I11111111111111LII I I I I I  I I I I I I I I I I  l I l l ~ l l l l  I I I I  

.o~,~o~ . . . .  o .,, 

o o o a o o o ~ o o  o 
o o oolgoolo ~o  oo 

i .,.,~= g! . 

~- ThMn12 Structure 

i �9 binary 
o pseudo-binary 

i l l l l , ,  , , lJ  , , l h , n l h  , , i l n i J  E~n 'L~hJ ' '  h i  l q l l l l l  I L ' l l h l  i i ~ l l i n l  ' '  l i b  l l l l ' l ' i l l  

10  20  3 0  4 0  50  60  7 0  8 0  

Fig. 4. Structure map for the AB12 stoichiometry. Adapted from Ref. 17. 



418 Richman and McNaughton 

81 

Fig. 5. Schematic of a hypothetical REFer2 unit cell with the ThMn~2 
structure, showing the three different Fe positions: large circles are RE 
atoms; small circles are Fe atoms. Adapted from Ref. 18. 
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Fig. 6. Production sequence for RE-TM magnets, showing an alterna- 
tive HD route. ~ 

fled five structure types as candidates: ~9,2~ Th2Ni~7 , 
SrNi,2B6, CeMn~Ni~, BaCdH, and ThMn12. 

Of these candidates, iron-rich compounds that crys- 

tallize in the SrNi12B 6, CeMn6Ni ~, and BaCdll struc- 
tures were eliminated either because ternary com- 
pounds were few or because Curie temperatures and 
anisotropies were low and could not be improved 
enough. In contrast, iron-based compounds with the 
tetragonal ThMn12 and Th2Nilv structures (e.g., 
SmFe~0Si 2 and Dy2Fe17, respectively) form extensive 
classes that were investigated in detail. In one study, 
for example,  2~ 80 d i f fe ren t  composit ions of 
REFe12_xTMx were prepared by adding Ti, V, Cr, Mo, 
W, or Si to stabilize the ThMn~2 structure. Each 
composition was analyzed by x-ray diffraction and T c 
was measured. Compounds in the series REFe~0V 
(Ref. 21) and YFel~Ti (Ref. 22) have also been investi- 
gated in comparably detailed studies. Intrinsic prop- 
erties such as crystalline anisotropies of the RE and 
Fe sublattices, magnetostriction, etc., were measured 
and listed in the cited works. Although the research 
did not result in useful permanent magnets, the 
compilations should provide an excellent resource for 
future investigations on materials of these types. 

Most recently, research on iron-based compounds 
with the ThMn~2 structure has been based on the 
composition Sm~_xMx(Fe,Co)~2,where M is Zr, Hf, or Bi 
and 0.1<x<0.2. 23 Coercivities of up to 7200 Oe have 
been obtained, which suggests that further explora- 
tion of this system could result in practical magnets. 

Crystallization of Amorphous Deposits 

An approach that provides access to metastable 
compounds that might otherwise be inaccessible in- 
volves the preparation of amorphous materials by 
melt spinning or vapor deposition on cold substrates. 
The amorphous samples are then heated slowly and 
monitored continuously by differential scanning calo- 
rimetry and magnetic response to a constant mag- 
netic field. This is a quick and powerful method in the 
search for new phases. Very high magnetic hardness 
in the Fe-Ti-Sm system was first observed by this 
method. 2t From a practical point of view, the magne- 
tization of Fe-Ti-Sm alloys is too low (about 3 kG 
remanence) to be important yet. Other descriptions of 
this approach can be found in Refs. 25-28. 

Processing and Manufacturing 
The discovery of Nd-Fe-B magnets, and the pos- 

sibility of their widespread usage in industrial motors 
and other large devices, has motivated research into 
new processes for mass manufacture. In this section, 
the following topics in process research are surveyed 
briefly: small-particle production, sintering, and de- 
formation shaping. 

Small-Particle Production 

Coarse-grained, randomly oriented, cast ingots of 
RE-TM alloys must be converted to fine-grained, 
highly oriented, sintered magnets. Usually this is 
accomplished by the process sequence of crushing and 
grinding shown in the right-hand column of Fig. 6. An 
alternative route is to break down the ingot material 
by hydrogen decrepitation 29 (HD) shown in the lei~- 
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side loop of Fig. 6. 
HD is the conversion of bulk material into small 

particles (through pervasive intergranular  and 
transgranular cracking) solely by dissolving hydro- 
gen in the material. The process depends on the ready 
absorption of hydrogen at room temperature by Sm- 
Co and Nd-Fe-B, and the fact that the powders pro- 
duced by decrepitation are extremely friable and 
easily pulverized (by jet or attritor mills) to the 2 pm 
size required to make sintered magnets. 3~ The pow- 
der, still in the hydrided condition after milling, can 
be aligned in a magnetic field, although the unsintered 
compacts do not have any coercivity (a feature that 
facilitates handling). Sintering temperatures and 
oxygen contents of magnets made from HD powder 
are lower than those of magnets made by the standard 
route. 

A useful discovery was that small additions of Zr, 
Hf, or Ga are very effective in promoting anisotropy in 
HD powders. 3~ The reasons for this additive effect are 
still a matter of speculation; it is suspected that 
hydrogen absorption is diminished or blocked in the 
very local regions where additive concentration is 
relatively high. ~~ 

Decrepitation is not the only intriguing aspect of 
hydrogen processing. When coarse-grained Nd-Fe-B 
alloys are heated to 700-800~ in hydrogen and held 
at temperature in vacuum for about one hour, the 
Nd2Fe14B phase appears first to disproportionate to 
2NdH29 + Fe2B + 12Fe and then to recombine to a fine- 
grained microstructure.32 Exposure of Nd2Fe14B pow- 
ders to hydrogen, in similar experiments, 33 converted 
the original particles into aggregates of smaller crys- 
tallites (about 0.3 ~m) in which the small crystallites 
were not surrounded by a nonferromagnetic Nd-rich 
phase. Yet at certain stages of dehydrogenation, the 
powders exhibited high coercivity, which calls into 
question the conventional view of magnetic isolation 
for high coercivity. 

Sintering 

Liquid-phase sintering, one of the two most-used 
processing routes for Nd-Fe-B magnets, is based on 
the occurrence of a low-melting, Nd-rich phase for 
densification and for a grain-boundary layer between 
Nd2Fe14B particles. Since the Nd-rich phase is 
nonferromagnetic, it dilutes the remanent magneti- 
zation of sintered bodies. Attempts to lower the Nd 
content of sintered magnets have been rewarded 
mostly by unacceptably low coercivity or by low me- 
chanical integrity. 

A novel approach devised by Otsuki et al. 34 was to 
cast an ingot of stoichiometric Nd2Fe14B and crush it. 
Since solid shapes with good magnetic and mechani- 
cal properties cannot be produced from Nd2Fei4 B 
powders alone, a melt with the composition of the 
liquid phase during sintering was solidified into flakes 
by melt spinning, and the flakes were crushed. Crushed 
Nd2Fe~4B and melt-spun flakes were combined in the 
desired proportions, pulverized, and sintered in the 
usual way. More uniform microstructures, lower oxy- 

gen contents, and superior magnetic properties (en- 
ergy products of more than 50 MGOe) resulted. Simi- 
lar procedures have been employed to effect small 
composition changes that improve magnetic isolation 
of the Nd2Fe14B grains without reducing the satura- 
tion magnetization. 1~ Thus, "powder mixing" offers a 
flexible basis for process experiments. 

Deformation Processing 
In contrast to the "standard" method of milling 

ingot material to a particle size of about 10 pm, 
anisotropic Nd-Fe-B magnets can be prepared by 
consolidating and orienting melt-spun ribbon by hot 
deformation25 Additions of Co and Ga together with 
control of grain growth during densification and die 
upsetting 36 have resulted in maximum energy prod- 
ucts of 48 MGOe. Scaling up the deformation process- 
ing of melt-spin ribbon has been explored for hot 
rolling and hot extrusion. Hot rolling required subse- 
quent pulverization, alignment, and rapid electro- 
sintering; 37 hot extrusion produced fully dense shapes 
without the intermediate steps, 3s although magnetic 
alignment was not as well developed. 

Significant steps toward industrial-scale man- 
ufacturing were taken in investigations of hot rolling 
and hot upset forging of Pr-Fe-B-Cu ingots 39,4~ and hot 
rolling of Nd-Fe-B ingots. 41 High strain rates were 
achieved (up to 10/s for rolling, upsetting in 20s for 
forging), which enabled the processing of sizable in- 
gots in short times. Energy products of 29 MGOe for 
forging and 33.8 MGOe for hot rolling were obtained 
after post-deformation heat treatments. 

A few fundamental studies of deformation mecha- 
nisms and texture development for rapidly quenched 
and hot-deformed Nd-Fe-B have been undertaken, 
most notably by Graham and coworkers. 42,43 Such 
information will undoubtedly be useful for the devel- 
opment of innovative processmg schemes. 

UNRESOLVED ISSUES AND RESEARCH 
OPPORTUNITIES 

Research and development on new permanent- 
magnet materials and their applications continue at 
an intense pace throughout the industrialized world. 
In spite of these widespread activities, it should come 
as no surprise that there is still much room for 
improvement. Some of these improvements will come 
from research already underway along well-mapped 
routes. Others await answers to issues that are cur- 
rently unresolved. In this section, we describe very 
briefly several unresolved questions and research 
opportunities that were identified in the study. 

Physics and Chemistry of Permanent-Magnet 
Materials 

Coercivity Issues 
Questions about the temperature dependence and 

mechanisms ofcoercivity in RE-TM compounds are of 
considerable theoretical and practical interest. We 
cannot now explain why intrinsic coercivity (Hci) has 
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greater variation with temperature  than does the 
anisotropy field. Magnetostatic interactions, ~,4~ crys- 
tal defects that  control the nucleation field, 4~,47 and 
thermal activation 4s-50 have been proposed as explana- 
tions; the community remains unconvinced, however, 
that  an unequivocal answer has been found. This is an 
active topic of research in many laboratories. 

High coercivities of certain Nd-Fe-B materials in 
which there is little or no isolation of the ferro- 
magnetic grains 33,43 cannot be accounted for either. 
These observations are inconsistent with the conven- 
tional view of magnetic isolation and domain-wall 
pinning at grain boundaries 

Shortcomings of Nd-Fe-B Magnets 

A low Curie temperature  (585K) is the main techni- 
cal impediment to wider application of Nd-Fe-B mag- 
nets. Solutions to this problem, primarily by composi- 
tion adjustments  5~,~2 and partial substi tutions of co- 
balt  53 or heavy rare ear ths  1~ are also being sought by 
many investigators. Although improvements have 
been made, the gains have been modest  and further 
progress is still needed. 

Magnetism in Heavy Rare-Earth Elements 

Several heavy rare-earths (HREs) have very high 
magnetizations at low temperatures,  and some inter- 
metallic compounds between HREs and nonferro- 
magnetic partners  have noteworthy hard magnetic 
properties at liquid helium temperatures24 Routes to 
achieving such properties at practical tempera tures  
are unknown and it is possible tha t  none exist. How- 
ever, a possible first step in an approach to heavy 
rare-earth magnets  can be glimpsed in research on 
DyF%AI~, which indicates that  the compound is a 
ferrimagnet with a Curie temperature  of 316K and 
relatively strong magnetocrystalline anisotropy. 55 This 
is not presently a popular topic of research. Neverthe- 
less, it is conceivable that  the situation is similar to 
the status of superconducting materials  jus t  a few 
years ago, before the copper-oxide-based supercon- 
ductors were discovered. 

Manganese-Based Magnets 

Manganese has an electronic s tructure that  cor- 
responds to the maximum possible moment, 5 PB, in 
the  first transition series of elements. The interaction 
between neighboring ions in manganese is antiparal- 
lel, however. For decades a "dream" of researchers 
was to discover a manganese-based alloy or com- 
pound that  exhibits parallel (ferromagnetic) coupling 
of all moment-bearing ions and thus provides high 
saturat ion magnetization and high Curie tempera- 
ture. The search for manganese-based materials  
peaked with the development of extruded Mn-A1- 
C56and then declined with the advent of RE-TM mag- 
nets. If  the low costs forecast for RE-TM magnets  at  
the time Nd-Fe-B magnets  were discovered cannot be 
achieved (see below), it could be worthwhile to re- 
assess past  investigations of, and future prospects 
for, manganese-based materials,  especially in the 

light of current  understanding of RE effects, intersti- 
tial effects, nonequilibrium phases by melt spinning, 
etc. Careful analysis may still reaffirm the impossi- 
bility of manganese alloys with high Curie tempera- 
tures and high magnetizations, but  the potential 
rewards would seem to favor one more critical evalu- 
ation. 

Process ing  

Fabrication of RE- TM-N Compositions 

Gas-phase interstit ial  modification of RE-TM com- 
pounds is of much current  interest. To date, only 
Sm2FelTN 3 appears to have a chance of rivaling Nd- 
Fe-B in permanent-magnet  applications, 14,~7 but  the 
possibilities of other useful substances are far from 
exhausted. These materials cannot be consolidated 
by conventional methods, since they decompose at 
temperatures  (-650~ much below the usual  sinter- 
ing temperatures.  Therefore, measurements  and dem- 
onstrations have been conducted with powders or 
bonded (by resin or zinc) magnets.  Making bulk mag- 
nets from nitrogen-modified powders should not be an 
insuperable challenge. Possible processes include 
shock consolidation, plasma-assisted sintering, and 
plasma-enhanced chemical vapor deposition. 

Arc-Plasma Spraying and Melt Spinning 

Arc-plasma spraying has produced near-net shape 
RECo 5 magnets  with small grain size and low oxygen 
content2 s The main disadvantage of thermal-spray 
methods is that  the deposits are close to isotropic, and 
consequently remanences are low (about 7.4 kG) and 
energy products are limited to about 9 MGOe. This is 
also true of melt-spun Nd-Fe-B ribbons if they are not 
aligned by subsequent  unidirectional plastic defor- 
mation at high temperature.  Excellent alignment of 
plasma-sprayed SmC% has been achieved by deposi- 
tion on hot steel substrates  (966-1127~ ~9 however, 
Sm evaporation at these temperatures  spoiled the 
magnetic properties. Are there process variations 
that  can get around this difficulty? 

One possibility is magnetic annealing. Both arc- 
plasma spraying and melt spinning can produce amor- 
phous or mostly amorphous deposits of RE-TM alloys. 
It would be worthwhile to know if imposition of a 
strong magnetic field during slow heating of amor- 
phous RE-TM deposits can influence the nucleation of 
microcrystals. 

Cost of  Raw Materials  

Permanent-magnet  materials  based on rare-earth 
elements have found extensive and essential use in 
many commercial products. Continued penetrat ion of 
these materials into new markets  and wider applica- 
tion will depend critically on the cost of raw materials. 
Most of the so-called rare ear ths  are not rare; they are 
about  as abundant  as zinc, nickel, copper, lead, and 
cobalt, s~ and much more abundant  than cadmium, 
silver, mercury, and gold. It is the reduction of rare 
earths to pure metals that  is costly. ~1 The necessity for 
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two so lvent -ext rac t ion  cuts  to isolate  a single ra re  
e a r t h  ( typical ly Nd, Pr,  or Sm), followed by a conver- 
sion s tep to the  appropr ia te  combined form (typically 
a fluoride),  and  t h e n  a reduc t ion  s tep (calciothermic 
or electrolytic),  makes  i t  h a r d  to imagine  t ha t  rare-  
e a r t h  meta l s  will ever  be inexpensive.  Al though costs 
will undoub ted ly  decrease  as product ion  capaci ty  
r ises  to m e e t  demand ,  will t h ey  ever  decrease  enough 
to m a k e  economical ly  a t t rac t ive  the  use of RE-TM 
mate r i a l s  for mul t i -k i logram-size  magne t s  in prod- 
ucts  wi th  m a r k e t s  po ten t ia l ly  as big as t h a t  for large 
electric motors?  7 This  ques t ion  is a t  the  root  of which 
direct ion to choose for research:  discovery and  de- 
ve lopment  of o the r  p e r m a n e n t - m a g n e t  ma te r i a l s  not  
based  on r a re  ea r ths  vs r e sea rch  on discovering and  
improving  RE-based  p e r m a n e n t - m a g n e t  ma te r i a l s  
and  applicat ions.  

C O N C L U S I O N S  

There  is an  in tensive ,  cont inuing  search  for new 
p e r m a n e n t - m a g n e t  ma te r i a l s  wi th  super ior  proper-  
t ies a t  m a n y  ins t i tu tes  and  labora tor ies  t h r o u g h o u t  
the  world.  This  search  is mo t iva ted  ma in ly  by the  
cen t ra l  role of p e r m a n e n t - m a g n e t  mate r ia l s  in con- 
ve r t ing  electrical  ene rgy  to mechanica l  energy.  

Most  of the  ongoing r e sea rch  is a imed  at  RE-TM 
alloys, which  are  the  dominan t  p e r m a n e n t - m a g n e t  
ma te r i a l s  by v i r tue  of the i r  h igh  r emanences ,  coer- 
civities, and  m a x i m u m  energy  products .  The  princi- 
pal, new, p e r m a n e n t - m a g n e t  ma te r i a l s  t h a t  a re  of- 
f e r e d  c o m m e r c i a l l y  a r e  b a s e d  on S m C % ,  
Sm2(Co,Fe,Cu)17, and  Nd2Fe,4B. 

Discovery of the  i ron-based Nd-Fe-B magne t s  trig- 
gered  m u c h  of the  c u r r e n t  r e sea rch  act iv i ty  because  
iron and  ne odyn ium are  more  plent i ful  and  less costly 
t h a n  cobalt  and  s amar ium.  However ,  Nd-Fe-B mag- 
nets  suffer  f rom a low Curie  t e m p e r a t u r e ,  which  
l imits  t he i r  usefulness .  Many  r e sea rch  projects  are  
d i rec ted  at  al loying or process ing var ia t ions  to rect i fy  
t h a t  shor tcoming or to discover o ther  compounds  of 
i ron t h a t  could be developed as good, cheap,  pe rma-  
n e n t  magne ts .  

Despi te  recen t  progress ,  t he re  are  a n u m b e r  of 
unreso lved  issues in the  mate r ia l s  science and  engi- 
nee r ing  of p e r m a n e n t - m a g n e t  mate r ia l s .  Issues  t h a t  
are  being act ively r e sea rched  in the  global commu- 
n i ty  include exp lana t ion  of the  t e m p e r a t u r e  depen-  
dence of coercivi ty in RE-TM. magne ts ,  coercivi ty 
mecha n i sm s  in rea l  magne ts ,  and  the  low Cur ie  
t e m p e r a t u r e  (and associa ted t empe ra tu r e - s ens i t i ve  
magne t i c  proper t ies)  of Nd-Fe-B magnets .  

Al though the re  are  re la t ive ly  few gaps in the  cur- 
r en t  spec t rum of r e sea rch  activit ies worldwide,  unre-  
solved issues t h a t  m a y  not  be adequa t e ly  addressed  
include m a g n e t i s m  in h e a v y  r a r e - e a r t h  e l ements  and  
compounds ,  m a n g a n e s e - b a s e d  magne t s ,  n e a r - n e t  
shape  fabr ica t ion  of RE-TM magne t s  (e.g., by ther -  
mal -spray  methods),  consolidation and magnet ic  align- 
m e n t  of n i t r ided  RE-TM composit ions,  and  fu tu re  
costs of pu re  r a r e - e a r t h  meta l s  for magne ts .  

For  a n u m b e r  of major  m a r k e t  segments ,  such as 
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the  appl icat ion of p e r m a n e n t  magne t s  in large elec- 
t r ic  motors ,  a crit ical a s se s smen t  of fu tu re  prices for 
RE-TM magne t s  would seem to be especial ly impor-  
t a n t  in  deciding about  direct ions for r e sea rch  on 
p e r m a n e n t - m a g n e t  mater ia l s .  
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