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FOREWORD 

This report deals with a group of new permanent magnet 
materials which are superior in many respects to conventional magnets 
and which are potentially of great importance for the Air Force. The 
paper reviews results obtained before the fall of 1969 in a development 
effort that began in 1965 with the discovery of the large crystal 
anisotropy of YCo^ and the realization of the great practical potential 
of this and some related compounds in the course of a rather basic 
research investigation in the AF Materials Laboratory. The effort 
has since then become worldwide, with a growing number of industrial, 
governmental and university laboratories participating with remarkable 
success. The author's group at the University of Dayton, in close 
cooperation with the Physics Division, AF Materials Laboratory has 
also continued experimental and analytical work. Results of this are 
incorporated in the report which is, however, a broad review of the 
genera] development effort. 

The work was performed under Air Force Contract No. F33615- 
69-C-1172 during the calendar year 1969. The contract was administered 
by the Physics Division, Air Force Materials Laboratory, Air Force 
Systems Command, Wright-Patterson AF Base, Ohio. Project engineer 
was Mr. Harold Garrett. The contract is a part of Project No. 7371, 
"Electronic and Magnetic Materials," Task No. 737103. 

The report manuscript served as the basis of a review paper 
presented at the 2nd European Conference on Hardmagnetic Materials 
which will be printed in the IEEE Transactions on Magnetics in 1970. 
The manuscript was released by the author in November 1969 for 
publication as a technical report. 

The author acknowledges gratefully the continuing support by 
Dr. A. E. Ray and the experin entai assistance of the Messrs. D. Walsh, 
H. Mildrum and A. Kleman, ?’■. of the University of Dayton. Rare earths 
and alloys were donated by the Rcnson Corp. and the Th. Goldschmidt 
Comp. Data compilations and some unpublished experimental results 
by Mr. G. I. Hoffer, formerly of the Air Force Materials Laboratory, 
have been used. 

This technical report has been reviewed and is approved for 
oublication. 

Chief, Electromagnetic Materials Branch 
Materials Physic Division 
Air Force Materials Laboratory 
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ABSTRACT 

The prospect that permanent magnets with previously unattainable 
coercivities and energy products might be made from cobalt-rare earth 
alloys has caused Intense research efforts in the last three years. 
Alternative ways of preparing magnets from powders and by casting were 
demonstrated in several laboratories. 20MGOe and MH >25000 Oe 
have been achieved with SmCOg, and the development of manufacturing 
processes for magnets made from this alloy has begun. 

This paper reviews the basic concepts, properties of the alloys 
of Interest and the physical factors influencing the coercive force. 
Approaches to alloy, powder and magnet fabrication are discussed, with 
their merits and drawbacks; also problems Incurred in the materials 
development and their possible solutions. Application areas are reviewed 
and some economic factors considered. 

It is concluded that the RCo^ magnets are indeed beginning to live 
up to their promise, but that more materials research, process development 
and circuit redesign are needed if their potential is to be fully utilized. 

ill 
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SECTION I 

INTRODUCTION 

Research work aimed at discovering new permanent magnet mate¬ 
rials in the period after World War II has been strongly influenced by 
predictions based on the theoretical model of single-domain particles1 
and the evolution of micromagnetic concepts. The latter took place as 
an interplay of theoretical analysis and new experimental findings about 

e magnetic behavior of fine ferromagnetic powders. Following a decade 
of intense work on shape-anisotropic particles, which resulted in the 
commercial magnets of the ESD-type2 but also revealed thu! limitations 
inherent in this approach, 3 researchers turned their attention to magnetic 
substances with high magnetocrystalltne anisotropy. Two previously 
discovered ferrimagnetic oxides which are in this category, the barium 
and strontium ferrites have, of course, achieved outstanding commercial 
significance. PtCo, known since 1936 as a material of very desirable 
properties that is much too expensive for widespread application, has found 
increased use in recent years. Of the many other compounds studied 
more recently, • MnBi and a Mn-Al phase seemed especially promising. 
A considerable amount of development work was done on them, but bicause 
of various serious problems encountered, the materials have not yet 
found technological application. 

/ In the meantime* many of the so-called rare earth metals, 
(.bb'.vUt.d belo* a, R). 1,.., the flfte.n el.m.nt. No. 57. lanthanum, 

rough 71, lutetium, and their close chemical kins, yttrium (39) and 
scandium (21), became available Individually and in quantity. 

This stimulated basic research into the properties of the rare 

r'f’.r.'nc.TT'whn tMt ^or a r.c.nt ravi.» oí thl. work ... . 
While most of these substances have magnetic properties 

hat are of con.lderabl. but „„ far strictly academic Interest, some of 
the Intermetalllc phases of the rare earths »1th transition metals of the 
ron group have sufficiently high saturation magnetization and Curie 

temperature to make them appear possible candidates for use in magnetic 
devices at room temperature. Notable for this reason are especially the 
rare earth compounds with cobalt, but some of the iron and manganese 
inter metallic s are also of Interest. For recent reviews of the basic prop¬ 
erties of these groups of compounds, the reader is referred to the papers 

y Lemaire et al , • Velge and Buschow, 8 Ray, 9 Kirchmayr, 10 
Strnat et al. » and to the references cited there. 

A survey of such intermetalllc phases for those that may be 
useful in permanent magnets restricts the choice essentially to the cobalt- 
r ch R-Co alloy. fhe ligh, car. earth, and yttrium. 12' 1 3 l„v..„Lt,„n¡ 
Of the magnetocrystalline anisotropy of several R-Co intermetalllc 

g- 



compounds were performed on this premise. They showed that the 
compound YCo5> 14, 1 5 and most of the other lsostructural RCo haseg 16, 17 

have extremeiy high anisotropy constants, the hexagonal c-axis usually being 
the direction preferred by the magnetization vector. These findings were 
quickly interpreted to mean that the RCo phases where R= Ce Pr Sm 

or a mixture of several rare-earth metafs have outstanding potential as’ 
new permanent magnet materials, 14* 118 and first attempts were made 

to realize this promise in the laboratory. LaCo and ThCo_ were added 
to the list of candidate materials by Buschow et a51.8. 17 La5ttlce m_ 

e‘erS* u saturation values^0* 21 and Curie temperatures2! for most RCoc 
phases had been previously reported. Earlier reports of a high crystal 
anisotropy and high coercivitv of powders for GdCo,22 and neutron 

, ract^on results for YCo523 could have suggested the utility of the RCoc 
p ases for magnets, but these clues were generally overlooked at the 
time. 

SECTION II 

PROPERTIES OF THE RCOg COMPOUNDS THAT MAKE THEM 
USEFUL FOR PERMANENT MAGNETS 

Before preceeding to a discussion of the magnet development 
worx to date, we shall briefly summarize the present knowledge of the 
pertinent basic properties of several RCo5 phases and review the reasons 
why these alloys are so highly desirable as the active component of perma¬ 
nent magnets. r 

Table I lists what the author believes to be the most reliable 
reported data for the Curie temperature, T ; the room temperature values 
of the saturation magnetization, 4ttMs = Bs; the anisotropy field, HÄ ; an 

Lnmn T7 COnfStant* K = HAMs/2; the X-ray density, dx; and the melting 
mperatures, tj and tp. In some cases where newer and better results* 

are now available, there are tiiscrepancies with previously published 
gures. Our new, lower Curie temperatures for the Y, Ce, Pr and Sm 

compounds were determined from 1kHz initial permeability measurements 
( anisotropy Curie points") and are believed to be accurate to within a 
few degrees. For of CeCOg, PrCo and SmCo., where different 
numbers of equal credibility have been measured on different samples 
the range covered by them is given. Such a range may be expected for 
all the properties listed, since the RCo5 phases show finite - if as yet 
poorly established - homogeneity regions in the phase diagrams. This 
composition dependence has not been systematically studied for any of 
the phases or parameters. may be affected strongly by a minor change 
n composition, because it depends sensitively on the lattice parameters. 
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varlatlon of M should be much less* Jn fant -11 

saturation value, deviate very little from tho.e Ú.tedVn'rablVl^ m''”!. 
exrected to rl.e toward the Co-rlch aide of the homogeneity r.l»“8 
proportional to the increase in the cobalt content of the alloy 8 * 

uDoer lim^hef8taKUratl0n ma8netl*ation determines the absolute theoretical 
upper limit of the energy product possible for magnets made from a *iven 

iThe th~ 
the temperature dependence of the.e two quantities in thlTrange"^'0 

mperatures to which magnets may be exposed in use, but very few such 
measurements have been reported. The data known to the author U 
summarised in Figure 1. For the reason, mentioned above v.Tj. for 
other alloy, may well deviate from those measured on individual samóles 

How«ev'r“rt.Cr,ndS.l,i0n h°m°8en.ity region was not specified. 
However, the trends seen should be generally valid. For comnarison 
curve, for two "classic" high-anisotropy materials, bariumT.rrUe . ’d 

nBi, are shown. It can be seen that the anisotropy of the R-Co phases 

ind doé , ly.K,n\°rd'r OÍ m!,8nUude higher than that of the ferrites 
serin« orôhieX tl/ ú!'"’’ decrea,e wlth ‘«mper.tur. which is one of th 
serious problems of MnEl. NdCOj (not shown) is an exception. 1,. 
anisotropy has a low minimum near the ice point which malten the 
unsuited for magnet use The P " wtUch makes the compoum 

at room temperature is greater than thatTfThe"fe^rUe^ the mignetUa^0' 

From the saturation induction values were calculated theoretical 
energy product value, for magnet, based on the RCo phase, which are” 

in exce.a of those of pre.ent-d.te commercial ma5gnets, 12.16,18 . 

saturation da,, of Table I. are recapitulated in Table’ll Ên.rsv T" 
per unit volume and unit weight are calculated for a density of 1OOÇ'(w'hir'h 
can be approached by .in,.ring, « or with extreme pr.s.ure., 26 or'i” 
mas.iv. two-phase alloys27), and for a 70* effective packing fr.ctloi of 

blndTraS2n8 ThP " ThlCh Cln be obUlned b7 conventional pressing wl"h 1 
b‘”d"- , Th'*e »C« contrasted with the be., energy producís 

in the Table in which a par, 

y are only examples of many possible magnet alloys In this category. 

4 



a [«mu/g] 

Figure 1. Temperature dependence 
per unit mass and of the 

HA[kO#] 

of the magnetic saturation moment 
:rystal anisotropy field. 
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SECTION III 

UNIQUE CHARACTERISTICS AND POTENTIAL DEVICE 
USES OF RCc>5 MAGNETS 

«>. magne,s’ 
relatively low coercive force (500-2000 Oeí -tu ^combined Wlth 
between theee two proper,Í." Lee n eu re 2 ' TK ? ",ati»"s'’ip 
the energy product far be o„ 1½ J —dvity keep, 
restrictions and causes a behavior wh,Tí “-¡gn 

“nlTghVr drahmiC aPPUClti°"S -tLr "nent!“gL7Vere 

rémanence^! c™d ^ ,h' 
product ,o< 5. 7 MGOe, and the Cur,; point is i'ow = 

saturation values Ind (with xceLuon ofS tyPeS' they have 
no, much below those of the Ain”« The cn' 5’ temPeratures 

value“« oí the^eLLgy pr^uit'may^V C°¡'Se<,UenCe- P^ous“" fmp^sLrble 

“ - AliL“ 
of properties (although“'a^èsVe^dlgree^warptCo8 ‘tI^U COmbinatio 

Ip5SLr;.P,ThenUT "h‘Ch makeS >* P^iM^e^expeLLve^^mrlnS 

compared with the best of commercíTllyYvaÚaMr8 ^ RC°5 ma6nets are 
indicate the result, of various attempt^,^ p pareTco ma 

CeCCo05PP:rSmC:;.l",n8 m0diiipa*“>- a- included al";"’ 

no, su,ficILTa7in,Pur1i<:göorne0rfma8ne,S' “ ^ 8tatlC en'r^ ie 
is needed. « ideMly nH - 3 V'ry hl«h <= —ive force 

strongly demagnetising'geometry ol LZT^"^ mH'> 4’Mr- Ia '»e 
bHc directly determines the usable field ándT/ne ^ f0,:USSln8 ma8nets, 
equally high coercivities are very desirable ‘" f ma«net motors 
zation curve which is the consequence of a hiah H Strai*ht-hne demagneti- 
alignment permits greater frppH • j Hc and of good crystal 
energy product 29,^0 /dttx , OI^ ln esi^n and a high useful recoil 
The comparison of ,BH1 iïl fan h""™ aqual to the static (BH) . 

that the RCormagUu h“av. an „vT t i °! Fi*u” 3 show".'“ 
materials in dynamic application^“ ” “ advanta8e over tonventional 
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*10’ J/m®

USEFUL RECOIL ENERGY 
(BH)„

IMPORTANT FOR DYNAMIC 
- APPLICATIONS (MOTORS,

GENERATORS, CLUTCHES,ETC.)

Figure 3. Comparison of static and dynamic energy products for the 
best commercial magnets and cobalt-rare earth-based 
magnets. Most of the experimental values of {BH)^ were 
estimated from published static demagneti.-ration curves.



If we try to predict in which technological fields the R-Co magnets 
could become commercially significant, we have to keep in mind that they 
are made from relatively expensive materials. Thus they will never be 
able to compete with the ferrites and lower-grade Alnicos for use in such 
cheap, mass-produced items where a low price is most important and 
performance demands are minimal. Natural areas of initial application 
are those where even PtCo has been used in spite of its extreme price, 
or where it would be used if it were a factor ten cheaper: traveling-wave 
tube focussing stacks, electric wrist watches, and ferrite-biasing magnets 
in Faraday-effect devices for waveguides and antennas. In electricsl 
machinery, R-Co magnets should find quick applications in brushless and 
other miniature d. c. motors and generators; but in view of the favorable 
dynamic energy products they could well become an economically sound 
choice even for very large machines, once the necessary magnet production 
capability is established. There are several other potential application 
areas: microwave tubes in general, frictionless bearings, stepping motors, 
torque transmitters, etc. And, as was the case with other materials 
offering a hitherto unavailable combination of properties, the RCo^ magnets 
are likely to generate new applications. These may come from a pursuit 
of some of the device and design concepts put forth in Polgreen's book^* 
with a view toward high-coercivity ferrites. 

SECTION IV 

APPROACHES TO MAGNET FABRICATION 

A. Basic Considerations 

According to simple theory, small crystals of a high-anisotropy 
material with a single easy axis should have an intrinsic coercive force 
equal to H^. Experimentally it is observed that the of powders rises 
with decreasing particle size to maximum values between 15 and 30% 
of . By anology with other materials, one might therefore expect 
wHc = 20 to 90 kOe for the RCc^ phases. Even the lower value would be 
far more than is practically needed. Thus, one approach to making 
magnets from such materials is to prepare them in the form of small 
crystal particles and pack these densely, with good parallel alignment of 
their easy axes. 

The classical mechanism for the magnetic hardening of massive 
materials is to create obstacles to domain wall motion. While it was 
long believed that this could only bring about Hc values of several hundred 
oersteds, this is not true. If the crystal anisotropy is uniaxial and as 
high as in the HCo^ alloys, wall motion coercive forces of many thousand 

10 



oersted may be achieved In this manner. Thus, a second principal 
way to make permanent magnets from the new substances is to harden them 
in the bulk, for instance by precipitating out a finely distributed, 
nonmagnetic second phase within the crystals. 

Two successful, practical approaches have been used to prepare 
R-Co magnets in the laboratory. One is to make a powder of the alloy and 
build up a magnet from it; the other is to cause a two-phase structure in 
the massive material by proper alloying additions and heat treatment. We 
shall discuss these in some detail below and interpret them in terms of the 
two basic magnetic hardening mechanisms. 

Alloy Preparation 

In most r <periments to date, the alloys to be powdered or cast 
were prepared by fusing the elemental metals together in the desired ratio. 
The R.E. metals are highly reactive when hot, so the melting must be 
done in vacuum or a protective atmosphere. Small samples were made by 
levitation melting, arcmelting, or in alumina crucibles of high density and 
extreme purity. As larger quantities of the alloys are produced, crucible 
and atmosphere requirements become Jess stringent. All RCo alloys 
form by a peritectic reaction, but, except for LaCo,, the liquiius and 
solidus temperatures are very close together. Consequently, most can 
be prepared as single-phase alloys directly from the melt when the proper 
cooling rates are observed. Sometimes - for LaCo always - a homogeni¬ 
zation heat treatment just below the peritectic temperature is required. 
The binary H-Co phase diagrams of interest are now reasonably well 
established. " An electrolytic process of producing a R-Co master 
alloy of near-eutectic composition, developed by Henrie and co-workers 38 
may become commercially important. By eliminating several production 
steps, it could help reduce the material cost. The alloy must be remelted 
and cobalt added, but this presents no new problems. 

C. Preparation of Powders 

The R-Co alloys are brittle, so it is feasible to prepare fine 
powders by mechanical grinding. This has been done with varying success 
16 22 2*8 RCo5 Phases* using several grinding techniques and mills. 5.8,12, 

* ’ The coercive force obtainable by grinding is limited by a 
phenomenon previously observed on other substances: Hc increases with 
decreasing particle size to a maximum and then drops again. Simultaneously 
it becomes more and more difficult to align the particles in a field. This 
is attributed to a progressive disruption of the crystal lattice by deformation 
during grinding which locally lowers the anisotropy. 5, 16, 17, 39 
maxima thus obtained are between 2000 and 6000 Oe for most RCoc. wi^h 

h 



coercivlty and alignablllty of the powder depending on the grinding method^® 
as well as on the material. These values are not quite high enough for 
outstanding magnets. Annealing to heal the plastic deformation damage to 
the crystals, which works well for the ferrites, *0 so far brought only 
insignificant improvement of the magnetic properties. 5» 41 Grinding oi 
the materials in a more b.vittle state below room temperature is beneficial, 
but little has been reported of such work. 39»41 Several alternative methods 
of producing powders without excessive grinding have been tried, and 
appreciably improved powders of YCOg and Mh'COg were prepared by 
chemical comminution, ^ and by an amalgam process which combines 
alloying and pulverization. ^ 

SmCOg exhibits the detrimental effects of cold work to a much 
lesser degree. j^H^peaks of 10 to 16 kOe are obtained by grinding, 17 
Hc can be raised up to 25 kOe by subsequent measures, ^and excellent 
SmCo5 magnets can be made. l6» 25* 43 This different behavior has 
been attributed to optimum lattice dimensions for SmCo_ and GdCo which 
cause the high anisotropy and a low sensitivity of the latter to plastic 
deformation. Also, SmCo^ appears to be more brittle than other R-Co 
phases. The coercivlty of SmCoc powders depends in a rather unusual 
manner on the magnetizing field.^»î2 Hc increases strongly with the 
field up to at least 50 kOe? Unfortunately, the highest coercivities are 
not stable. With SmCog, 3 and to a lesser degree for the other substances 
as well,44 a drastic reduction of Hc occurs when powders or compacts are 
aged in air at and above room temperature (see Figure 4). This aging is 
caused by a very slight superficial corrosion of the particles. This 
instability problem, although it is much less severe than e. g. , with MnBl, 
must be solved. Fortunately, various ways of coating the particles or the 
magnets show promise, and the densification of SmCog to near 100% by 
sintering or pressing is bald to stabilize the magnets rather well,43 even 
to temperatures of 250°C. ^ 

D. Physical Concept of the Magnetization Reversal 

Becker43 and Zijlstra4® have developed a model that explains the 
dependence of the coercivity of SmCo^ and other high-anisotropy powders 
upon the magnetizing field, lattice perfection, and particle surface conditions 
in terms of domain-wall motion, pinning and nucléation. This model, for 
which convincing direct evidence has been offered,47 supersedes the concept 
of single-domain particles reversing by coherent spin rotation. Particles 
full of crystal Imperfections from the grinding reverse by wall motion 
impeded by the stress fields associated with the deformation. Coercivities 
of several thousand oersted are possible this way which are independent of 
the magnetizing field above 10-20 kOe and of the surface condition. In the 
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Figure 4. Reduction of the coercive force of several Sm-Co-based 
magnet alloy powders during aging In air at 125°C. Samples 
magnetized In 22. 4kOe. 
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other extreme case of nearly perfect single-crystal particles, wall-motion 
coercivity is very low, but high magnetizing fields can effectively remove 
or pin walls which must then be renucleated or unpinned by rather high 
reverse fields whose upper limit can be H.. The loss of H on aging can 
then be understood as the formation of low-energy domain nucléation sites 
on an initially perfect particle surface which may eventually reduce H to 

^wa.ll‘ Removal th® sites by chemical polishing of the surface restbres 
the high Hc> 47 Even the initial properties of SmCo powders can be 
improved by chemical means.47»48 Powders of otlier RCo- compounds 
made by milling are normally too heavily deformed to ever reach the 
stage of reversal by nucléation. It is encouraging, though, that we have 
seen sensitivity to surface condition and drastic improvement of H by 
chemical polishing even on MMCog powders (Figure 5). c 

E. Consolidation of Powders Into Magnets 

Initial attempts to make magnets by compacting ground powders 
in relatively low fields and under moderate pressures resulted in packing 
densities of the RCo. phase near 60-70% and magnets which had only 
modest properties. 1 ,16,28 During early sintering experiments, high 
densities could be achieved but a severe loss of Hc occurred. Recently, 
however, magnets with densities over 9 5% of the theoretical and with 
excellent crystal alignment having energy products near 20 MGOe were 
produced by isostatic pressing26» 43» 4<* as well as by sintering25 from 
SmCoç. These processing methods now being developed should apply to 
other RCo5 alloys as well. The properties of the best R-Co magnets 
reported to date are summarized in Table II and Figures 2 and 3. 

F• Magnetic Hardening of Modified RCog Alloys in Bulk Form 

In 1968, Nesbitt et al. and Tawara and Senno6^ announced 
almost simultaneously that they had achieved extraordinarily high coercive 
forces with massive Sm-Co and Ce-Co alloys in which a two-phase micro¬ 
structure was created by substituting Cu for a part of the Co. Selected 
small pieces had energy products of 4-7 MGOe27 and 8 MGOe, 50 respectively, 
and the value for the Sm alloy has since been raised to 8. 8 MGOe by also 
adding a small amount of iron. 51 With 30-50% of the Co replaced by Cu, 
mHc values near 10 kOe were measured on as-cast samples, and a heat 
treatment at 400°C raised Hc to almost 30 kOe. It was surmised that a 
way has been found to create strain-free particles of a modified SmCo. 
phase in a nonmagnetic, Cu-rich matrix, 51 and that precipitation may also 
play a role in the property enhancement by annealing. 52 We have seen clear 
evidence of a highly ordered, needle-like precipitate in SmCo, 5Cu Fe , 
and F. Hofer 54 now reports that spinodal decomposition occurs in the' 35 4 
SmCo_ Cu system for x = 1. 5 and 2. 

D X X 
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Figure 5. Particle size dependence of coercivity and loop squareness 

of mortar ground and sifted MMCo^ powders before and after 
chemical polishing of the particle surface. (Magnetized with 
17. 6kOe. ) 



A concept emerges from this work which has room for all these 
different findings and suggests that two distinct mechanisms can be used in 
such alloy systems to cause permanent magnet behavior. Large amounts 
of copper (perhaps up to x = 5) are soluble in the "RC05" lattice just below 
the solidus, but a miscibility gap exists at lower temperatures. Alloys 
in this immiscibility region can be homogenized by annealing near the 
solidus and rapid quenching, and in this condition they behave much like 
the copper-free RCo^ alloy. ^ For compositions near the center of the 
spinodal curve, reheating (or slow initial cooling) will cause a decomposition 
into Co- and Cu-rich crystals in an extreme1’/ fine-grained distribution, 
creating magnetic particles of only several hundred Ä diameter that have 

extremely high coerclvlties. ^ At the steep part of the solvus line on the 
Co side, low temperature annealing will produce an intragranular, non¬ 
magnetic precipitate in the magnetic matrix that can impede wall motion 
but does not give fine-particle behavior. 53 Moderate bulk coercivity in 
the range of 4000-8000 Oe results which cannot be increased by magnetizing 

fields substantially higher than and which depends very little on particle 
size above 20-40 p when the alloys are pulverized. The initially reported 
procedure - produces a relatively coarse two-phase microstructure 
and severe macro-segregation into Co-rich regions of high remanence 
but moderate mHc, and Cu-rich parts that have record values of H but 
low remanent flux. The primary grains of the non-equilibrium phases can 
be further decomposed, and Hc increased by annealing at 300 to 600oC. 
The two hardening mechanisms discussed thus appear together in this case. 

G. Practical Aspects of Bulk-Hardened Magnets 

Small, grain-oriented pieces of such alloys have very square 
hysteresis loops because of the absence of deformation effects. For 
practical magnets one will have to learn how to produce the proper texture 
in large volumes, or process the alloys by powder metallurgical methods 
after all, thus abandoning the initially-claimed advantage that such magnets 
could be cast. It is also likely that the great brittleness of the alloys will 
prevent the use of casting in production except for very small magnets of 
simple shape. 

The price one pays for high Hc and squareness is a severe 
reduction of the remanence due to the dilution by nonmagnetic copper. 
The samples with 8-9 MGOe were compromise cases where a low Cu- 
substitution allowed high remanence, but where Hc< Br, and the demag¬ 
netization curve has a knee causing poor dynamic properties (see Figure 2). 
Br and (BH)max were very near the best values possible for the respective 
chemical composition. It seems that the most useful magnets of this type 
may result from an optimization of the precipitation hardening procedure 
in alloys having a minimum of Cu and as much Fe as the lattice can 
accommodate. 
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After proper heat treatment for precipitation, the alloys are not 
subject to detrimental aging effects, even as moderately fine powders. 
(The same is presumably true for the splnodally-decomposed alloys. ) 
However, the solution-annealed and quenched alloy behaves like SmCo^ 
because here nucléation processes control the magnetization reversal of 
the powder grains (Figure 4). Powders of SmCo^ sCuj ^ made without 
the homogenization step contain a fraction which suffers an Hc-reduction 
by oxidation. ^ A pronounced magnetic aftereffect, first observed by 
J. J. Becker, is present in the Cu-containing alloys, but not in single¬ 
phase RCo . Figure 6 illustrates this undesirable phenomenon, which 
is apparently caused by domain-wall creeping. 

SECTION V 

ECONOMIC CONSIDERATIONS 

RCog magnets are made from expensive raw materials. Cobalt, 
at $2. 20/lbk constitutes 2/3 to 3/4 of the alloy weight, so that this figure is an 
absolute lower limit for the alloy cost. On the present rare-earth market, 
only the price of mischmetal is comparable to that of Co, so that MMCoç 
can indeed be produced for nearly '’"«S-S/lb. Sm is the most expensive of the 
group ($50/lb of SmCOg). However, the prices of the Individual R. E. 
can drop radically if new markets are developed. The most optimistic 
estimates of the industry^ pUt future lb-prices for the RCo^ alloys at 
$10 for Sm, and at $4-5 for La, Y and Pr. Estimates of possible selling 
prices for RCo_ magnets have been made, all based on many assumptions. 
It appears realistic, though, that MMCo^ magnets could sell for 1 to 1. 5 
times the present average price per lb of finished Alnlco 8, while SmCo^ 
may cost 4 to 5 times as much. A comparison of the RCo^ magnets with 
others on a basis of price per unit magnetic energy suggests that they 
could offer appreciably higher energy/$ than the high-grade Alnicos or 
even oriented ferrites in dynamic applications. SmCo- is indeed least 
favorable, while MMCOj. would offer the most if 70-80% of its theoretical 
energy product can be achieved in practice. But even SmCog is vastly 
cheaper than PtCo. 

Some other factors concerning the rare-earth metals may not be 
generally known. In spite of the misleading group name, the R. E. are 
rather abundant, and neither ore supply nor present production capability 
would impose any limits. The R. E. occur together in the ores, and at 
present it is the cost of separation that makes the individual metals so 
expensive. If mixtures, such as mischmetal, or low-purity individual 
R.E. are used, the materials cost is much reduced. Either appears 
permissible in magnets if the content of heavy lanthanides is kept low. Nor 
is the use of highly pure Co essential. Several % of Fe and Nl can be 
tolerated, Fe may even be desirable. 
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igure 6. Magnetic aftereffect in a compact of <37(jl Sm2Co7Cu, powder 
after magnetization in 17. 6 kOe. The alloy was quenched 
in the arcmelting furnace and heat treated 2 hrs. at 600°C. 
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SECTION VI 

SUMMARY AND OUTLOOK 

Dosaihm.1" m0re than three yearS °f laboratory work, the technical 
p seibility of magnets vastly superior to the best conventional ones was 

t~ratnd °n Sn;C05* and magnets equivalent to PtCo were made of 
two other alloys. In the history of permanent magnets, this is an 

impressive accomplishment (see Figure 7). Difficulties were incurred with 

- andt rr alloy«. but their causes are now well enoughunder 

ônYCo IndPrCo ^ d" th? dtVel°Pment -en better magnets based 

development ior .hi production oí alloy, and magn'.tT i. iTpróaref. Th. 

í' l7 “29^51 056B!nal 1Uerature '“"d and to recent revie» article,p. .C, id. 17. 29. 51. 56 tor more detalls The tn(Ju5trU1 lntere 

tha^SmcT8”.! 8 T "id'8P”ad and intense, and it seem, certain 
hat SmCo5 will soon be in production for special application. However 

last but*no! r'Search’ "’»"niacturing method, development and', 

ï ‘".“r ,fleld of -■■o,ati^ aia"riaai ^^ ^1 
utilized. e P tlal of these magnet material, is to be fully 
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MGO« 

Figure 7. Progress in RCo5 magnet development to date compared to the 
history of other materials. The figure is based on an 
older one compiled by F. Luborsky and presents best 
reported laboratory values of (BH) and 

max MHc 
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