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FOREWORD

This report describes work carried out in the Metallurgy and Ceramics
Laboratory of the General Electric Research and Development Center,
Schenectady, New York, under USAF Contract No. F33615-70-C~1626, entitled
"Technology Development for Transition Metal-Rare Earth High-Performance
Magnetic Materials." This work is administered by the Air Force Materials

Laboratory, Wright-Patterson Air Force Base, Ohio, J. C. Clson (AFML/LPE),
Project Engineer.

This Fifth Semiannual Interim Technical Report covers work conducted
under the above program during the period 1 July ~ 31 December 1972. The
princiral participants in the research are J. J. Becker, J. D. Livingston,
J. G. Smeggil, D. L. Martin, M. G. Benz, and A. C. Rockwood., The report
was submitted by the author in January 1973.

The contractor's report number is SRD-73-059.

This technical report has been reviewed and is approved.

e >
CHARLES #H., ROBISON
Major, USAF
Chief, Solid State Materials Branch
Materials Physics Division
Air Force Materials Laboratory
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TECHNOLOGY DEVELOPMENT FOR TRANSITION METAL -
RARE EARTH HIGH-PERFORMANCE MAGNETIC MATERIALS

J.J. Becker

I. INTRODUCTION

This is the fifth semiannual interim technical report for Contract No.
F33615-70-C~1626, covering the period 1 July 1972 through 31 December
1972, The objective of this work,—as set forth in Exhibit A of the contract,
is to develop the technology of high-performance transition metal-rare
earth magnets for crilical applications. High-performance permanent
magnets are defined in this context as those having remanences greater than
ten thousand gauss and permeabilities of very nearly unity throughout the
second and into the third quadrants of their hysteresis loop. Such technology
is to be developed through 1) studies of the origin of the intrinsic coercive
force in high-anisotropy materials, 2) development of information on phase
equilibria in these materials, and 3) identification and investigation of new
materials. The progress that has been made during the period covered by
this report is described below under these three major headings., .This
report includes a digest and two papers that have been accepted for
presentation or published in various technical journals,

II. FUNDAMENTAL STUDIES OF THE ORIGIN OF THE COERCIVE FORCE
IN HIGH-ANISOTROPY MATERIALS

1,  Origin of the coer=zive force (J.J. Becker)

In the continuing theoretical study of the origin of the coercive force in

both powders and sintc_.d magnets, a number of points are being developed.
One is an assessment of the importance of changes ‘n wall area. In an
approximately equiaxed, neariy saturated particle, such as a particle at
remanence having a coercive force greater than about 4nMg/3, any remain-
ing vestigial domain boundary that might serve as ¢ nucleus for magnetization
reversal will necessarily greatly increase its area as it moves., This fact
contributes an additional term to the total energy, with the result that the
force on the wall due to a given extcrnal field depends on the overall mag-
netization. This factor, neglected in the usual kinds of wall-motion cal-
culations, may be of dominating importance in the nucleated-reversal type
of behavior characteristically shown by cobalt-rare earths.

A consideration that may be of importance to sintered materials as well
as in particles is the barrier to wall motion presented by a boundary between
two crystallographic phases. Such boundaries may be considered to exist in
the "shell" model for sintered magnets, in which each grain of the 5-1 phase

T




is hypothesized to be surrounded by a layer of 7-2, They would also exist

at isolated nuclei such as thcse provided by local oxidation resulting in a bit
of high-cobalt low-anisoiropy material. While the magnetization could easily
rotate in such a nucleus, the resulting domain wall must then crogs the
houndary into the 5-1 phase. Depending on the spatial orientation of the
boundary in this type of situation, the domain wall energy may have to in-
crease substantially over a distance on the same order as its own thickness.
This can lead to very large coercive forces. In the case of the shell model,
granting the hypothetical shell of 7-2 phase, the presence of the phase
boundary seems like a simpler physical origin for the coercive force than the
further hypothesis that the 7-2 phase is full of pinning sites.

A phenomenological treatment of the dependence of FHy on Hy, for single
particles is being developed along the lines that are summarized in the
following digcest, which has been accepted for presentation at the 1973
Intermag Conference,
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2. A MODEL ¥FOR THE FIELD DEPENDENCE OF MAGNETIZATION
DISCONTINUITIES IN COBALT-RARE-EARTH MATERIALS

e e A A

J.J. Becker

(To be presented at the 1973 Intermag Conference)
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A MODEL FOR THE FIELD DEPENDENCE OF MAGNETIZATION
DISCONTINUITIES IN COBALT-RARE-EARTII MATERIALS

J.J. Becker
General Electric Research and Development Center
P. O. Box 8, Schenectady, New York 12301

A strong dependence of intrinsic coercive force I, on previous mag-
netizing field I, has been observed in powders of cobalt-rare-carths.
5 Obsecrvations on CosSm single particles(1) demonstrate that the fields 1T, at
which magnetization discontinuities take place also vary with Il,;;, showing
that the dependence is a property of each particle, In gener:l the values of
Hy, are larger than Hy, and the overall slope of H,, as a function of 1, is
approximately -1, until a value of H,, is reached that results in no further
increase of Hy,.

] It is possible to explain this Lype of behavior on a simple phenomenological
model., The essential features of the model are the following:

1. The particle contains sites that trap small picces of domain wall.
There is an enexgy barrier for the wall to leave the trap, taken for simplicity
as the same in either direction of motion.

fad

2. The event that brings aboutl a disconlinuous magnetization jump is
the breaking away of a wall fragment from its trap. This occurs at a local
field -tiy. The corresponding applied field i1, is cqual to ITy - 1y, where
1y is the logal demagnelizing ficld. Thus Hy may be positive or negative.

3. The wall fragment may cqually well be driven in the other direction,
removing the small remaining domain and slightly increasing the mag-
netization ir. the direction of the applied field. This will happen at a local
field +11,, or an applied field 11y +11,.

4, Once the wall has been driven out of the trap, in either direction,
the trap has been inactivated and will do nothing further until it captures
another bit of wall, This will happen when another trap "fires. "

5.  Ullimately al high ., another type of defect takes over and deter-
mines the limiting value of I,

This model predicts the following types of behavior:

1. Loops at lers than the limiting H,, are charactleristically un-
symmetrical, since they arc due to Llwo traps, one reactivaling the other.

2. Al the limiting I, the loop becomes symmetrical.

/2




3. The predicted behavior of Hj, as a function of I, has an overall

slope of ~1 and an offset of Hy. That is, no jumps take place until Hy,
exceeds Hy.

Comparison of these predictions with the observed behavior of a particle
whose ideal loops at the limiting H,, have been reported previously(z) in~
dicates the presence of several such defects in addition o the limiting one and
shows a reasonable value of about 2400 Oe for Hy.

1, J.J. Becker, IEELE Trans, Magnetics MAG-5, 211 (1969).
2. J.J. Becker, J. Appl. Phys. 42, 15377 (1971).

This research was supported by the Advanced Research Projects Agency of
thc Pepartment of Defense and was monitored by the Air Force Materials
Laobratory, MAYE, under Contract ¥'33615-70~1626.
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3. Session on Origin of Coercive Force

During the time of the present report, the author organized and chaired
a session on the origin of the coercive force in high-anisotropy materials,
the Symposium-Workshop on Cobalt-Rare-Earths, held at the 18th Annual
Conterence on Magnetism and Magnetic Materials in November. The session
consisted of a paper reviewing the present status of the problem, given by
J. D. Livingston, followed by a panel discussion. The panel members in-
cluded K.J. Strnat, University of Dayton; R, A. McCurrie, University of
Bradford, lIngland; K. Bachmann, Brown-Boveri, Switzerland; and G. Y.
Chin, Bell Laboratories. The purpose of thie session was to pinpoint as
precisely as possible where the understanding of the problem stands, what
discrepancies exist, and what exactly should be done next to advance the
understanding of this subject most effectively, thereby establishing the
strongest possible base for continued development of this class of materials.
The size of the audience and the degree of its participation throughout the
session were most gratifying and araply testified to the widespread interest
in this impowrtant subject.

A precis of the oral presentation of the review paper is given next,
followed by the text of the written version, This is done because for the
oral version several additional slides were prepared to present the material
in somewhat simpler form. These figures and the comments on them are
included here for the pedagogical value they may have.

4. Present understanding of coercivity (J. D. Livingston)

Figure 1 shows the various coercivity models co far suggested for high-
anisotropy uniaxial materials such as CozSm. Coherent rotation and curling
can be climinated because the experimentally observed coercivities are much
lower than the theoretical values for these reversal processes. Thus we
conclude that reversal occurs by the nucleation and growth of reverse domains.
Coercivity is controlled either by the nucleation event, by general wall
pinning, or, according to models dcveloped by Zijlsira, Weste ‘orp, and
Strnat and co-workers, by a localized wall-pinning.

Figure 2 shows schematically the differcit magnetic behavior predicted
by general pinning and nucleation models. The behavior at the top,
characteristic of general pinning, is observed for copper-bearing precipitation
alloys. The behavior at the bottom, on the other hand, is characteristic of
predominantly single-phase CosR materials. This obhservation rules out

general pinning in these cases, and is consistent with nucleation-conirolled

reversal, Ilowever, certain local pinning moedels can also explain such
behavior,

Study of the magnetization curves of individual CosR particles (Figs. 2-5
in the next section) shows that both nucleation and local pinning can play a

s J¥
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Figure 1 Coercivity models and corresponding coercivities.
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Figure 2 Magnetic behavior predicted by general pinning and nucleation
models.
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MECHANISMS DETERMINING COERCIVITY
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Figure 5 Mechanisms determining coercivity.
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role in controlling coercivity, Considered in detail, the models in fact can

be difficult to distinguish in some respects. However, as shown schematically
in Fig. 3, the two models involve opposite dependences on defect density.

The curve shows that a few defects can lower coercivily by nucleation of
reverse domains, but a sufficiently high density of defects can raise
coercivity through wall pinning. Therefore, in principle, to establish whether
nucleation or local pinning is dominating coercivity in powder assemblies or
sintered magnets, we need only determine \ niether coercivity is increasing

or decreasing with increasing defect density. In practice, interpretation is
somewhat ambiguous because the nature cf the important defects, and their
connection with various processing steps, are generally unestablished.

Figure 4 shows schematically the effect on coercivity of various
procvesses such as grinding, low-temperature aging, etc., and a possible
explanation for a pinning-controlled model. For example, the increase of
coercivity on etching has been attributed to an introduction of pinning centers,
perhaps due to hydrogen, by the etching process. The explanation based on
nucleation seems bore plausible in view of our general knowledge of defects,
but more metallographic studies are needed to establish definitively the
significant defects and their density after various processing steps.

Finally, Fig. 5 simmarizes the conclusions reached in the above
discussion,
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5. Present Understanding of Coercivity in Cobalt-Rare-Earths
J. D. Livingston

(To be published in AIP Conference Proceedings)
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PRESENT UNDPERSTANDING OF COERCIVITY IN COBALT-RARE EARTHS

J. D, Livingston

INTRODUCTION

Co,3m and CogSm-based ternary cc mpounds have
recently been developed into per maneat magnets with
energy products and coercivities substantially gr cater
than was possible with previous materials. 1-3) How-
ever, in other CogR, Coy,R;, and (Co, Fe);,R; com-
j-ounds with the potential for higher energy preducts
and/or lower mater.ial costs than CogSm, high coer-
civities have not yet been achieved, Even in Co,Sm,
coercivities remain almost an order of magnitude be-
low those theoretically possible. Thus there remains
considerable technological potential in improved
understanding of the factors determining coercivity
in these materials.

The CogR compounds are of hexagonal symmetry,
and the basis for large coercivities is the large, easy-
axis, magnetocrystalline anisotropy which hag been
measured on single crystals“' and aligned pow-
ders{5 7) We will review first the theory of magne-
tization reversal in easy-axis materials, and then the
expeviments relating to coercivity in the cobalt-rare
earths, We will deal exclusively with the intrinsic
coercivity Hei, the reverse field in which half of the
gpecimen magnetization is reversed, Unless otner-
wise specified, we will be considering the case in
which magnetic field is applied parallel to the easy
axis.

THRORY

Critical Farticle Sizes

There are three different size parameters of
significance to single~-domain behavior.'®’ These are
D = 1.4y/M3, be = 2A%/Mg, and 6= n(A/K)3, where
Mg 18 saturation magnetization, K is n.agnetocrystal-
line aunisotropy, A i3the exchange constant and y= 4(AK)
is the domain-wall energy per unit area.

The first parameter, D, is the diameter of a
sphere balow which a single-domain structure is ot
lower energy at .ero field than a multidomain struc-
ture. The dimenston b, is the cylinder diameter be-
low which magnetization reversal by coherent rota-
tion ia favored over the incoherent curling process.
The third parameter, §, 1s the width of a domainwall,

The, three parameters are related through b,
=3(D,6)2. The rat » Do/~ K/M3 is a measure of the
relative importance of crystal and shape anisotropies.
In most CogR compounds, ecrystal anisotropy domi-
nateg, i, e, K>>M§. The various size parameters
for these compounds are typically Do =14, be™ 4004,
and 660} . In contrast, in pure cobalt, all threesize
parameter arc of the same order of magnitude, about
1504 to 300}, In iron and nickel, Dg <8,

We consider first the equilibrium or lowest-energy
magnetization gtates of a uniaxial particle temporarily
ignoring the accessibility of those states. The
equilibrium magnetization curves for spherical par-
ticles with D<D¢, D2 Dg, andD>>De¢ are shown in the
top half of Fig. 1, For Ds D¢, the particle is always
fully saturated, i.e., single domain, in its lowest-
energy state. For a bulk sphere (D>>Dg), a multi-
domain state with zero internal field is of lowest en-
ergy for applied fivlds below the saturating field of
41Mg/3. For intermediate particle sizes, the field
range over which the multidomain state is favored de-
creases with decreasing diumeter, with thefractional
decrease in saturating field varying approximately as
(De/ D).2(9) Thus the transition frora multidomain be-
havior to single-domain behavior is gradual, and does
not oceur abruptly at D=D,.
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Fig. 1 (a)~{c): Equilibrium magnetization curves for
spheres of various dtmneters, (d)-(f): Ideal hysters-
esis curves for same particles, assuming P>>b,.
Coercivity is (2K/Mg) -N,Mg,

These equilibrium curves corzespond to lowest-
energy states, and it is the energy barriers between
these states that lead to hysteresis and coercive
force, In particular, micromagnetic theory(m) in-
dicates that a fully saturated magnetization state is
very stable. For a saturated, defect-free ellipsoid
of rotation with D<bg, the second size parameter,
this theory predicts that magnetization reversal can-
not be nucleated until the application of a reverse
field -H,, 2K/Mg+ (Ng-Ny) Mg, where Ny and N, are
the longitudinal and transverse demagnetizing factors,
This field correspends to the coexcivity for coherent
rotation, i, e., Stoner-Wohifarth bhehavior. For
D>bg, nucleation can occur via the curling mode at a
lower field, which approaches SK/Mg-N;Mg for I»>be.
For materials for which K>>M%, such as CupSm,
this decreases in nucleating field provided by curling
is minor. The maguetization cur-es nredicted by
micromagnetic theory for defect-free particles ue
shown in the bottom half of F'ig. 1. For I»>bg, the
predicted coercivity is size-independent (Brown's
paradox),
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For any real particle, the magnetization curve
for e¢ach size range mist fall between the two limiting
curves af the top and bottom of I'ig. 1, i. e., between
equilibrium andd idealls Livsicretic behavior, Defects
play two contrary roles in determining whei ¢ thereal
paxt cle's magaetization curve will fall, On the one
hand, they con provide sites for heterogeneous nu-
cleation of magnetization reversal, ard thereby aid
the approach to equilibrium, On the ott.  hand, they
can inhibit the motizn of domain walls, and thereby

oppose the approach to equilibrium. Through these

two effects- -nucleation and pinning--defects can
therefore eiiher decrease or increase cozreivity,

Heterogeneous Domain Nucleation

The maximum reom-temperature H ; producced
to date with Co,Sm is 43 kOe!!2) about one-seventh
of 2K/Mj, the ultimate coercivity predicted b, theory
(N;~0),  Most magnets and powders ha.e coercivities
considerab! [ smaller, Since coher ent rotation and
curling are impossible at such low fields, it appears
likely that 1rverse domains are beiug nucleated at
defects,

One poss Sice cause for nuclestion is high local
demagnetizing fields o surface irrcgkda fties {sharp
corners or pits){13-15) or nclusions. Although
the demagnetizing field at a mathematically sharp
corner is infinitef13) Ai.. roni noted that a radius less
than atomic dimensions is unrealistic, and for real-
istic dimensions the maxinium local demagnetizing
field possible is about 18M /1T When K->M2, these
maximum demagnetizing fields are much smaller then
X'\, and thercfore camot directly eaplaia the low
cocrcivities observed, IHowewver, these sites will re-
quire magnetizing f.elds above 18 Mg, ¢. g., about
15 kOe for Co-Sm, tuv remove re idual 1everse do-
maing and producc initial saturat’ .n,

Another poussible o cleation site is a local region
in which K is .ppreciabiy lowered, In Co-R maguets,
this could corteapund to o« cobalt-1ich 1egion produced,
for cxample, by prefer ential osidation of the rare
earth, Local elastie stroins, e, g., around a dislo-
cation, could also decrease K, although magneto-
strictive constants would have to be unusually high to
teduce K to nicar 2€10 in o high-anisotropy material
such as Co-Sm. Abraham and Ah. roni!1® calculated
the reduction i nucleation f1cld produced by a ¢vl-
inder o1 siab of material with K 0 lying parohies to
the field, The reduction Is substantial vnce the cyl-
inder dinmeter or glab thichne s becomes largor thaa
', the domain-w~'? width. el defects smailer than
5, txchange forces are suflicient to resist teversal
by this mechanism,

Another possible nucleaticn site in ordeted moag-
netic o1, stals 14 a stucklug feul,  Magnetic coupling
i oaome structutea can be greatly altered across a
fault, and may e.en be aniifes romagneticf e 1Y Such
A fanlt may be an eaqsy nueloation source for a 180°
domuain wall,
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ven after a smalt reserse doman has been
formed at u defect, the domwin-wall surface energy
y can restst s cxpansnon.(zo' I'or example, cal-
culations fur plane domains n spherical particies'”
and cylindrical domains in platos(g) show an energy
bartier opposing domain growth until the domain
reaches « eritical breakaway size. The calculated
size decreases with increasing field, and perhaps
breukaway can nrst occur when this size equals the
size of the defect, For the case of a cylindr + ' do-
main in a plate of thickness T, a domain nucleated ot
a defect of size 4 would then break away at a field of
-l - (+/20Mgh) - (32Mga/T)-47Mg. The first term
represents the resistance to breakaway provided by
wall energy. 1For CogSm und A=5001, this term 1s
aboui 10 kOe.

The likelihood of ¢ particle containng a defect
capable of nucleating a reverse domain 1s expected
to decrease with decreasing particle size. Thus when
nucleation controls coercivity, coercivity increascs
a3 particle size decreases., Attempts to explain the
eaperimer tally observed variations of coercivity
with size have been made from domain models using
arbitrary assumptions about the size or height of en-
cergy barriers that can be overcome(22) or models
based on the statistical probability of effective nu-
cel in particles of a given size.

Domain-Wall Pirning

Local variations 12 magnetic properties can
produce local variations 1n domain-wall energy and
thereby produce forces thit resis. wall motion, Non-
magnetic inclusions, for example, produce an attrac-
tive force because of a reduction in both wall energy
and demagnetizing energy. The former 1s more im-
portant for incl sions smaller than Dy in diameter.

If the pinning centers ure few and widely spaced, the
wail is presumed to bow between pins, and theory
sredicts an intrinsic coercivity proportional to

vi Mgh, wherc i 1s the spacing between pins, 23y
the deusity of pnning center s becomes high, the prob-
lenm becomes miuch more complex, and coercivity s
no longer proportjonal to v.(2¢

Ziglstre 23) and \Vcstennorp(zs) suggested o
model in whach pinning centers do not eaist through-
out a particle, but only within a surface layer. Pos-
»ible pinning ceuters include inclusions, dislocations,
stacking faults, and surface wrregular ities. If nucle-
ation sites for reverse domains also ex st within ths
layer, then these pinning centers, althoughonly local ean
limit the expansion ot the reverse domans and there-
by influence coercivity, If these pinning centers are
limited only to the Immediate vicinity of the nucleation
site, this model becomes difficult to distinguish from
«4 nucle tion madel, A lucal region of closely spacerd
puning sites 01 a stacking fault 26) could also serve
to retaan o residual reverse domasn to high magne-
tiz o8 flelds, acd tucreby create a subseguent nu-
cleation site,




It has recently been suggested that i gome ma-
terials with large values of the ratio K/A the domain
wall may be thinger than predicted by the standard
expression for &, 27) These narrow wa'ls may pro-
duce an intrinsic lattrce resistance to domain wall
motion analogous to the Peierls force that resist con-
location motion, ‘This will probably provide little wail
coercivity at room temperature, but the narrow-wall
structure may alter vand its dependence on K and A,

Particle Interaction

\WWhen an assembly of particles is alignhed and sin-
tered nto « dense compact, it is no longer reasonable
to consider the particles as fully independent. At the
very least, cach grain will have strong magnetostatic
interaction with neighboring groins. The reversal of
neighbors along the field direction will produce extea
fields ter Jing to reverse a grain's magnetization,
whereas the reversal of neighbors in the direction
transverse to the field will produce the opposite cffect.
Tha most extreme case will be the field on a trans-
verse plune of unreversed particies if tha entire re-
mainder of the sample is reversed. This will produce
a field of 8mMgtending to reverse the magnetizationof
that plance. If a single spheric .l grain. remains unre-
versed, the reversing field will be 8nMg/3. Unaligned
grains will have mor~ complex effects.

It sintering produces actual exchange cont wct be-
tweer spins in neighboring grains, magnetization
reversal ean proceed directly from grain to graii .y
wall motion unless the Loundaries provide suificient
pinnimng sites. Possible pinning sites are dislocations,
voids, and oxide particles, It is also posaible that
exchange contact between the grains 1s blocked by a
thin layer, perhaps of oxude, nr greatly weakened be-
cause of atomic disorder in the boundary. Theneach
grain can be viewed as requaring a separate uucle-
ation event to produce reversal. The resulls of
Crak(28) suggest the existence of an effective gap
between grains in oriented barium feryite,

EXPERIMENT

Precipitation Alloys

Nesbitt et al2" have studied the magnetic be-
havior of a single crystal of Co-Fe-Cu-Ce alloy heat
treated to produce n dispersion of very fine precipi-
tates within a CogCe-ricit matrix. In a thermally
demngnetized specimen, they found little magnetication
change 1t fields below the coercive field, and a vers
abrupt increase to pear saturation at the coerceve
field, Since such a specimen contained many donaune,
this beha ior s charactoristic not of nucleation, but
of genersd wall pinning,  Other evdence fndicating
general wall pinning was @ lack of dependence of co-
ercivity on magnotizing field, -wd the ability to
schirve high roercivity in a bulk cryatal,  Sgnetic
+jscosity hes ilzo been reportedt

Single Particles

Tite magnetic behavior of predomit atly stagle.

phase Co R terils ja confres to that tor the pre-

phase Co, R materials 13 contrary to that fur the pre-
cipitution alloys. A thermully demagnetized sample
can be magnetized to near saturation m low fields,
coercivily genera.ly mnereases with increasing mag-
netizing field, and lugn coercivities are attained only
in fine particles vl siutered assembliies of particles
(Refs. 3, 25, 30, 31), These charactemstics mdicate
that general wall pianing 1s low and sagpest that coer-
civity is dominated by domam nucieation.  Inrect
magnetjzation studies of single partieles of other uni-
axial hard magneti- materials, such us orthoferrites
(Refs. 32-34), Man' (5) ang l\ln(‘ia,(:m show that nu-
cleation determines coercivity u these materials.,
Ilowever, the results of similar studies vn sple

fine particles of CogR compounds arc more eomplex,
While confirming the importance of dom.am nucleation,
they indicate that local wall pinning caninfluence co-
ercivity in some cases.

Consider the experimental magnetization curves
n Figs, 2 through 5. The particle s kg, 2 shows
simple rectangular-loop henavior, similar to the
bottom of Fig. 1, but with a much smaller cuercivity
{Ref. 37). In this particle, once the reves s¢ domain
was nucleated, 1t swept through and completely re-
versed the particle magnetization.  1he nucleation:
field and coercivity were dentical. In Fig. 3, a do-
main nucleated and moved abreptly to a1 near-equiib-
rium position. It then moved to mantan zero
internal field, approsimating the equilik s bchavior
of ¥ig. 1(c), but modtited by « slight wall coercivity,

However, the behavior of the particles 1 Fipgs. 4
and 3 1s not so clearcut,  The tirst shows twe distinet
magnetization discontinaities sepuratzd by o 1 gion
of gradual change. Becker ) interproted ths as
the sum of two ruagnetssation loops, vue samilar to
Fig. 2 and one sumilas to Fig, 3 (but with nucteation
at « negative applied Neld),  fle sugeested that .
small-angle boundary atsded the particle mto two
magnestically ndependent regions, I he particle in
Fig, 5 shows an extensive region of gradiual mag-
netization change, presumably corresponding to
gradual wall motion, before the oceurzence o ajump.
Ziglstra 770 jnter preted this wo weil inotion iibn-
ited by pmning mn parts of the ervstal, but not mother
parts. The mmor loops shown for demagnetized
purticles confirm that wall motion is Cass over lax pe
portions ol the particle.

In Figs, 2 and 3, the nucleation of Ole Tever e
domain was suficient 1o pe.epac the pegtide mag-
netication 01 reach epprostmately equiabriun be-
hovior. InTigs, 4 aund 5, hose.er, the neeleabion of
one reserse domain v o ansuflicient, oud a stuglhe
barmer to wall motiols or «region of panoliee cirong 3
infhuenced magretization e ver s,

The tel it e inporiam e of data o no s tionand
local wall-pssag »artes  preotiy fiom porticie
pattiele, and the properties of capions posders and
sintercd moguets moay be ke need o bath, Proag-
aalieally, the poal is to laercaae covtetits, L -
eleation=dominded wadel suppests ge want o
decrease defoct denatty, ahereas o pauntng sdonnnated
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Fig, 2 Hgsteresis loop of Co,Y particle {from
Becker! 7)].
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Fig. 3 Hysteresis loop of 200u Co,Sm particle
[from Berker(38}),

model suggests we want to_increase defect density.
Most evidence points to the former alternative, How-
ever, incomplete evidence of the nalure of the impor-
tant defects and their connection with processing vari-
ables sometimes makes interpretation ambiguous,

Single-particle experiments have shown that in-
creasing magnetizing ficld increases the reverge
field necessary for domain nucleationina stepwise way
(Ref. 39). This suggeats that residual domains, main-
tained by local demaguetizing fields or local pinning,
are serving as reversal nuclet, and require specific
magnetizing fields to remove them, Similar obser- n
vations have been made on orthoferrite crystals.‘”“"")
Because of their low magnetization, orthoferrites
have a very large Do, and single-domains behavior is
approached with aimensions of several mm., This
allows direct optical ebservation of domain through-
out the hysteresis loops. Nucleation of domains s
geen to occur at apecific locations in the crystal,
soinetimes Identifiable as the location of a residual
domain, When the magnetizing field is sufficiently

27

N |

H, 0ERSTEDS

Fig. 4 Hysteresis loop of 50u CogSm particle {from
Becker(38)],
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Fig. 5 H{zs_ts:resis loop of 5.CnSm particle [from
Zijlstral37),

large to remove the residual domain, nucleation oc-
curs at another location at a larger field, It was
found that mechanical polishing made nucleation
easier and annealing made it more difficult, suggest
ing dislocations as favcred sites for magnetization
reversals {34,

If individual magnetization discontinuities in a
single particle can be associated with individual de-
fects, the dependence of the nucleation fields onvari
ables such as temperature or field orientation may
dled light on the nature of the defects. Becker has
reported that two such fields in one particle had dif-
ferent temperature dependences{*1) The 1/cos 8
dependence of coercivity expected for 180° domain-
wall motion{42 wag found displaced from 6=0 insom
particles, su&gcsting amisorierted region as the
defect site(4




Powders

Coercivity of Co,R powders fi1 st increases and
then decreasecs with increasing grinding time, i.e.,
with decreasing particle sizel3s % 7, 30, 81) Tye de-
crease for fine sizes is usually ascribed to the plas-
tie deformatinn preduce by grinding, Consistent witn
this interpretation are the higuer coercivities
obtained by grinding at liquid nitrogen temperature
(Refs, 17, 44, 45, 82).

McCurrie et al{t8) have observed a difference in
mechanieal hardness behavior between Cogl.a and
CogSm. They conclude that plastic deformation will
occur less easily in CogSm, and suggest that may ex-
plain why higher coercivities are attained in that com-
pound. A diffieulty with this explanation js that
CogCe has similar hardness properties t. Co;Sm, but
has low ccereivities in ground powder, like Cogl.a
(Ref, 47).

Etching ground particles in various chemical
reagents usually increases the coercivity, some-
times as much as twenty-fold{3, 37, 48, 83) This may
be caused by the removal of mechanically damayged
surface layers, in which dislocations and stacking
faults had been serving as aucleatior sites. However,
etching hasg algo been observed to decrease coercive
force in some cases, which was explained by the re-
moval of a surface pinning laycr.(

With long holding times at room temperature or
slightly elevated temperatures, the coercivity of pow-
ders gradually dx"ops.(ao' 48, 8 }an effect that dependson
contact with oxyzen{49) and car be avoided or slowed
by apprope iately coating the particle(48, 50, 82, 83)
This sging phenomenon may be caused by the creation
of low-K cobalt-cich surface regions by preferential
oxidation of the rare earth.

As mentioned earlicr, thermally demagnetized
Cogz R powders can be magnetized to ncar saturaiion
in low fields, indicating that general wall pinning is
low. Coercivity is sensitive to magnetizing field,
indicating that nucleation from residual domains is
controliing coercivity. Becker studied the angular
dependence of the dependence of coercivity on mag-
netizing field, and found it consistent with a model
based un the motion of 180" domain walls and par-
ticular assumed distributions of individual particle
coercivities{?!) McCurrie(32,53) has used demag-
netjzing remanence curves as a means of estimating
coercivity distributions, a technique tnat depends on
questionable assumptions about the shape of the mag-
netization curves of individuul particles.

Zijlstx-a(23) measured minor loops at various
positions along the reversal portion of the magor
hysteresis loop, and noted a nonzero sugceptibility x
which seemed likely to be caused by reversible dis-
placements of domain walls. Ile then noted that
and coecreivity Hej varied with heat treatment of the
powders such that 'I_”cia remained constant, e ex-
plained this correlation with a wall-pinning model.
This interesiing result cails for further investgation,

[S1]

Annealing at temperatures near 1000°C can in-
crease coercivity, perhaps because of the annealing
of defecis produced by grinding, However, anncaling
of CogSm in the vicinity of 700°C can substantially
reduce coercivity, an effect that can be reversed by
a subsequent anneal at 1000°C (Fig. 6). Recent evi-
dence indicates that the deleterious effect of inter-
mediate-temperature heat treatments may be caused
by a eutectuidal decomposttion ol CogSm 1nto Coy, Smy
and Co, Smg, thereby producing nuclei for easy mag-
netization reversal (945

Westendorp noted a similar dependence of coer-
civity on heat treatment for Cog¥’r, but noted that
coercivity always remained about five times smaller
than for CogSm (Fig. 6).196) From domain-width ob-
servations, he cuncluded that the domam-wall energy
for CogSm was larger than for other CogR compounds,
and suggested that the resulting incrensed wall-pin-
ning forces might explain the higher coercivities of
CogSm. More detailed measurements have recently
confirmed that the wall energy of CosSm is hgher
than fox the other compounds, 57) 1t was noted that

this also leads to bigher vaiues of Dy, so thut to
grind the other corapounds to an equivalent D/D, re-
quires finer particle sizes and therefore more me-
chanical damage and oxidation.

This was suggested
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Fig., 6 Coercivity vs annealing temperature for
CogSm and CogPr.  Daxhed lines for as-ground
specimens,  Solid lines after initial anneal near
1000°C Ifrom Westendorp(96)},
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as another possible . eason fo. the superior proper-
tirs of Coz;Sm. Domain measurements were also tused
to estimate D¢ for various 17-2 and 7-2 cumpounds,
and .t was found that only C(,)T,}Gd and Cr ,Gd, had lar-
ger D¢ values than CogSm, 5T, In both of these
compounds, high coexrci.ities are easily attained in
ground powdex's.("’9

Sintered Magnets

Domain studies on sintered CozSm magnels(so)
show that 2ach grain contoins several domnins in the
thermally demagnetized condition, and that these do-
mains move about easily throughout most of the ma-
terial. IHence, general wall pinning remains low,
Once the magnet is magnetized, however, mostgrains
apparently reverse abruptly in a "single-domain"
process, and only a minority of grains show an in-
ternal domain structure, Individual grains can resist
reversal to high fields despite the carly reversal of
neighboring grains, indicating cither strong pinning
at the grain boundary or no exchange contact between
grains,

The coercivity of sintered CozSm-based magnets
depends sensitively on composition, sintering tem-
perature and time, and post-sintering heat treatment
(Refs, 1, 25, 61 86). Maximum coercivity occurs
when the CozSm phase reaches the Sm-rich limit of
its composition range(67, 68)(Total Sm content would
be well into the two-phase range, but acuount is taken
of the Sm tied up in the form of Sm;04.) It is not yet
ctear how much of this composition sensitivity is
caused by a dependernice of K on deviations from stoi-
chiomeiry, and how much is caused ty a change in
defect distribution, Benz and Martin{(67) have suggested
that cobalt vacancies present in hyperstoichiometric
alloys not only accelerate sintering, but also aid
cocrcivity, The deleterious effect of heat treatments
near 700°C is probably caused by eutectoid decompo-
sition, as mentioned above. The bencficial effect of
heat {reatment near 900°C may result from the dis-
solution of cobalt-rich regions associated with re-
sidual composition inhomogencities or for:med by
cutectoid decomposition during prior cooling.

Several investigotors have produced good prop-
erties in sintered magnets by blending together poiw-
ders of twe different compositions, one of which is
rare-earth-rich and liquid at the sintering temper-
aturefl> 707 This and other observations led Schweizer
et al {71) to suggest a modification of Zijlstra's
Burlice-pinning theory 1 wiieh each CogSm grain is
presumed enclosed by an epitaxial Co, S, shell,
which ~nntains pinning 3ites  However, there has
been no diteet evidencre of che existence of such a
shell, nnd experience indicates that high cocreivities
can al. s be obtatned without the use of a liquid-phase
smtering additive,

Martin wnd Benz{72) recently measured the vem-
perature de pendence of ccercivity in o number of
sintered magnets of varsing ¢oerelsity, and found that
the re salts eould all be norm.hized to o single curve
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representing the increase of relative coercivity with
decreasing temperature (Fig, 7). They ulso measured
the temperature dependetice of the amsot,-upy constant
K for one of these magnets, and found 1t 1dentical to
the temperature dependuence of coercivity (Fag, 8)
This suggests that thermal activation pliys no major
role in producing the temperature dependence of
coercivity. This is in conirast to the view of other
workers(®2 T4, who had noted that coercivity was
much more temperature-dependent than the anisotropy
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Fig, 7 Relati.c coerctvity vs temperature for aseries
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Fig. 8 Coercivity vs anisotropy constant (measured
at various temperatures) for a Co.Sm sintered
magnet [from Benz and Martinl T3],

constants reported by Tatsumoto et al-‘G) However
since the anisutropy measurements of Benz and
Martin were obtained with much larger measuring
firlds, they are probably more reliable. Beeause of
the likely variation of K with deviations from stei-
chiometry, it is also highly desirable to nwasure co-
ercivity and K on the same samples, as 'd Benz and
Martin, Neshatt et .11..2“ measured coecr civity and
un a single crystal of a Co-Fe~Cu-Cr alloy, 1n wiich
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coercivity 1s controlled by general wall pinning, Most
of the temperature dependence of coercivity could be
explained by the temperature dependence of K 1n this
case as well.

Doniain studies of sintered magnets watep-
quenched from Ligh temperatures have shown the ex-
istence of &&u‘l‘ace layer of low-coercivity grams about
200u thick. This layer accounts for the kinked mag-
netization curves previously reportedf77) Further
studies indicate that this layer is caused by thermal
stresses produced from the temperature gradients
during quenching (767

CONCLLUSIONS

Since coercivities so far . taiaed are far below
2K/Msg, it is clear that coherent rotation or incoher-
ent rotation processes such as curling do not operate,
Except in the copper-bearing precipitation alloys, gen-
eral wall pinning is low, Domain nucleation and local
wall pinning both influence coercivity, and are even
inferrelated in some models. However, since most
experiments suggest that defects decrease coercivity,
coercivity appears to be limited primarily oy domain
nucleation,

The specific defects responsible tfor nucleation,
or for local pinning, have not been conclusively iden-
tified, The effects ol low-temperature aging of pow-
ders, and of compoasition and heat treatment on sini-
tered magnets, suggest that low-K cobalt _1ch re-
gions may serve as defects for domain nucleation.
The eifects of grinding on powders and of thermal
stresses on sintered magnets suggest that plastic de-
formation may produce nucleation sites, presumably
cither dislocations or stacking faults,

The superiority of Co,Sm to other cobalt-rare
e¢arth compounds is attributable in part to the higher
K, wnich results in a higher v and a higherD, . Another
possible factor is leas sensitivity of K to composition,
particularly increases in cobalt concentration, (This
can be inferred from the observation that Coy,8m, re-
mains easv-axis while most of the nther Cop R, com-
pounds are easy-plane, i.e., they have negative K. )(3)

More information is needed on the dependence of
K on deviations from stoichiometry. Measurements
of magnetosiriction coefficients are necessary to
asgygess the importance of dislocations. (Some data
already exist for Co-Gd cornpounds.‘78)| Lxperimen-
1al and theoretical study of various stacking faults
possible in these systems would help assess their
uportance, More metallurgical work forused onthe
grain boundaries Ly sintered magnets would “elp us
understand how neighboring grains remain »o mag-
netically mdependent,
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III. MATERIALS CHARACTERIZATION AND PHASE EQUILIBRIUM
STUDIES

1, Studies of the decomposition of CosSm at elevated temperatures
(J. G. Smeggil)

Cast Co-Sm alloys were prepared having overall compositions such that
they consisted of two phases, either CosSm + Co;Sm;j or CosSm + Coy7Sm,.
These alloys were annealed at 750°C for periods up to several weeks. The
samples were protected from oxidation by wrapping in Zr and Mo fcils, and
heated in an argon atmosphere.

Subsequent examination of these samples is being carried out using x-ray
techniques, analytical chemistry, electron microprobe analysis, scanning
electron microscopy, and optical metallography. At present this work is
gtill in progress.

Figures 1 and 2 represent a sample of CosSm + Co,;Sm; as cast and as
annealed for 21 days. Electron microprobe wovrk indicates that the back-
ground phase is Co;Smj while the lighter patches are CosSm. The striations
in the CosSm regions of the sample annealed 21 days are only observable
after etching, Scanning electron microscopy of this sample shows that the
lines are etched-out lamelle.

Similar studies of a material containing CosSm + Coy;Smp again show a
striated structure developing in the CosSm phase after extended periods of
annealing.

Two-phase alloys were used in order that the CosSm phase could ke
studied at both ends of the homogeneity range present when it is formed.
Further studies are under way in single-phase alloys of these compositions.
The objective is to see whether the decomposition takes place as a simple
precipitation reaction, or, as suggested by Bushow, eutectoidally., Our
preliminary results suggest the former, rather than the appearance of two
new phases from the decomposing phase required by Buschow's model.
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IV. ALLOY STUDIES

1. Preparation and examination of CosTm, CosYb, CosSc, CosEu,
and CosLu (J. D. Livingstoa)

Attempts were made to case alloys of nominal compositions correspond-
ing to CosTm, Cos¥b, CosSc, CosEu, and CosLu. The Co-Tm casting
exhibited a lamellar microstructure (Fig. 1) which showed an intricate
pattern of magnetic domains when viewed under polarized light (Fig. 2).
X-ray powder patterns indicate the presence of CosTm and Co;Tmjy. The
Co-Yb and Co-Sc castings consisted of Co-rich dendrites and an inter-
dentritic eutectic (Figs. 3 and 4). X-ray powder patterns indicate Co, CopyYb,,
and possibly CosYbk in the former casting and CosSc in the latter. The Co-Eu
casting was very inhomogeneous and a portion was very reactive. No inter-
metallic compounds were detected, but Eu(OH); was prominent in the x~ray
patterns. The Co-Lu melt reacted violently and rapidly with the alumina
crucible, and no casting could be prepared.

2. Variation of mechanical hardness and coercive force with post-
sintering heat treatment (J. G. Smeggil)

Hardness measurements were made on cylindrical liquid-phase-sintered
Cos;Sm magnets using a Knoop indenter. The samples were sintered at
1100°C for 1/2 hour, then annealed at either 750°, 900°, or 1100°C for 1/2
hour, A circular cross-section was polished on each specimen. A 200-gram
load was applied to the indenter at a rate of 0.05 mri/sec for 10 seconds.

The hardness values and coercive forces observed on these samples are as
follows:

T(°C) KHN (kg/mm?) H; (kOe)
750 541 {x54) 1.2
900 575 (:40) 20.3

1100 618 (+51) 2.0

The hardness data are in agreement with those reported in McCurrie,
Carswell, and O'Neill, J. Mater. Sci. 6, 164 (1970). Even though the hard-
ness values are the same within experir"ﬁental error, the coercive forces
vary by a factor of twenty.

3. Diffusion studies (D. ., Martin)

Diffusion couples have been made between coball and a 60 wi Sm alioy.
The diffusion zone clearly shows layers of 17-2, 56-1, 7-2, and 3-1 compounds.
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Figure 3 Co-Sc as-cast, 560X
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Magnetic domain observations indicate that the 5-1 phase is oriented with

its c-axis along the diffusion direction. These studies are designed to
elucidate the reactions occurring in the sintering process and to aid in the
positive identification of phases observed by optical metallography in cast
alloys and sintered magnets. Preliminary results are definitely encouraging
and indicate that this technique will be a valuable tool.
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4, COBALT-SAMARIUM PERMANENT MAGNET ALLOYS:

VARIATION OF LATTICE PARAMETERS WITH
COMPOSITION AND TEMPERATURE

D, L, Martin, M. G. Benz, and A, C. Rockwood

(To be published in AIP Conference Proceedings)
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SUMMARY

Previous studies have shown that the magnetic prop-
erties of CogSm permanent magnets are greatly improved
when the composition after sintering is hyperstoichiometric

(Sm rich).

In this study, x-ray lattice parameters, chemical
composition, phase identification by metallography and
magnetic properties have been measured for a series of
closely spaced composition, in order to determine conclu
sively the phases present at the optimum composivion.
From these observations, one can conclude that the peak
magnetic properties do indeed occur when the composition
is hyperstoichiometric; i, e., close to the CogSm-Co,Sm,
phase boundary as determined by x-ray measurements,
16,85 at . % Sm as determined by measurements of the
chemical composition.

In addition, changes in lattice parameter with {emper-
ture over the range 77° to 300°K are reported.
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VARIATION OF LATTICE PARAMETERS WITH COMPOSITION AND TEMPERATURE

P. L. Martin, M. G. Benz, and A.C. Rockwood

INTRODUCTION

The peak magnetic properties for CogSm-type
magnets are obtained in alloys with samarium in ex-
cess of the stoichiometric composition, that is, about
37 wt%Sm vs 33. 8 wi% Sm in CogSm. {!-3)The samar-
ium in the magnet sample may be present as cobalt-
samarium alloy phases or as samarium oxide. Oxygen
is unavoidable in these alloys because of the high re-
activity of powders containing samarium., A sintered
magnei might contain as much as 0,4 wt% oxygen.
This amount of oxygen would combine with 2,5 wt%
Sm to form 2.9 wt% Sm,0;. Therefore, it is impor-
tant to adjust for Sm.,0, in de*ermining the amouxtof
samarium available to combine with the cobalt,

In a recent study.(‘” we showed that the peak in~
trinsic coercive force, H,j occurred at an adjusted
composition of 17, 3 at ., % samarium compared to
16,7 at . % samarium for stoichiometric CogSm., A
correlation was observed also between sintering
shrinkage and coercive force. The alloys showing
the greatest shrinkage also possessed the highest co-
ercive force. A model {or the mechanism of sinter-
ing was postulated where the slow step was the diffu-
sion of samarium atoras in the grain-boundary regions
via a samarium-atom-cobalt-vacancy cluster exchange
mechanism, Central to the considerations advanced
for the sintering model are the point defect struc-
tures which lead to a broad Co,Sm, homogeneity re-
gion extending heyond the stoichiometric composition
to higher samarium alloys. Such a region has been
reported to exist above 800°C and, at 1200° to 1300°C
to extend from 14.5 at .% Sm to the hyperstoichiomet-
ric composition of 17.0 at . % Sm.

EXPERIMENTAL

The samples were prepared by careful blending
of twe powders using different ratlos tv vary the com-
position. The chemical compositions (wt7) of the
base metal and additive powder were as follows:

Co Sm Oq Ni Al
Basge 65.4 33.9 0.24 0.05 0.05
Additive 39,4 59,6 0,76 0.19 <0,01

These puwders werc blended into 12 closely spaced
mixes covering the range 16,25 to 17,5 at.% Sm after
adjusting for Smz O3, The biended powderswere aligned,
pressed, and sintered for 1 hour 1120°C in argon,
The samples were cooled slowly from the sintering,
temperature to 900C, and then rapidly in a cooling
chamber. The chemical composition of Sample F wae
determined by analytical means asg a check on the
calculated compositions, Its composition was found
to be: 64,0 wt9% Co, 35.27: Sm, 0,05% Ni, 0,05% Al,
and 0,33" 0,. This corresponds to an adjustied alloy

dlanusceript Received 11/10/72
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composition of 16. 85 at.% Sm as compared to the
value of 16, 84 at , % Sm calculated from the analyses
for the base metal and additive powders. This agree-
ment is better than is to be expected in view of anex-
perimental error of %0.2 wt% for Co and Smanalvsis;
nevertheless, it does give credence to the accuracy
of the blending procedure.

RESULTS AND DISCUSSION

X-ray Parameter Data.

The lattice parameters were determined from
the powder diffraction x-ray data (Co-ISy and Fe-FKy,
radiation) by well-known methods. (6: 7) 'The a, and ¢,
results are plotted in Fig. 1 together with the density
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Fig. 1 Change of CoySm lattice parameters and den-
sity with adjusted samarjum content,

The x-ray parameter values for CogSm become
constant for alloys containing more than 16.8% at. 7%
Sm. The constant level of the x-ray parameters
signifiea a two-phase field, and the inflectron point
indicates the end of the CogSm phase field and the be-
ginning of the CoSm + Co,Sm, two-phase ficld, X-ray




diffraction methods are generally insensitive to small
volume fractions of a second phase so that the pres-
ence of the Co,Sm, phase was detected first by x-ray
means in Sample [ (17.2 at .% Sm). Microscopic ex-
amination is a more sensitive method and it showed
small, isolated Co,Sm, particles in Sample E (16, 72
at .7 Sm).

The change in the a5 and ¢ lattice parameters
with compogition below 16. 8 at . % Sm is evidence for
the existence of a broad Lomogeneity range as already
reported{5 8) While our results indicate that this
homogeneity range extends slightly beyond the CosSm
stoichiometric composition to higher samarium alloys,
the chemical analysis error is such that it is difficult
to determine the absolute position of the stoichiometric
composition,

The lattice parameter data are in good agreement
with those published by others if one takes into consid-
eration the measurement error. In Table I, published
x-ray data for CosSm samples located near the Co,Sm-
Co,Sm; boundary are compzared with our data,

Density and Metallographic Results

Note in ¥ig. 1 thati the density pcaks near the
CogSm-Co,Sm3 boundary and falls rapidly a shortdis-
tance on ecither side of the boundary.

The Co,5m; phase was detected by metallograpnic
examination in Samples E to L. This would placethe
CoeSm-Co,Sm, boundary at about 17,7 at ,% Sm com-
pared to a value of 17, 85 at . % Sm as indicated by the
break in the a, or ¢, curves,

Magnetic Measurements

The change of magnetic properties with compo-
sition is shown in Fig. 2. A summary of pertinent
magnetic data and other information is listed in
Table II, The highest values of coercive foree and
(BH)max ave obtained in the same region where the

density peaks, and the lattice parameter values be-
come constant, Th% magnetic properties, 1n partic-
ular the Hgy and Hg values, drop raptdly on either
side of the boundary, although the drop is more se-
vere on the cobalt-rich side than on the sainarium-
rich side. However, it should be noted that Samples
C and D (16.48 and 16, 60 at . % Sm), which do not
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Fig. 2 Magnetic properties afier sintering and aging
as a function of the adjusted samarium content of
the Co-Sm alloy phase or phases.

TABLE I
X-ray Data for Co.Sm Near the CogSm=-Co,Srm, Boundary

atd) e (R) c/a vot. A%

Exptl

Reference Error (})
Umebayashi and Fujimura(a) 0. 002
Austin and Miiler(9) 20,002
Bugchow and Van der Goot!™ 20,005
Velge and Buschow(lo) %0, 005
Haszkol11) 40, 005
Thig study--Sample E +0, 001
This study--Sample I +0. 001
This study--Sample G 40, 001

Average

N

vy

5,004 3. 969 0.793 86,17
5,002 3, 969 0.793 86,10
4, 995 3. 965 0. 794 85,74
5,004 3. 969 0,793 86. 14
5,004 3,971 0.794 86,18
5.000 3.972 0. 794 86.08
5,0015  3.9692  0.704 86.08
5.0017 3.9686 0.793 86.08
8,002 3. 969 0,793 86, 07
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Table I

Summary of Date for 2 Co-Sm Alloy Series

Sample  At. %Sm*  Co,Sm, ‘(1;(7(;7)8 (Eé) (kI(x)%) icfci)(:e :lf\;licll)&e‘)x 3;7:53::)}
A 16. 24 Ne 10.4 8.4 2.4 2.7 9.5 7.18
B 16. 36 No 10. 4 8.6 4.3 5.4 13.¢ 7.20
C 16.48 No 10, 3 8.7 6.7 12,2 16. 3 7.36
D 16.60 No 10. 4 9.0 1.4 13,7 18.7 7.57
E 16.72 Yes 10.4 9.3 8.3 13.6 21.0 7.78
jo 16. 84 Yes 10.4 9.5 8.5 1€. 8 2.9 7.94
F-2 16. 84 Yes 10.4 9.4 8.2 15.1 21.8 7.91
G 16. 96 Yes 10.3 9.3 8.1 15.7 21.3 7.92
G-2 16. 96 Yes 10. 3 9.3 7.5 13.8 21.0 7.87
H 17.08 Yes 10.1 9.1 6.5 10,1 19.5 7.90
K-2 17.08 Yes 10.3 9.2 6.2 8.7 20.0 7.93
I 17.20 Yest 9.9 8.6 6.4 91 17.5 7.64
J 17.32 Yest 9.8 8.5 6.4 8.9 17,1 7.61
K 17.45 Yest 9.6 8.3 6.6 9.1 16. 3 7.53
L 17.56 Yest 9.6 8.2 6.3 8.7 15. 8 7.45

* Calculated on assumption that oxygen forms Sm30,.
t Detected by x-ray as well as by metallographic examination,

contain Co,Sm,, have relstively high values of coer-
cive force. Beyond 17,1 at. % S, the coerciveforce
{H, and Hg) level out with increasing samarium,

The high (BH)‘ x values for the samples E, F,
and G reflect the hpg%er density of those samples
(Fig. | or Table lI). 'The coercive force generaliy
follows the density trend, the exception being Sample
H (17,68 at, % Sm) where the coercive foree dropped
and the deasity remained at a high level, At substan-
tially higher sintering temperatures, a high Hg,; will
not occur, vven though higher densities will be
achieved.

Lattice Parametess vs Temperatuie

The change of Jattice parameters over the ternper-
ture range 77 to 300°K are plotted in Fig, 3. The
up and ¢ p~ ameterg increase with increasing tem-
perature but the ¢/ ratio decreases with increasing
temperawure. The thermal expunsicn cocfficients
caleulated from thesge data for the temnerature range
=20V to +24C are:

@, = 12.24%107 J°C
0e, = 4.00x1C7/C
o1, * 28.94 %107 J*C

SUMMARY

We conclude that the peak coercive force and en-
ergy product values occur when the alloy composition
is cloge to the CogSm-Co,Sm; boundary (16.8 at. %
Sm after adjustment for the formation of Sm;03).

The highest magnetic properties have been
arhieved for gamples with 2 gmall amount of C'c,Sm.,.
Samples located in the single phase, CogSm region or
with mot e than a few volume percent of Co,Sm, have
lower density when sintercd under similar conditions
and lower magnetic properties, Previously we ob-
sexrved a sumilar correlation and postulated that the
high coercive fcrce and rapid sintering observed irthe
hyperstoichiometric alloys may be due to the presence
of crbalt-vacancy-clusters in the grain-houndary
region(4

The change of the x-ray lattice parameters over
the range 7% %0 300K was measured, and thermal
expansion coefficients were calculated. The a-axis
thermal expansion being about three times that of the
c-axis.
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