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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
principal participants in the research are J. J. Becke-, 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.

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 critical 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. NThis
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-ive force (J. J. Becker)

In the continuing theoretical study of the origin of the coercive force in
both powders and sint_ -d magnets, a number of points are being developed.
One is an assessment of the importance of changes n viall area. In an
approximately equiaxed, nearly saturated particle, such as a particle at
remanence having a coercive force greater than about 4TMs/3, any remain-
ing vestigial domain boundary that might serve as c 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 external 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 corsidered to exist in
the "shell" model for sintered magnets, in which each grain of the 5-1 phase



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-anisotropy material. While the magnetization could easily
rotate in such a nucleus, the resulting domain wall must then cross the
boundary 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 Ii n on Hm for single

particles is being developed along the lines that are summarized in the
following digost, which has been accepted for presentation at the 1973
Intermag Conference.



2. A MODEL FOR THE FIELD DEPE NDENCE OF MAGNETIZATION
DISCONTINUITIES IN COBALT-RARE-EARTH MATERIALS

J.J. Becker

(To be presentedI at the 1973 Intermag Conference)
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A MODEL FOR THE FIELD DEPENDENCE OF MAGNETIZATION
DISCONTINUITIES IN CO3ALT-RARE-EART II MATERIALS

J.J. Becker
General Electric Research and Development Center

P. 0. Box 8, Schenectady, New York 12301

A strong dependence of intrinsic coercive force If on previous mag-
netizing field im has been observed in powders of cobalt-rare-earths.
Observations on Co 5Sm single particles(l) demonstrate that tie fields I n at
which magnetization discontinuities take place also vary with li m p showing
that the dependence is a property of each particle. In gener-l the values of
Hrm are larger than I- n , and the overall slope of Hn as a function of Il m is
approximately -1, until a value of Hm is reached that results in no further
increase of Hn .

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

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

2. The event that brings about a discontinuous magnetization jump is
the breaking away of a wall fragment from its trap. This occurs at a local
field -fI,. The corresponding applied field lin is equal to Ild - ]l4 , where

I d is the local demagnetizing field. Thus In may be positive or negative.

3. The wall fragment may equally 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 -i-I, or an applied field i"d + T1$.

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. Thi:s will happen when another trap "fires. "

5. Ultimately at high 11m another type of defect takes over and deter-
mines the limiting value of 1in.

This model predicts the following type,; of behavior:

1. Loops at lv'.-s than .the limiting I1 m are characteristically un-
symmetrical, since they are due to two traps, one reactivating the other.

2. At the limiting lI1r the loop becomes symmetrical.



3. The predicted behavior of Hn as a function of Hm has an overall
slope of -1 and an offset of H1

d . That is, no jumps take place until Hm
exceeds Hd .

Comparison of these predictions with the observed behavior of a particle
whose ideal loops at the limiting Hm have been reported previously(2) in-
dicates the pres2nce of several such defects in addition to the limiting one and
shows a reasonable value of about 2400 Oe for Hd

1, J.J. Becket, IEEE Trans. Magnetics MAG-5, 211 (1969).
2. J.J. Becker, J. Appl. Phys. 42, 1537 (1971).

This research was supported by the Advanced Research Projects Agency of
M thc Department of Defense and was monitored by the Air Force Materials

Laobratory, MAYE, under Contract F33615-70-1626.
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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
Conference 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, England; K. Bachmann, Brown-Boveri, Switzerland; and G. Y.
Chin, Bell Laboratories. The purpose of tile 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 armply testified to the widespread interest
in this important 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. 1). Livingston)

Figure 1 shows the various coercivity models zo far suggested for high-
anisotropy uniaxial materials such as Co5Sm. Coherent rotation and curling
can be eliminated 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 Zijlstra, West. 'orp, and
Strnat and co-workers, by a localized wall-pinning.

Figure 2 shows schematically the different 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 Co 5 R materials. This observation rules out
general pinning in these cases, and is consistent with nucleation-controlled
reversal. However, certain local pinning models can also explain such
behavior.

Study of the magnetization curves of individual Co 5R particles (Figs. 2-5
in the next section) shows that both nucleation and local pinning can play a
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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
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Figure 3 Dependence on defect density of nucleation and pinning models.
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Figure 4 Effect on coercivity of various processes, and possible cause on
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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 coercivity 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 N liether 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
proesses 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.

i



5. Present Understanding of Coercivity in Cobalt-Rare-Earths

J. D. Livingston

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

J. D. Livingston

INTRODUCTION We consider first the equilibrium or lowest-energy
magnetization states of a uniaxial particle temporarily

Co83mn and CosSm-based ternary c( mpounds havc ignoring the accessibility of those states. The
recently been developed into pe mianent magnets %ith equilibrzummagnetization curves for spherical par-
energy products and coercivities substantially greater ticles with DDc. DZDc,andl>>Dc are shown in the
than was possible with previous materials. (1 3 ) low- top half of Fig. 1. For D!Dc, the particle is always
ever, in other CosR, Col,7R 2 , and (Co, Fe)17R2 corn- fully saturated, I. e., single domain, in its lowest-
1-unds with the potential for higher energy products energy state. For a bulk sphere (D>>Dc), a multi-
and/or lower matei ial costs than CosSm, high coer- domain state with zero internal field is of lowest en-
civities have not yet been achieved. Even in Co.Sm, ergy for applied fields below "he saturating field of
coercivities remain almost an order of magnitude be- 41TMs/3. For intermediate particle sizes, the field
low those theoretically possible. Thus there remains range over which the multidomain state is favored de-
considerable technological potential in improved creases with decreasing diameter, with the fractional
understanding of the factors determining coercivity decrease in saturating field varying approxima+,ely as
in these materials. (Dc/D).(9) Thus the transition from multidomainbe-

havior to single-domain behavior is gradual, and does
The Co8R compounds are ot hexagonal symmetry, not occur abruptly at D-Dc .

and the basis for large coercivities is the lprge, easy-
axis, magnetocrystalline anisotropy which has been D 9 DC MeD 0>>OD
measured on single crystals(4 -6 ) anid aligned pow- M

ders(5, 7) We will review first the theory of magne- H _ _

tization reversal in easy-axis materials, and then the
experiments relating to coercivity in the cobalt-rare
earths. We will deal exclusively with the intrinsic
coercivity Hci, the reverse field in which half of the ib) (e
specimen magnetization is reversed. Unless other-
wise specified, we will be considering the case in
which magnetic field is applied parallel to the easy
axis.

THEORY
(4) M. I

Critical Particle Sizes Fig. 1 (a)-(c): Equilibrium magnetization curves for

There are three different size parameters of spheres of variou5 diaineters. (d)-(f): Idealhyster-
significance to single-domain behavior.' 8 ) These are esis curves for same particles, assuming D>>bc .

De = 1. 4y/Ms, bc = 2A/M s , and 6 = n (A/K)i, where Coercivity is (2K/M s ) -N1 Ms .
Mi is saturation magnetization, K is magnetocrystal- These equilibrium cur es cor espond to lowest-
line auisotropy, A is the exchange constant and V a 4(AK) energy states, and it is the energy barrier e between
is the domain-wall energy per unit area. these states that lead to hysteresis and coercive

force. In particular, micromagnetic theory( 10 ) in-
The first parameter, Dc , is the diameter of a dicates that a fully saturated magnetization state is

sphere below which a single-domain structure is oL very stable. For a saturated, defect-free ellipsoid
lower energy at ;ero field than a multidomain struc- of rotation with D<bc, the second size parameter,
ture. The dimension bc is the cylinder diameter be- this theory predicts that magnetization reversal can-
low which magnetization reversal by coherent rota- not be nucleated until the application of a reverse
tion is favored over the incoherent curling process. field -H 2K/M s f (N,-NI) Ms , where N, arid N2 are
The third parameter, 6, is the width of a domain wall. the longitudinal and transverse demagnetizing factors.

This field corresponds to the coerclvity for coherent
The three parameters are related through bc rotation, I.e., Stoner-Wohifarth 11 I behavior. For

(c5). The rat % De/6-K/M% is a measure of the D>bc, nucleation can occur via the curling mode at a
relative importance of crystal and shape anisotropies. lower field, which approaches 2K!Ms-N1 Ms for T>1'bc.
In most Co5R compounds, crystal anisotropy domi- For materials for which I4>>M', such as CouSm,
nares, i. e., K>>iM. The various size parameters this decreases in nucleating field provided by curling
for these compounds are typically Dc-lpi, bc- 4004, is minor. The magnetization cur-'es nredicted b
and 6"W. In contrast, in pure cobalt, all three size micromagnetic theory for dcfect-free particles .itC

parameter are of the same order of magnitude, about shown In the bottom half of Fig. I. For D->bc, the
150 to 3001. In iron and nickel, Dc <6. predicted coercivity is size-independent (Brown's

paradox).



For any real particle, the magnetization curve Even after a smal: re% erse domain has been
for each size range m ist fall between the two limiting formed at a defect, the domain-wall surface energy
curves at the top and bottom of Fig. 1, i. o. , betvoeell can resist its expansion.( 2 0, 21) For example, cal-
equilibrium .and idel' hiv% retic behavior. Dufect* tulatibui fur plane dumains in spherical particles(22 )
play two contrary roles in determining where tne real and L',linreal domains in plates (9 ) show an energy
part ecle's map.ictization curve will fall. On the one bar ici opposing domain growth until the domain
hand, they can provide sites for heterogeneous nu- reAches ,. critical breakaway size. The calculated
cleation of magnetization reversal, ard thei eby aid size decreases with increasing field, and perhaps
the approach to equilibrium. On the oil. hand, they breaaway can tirst occur when this size equals the
can inhibit the moti2z of domain walls, and thereb size of the defect. For the case of a cylindi . I do-
oppose the approach to equilibrium. Through these main in a plate of tl,.kness T, a domain nucleated at
two effects- -nucleation and pinning- -defects can a defect of size 5 would then break away at a field of
therefore eLher decrease or increase eo2rcivity. -1tn - (%12MsLt) , (32Ms6T)-4t1Ms . The first term

represents the resistance to breakaway provided by
llterogneous Domain Nucleation wall energy. For CorSni and 615001, this term is

about 10 kOe.
The maximum room-temerature llci produccd

to date N'ith Co-,Sm is 43 kOe,(12) about one-seventh rhe likelihood of t particle containing a deect
of 2K,'M, the ultimate coerci ity pi edicted b. theory capable of nucleating i reverse domain is expected
(N1 - O). M'st magnets and pounders ha.e coeici,.itieb to decreabe %% ith deLreasing particle size. Thus when
con.0ide .b.. iallei. Since cohici ent rotation and nut-leation controls coerciity, coercivit increas.:s
curling are impossible at such lo'. fields, it appears as particle size decreases. Attempts to explain the
likel% that ife, se domains are belig nucleated at experimei tally observed variations of coercivity
defects. with size have been made from domain models using

arbitrary assumptions about the size or height of on-
One poss ';e cause for nucleation is high local ergy barriers that 2an be overcome( 2 2) or models

demagnetizing fields at sui fce irregillaritieS 1fsiarp based on the statistical probabilhty of effective nu-
corners or pits)( 1 3 - 15) or inclusions.lG) Although cot in particles of a given size. (1 )
the demagnetizing field at a mahematically sharp
corner is infinite,(13) Al,-oni noted that a radius less Doiiain-Wall Pirning
than atomic dimensions is unreali.tic, and for real-
istic dimensions the maxiniam local demagnetizing Local 'ariations ia magnetic properties can
field possible i,; about 18M! 1 7 ) When K.,12 , these produce local %ariations in donain-wall energy and
maximum demagnetizing fields are much smaller thlz thereby produce forces th it resist wall motion. Non-

MN"1I,, and therefore camot directl e.plain the low magnetic iriclubions, foi- example, produce an attrac-
coerci~ties obser.e. llo%%e,.er, tbebt ites Mill re- t i'e force becaose of a reduction in both wall energy
quire magnetizing !Xclds abo'.e 18 M s , e.g., about and demxgnetiziing energy. The former is more im-
15 kie for Co-Sm, to remnce re idual ic eci so do- portant for incl sion,., smaller than De in diameter.
mains and product initial saturat' n. If the pinning centers are few and widely spaced, the

wail is presumed to bow between pins, and theory
Another possible ni cleation site is a local region )redicts an intrinsic coercivity proportional to

in khich K ib .pprecialy lo%%ered. In Co-1R magnets, V, "l,, where A is the spacing beteen pins! 2 3 ) If
thai3 k-'.ld LoZ t espiU1d to a Loblt-x ich legion producid, the density of pinning centei s becomes high, tile prob-
for c ample, b\ prefer ential oxidation of the rare len, becomes nt.ch more complex, arid coercivity is
earth. Local elastic strains, e. g., around a dislo- no longer proportional to 424)

cation, could also decrease K, although magneto-
stricfi e conbtants w'ould h, e to be unusuallv high to Zi~jlstr' 123) and Westendorp ( 25 ) suggested a
I udce K to near zei o in a high-,riisott opN material m idol in wh.ch pinning centers do not exist through-
such as ( o-;m. Abraham and Ali. roni ( 1 8 1 calculatcd out a particle, but only within a surface layei. Pos-
tha' teductioz in nucliation fivld produced bN a c0l- ,iblc pinning centers include inclusions, dislocations,
inder oi slab of mater i.d w ith K 0 '.N irg pi rlie: to stacking faults, and surface irregulai itics. If nucle-
the f.eld. Thc reduetioti L, sub.tantial omce the c'0- ation bites for reersc domains also ex st within this
indcr diameter or shah thicker becomes larg-.r thaa layei, then these pinning centers, althouk.1 onlylocal car,

th( domain-y.,'" %idth. I. defect5 sma.lr thali limit the expansion el the rcoerse dor.tim- and there-
r\change forces .ire sufl icient to i est it e% erscl b) influence coprciity. If these pinning centers are

by thli. mechanism, limited only to the immediate vicinity of the nucleation
site, this model becomes difficult to distinguish from

Anothei po.ssible nucleaticr 4ite in ordci ed nr. ig- 1 4t1. tion m'2del. A ocal region of closely Spaceed
iactic _i , ital- is a stacklng f. h. 7.igtetlc coupling iMnning sites ox a .tackig fault ( 26) could also serve
in iytie -,ti ictui es can hit gI tgiatkl altred across a to retain , residual rem erse doma;m to high lnagne-
raiut, rd maN een hfw€ .inlifei romagr.titl15. 1"' Such tia .g fields, i,.d ticreby create a 'ubsequent nu-
It fault inav be an ea.y urel:atiun source for a 10 eloation site.
domain wvall.



if has recently been suggested that lin some ma- phase CO, 11 majte i als is contrary to tiat for thle pre-
terials with large values of the ratio IZA the( domain cipitation alloys. A thernially demagnetized sample

wall may be thinnell than predicted by thle standard canl be itagnetzed to near saturition in lo,. fields,

e~prve3sion for Thrlese nariom %%ails may pro- cocreivity Pcnera.ly increaies with increasing, map,-
duce in intrinsic latt'ce resistane to ioinain wall netizing field, and haaga evereavities are attained only
motiotn atnalogous to the Peieris force that resist con- in fine particles ox Aia-tured assemblie2a Of particle-;
location motion. T[his will probably provide little wail (Refs. 3, 25, 30, .31). These clanracteristac:s indicate

coercivity at room temperature, but tile narrov. -,oall that geaxcial wall pinning is lo-;% tl~i suggest that coer-
structure may alter Y and its dependence onl K and A. civity is dominated by alona tiucleatioai. D irect

magneti,,alion studies of single partieli-i of Other lana-

Particle Interaction axial hard magneti- materials, such e s ortho~lerriteo
(llefs. 32-34), NMnB'P5 and %In(aGa(i) shlow that lii

When anl assembly of particles is aligncd and sin- cleation determinles coex cavity li these 1) iferiIls.
tere(: isito a dense compact, it is no longer reasonabli llowe~er, thle results of similar studlies on -iziglt'
to consider the particles as fully inidepenident. At the fine particles of Corfl compounds arc niflotv cowplex.
very least, each grain will have str,:ng nmagnetostatic While confirming file importance of doian ivincleation,
interaction with neighboring grains. The reversal of thley indicate that local wall pinixg cdO influenice co-
neighbors along the field direction will piroduce extra ercivity in some cases.
fields terling to reverse a grain's magnetization,
whereas the reversal of neighbors lin the direction Con'tidea thle experimental magnet i/alion curves

transverse to the field will produce thle opposite effect. in Figs. 2 through 5 'rte particle ii I' ig. 2 ;fhows
Tit-. most extreme case will be the field on a trans- sample rectangular- loop bv'ia% itor, -,itilar to tile

verse plante of unreversed p~articles if th2 entire re- bottom of Fig. 1, but with a much smaller cvercivity
mainder of the sample is reversed. rhis will prodiuce Rfler. 37). In this particle, once III( re% 0) .ic rhomii)Ia field of 8OnM11tending to reverse the magnetization of was nucleated, it swept throuOh 3"id conilcltelv re-
that plane. If a single spheric .1 grait, remains waire- versed tile particle magneta/at ion. I tie nucleatiol.
versed, thle reversing field will be 8"M813, Unaligned fielol and coceivitv were iztca.In' I- ig. , a do-
grains will have morn complex effects. main nucleated and mowved abruptly to -a neir- .quulib-

rium position.( 3 8) It then, moved to in .int',im 7rro

If sinter'ing produces actual exchange cont act be - internal field, ajppla.hiflhtiiig the equal-1, .un buhlavlOa'

tweer spins lin neighboring grains. magnetization of Fig. 1(c), but modified by, a slight ,.~all Aei t.
reversal canl proceed directly from grain to grnia tiy
wall motion unless the loundaries proo~ide ;iufficieaat llo%%e~er, the behavior of the va.I ticlk- it, Figs. 4

pinning sites. Possible pinning sites are diblotations, and 5 is not so clearcuit. -1 h - Ill At ttho tw4 *si"I"ct
voids, and oxide particles. It is also pobsible that mnagnleti,,,tio dacaaxrit sepsi atetl bl- a i -giof

exchange contact bett~ven the grains is blocked by a of graduial change. Becker('11' interpreted tis as

thin layer, perhaps of oxide, or preatlN v~uakcned be - tile sumn of tilo niietoto loops, liC .iiniLii' to

cause of atomic disorder fin the boundary. Then each I, ig. 2 mnd -)ne sami-ilai to 1I ig. .3 (1t it 10 uu1cteatioii

grain cain be %iewcd as requiring a sepal ate ajucle- at a iiegati' c applied field), lie sageestedl that a1

ation event to produce reversal. The r estilts of :,Mall-angle bounldary hia% toded thle pal tiI ilat- Mvoo

Craak(28) suggest the existence of anl effecta'e gap m igna.tically independent regions". I hv particle ill

between grains in oriented barium feri: ito. Fig. 5 shows anl extensi1,6 1-911 rion 01 rdaAl M-
neti./ation change, presumiabl 'y correspoilig to

EXl'lIIM NT gradual wall motion, before tile Occur, tnve )t a jump.
Zijliilt 9r.)intei In t-teal flAiL. .5~ *esi ioka'ii i il-

Prcp tinAly ited by pinning in, partA Of thle crystal1, h~ut 11t an other

1)5145. rte manor loop,; shown for dem'an'net ired
Nesbitt et al) hia-.e studied thle magnetic be- particle.s confirm that val m-)tioii is ok'~era ise

havior of a singl9Cer" cytal of Co-Fe-Cu-Ce alloy' heat portions of thle ,atil?
trrcatedi to pr~oduce a dispers3ion of very fine precipi-
tates within a 'o. Ce-rici matrix. lIn a thermally In) Figs. 2 *1and 3, the nutcleation o~f 4111v r e'.er V.

&-magnetized specime'n, they founri little niagnetinatna domain a aIs sutffoecient to te. elm, the11-- )41 'll Do ip-

change -it f ield-s belou the coci cin, e f ield, and a %~ er,. ti tion~l 01 reach appi ominoat.eaquoria ialml lit

abrupt Increasle to veai' saturatlov at thle coea c 1 P li.-,oi . In I igs. -1 and 5, boto. , tl~w naicleat ann of

field, Since such a specimen contained man% vdot~i,.Is, onem remrre donmaiti %, -~ ia.n4ffairat. JAI
14 a .4kiaglo

this beha for Is chii actcristic nlot 00 nlacleatilt, buit U.-Araer it, %%all nIltiola "r (a11 "1oz .'i laategaion

'ot genefral %,.all pinning. other e~ iftencr indicating influienced l ragreti'lat ionll ~i v.-I'l

general wall pinning was a lack of dependence cif co-W I
rrcivity On Magn-tizing fiehl, -ind thle abillt' to The 1 l- l. a- 1111111i 1-411 V of d0ia ~ ,t.1ttji.1iiid1

'chifeve high aoorcivlty in a bulk r tl.M 4,1n1ttl: loical loalI -;'z lost# 1109 a gAl reutl ;o 'aa 1161 ad ti

isoiyh_; ilsoa been reporte47q, T0) p.At cale, amid tilt. proll'.rttc'o 11f~ 'ls iaw .ir. t

~laita~'crI i ns il IN, 1hv ilaf'neet .x ,aub \ '

Sige Particle's itac ll',te ga) 41 is- ta' l~wr.aau#' (441 ( '11xitx. 'tlilt-

Tit(, iim l iIc buha% bfr of predoari lltb' high0v da'vtvzk.t dvecl' vI. 417 it1\11 . li lp ,J. ~iaa~ -4 a lilt ita'ted

phsle Co It m Iteri'ls4i i Voia,tz'% to ta ')i or c like'r(
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Fig. 3 Hysteresis loop of 200p Co 5Sm particle
[from Becker(30)J.

Fig. 5 Hteresis loop of bg,Sm particle [from
model suggests we want to increase defect density. Zijlstra 2.

Most evidence points to the former alternative. How-
ever, incomplete evidence )f the nature of the impor-
tant defects and their connection with processing var- large to remove the residual domain, nucleation oc-
ablea sometimes makes interpretation ambiguous. curs at another location at a larger field. It was

found that mechanical polishing made nucleation
Single-particle experiments have shown that in- easier and annealing made it more difficult, suggest

creasing magnetizing field increases the reerce ing dislocations as favcred sites for magnetization
field necessary for domain nucleation in a stepwisewaiy reversals$ 34 , 4 0)
(Ref. 39). This suggests that residual domains, main-
tained by local demagnetizing fields or local pinning, If individual magnetization discontinuities in a
are serving as reversal nuclei, and require specific single particle can be associated with individual de-
magnetizing fields to remove them. Similar obser- fects, thc dependence of the nucleation fields onvari
vations have been made on orthoferrite crystals.( 32 3 4 ) ables such as temperature or field orientation may
Because of their low magnetization, orthoferrites a.,ed light on the nature of the defects. Becker has
have a very large Do, and single-domains behavior is reported that two such fields in one particle had dif-
approached with dimensions of several mm. This ferent temperature dependences.P 1) The l/cos 8
allows direct optical observation of domain through- dependence of coercivity expected for 1800 domain-
out the hysteresis loops. Nucleation of domains is wall motion( 4 21 was found displaced from 0-0 in som
seen to occur at specific locations in the crystal, particles, su gesting amisorievted region as the
sometimes identifiable as the location of a residual defect site.(4 ')
domain. When the magnetizing field is sufficiently
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Powders Annealing at temperatures near 1000 C can in-
crease coercivity, perhaps because of the annealing

Coercivity of CoR powders fii st increases and of defectb produced b.y grinding. However, annealing

then decreases with increasing, grinding time. i. e. of Co5SSm in the viciait) of 700C can substantially
with decreasing particle size. 3 , , 7, 30, 81) The de- reduce coercivity, an effect that can be reversed by

crease for fine sizes is usually ascribed to the piss- a subsequent anneal at 1000'C (Fig. 6). Recent evi-

tic deformation prcduce by grinding. Consistent mitn dence indicates that the deleteriuus effect of inter-

this interpretation are the hignier coercivities mediate-temperature heat treatments may be caued

obtained by grinding at liquid nitrogen temperature by a eutectoid.d c!eompositin o: CorSm into Col, Sin

(Refs. 7, 44, 45, 82). and Co.,Sm 2 , thereby producing nuclei for easy mag-
netization reversal. 

4'. 5)

MeCurrie et al.('0 ) have observed a difference in
mechanical hardness behavior between CgsLa and \Vestendorp noted a similar dependence of coer-
Co.Sm. They conclude that plastic deformation will civity on heat treatment for CoF!'r, but noted that
occur less easily in Co 5 Sm, and suggest that may ex- coercivity always remained about five tines smaller
plain why higher coercivities are attained in that com- than for Cos Sm (Fig. 6).56) From domain-width ob-
pound. A difficulty with this explanation 13 that servations, he cuncluded that the domain-wall energy
Co 6Ce has similar hardness p:opertics t.' CosSm, but for CosSm was larger than for other Co5 R compounds,
has low ccercivities in ground powder, like Co 5La and suggested that the resulting incre.sed wall-pin-
(Ref. '17). ning forces might explain the higher coercivities of

CosSm. More detailed measurements have recently
Etching ground particles in various chemical confirmed that the wall energy of Co5 Sm is higher

reagents usually increases the coercivi+y, some- than for the other compoundu. 57 ) It was noted that
times as much as twenty-foldf 3 , 37, 48 This may this also leads to higher values of D., so that to
be caused by the removal of mechanically damaged grind the other compounds to an equivalent DI Dc re-

surface layers, in which dislocations and stacking quires finer particle sizes and therefore more me-

faults had been ,erving as aucleatiorn sites. Ilowe er, chanical damage and oxidation. This was suggested
etching has also been observed to decrease coercive
force in some cases, which was explained by the re-
moval of a surface pinning layer.(2 3 )

With long holding times at room temperature or /1

slightly elevated temperatures the coercivity of pow- k0e
dersgraduall dops'(30 48, 8)an effect thatdepends on H,
contact with oxygen(4 0 and car be avoided or slowed
by approp, lately coating the paricle.(4 8 , 50, 82, 83) 30 5

This rging phenomenon may be caused by the creation
of low-IC cobalt-rich surface regions by preferential
oxidation of the rare earth.

As mentioned earlier, thermally demagnetized

Co 5 R powders can be magnetized to near saturation 20
in low fields, indicating that general wall pinning is
low. Coercivity is sensitive to magnetizing field,
indicating that nucleation from residual domains is
controlling coercivity. Becker studied the angular SmCQ5
dependence of the dependence of coercivity on mag- _SCO I
netizing field, and found it consistent with a model10o /t
based on the motion of 180' domain walls and par-
ticular assumed distributions of indivdual particle " ,

coercivities!51) McCurrie( 52 , 53) has used demag- 0% 4
netizing remanenice curves as a means of estimating ro
coercivity distributions, a technique that depends on
questionable assumptions about the shape of the mag- -_•____________________

netization curves of individual particles. 500 rTemperture

Zijlstra
(2 3) measured minor loops at various

positions along the reversal portion of the major Fig. 6 Coereivity vs annealing temperature for

hysteresis loop, and noted a nonzero suseeptiblittyK CoSm and Co 3 1Pr. Dahed lines for as-ground
which 4eemed likely to be caused by reversible das- specimens. .olid lines after initial anneal near
placements of domain walls, lie then noted that x 1000 C .om oletendor il(5 an.

and coercivity I!ci varied wi 4h heat treatment of the

powders such that y Ilci remained constant. lie ex-
plained thi.4 correlation with a wall-pinning model.
This intere4tinq result calls for further investigation.



as another possible .easoil fa. the supei bur proper - repi esenting the increase of relati% e coercivity with
tit s of Co. Sm. Domain mneasurements kwere Aso used dcci'easinj; tenipler-Ature (1-ig. 7). 1 hey olso measured
to estimate Dc for various 17 -2 and 7 -2 com.poULnds, the tompurature dependwice of the aiiisot.-opy constant
and A was found that otily Co Gd and C' , Gd2 h1"d lar - K fur one of these magnets, and found it identical to
ger D~ 'alues than Coi!i 58) In both of these the temperature dependuncc of coerci% ity (I- ig.8)!3

comouns, ighcoe ci itesare easl iifed in This suggests that thernial activation pi tys no major

ground powders.(59) role in producing the temperature dependence of
coercivity. This is in contrast to the view of other

Sintered Magnets worKers( 5 2 , 74,~ 75) who had noted that coercivity was

Doman sudis o siterd CSmmagets60) much more temperature-dependent than the anisotropy

show that -2ach grain contuins several doni-iins in the
thermally demagnetized condition, and that these dto-

mains move about easily throughout most of the ma- 10o

terial. Hence, general wall pinning remains low. :e
Once the magnet is magnetized, howvever, most grains 018
apparently reverse abruptly in a "single-domain"T
process, and only a minority of grains show an in- 06-
ternal domain structure. Individual grains can resist
revers~al to high fields despite the early reversal of 0

neighboring grains, indicating either strong pinning c ~
ait the grain boundary or no exchange contact betwveen 02-
grains. -

The coercivity of sintered CocSm-based magnetsTEPRUE.-
0 depends sensitively on composition, sintering tem-

perature and time, and pust-sintering hecat ti eatment Fig. 7 Relati . coexci'ait) vs teipex ature for a serieb
(Rlefs. 1, 25, 01 36). NMaxima4m coercivity occurs of Co5 Smn itei ed magnets [fro~n Martin and IBenz( 72 4]
when the Cox Sa phase reaches the Sin-rich limit of
its composition range( 0 7, 68)(Total Sm content would 60
be well into the two-phase range, but actount is taken[
of the Sm tied uip in the form of .SM2 0.-) It ib not yet
clear how much of this composition sensitivity is 50
caused by a dependence of K on deviations from stoi.
chloimery, and how much Is caused ty a change in
defect distribution. Benz and XMartin(b i) have suggested 4
that cobalt vacancies present in hyperstoichiometric
alloys not only accelerate sinitering, but also aid
coercivity. The deleterious effect of heat treatments

* near 700C is probably caused by eutectoid decompo-
sition, as mentioned above. The beneficial effect of
heait tr-eatment near .9000C may result from the dis- 0
solution of cobalt-rich regions associated with re-
sidual composition inhomogeneities(6 9 ) or formed by
cutectoid decomposition during prior cooling. 0

Several investigatnrs have produced good prop- 0 ~- ~-~
ertie-i in sirtered magnets by blending together pow-0 5 10 5 20 5
der i of tw, different compositions, one of which is 1,I IV pg /CW
rare- earth-rich and liquid at the sintering temper-
ature! 1,7 0 1' This and other observations led Schweizer Fig. 8 Coereivity vs anisotropy constant (measured
et -,1171) to suggest a modification of ZijIstra'satvrosem rtus)fraCSmitrd
,ui~ce-pinniing theory in whichi eacti CorSni grain is magnet (from B~eniz and Martin(MI~.
presumed enclosed byv an epitaxial Co7 Smp shell,
which -intains pinning sites Hlowever, there has
bevn no dii ectc% eid](nc2 4. Lite existence of such a constants reported by Tatsumoto et al(6) hlo%,v.r
4ic-11, and experience indicates that high cojerci~ itles since the anisotrop.N measurementa of Benz and
can it,. Abe obtained %ithout the use of a liqtoid-plia,.c Martin %%ore obtained %whtl much larger measuring
.4intring addltlvc. fields,-, they are probably more reliable. Because of

the likely variation of K with deviations4 from stol-
Martin -ind hle,1 72) recentl meamured the icm- chiornetrv, it is also highly desirable to rAteasure co-

pera.ture tit ptritlnrc. of c cerci% ity in a number of ercivity and F on the 'ame samples, asi 'di Benz and
.sontt'reri nTA ntl of 'Ii ing - -lei ci ity, and found thit Martin. 'Nesbitt et -1.!241) measured covi. c1% it 'v and Kx
thr' re salt.- roiuld all be norm~li~ed to A single curve tin a single crystal of a Cn-rc-u-' * xlloy, in which



coceivity is controlled by general wall pinning. Most vided helpful discussions atbuut sintered magnets.
of the temperature dependC1nLC Of COerCivity tcould be This work twas supported by tne Advanced Research
exp~lained by the temperature dependence of K\ in this Projects Agency, Department of Defense, Alnd %as
case as well.

Domain studies of sintered magnets water- monitored by the Air F~orce Materials Laboratory,
qluenched from %.igh temperatures have shown the ex- AX 'E, tunder Contract F336 .5-70-C- 1626.
istencciof ?7 .gIrface layer of low- cocreivity gra ins about
200" thick. 'rThis layer accounts for the kinked mag- IlIl BI P AMNCHS
netizatien curves previously reported(7 7 ) Further
studies indicate that this layer is caused by thermal 1 . D. L. Martin and M. G. B~enz, Proc. 19,71 Cont'.
stresses produced from the temperature gradients on Magnetism ..no Magnetic MN iterials, A. 1. 1'.
(luring quenching.(7 6 ) Con)'. Proc. 5, D70 (1970).
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III. MATERIALS CHARACTERIZATION AND PHASE EQUILIBRIUM

STUDIES

1. Studies of the decomposition of Co 5 Sm at elevated temperatures
(J. G. Smeggil)

Cast Co-Sm lloys were prepared having overall compositions such that
they consisted of two phases, either Co 5 Sm + Co 7Sm 2 or Co 5 Sm + Co 17 Sm 2.
These alloys were annealed at 7500C for periods up to several weeks. The
samples were protected from oxidation by wrapping in Zr and Mo foils, 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
etill in progress.

Figures 1 and 2 represent a sample of Co 5Sm + Co7 Sm 2 as cast and as

annealed for 21 days. Electron microprobe work indicates that the back-
ground phase is Co 7Sm 2 while the lighter patches are CosSm. The striations
in the Co 5Sm 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 Co 5 Sm + Co1 7 Sm 2 again show a

striated structure developing in the Co5Sm phase after extended periods of
annealing.

Two-phase alloys were used in order that the CoSm phase could be
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 Co 5Tm, Co 5Yb, Co 5Sc, Co 5Eu,
and Co 5 Lu (J. D. Livingston)

Attempts were made to case alloys of nominal compositions correspond-
ing to Co 5Tm, Co 5Yb, CosSc, Co 5Eu, 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 Co 5Tm and Co7 Tm 2. 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, CoL7 Yb 2,
and possibly Co5Yb in the former casting and Co 2Sc in the latter. The Co-Eu
casting was very inhomogeneous and a portion was very reactive. Nn i.nter-
metallic compounds were detected, but Eu(OH) 3 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
CosSm magnets using a Knoop indenter. The samples were sintered at
1100°C for 1/2 hour, then annealed at either 7500, 9000, or 11000 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 mrl/sec for 10 seconds.
The hardness values and coercive forces observed on these samples are as
follows:

T(OC) KHN (kg/mm2) Hci(kOe)

750 541 (+54) 1.2

900 575 (440) 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 experimental error, the coercive forces
vary by a factor of twenty.

3. Diffusion studies (D. L. Martin)

Diffusion couples have been made between cobalt and a 60 wt Sm alloy.
The diffusion zone clearly shows layers of 17-2, 5-1, 7-2, and 3-1 compounds.



Figure 1 Co-Tm as-cast. 174X
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Figure 3 Co-Sc as-cast. 560X

~-RNQ.,

" ~k

Figure 4 Co-Yb as-east. 336X



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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COBALT-SAMAIIIUM PERMANENT MAGNET ALLOYS:

VARIATION OF LATTICE PARAMETERS WITH COMPOSITION AND TEMPERATURE

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

INTRODUCTION composition of 16.85 at. % Sm as compared to the
value of 16. 84 at . % Sm calculated from the analyses

The peak magnetic properties for CosSm-t~pe for the base metal and additive powders. This agree-
magnets are obtained in alloys with samarium in ex- ment is better than is to be expected in view of an ex-
cess of the stoichiometric composition, that is, about perimental error of L0. 2 wt% for Co and Sm analysis;
37 wtSm vs 33. 8 wt% Sm In Co 5Sm. (I- 3 )The samar- nevertheless, it does give credence to the accuracy
ium in the magnet sample may be present as cobalt- of the blending procedure.
samarium alloy phases or as samarium oxide. Oxygen
is unavoidable in these alloys because of the high re- RESULTS AND DISCUSSION
activity of powders containing samarium. A sintered
magnet might contain as much as 0.4 wt% oxygen. X-ray Parameter Data.
This amount of o.xygen would combine with 2. 5 wt%
Sm to form 2. 9 wt% Sm 2 03 . Therefore, it is impor- The lattice parameters were determined from
tant to adjust for Sm.,03 in delermining the amountof the powder diffraction x-ray data (Co-I(; and Fe-Ka
samarium available to combine with the cobalt, radiation) by well-known methods. (6, 7) The as and co

results are plotted in Fig. I together with the densityIn a recent study, (4 )~ we showed that the peak in-

trinsic coercive force, Hci, occurred at an adjusted 8.0 -T-- T T- . . I I . I I

composition of 17. 3 at . % samarium compared to 7.9-
16. 7 at. % samarium for stoichiometric CosSm. A 7.8- DENSITY
correlation was observed also between sintering - 77-
shrinkage and coercive force. The alloys slhowing :.
the greatest shrinkage also possessed the highest co-
ercive force. A model for the mechanism of sinter-
ing was postulated where the slow step was the diffu-
sion of samarium atorns in the grain-boundary regions . -COSM + cosf
via a samarium-atom-cobalt-vacancy cluster exchange 7, ___ I , _, , " _

mechanism. Central to the considerations advanced
for the sintering model are the point defect struc-
tures which lead to a broad CoeSm, homogeneity re-
gion extending beyond the stoichiometric composition
to higher samarium alloys. Such a region has been
reported to exist above 8000 C and, at 12000 to 13000 C
to extend from 14. 5 at . % Sm to the hyperstoichiomet- /
ric composition of 17. 0 at . % Sm (5p )

EXPERIMENTAL 4.990.J ---.LJ L _ .

The samples were prepared by careful blending SAMPLE, A B C 0 E F G H I J K L
of two powders uzing differen ratlco to vary the com- -

position. The chemical compositions (wt%) 6f the
base metal and additive powder were as follows: 0

Co Sm 0, NI Al
Base 65.4 3.5 9 0. 24 0.05 0.05 3.970

* Additive 39.4 59.6 0. 76 0. 19 <0.01

These powders were blended into 12 closely spaced

mixes covering the range 16. 25 to 17. 5 at.% Sm after AT % SAMARIUM
adjusting for Sm2O 3 . The blended powders were aligned, Fig. 1 Change of CobSm lattice parameters arid den-
pressed, and sinlered for 1 hour 1120' C in ergon. sity with adjusted samarium content.
The samples were cooled slowly from the slnterini,
temperature to DOWC, and then rapidly in a cooling The x-ray parameter values for CoFSm become
chamber. The chemical composition of Sample F was constant for alloys containing more than 16. 85 at.
determined by analytical means as a check on the Sm. The constant level of the x-ray parameters
calculated compositions. Its composition was found signifies a two-phase field, and the inflection point
to be: 64. 0 wt% Co, 35. 2% Sm, 0.05% Ni, 0. 05% Al, indicates the end of the CosSm phase field and the be-
and 0.33% 02. Thlr. corresponds to an adjusted alloy g!nning of the CosSm ; Co7Sm2 two-phase field. X-ray

Manuscript Received 11110172 I



diffraction methods are generally insensitive to small density peaks, and the lattice parameter values be-
volum e fractions of a second phase so that the pres- com e constant. Tho . m agnetic properties, in partic-
e n c e o f t h e C o 7 S m 2  p h a s e w a s d e t e c t e d f i r s t b y x - r a y u l a r t h e Hlc i a n d Ic v il u e s , d r o p r a p i d l y o n e i t h e r
means in Sample 1 (17. 2 at . % Sm). Microscopic ex- side of the boundary, although the drop is more se-
amination is a more sensitive method and it showed vere on the cobalt-rich side than on the samnarium-
small, isolated Co 7 Sm 2 particles in Sample E (16, 72 rich side. However, it should be noted that Samples
at .% Sm). C and D (16.48 and 16.60 at . % Sm), which do not

The change in the ao  and co  lattice parameters ..--, , - "'.".
with composition below 16.8 at .% Sm is evidence for Cosm1

th e ex isten ce o f a b ro ad L mo g en e ity r a ng e a s a lr ea d y
reported.( 5, 8) W hile our results indicate that this . =

homogeneity range extends slightly beyond the Co5Sm 20
stoichiometric composition to higher samarium alloys,
the chemical analysis error is such that it is difficult
to determine the absolute position of the stoichiometrie +
composition.

15- + IBH0,, Me
The lattice parameter data are in good agreement : ,,

with those published by others if one takes into consid- *.i

eratio n th e m easur em ent error . In T ab le I, pub lish ed O

x-ray data for CorSm samples located near the CosSm- +

Co7Smp boundary are compvred with our data.

Density and Metallographic Results 10

N o t e i n F i g . 1 t h a t t h e d e n s i t y p e a k s n e a r t h e , t O e
CoSm -Co7Sm2 boundary and falls rapidly a shortdis- _
tance on either side of the boundary. e k

8+ 
I

The Co7Sm2 phase was detected bymetallographic
examination in Samples E to L. This would place the I
Co&Srn-CoSm2 boundary at about 17.7 at. % Sm com-
pared to a value of 17. 85 at. % Sm as indicated by the S
break in the ao or c. curves. SAMPLE1A B C D IE F 0 H I J K L

Magnetic M easurem ents O165 . 170 .

The change of magnetic properties with compo-

oition is shown in Fig. 2. A summary of pertinent
magnetic data and other information is listed in fig. 2 Magnetic properties after sintering and aging
Table II. The highest values of coercive force and as a function of the adjusted samarium content of
(BII)max are obtained in the same region where the the Co-Sm alloy phase or phases.

TABLE I

X-ray Data for CosSm Near the CosSm-CoSrn Boundary

Exptl
Reference Error (;) a (A) a (1) c/a Vol. ( 3 )

Umebayashi and Fujimura(8) ±0. 002 5.004 3. 969 0. 793 86.17

Austin and Miller(9 ) *0. 002 5.002 3. 969 0, 793 86. 10

Buschow and Van der Goot (5 )  t0. 005 4. 995 3.965 0. 794 85.74

Velge and Buschow(lo) *0. 005 5.004 3. 969 0. 793 86.14

H a s z k o ( 1 ) * 0 . 0 0 5 5 . 0 0 4 3 .9 7 1 0 . 7 9 4 8 6 . 1 8

This study--Sample E t0. 001 5.000 3.972 0.794 86.08

This study--Sample F *0. 001 5.0015 3.0602 0. 794 86.08

This study--Sample G +0. 001 5.0017 3.9686 0. 793 86.08

Average 5.002 3.069 0. 793 86.07



Table II

Summary of Data for a Co-Sm Alloy Series

4nI s  Br 1ic jiic (BI) Density

Sample At. ToSmA CoSmp (kG) (kG) (kOe) kOe (MGM (gcc)

A 16.24 Nc 10.4 8.4 2.4 2.7 9.5 7.18

B 16.36 No 10.4 8.6 4.3 5.4 13.0 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 7.4 13.7 18.7 7.57

E 16.72 Yes 10.4 9.3 8.3 13.6 21.0 7.78

F 16.84 Yes 10.4 9.5 8.5 16.8 21.9 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

H-2 17.08 Yes 10.3 9.2 6.2 8.7 20.0 7.93

I 17.20 Yes t 99 8.6 6.4 9.1 17.5 7.6l

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 Sm 2 03 .

t Detected by x-ray as well as by metallographic examination.

contain Co.Sm2, have relatively high values of coer- SUMMARY
cive force. Beyond 17. 1 at. % Sin, the coercive force
(H0 , and 11c) level out with increasing samarium. We conclude that the peak coercive force and en-

ergy product values occur when the alloy composition

The high (BD.11 x values for the samples E, F, is close to the CoSM-Co7 Sma boundary (16. 8 at.

and G reflect the higher density of those sarzplta Sm after adjustment for the formation of Sm 03 ).
(Fig. 1 or Table II). The coercive force generally

follows the density trend, the exception being Sample The highest magnetic properties have been
H (17, GR nt, % Sm) where the eoereivo fores- dropped se~hipd f-r semplee with a small amount of Cc 7 Sm. .

and the d.nLsity remained at a high level. Atsubstan- Samples located in the single phase, CosSm region or
tiallk higher sintering temperatures, a high 1 1ci %Ill with mote than a few 6ulume percent of Co7Sm2 have
not occur, even though higher densities will be lower density when sintered under similar conditions

achieved, and lower magnetic properties. Previously we ob-
served a similar correlation and postulated that the

Lattice Paramete's vs Temperature high coercive fcrce and rapid sintering observed inthe
hyperstoichiometric alloys may be due to the presence

The change of Jattice parameters over the temper- of c balt-varancy-clusters in the grain-boundary

lure range 77 ' to 300*K are plotted in Fig. 3. The reg!on.(
4 )

ao and c o p, aineters increase with increasing tem- The change of the x-ray lattice parameters over

perature but the c/ ratio decreases with increasing the range 77"' to 300"K was measured, and thermal
temperature. The thermal expa,,ic-i coefficients expansion coefficienta were calculated. The a-axis

calculated from these data for the tem'erature range thermal expansion beuig about three times that of the
-20" to +24uC are: c-axis.
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