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ABSTRACT

This report describes investigations related to the origin of the magnetic
coercive force in high-anisotropy materials that have taken place over a three-
year period of contract support . Such materials with sufficiently high satura-
tion magnetization supply the basis for the development of permanent magnets
superior to anything currently available. A microsample technique developed
in this work has made it possible to show for the first time that conventionally
sintered bulk Co5Sm samples have magnetic properties that are defect-dominated
in the same way as in particles, and show many magnetization phenomena pre-
viously seen only in single particles prepared from cast material. New mea-
suring techniques were developed to make such observations possible. The
potentially superior copper -modified alloys have been found to be dominated
by domain wall pinning, in complete contrast to Co5Sm, as shown by hysteresis
loop analysis techniques that have been developed. Materials have beer in-
vestigated in which both types of coercive force mechanisms coexist in the
same sample and can be independently influenced. The distinction between
nucleation and pinning domination is crucial to future alloy development as
the desired structures are totally different .
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Section 1

BRIEF SUMMARY

This is the final technical report for Contract N000l4-74-C-0271, covering
the period 1 March 1974 through 28 February 1977. The overall goal of this
progra m has been to under stand the origin of the coercive for ce in high-
anisotropy materials so as to supply a basis for the development of permanent
magnet materials surpassing the best available when this program began,
which at that time were all based on Co5Sm. The crucial requirement for such
a material is a saturation magnetization greater than that of Co5Sm, combined
with high enough magnetocrystalline anisotropy to enable the development of a
sufficiently high coerciv e force. The understanding of the factors that control
this extremely structure-sensitive quantity has been the primary concern of
this program.

Initially, other 5-1 and 17-2 compounds with easy-axis anisotropy were
considered as suitable materials, closely analogous to Co5Sm but potentially
superior because of their higher M5. There are two problems in all ma-
terials of this type. One is the origin of the properties of particles, and the
other is the relationship b etween the properties of individual particles and
those obtained in bulk magnets prepared by sintering. The microsample
technique developed in this work has made it possible to show for the first
time that bulk Co5Sm magnets are defect-dominated in the same way as par-
ticles, showing many magnetization phenomena previously seen only in single
particles prepared from cast material .

Obtaining the above re sult s r equ ir ed detailed hysteresis ioop measure-
ments on samples often weighing less than a microgram. A novel and uncon-
ventional design was developed and incorporated in a new set of vibrating-
sample-magnetometer picku p coils , permitting an order-of-magnitude improve-
merit in signal-to-noise ratio .

At the work progressed, it became apparent that there is another class
of materials with comparable potential, based on the copper-modified alloys
of approximate composition (Co, Cu)7Sm. These materials, in complete con-
trast to 5-1 and 17-2 , owe thei r coe rcive force to domain wall pinning through-
out the bulk of the material .

The analysis of the shapes of hysteresis loops, particularly as they de-
pend on the value of the maximum magnetizing field H~1, has been developed
into a powerful tool for the probing of magnetization reversal processes.
This techni que sharply makes the crucial distinction between nucleation-
dominated and wall-pinning-dominated reversal .

It has been shown that the properties of the copper-modified alloys in
optimum heat-treated condition are controlled entirely by wall pinning.

~ 
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However, in other conditions of heat treatment it is possible to demonstrate
both kinds of behavior in the same sample, to show that they depend differently
on material constant s, and even to vary them independently of each other .

Alloys of overall 7-1 composition are not in general single-phase. The
prototype (Co, Cu)7 Sm alloy appears to consist of a 5-1 and a 17-2 phase, each
capable of a precipitation reaction producing a wall-pinning structure. How-
ever, in an alloy modified by a slight substitution of Fe for Co, both pha ses
appear to have the 5-1 structure, in which a 17-2 precipitates. Studies of the
type described above, together with measurements of anisotropy field s, have
been made on these various component alloys and correlated with optical and
electron microscopy to form a consist ent picture of their metallurgical be-
havior as it determines their magnetic properties.

It is believed that the clarification of the distinction between nucleation
and pinning, a theme that has appeared throughout this work, has contr ibuted
substantially to the understanding of the potential high-performance materials
that have been identified, and thus to the goal s of the work under this contract. 

~~~~~~~~~~~~ -~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
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Section 2

INTRODUCTION

The extraordinary permanent magnet properties of Co5Sm were discovered
during an exploratory search at the General Electric Research and Development
Center for material s combining high saturation magnetization (M5) with high
positive (easy-axis) magnetocrystalline anisotropy (K). Through the use of
powder metallurgy techniques, Co5Sm magnets are now fabricated with energy
products greater than 20 million Gauss-Oersteds, several times higher than
any material previously available .

Remarkable as it is, Co5Sm represent s a plateau in properties that can in
principle be still further increased by a large amount . The key to such an in-
c’~ease is a higher M5 than Co5Sm, along with a sufficientl y high K to maintain
a high enough coercive force Hc. One way of increasing M5 is to go to the
17-2 compounds, which have a structure closely related to that of the 5-1 ma-
terials. In some circumstances the 17-2 can have a K of the right sign, but
in general these anisotropies have not been large enough to permit a sufficient

to take advantage of the larger M5.

In both the 5-1 and 17-2 compounds, the coercive force is only a small
fraction of the anisotropy field 2K/M s. This discrepancy, as well as many
other aspects of the magnetic behavior of these materials, strongly suggested
to us that magnetization reversal was not directly associated with the bulk
properties of the material nor with classical fine-particle behavior, but was
triggered at imperfections at which magnetic domain boundaries are formed
or trapped. A great deal of work on singl e particles, summarized in about
a dozen publications from this laboratory, has strongly reinforced this now
generally accepted idea.

Through the use of microsample techni ques reported below, it has been
possible to show that the properties of sintered Co5Sm magnets are also de-
termined by magnetization reversal nucleation at defects, just as in single
particles. Even when the density approaches 100%, the behavior is like that
of isolated particles, a remarkable result.

There is an entirel y different means of attaining high saturation magneti-
zation with high coercive force , through the substitution of copper for some
transition metal and the modification of the overall composition toward ap-
proximately 7-1 . It is our present belief that the greatest promise for superior
new materials is contained in some of these modified cobalt-rare-earths.
Historically, copper additions were first made~

1’ 2) with the idea of replacing
some of the cobalt in Co5Sm with copper , giving compositions such as Co3Cu 2Sm
with the intent of producing small particles of Co5Sm in a matrix of nonmagnetic
Cu5Sm. Castings of these material s had a remarkably high H~, which could be 

~~ ..- ~~~~~~~ 
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further increased by low-temperature heat treatments, but they suff er ed
from low M5 because of the copper dilution . However, there have been a
number of recent investigations(3’ 4) of alloy series corresponding basically
to (Co,Cu)~Sm in which x varies from 5 to 8. 5. These show a pronounced
peak in properties at an x of about 7 . Since typically only about 20% of the
Co is r eplaced by Cu, these materials have a higher Ms than Co5Sm. Their
He, while not as high , is sufficient to permit the production of sintered mag-
net s with energy products on the order of 2OMGOe, which are now available
from Shin-Etsu Ltd .

What makes this approach entirely different , from the point of view of
structure control for magnetic properties, is that , in complete contrast to the
5-1 and 17-2 compounds, these mater ial s owe their coercive force ent ir ely
to magnetic domain wall-pinning throughout the bulk of the material . Through-
out this work, emphasis has been placed on the analysis of the shapes of hys-
teresis ioops as a tool for the probing of magnetization reversal proce sses.
This technique is par ticularly important in that it sharply distinguishes be-
tween nucleation- dominated and wall -pinning- dominated reversal. The dis-
tinction is vital to materials development, since the types of metallurgical
structure desired are at opposite extremes for these two mechanisms. In
nucleation-dominated material, defects are detrimental because they are the
sou rce of reversal nuclei . The ideal material would be homogeneous and
defect-free. In wall-pinning-dominated material, effect ive pinning centers
on the scale of perhaps tens or hundreds of angstrom units should be present
everywhere in the material .

In this report Sect ion 3 describes the microsample work, and Section 4
the vibrating-sample -magnetometer coil s that made it possible. Section 5
discusses the reversal behavior of some copper-modified alloys, and Sec-
tion 6 some aspects of the magnetic pha se structure of 7-1 alloys.

2—2 
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Section 3

PROPERTIES OF MICROSAMPLES OF SINTERED
COBALT - SAMARIUM MAGNETS*

ABSTRACT

h y s teresis loops of small but still multigrain samp les taken from sin-
tered Co5Sm magnets show a wide range of behavior , samples from the same
magnet bracketing the bulk propertif ~s. Magn etization discontinuities often
appea r and are associ~tted with large grains . These jumps show a quantized
dependence of jump field on ma gnetizing field and often a good 1/ cosO de-
pendence, exactly as in par ticles prepared from cast material . A sample
consisting of only one grain gave a completely rectangular ioop. Measure-
merits on sintered magnets indicate that large grains tend to reverse in small
fields, detracting from the overall properties.

INTRODUCTIO N

it has become generally accepted that the magnetic reversal behavior of
cobalt-rare-earth singl e particles is determined by defects through their in-
fluence on the nucleation of domain boundaries . (~~~, ~) Strong support for this
interpretation has come from direct observation of magnetization discontinu-
ities and their dependence on magnetizing field, (7) angle, (~~~ ) and other van-
ables . It is much less clear how the behavior of sintered magnets should be
interpreted--  whether they are like particles plus interactions, or whether
some other model , involvin g perhaps grain-boundary phases(8) should be
developed for them ab initio. This report describes experiments on small
samples taken from sintered magnets in which exactly the same behavior
can be observed as in particles prepared from cast material .

EXPERIMENTAL PROCEDURE AND RESULTS

Samples were prepared by breaking from bulk sintered ma gnet s. Large
particles thus obtained were further broken into samples of the desired size,
usually on the order ol 50 to 100 pm , under  the microscope. Hysteresis  loops
were measured in a simpl e vibrating- sample magnetometer using a modifi-
cation of the Mallinson coil configuration . (9) All hysteresis ioops shown
were traced twice , to illustrate the degree of reproducibility attained .

The first sample prepa red in t h i s  way was relatively lar ge, weighing
about i0 4 g. Its reversal began with a magnetization discontinuity, as shown
in Figure 1 . As the magnet iz ing f ield was decreased , the  j umps suddenly ap-
pea red at lower fields . The angular dependence of the j ump fields was an

‘~Suppor ted in part h y t h e  Off ice  of Nav~i1 f lesearch .
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Figure 1. Hysteresis Loop of Microsample
from Sintered Magnet

exact 1 /cose, but with angular offsets . Jts behavior was very similar to that
of a Co~Gd particle reported on earlier .

While there was nothing unusual in the appearance of this sample, the
sintered magnet was observed to contain a nu mber of grains that were con-
spicuou sly larger than the — l O u  average size . A sample was prepa red so
that one such grain comprised a substantial portion of it , the rest consisting
of many small grains. Its hysteresis loop is shown in Figure 2. The narrow
loop wi thin the major loop is the result of cycling in ±6 kOe just after the
ini tial jump, showing the behavior of the free wall produced by the nucleating
step. This behavior is exactly like that observed earlier in single particles
of cast material. (10) It thus appears that the large grain is reversing com-
plet ely once nucleat ed , followed by the higher-H~ 1 multigrain portion .

Measurement of a number of particles from the same magnet showed a
considerable spread in properties, especially in magn ets showing many rela-
t ively lar ge grains. This spread bracketed the properties of the bulk magnet.
For example, 11 samples from a magnet whose bulk 1

~d was only 2 . 5 kOe
showed a spread in II~~ from 1. 5 to 9 .4  kOe, with an average of 2.8. Thus,
the particles removed by f racturing appear to represent a reasonable sample
of the  overall properties .

The influence of 1;~rge grains was studied more closely by investigating
two magnets, one made from powder as received from the jet mill, the other
made from powder passed through a 400 mesh (38u) sieve after jet mill ing.
Fracture surfaces of the magnet made from unsieved powder showed occasional
large grai ns , as i n Figure 3(a). They were not observable in the other mag-
net , t~~gure :J(h) . The hysteresis loops of small samples of the first magnet

_ _  
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H, kOe

TM
Figure 2 . Hysteresis Loop of Sample Containing

Large Grain and Smaller Grains

L i  

( b )

Figure 3. Fracture Surfaces of Magnets Sintered
from (a) Unsieved and (b) Sieved
Powders

characteristically showed a dropoff in ma gnetization early in the second quad-
rant, Figu re 4(a).  Samples from the second did not , Figure 4(b) . In bulk
properties, the second s i m p le was somewha t superior to the first , having
Hci = 26.5 kOe and 

~~~~~ 
= 22 . 2 MGOe , compared to 22 . 6 kOe and 19 . 8 MGOe .

The complete ioops for the small samples are drawn only to ±30 kOe magnetizing
fi eld and evident ly are not completely saturated, as indicated by their  asymmetry.
Most loops showed this  to some extent .

Then a sample consisting entirely of a thin portion of one large grain was
excised from the first magnet . It is shown in Fi gure 5. It wei ghed approxi-
mately 5 x iO ~~ g. Its hysteresis ioop is shown in Figure 6. Again the con-i-
plete reversal following nuclea tion is characteristic of individual grains . The



— --
~~~~~~~~~~~~~~~~~

-— - -.-
~~~~

- .
~~~~~
-— -

~~
-—-

GENERAL • ELECTRIC

-30 -.~O -10 0 U) ~~O 30

H,, kOe.

(0..)

-M

Figure 4. Hysteresis Loop of Microsample from Magnet
Sintered from (a) Unsieved and (b) Sieved
Powder
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IooJ-&

Figure 5. Microsample Consisting of Portion
of Large Grain. Dark-field illumi-
nation .

—3 0 -~~O -10 - ~~~ 3,0
H, kOe

Figure 6. Hysteresis Loop of Sample Shown in Figure 5

fields at which this occurred are substantially below the bulk H~i. However,
they seem large considering that the surface of the particles as broken was

• not modified in any way. Large discontinuities and occasional rectangular
loops were observed in other samples, sometimes in very low fields, some-
times not . Of course, the nucleation situation may be different when the grain
is surrounded by its neighbors in bulk .

CONCLUSIONS

Measurements on tiny samples of sintered Co5Sm magnets indicate a be-
havior entirely similar to that of single particles made from cast material.
Large magnetization jumps are associated with large grains in the sintered
material, consistent with the observation that sieving the starting powder
appears to eliminate low-field magnetization dropoff in sintered magnets.

---
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SectIon 4

SIMPLE VIBRATING - SAMPLE - MAGNETOMETER
PICKUP COIL ARRANGEMENT~

ABSTRACT

A vibrating-sample-magnetometer pickup coil arrangement using only
two coils whose axes are parallel to the applied field has the advantages of
ease of balancing, ada ptability to small gaps, freedo m from image-effect
problems, and good signal-to-noise performance.

SUMMARY

The purpose of this note is to describe a simple and effective vibrating-
sample- magnetometer pickup coil arrangement that has been extremely useful
in the measurement of microgram-sized samples of cobal t- rare -earth alloy s
in high fields.~~~- -~ The desi gn incorporates the features discussed by
Maflinson(12) but in a simple configuration of only two coils. It lends itself
to USC n-i a small gap. It also embodies the advantages of a small distance
between coils and samnpie.(13) The arrang€ment is shown in Figure 7.

jVIBRATION

SAMPLE
HOLDER

SPACER

POLE —

PI ECES — _______ —

+

SAMPL E
• END VIEW

• OF COILS

I CM

Figure 7. Vibrat i ng-Sani ple- IVlagnetometer
Coi l Configuration

The coils are connected in series opposition . Exact balance is obtained by
adjusting a high shunt resistance across the coil with the greater output as H

*Supported in part by the Office of Naval Research.
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is varied without a sample. Somewhat surprisingly, this works much more
satisfactorily than attempting to balance the conventional pair of vertical-axis
coil s. Even though the latter appear to have the advantage that their area-
turns intercept no field, they are in practice much noisier, primarily because
they are more sensitive to mechanical vibration. The small size and ri gidity

• of the present coils make them quite easy to balance, and once adjusted they
are very stable.

-A second advantage is insensitivity to image effects. Vertical-axis coils
proved t roublesome in this re spec t, since their return windings respond to
the time-varying field near the pole p ieces, where the distortion of the dipole
field by the image effect is greatest. In the present arrangement, almost all
the signal comes from the coil windings nearest to the sample. In a rectangular-
loop sample, any image effect would show up as a change in signal as H in-
crea ses and the pole tips become satu ra ted . Such changes caused diffi culties
with vertical-axis coils but, as can be seen in Figure 8 do not occur with the
present arrangement.

~~~~~~~~~~~~~~~~~

-30 -).0 -10 0 10 ao 30

H, k 0€

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 8. Hysteresis Loop of Single-Crystal Sample
of Co5Sm Weighing Approximately 5 x iO~~ g,
in Maximum Field of 30 kOe (from Refe r-
ence 11). M 5~~~5 x 1O’ 5 e. m. u.

Samples are usually mounted in paraffin inside the sealed-off narrow end
• of a disposable glass pipette , which has an outside diameter of about 1 mm.

They are centered in the pronounced output saddle-point this arrangement
provides. Figure 8 shows a hysteresis loop of a single-crystal sample of

• Co5Sm weighing approximately 5 x iO~~ g, in a maximum field of 30 kOe, to
indicate the signal-to-noise behavior that is routinely attainable.
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Section 5

REVE RSAL MECHA NISM IN COPPER - MODI FIE D
• COBALT - RARE - EARTHS*

ABSTRACT

The magnetization reversal in copper-containing cobalt-rare-earth per-
manent magnet mate t ials can be completely dominated by pure bulk wall-

L pinning. This is shown by the form of hysteresi s loops in vary ing magne-
ti z ing fields, whose appearance is in extreme contrast to those of unmodified
cobalt-rare-earths, in which nucleation is the dominant factor in magnetiza-
tion reversal. In some copper-modified materials it is possible to show both
kinds of behavior in the same sample, with a sudden transit ion at a particular
value of magnetizing field.

INTRODUCTION

Ma gnetization reversal in the cobalt-rare -earth pe rma nent magnet ma-
terials is brought about by domain wall motion. The particles and grain s are
much lar ger than any relevant single-domain sizes,( 14) the coercive forces
are much too low for coherent rotation or curling, and the walls have been

• vi sually observed many times.

The coercive-force-determining process can be ei ther  the nuclea t ion of
walls which , once present, expa nd rapidl y, or it can be bulk pinning of walls
whose area does not change greatly. Structurally, nucleation is controlled
by small numbers of relatively lar ge defects while general pinning requires
a distribution throughout the material of pinning agents such as precipi tate
particles whose dimensions are comparable to the wall thickness.

Cobalt-rare-earth particles, including Co5Sm, show nucleation-dominated
magnetization reversal. This has been e stablished in many kinds of exp eri-
ments, mos t direc tly by observation of magnetization discontinuitie s and their
quantized dependence on magnetizing field ,’15~ their anguiar(16) and tempera-
ture ( 1?) dependen ce, and their great sensitivity to surface treatrnent . ( 15)
Particles from sintered magnets have also been shown to be nucleation-
controlled. ( 1 8) In the closely related copper-modified cobalt-rare-earths,

• it is possible to observe equally pronounced pure wall-pinning behavior, as
shown below. In spite of their basically similar composition and permanent
magnet properties, their reversal takes place in a t otally diffe re nt way.

BEHAVIOR OF SUCCESSIVE HYSTERESIS LOOPS

The shapes of hysteresis loops as they depend on the value of magnetizing
field H~~ convey much information about the magnetization reversal process,

*Supported in part by the Office of Naval Research.
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making a sharp distinction between nucleation-dominated and wall-pinning-
dominated reversal. Two e xtreme kinds of behavior as a function of Hm can
be envisioned. In a single particle of a material dominated by nucleation,

• walls whenever present mov e easily. In very low 1l~~ this results in narrow
loops sheared to the extent of the particle demagnetizing factor. In larger
Hm a series of increasingly wider rectangular loops results, as in Figure 9a.
The phenornenology of this behavior has been worked out in some detail. ( 1O)
For homogeneous bulk wall pinning, on the other hand , a plot of successive
loops as a function of applied field looks like Figure 9b. Since the field
necessary to move the wall is the same anywhere in the material, the coer-

• cive force is always the same, and only the remanence changes with 1tm’
within a range depending on the demagnetizing slope of the sample. For
aggregates of particles, the considerable variations in individual nucleating
fields would smooth out the rectangular behavior and give curves like Fig-
ure lOa for the nucleation case. For wall pinning, each particle is not dom-
inated by a few defects but by the overall pinning structure, so an aggregate
would not look much different from a single particle, as in Figure lOb. In
the nucleation case, the remanence remains approximately the same while
the loops shrink horizontally. In the pinning case, they stay the same width
while shrinking vertically.

SINGLE PARTICLE

_  H

a. NUCLEATION

N

_ _ _ _ _  
H

/ ~~ 7~
’b. WALL MOTION

• Figure 9. Hysteresis  Loop s Predicted for Single Particle as a
I- unction of \ l agnet iz ing I”ield H m ; (a )  Nucleation-
Cont rolled Part icle an(1 (b )  Pinning-Controlled
Particle 

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~.
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PARTICLE AGGREGAT E

J
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~
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Figure 10. Hysteresis Loops Predicted for
Aggregate of Particles as a
Function of Magnetizing Field
Hm; (a) Aggregate of Nucleation-
Controlled Particles and (b ) Ag-
gregate of Pinning-Controlled
Particles

RESULTS

Both ext reme kinds of beha vior can be strikingly illustrated by cobalt-
rare-earth materials with and without copper modification. Figure h a  and
1 lb show series of hysteresis loops in varying Hm, for comparison with
Figures lOa and lOb. Figure 1 la is a 70 ~m powder of Co5Sm of relatively
low coercive force . Figure l ib  is a small piece of a sintered permanent
magnet material obtained from Shin-Etsu Chemical Co. , Tokyo, Japan. (20)
Its composition is nominally Sm (Co0. 73C u 0.14 Fe0~i3) 7 and it is based on develop-
ments by Taw ara et ~i.(2~

) Its energy product is about 20 mGOe .

It is possibl e to observe both the extreme kinds of behavior illustrated
above in the same material, and to influence them separately. Figure 12
shows the behavior of 70 urn particles of an as-cast alloy of composition

5-3
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Figu re 11. Observed Behavior of A ggregates of Par-
ticles; (a) Pa rticles of Low-T 1~ Co5Sni
and (b ) Particles of a Co-Fe-Cu-Sm
Sin te red M agn et

- • Sm(Co 0 8 1 Cu 0 1 9
)5~~. X- ray  d i f f rac t ion  shows it to be essent ially a sin gle phase

having the 1-5 structure.  In fields above 8 kOe, the behavior is nucleation-
• dominated. In less that 8 kOe, the behavior  suddenly switches to w all pinning

with a constant I- Ic ot about 1500 Oe . In nucleation-controlled particles, de-
fec ts are often near the surface , w ith the result that the coercive force can
be grea tly influenced by surface treatni ent S~~~ Some of the copper -modified
pa rticles were chemically polished for 30 seconds in a nitric-sulfuric-
orthophospho ric-acet ic  acid mix tu re~ l5) This resulted in the behavior
shown in Figu re 13. The coercive force in fields above 8 kOe was greatly
increased, while the behavior in smaller field s was not changed. The
polishing t reatment  removed surface nucle i and increased the nucleation-
domi nated coercive force. Once walls were present they still required about
1500 Oe to move, indica t ing pin ning throughout the mater ial  just as before.

The Shin-Etsu mate r i a l  is known to consist of two kinds  of grains with
rathe r different  domain s tructures~22~ presumably because of a large-scale
two -phase structure in the original cast mater ia l , resul t ing  in grains  of two

F different compositions. S imi l a r ly the Sm(( o0 31Cu 0 l9~~5 
is one of t he two

5- 4
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(b)

Figure 12. Hysteresis Loops in Varying Hm for
F~l70~~m Particles of a Sm(Coo.81Cuo~j 9)5~9
Alloy as Cast ; (a) TTm =8  kOe to 30 kOe
and (b) Same Sample but Hm < 8 kOe.
Numbers on curves are Hm in kOe.

Figure 13. Hysteresis Loops in Va rying Hm of
Chemically Smoothed ‘~70 ~m Particles
of a Sm(Co 0.8i Cuo,j 9) 5~g Alloy as Cast.

• Numbers on curves are Hm in kOe.
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composit ons, along with Sm(( oQ .87 Cu Q . 13)7 .5 , occurring in castings of Sm
(Co 0 84(’u0 1~~~)6.  9, according to Menth. (23 ) Experiments on the Sm(Co0. 87
(u ~ 13)7 5 composition showed a smaller wall coercive force of about 700 Oe
and a similar very strong dependence of a large coerc ive force , up to about
3000 Oe, on surface treatment. In an alloy heat-treated for maximum per-
mane rit magnet properties , the re must be submicroscopic preci pitation pro-
v i d in g  pinnin g sites, presumably wi thin each major composition. The fact
that the heat- t reated Sh in-Etsu material consists of two separ ate compositions
makes its ideal behav ior even more remarkable .

CONCLUSIONS

The way in which successive hys teresis loops in varying maximum mag-
netizing fields differ is a strong indication of the revers al mechanism and is
extr emely distinctiv e for pure nucle ation and pure pinning . Both kinds of
behavior can be observed in the same material.

Unlike Co5Sm magnet s and their prototype m at erials, copper- modified
magnets of approximately 1-7 composition show pure bulk wall-pinning be-
havior, in spite of the fact that they may consist of a mixture of grains of
two different compositions . 
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Section 6

MAGNETIC PHASES IN COPPER - MODIFIED
COBOLT - RARE - EARTH ALLOYS

The alloy of nominal composition (Co0.8 Cu0.15Fe0.05 )7 Sm, based on the work
of Tawara and Senno. (24 , 25) can be given very good permanent magnet proper-
ties. Several samples of this material were obtained, in peak aged condition,
from M. Honshima of Shin-Etsu Chemical Industry Company, Takefu, Fukui,
Japan . The processing steps reportedly used were: induction melting in argon,
crushing in nitrogen, jet milling, pressing in a magnetic field of 10 kOe, iso-
static pressing at 4 tons/cm2, sintering for 1 hour at 1200 °C, quenching, and
aging at 850 °C for 30 minutes. The as-received properties of these magnets
were: saturation induction, 9. 61 to 9. 67 kG; remanence, 9. 15 to 9.44 kG;
intrinsic coercivity, 6. 5 to 7. 1 kOe; and maximum energy product, 19. 9 to
21.2 MGOe.

This material contains grains of two different overall compositions, as
indicated by optical microscopy, magnetic domain observations, and electron
microprobe analysis. (26) According to Livingston~

26
~ the great majority of

the grains in this material have the composition (Co0.79Cu0.15Fe0.~~)7.5Sm. Theothers are (Co0~74 Cu0•22 Fe0,05)6~4Sm. Presumably the two kinds of grains re-
sult from the grinding of an initially two-phase casting.

Another alloy of similar composition, (Co0.84Cu0.16)6.9 Sm, has been reported
to develop a remanence of 9200 G and a coercive force of 5000 Oe after 1 hour
at 1230 °C followed by 1 hour at 790 °c. (27) This alloy as cast also consist s
of two large-scale phases, of compositions (Co0 8 1 Cu0 16)5 9Sm and (Coo87 Cu0 13)7 5Sm.
(Ref . 27) . We prepared all three of these compositions. X-ray diffraction in-
dicated that as cast the 5. 9 composition was mostly 5-i phase, the 7. 5 was
mostly 17-2 , and the 6. 9 a mixture of both . It must be emphasized that here
“5-1” and “17-2” refer to structures, not compositions. A 5— i material can
become rich in transition metal by replacing rare earth atoms by pairs of
transition metal atoms. (28) As long as this is done randomly, the structure
is 5-1. If it is done in an ordered way, the structure is 17-2 , either hexa-
gonal or rhombohedral depending on which of two types of ordering occurs.
Figures 14, 15, and 16 show the domain structures of the cast alloys. The
structure in Figure 16 is very similar to that of Co17Sm2. (2 9) The consider-
able corrugating of the walls is characteristic of a material of moderately
high uniaxial anisotropy. Near the surface the walls develop the corrugated
pattern in order to reduce the magnetostatic energy at the surface. If the
anisotropy were extremely high , the wall energy would be too great to permit
this and the walls would be relatively straight . This can be seen in occasional
small areas of 1-5 phase in Figure 1 6 . The same structure can also be seen
in Figure 14, in which most of the material is 5-1 . Figure 15 seems to have
an intermediate structure, suggesting that it is two-phase on a rather fine
scale under the casting conditions used .

6—1
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Figure 14. ~lagnetic Domain Structure of As-Cast
(Co0~ 81Cu0• ~~~ 9Srn Alloy (500x)
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Figure 16. Magnetic Domain Structure of As-Cast
(Co0~ 87 Cu0~ 13 ) 7 .  ~ Sm Alloy (500x)

The anisotropy fields of these materials were also measured. This was
done by measuring a sample of approximately 100 ~im particle s, aligned in a
binder in a field , both parallel and perpendicular to the alignment direction
and extrapolating as shown in Figure 17. The anisotropy fields are 46 0 kOe
for the 5. 9 material and 124 kOe for the 7. 5 material. These are similar to
the values generally obtained in Co5Sm and Co17Sm2 respectively. The 6. 9
material givec an intermedia te value, 204 kOe.

It is remarkable that in both these alloys and the Shin-Etsu material, the
best permanent magnet properties are developed in a material consisting of
two major phases. These materials are completely dominated by wall pinning,
as di scussed in Section 5, so each major phase must have a very fine -scale
precipitate as the wall pinning agent. In the Co-Cu-Sm alloys, pre sumably
the 5-1 has a 17.2 precipita te and vice versa. In the Shin-Etsu material,
al though it would seem quite similar, the situation appears to be different .

Livingston and Martin (30) have st udied the optimally aged Shin-Etsu

L 

material  by transmission electron microscopy. They looked at the grai n s
of 7. 5 composition, which were in the majority.  The structure they ob-
served in the optimally aged condition is reproduced in Figure 18. The ma-
~‘ r ia 1 consists of cell s of one phase with a contin uous boundary network of a
~cco nd phase.

_ _  
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t t ~~

0 10 20 30 Ha
H k0e

Figure 17. Measurement of Anisotropy Field HA.
Magnetization curves of aligned samples
are drawn parallel and perpendicular to
the alignment direction in a maximum
field of 30 kOe and extrapolated as
shown.

Accordin g to Livingston and Martin , analysis of electron diffraction pat-
terns and dark-field micrographs indicates that the cell interiors have the
17-2 structure and the cell boundaries the 5-1 structure. The alloy was
single-phase as quenched , and the cellular structure developed during an-
nealing. In order for such a structure to be produced , the material must
have been 5-1 on quenching, with the 17-2 cell s developing during annealing
until only the continuous network of 5-1 remains.

This interpretation seems very reasonable but one must comment that it

• implies the remarkable circumstance that both the 7. 5 phase and the 6. 5 phase
must have the 5-1 structure. Then the phase separation occurring when the
material is cast must be due to a miscibility gap, giving two equilibrium
phases with the same structure but different compositions. As pointed out
above, this is entirely possible, and in fact this behavior is shown by numer-
ous metallurgical systems. However , it is a somewhat surprising variation
on the behavior of cobalt-rare-earth alloys.

Anisotropy field measurements on these alloys do not really help to clarify
the situation. The anisotropy field of the cast 6. 5 alloy is 189 kOe, and that
of the 7.5  alloy is 117 kOe. The Shin-Etsu material as quenched from 1200 °C
has 141 kOe, and this quantity does not change much with various aging treat-
ments. It is surprising that this alloy is not a closer analogue to the seem-
ingly straightforward Co-Cu-Sm alloys.

6-4
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• Figure 18. Cellular Microstructure of As-
Received Co-Cu-Fe-Sm Magnet
at Peak Aged Condition (aged
30 minutes at 850 °C): (a) Section
Normal to Magnetic Alignment
Direction (c-axis) , (b) Section
Including Alignment Direction
(c-axis vertical) . Cell interiors
have the 17-2 structure, cell
boundaries the 5-1 structure,
with the phases fully coherent.

STABILITY OF PINNING-CONTROLLED MATERIAL

Whether a material is controlled by nucleation or by wall pinning has
very different implications for its stability, especially in the form of small
particles, such as might be used in a material consisting of permanent mag-
net particles imbedded in a matrix of some kind. Nucleation-controlled ma-
terials are very characteristically sensitive to surface treatment, as most
of the reversal nuclei are created or removed at the surface. This can be
seen in the very large increase in Hc resulting from the removal of nuclei by
surface polishing, as for example in a comparison of Figures 17 and 18 of
Section 5. On the other hand, such materials are also more vulnerable to
degrada tion by any process that adds surfa ce nuclei, particularly oxidation.
The oxidation of a bit of samarium even at one locality on the surface pro-
duces a cobalt-rich region of low magnetocrystalline anisotropy, which even

L _ 
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though it may be small serves as an effective reversal nucleus for the entire
particle. Figure 19 shows Hc as a function of 11m for the same sample shown
in Figure 18 and again after a period of one year at room temperature. Local
cobalt-rich regions are becoming more and more effective reversal nuclei as
they develop. The same process can be seen on a more rapid scale in Fig-
ure 20. This shows the Hc dependence on H~~ for a sample of particles of
<7Dm size as ground and after 10 minute heating in air at 150 °C and 200 °C.
Even at these low temperatures nuclei are rapidly formed. In both cases,
the Hm dependence in high fields is eliminated, as nuclei of the non-deac-
tivating type described in Reference 19 are formed.

7 -

6 - ~
,

°‘i~~ I9~75

5 -

0
.~~U -

3 -  fr5—77

2 -

PINNING NUCLEATION

0 ‘~~ I I I
0 5 JO IS 20 25 30

N~ , kOs
- 

• Figure 19. Coercive Force H~ as a Function of
Magnetizing Field Hm for 70 um
Particles of ( Co0. 81Cu0~ 16 )5. 9Sm
Alloy. 12-19-75 , after 30 seconds
in 3 parts HNO3 + 1 part HC1 + 1 part
H 3P04 + 5 parts CH3COOH. 1-5-77,
same sample after 12 1/2 months at
room temperature.

In a sinte red magnet of the Co5Sm type, stability is attained by sintering
to a density high enough to eliminate connected pores. If such a material is
made into small particles it becomes increasingly susceptible to oxidation as
the particle size is reduced and the surface-to-volume ratio increases. In
the copper-modified materials, as can be seen in Figures 19 and 20 , the wall-
pinning component is not affected. If materials of this type have a sufficiently

6-6
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Hm, kO.

Figure 20 . Coercive Force Hc as a Function of
Magnetizing Field Hm for <50 ~im
Particles of (Co0. 81Cu0~ 16)5. gSm

• 
• 

Alloy, as Cast and After 10 Minutes
in Air at 150 °C and 200 °C

high coercive force coming from wall pinning alone, they are not sensitive to
surface condition or particle size and are inherently more suitable for appli-
cations in finely divided form.

COMPLEXITY OF PINNING - CONTROLLED MATERIAL

The different phase behavior of two alloys of similar overall composition
• prompt s a general. observation on this type of material. In a nucleation-

- - • controlled material, the coercive-force-limiting process is the provision of
reversal nuclei at relatively large-scale imperfections. Composition enters

• only as it affects the overall anisotropy levels. On the other hand, coercive
force control by generalized wall pinning requires a uniformly distributed
submicroscopic precipitate structure of precisely the right size, shape, and
magnetic characteristics. Such precipitates are generally produced by com-
position fluctuation s within a given crystal lattice. The morphology of such
structures is extremely sensitive to the energy of the surface between the
precipitating phase and the matrix, and to its variation with the orientation
of the surface. This energy in turn is extremely sensitive to composition,
primarily as it affects lattice parameter and thus degree of misfit between

- 

precipitate and matrix. In the copper-modified cobalt-rare-earths, the

6-7 

— •- • — —-~~~~~~~~~-“



I
GENE RAL S ELECT RIC

structure does not have cubic symmetry, so a change in composition may
affect diffe rent lattice parameters differently, resulting in great changes in
preci pitate morphology with composition. Thus it is likely that a truly op-
timuin pinning-controlled alloy may have small amounts of several elements
present whose function is the optimization of this surface energy, just as with
the small amounts of copper and titanium in Alnico.
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