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ABSTRACT

The significant accomplishments of investigations conducted over

the past three years are summarized. Topics covered include: the
metallurgy and magnetic properties of the rare earth-cobalt-iron alloys
RI‘Z(Coa_x_Fex)r” with R =Y, Ce, Pr, Nd, Sm and MM (Ce-rich misch-
metal); the rare earth-cobalt binary phase diagrams Ce-Co, Pr-Co and
Nd-Co; the sintering and magnetic properties of the mixed rare earth-

cobalt alloys R’l-x‘_)PerOS' R = Sm, Didymium and Rl-dexCOS' R =Pr,

(.
i-

Sm, Didymium.

The results of both room temperature and liquid nitrogen tem-
perature saturation magnetization and anisotropy measurements made
using an oscillating specimen magnetometer are reported for single
l-xFex)17' x=0,2, 0.3, 0.4 and
» x=0,1, 0.2, 0.4, 0.5. All compositions exhibit easy-

crystals of the compositions Pr 2(Co
YZ(Col-xFex)”

axis anisotropy at both temperatures except PrZ(COO. 8Fe0. 2) 17

cooling transforms to easy-plane anisotropy at approximately 140°K.

which on

Values for the anisotropy constants, K. and K., and the calculated

1 2
anisotropy field, HA’ are also given.

First quadrant magnetization curves obtained with powder speci-
mens and with the aid of an oscillating-specimen magnetometer are E
presented for the RZ(Col-xFex) 17 alloys, R =Y, Ce, Pr, Sm. The
qualitative and quantitative aspects of the magnetocrystalline anisotropy

5
alloys exhibit the greatest anisotropy.

of these alloys is discussed in detail. As in the RCo, alloys, 3

SmZ(Col-xFex) 17

A review of the published binary rare earth-cobalt alloy systems

is presented. Systems discussed include Y-Co, La-Co, Ce-Co, Pr-Co,
Nd-Co and Sm-Co.
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SECTION I

SUMMARY OF WORK DONE
DURING ENTIRE CONTRACT PERIOD

A, REVIEW OF THE PROGRAM OBJECTIVES

The overall objective of this Program, conducted under ARPA
sponsorship over a period of three years, was to generate information on

the properties of selected rare earth-transition metal phases and thereby

support and complement concurrent efforts by other contractors to develop

technologically useful permanent magnets. During this period, commer-

cial magnet development, stimulated by earlier work done at the Air Force

Materials Laboratory and the University of Dayton by the principal inves-
tigators, concentrated on compounds of the composition RCoS, where R is

one of the '"light" rare earth elements, notably samarium.

We suggerted at the start of this program that some of the com-
pounds RZC017 of the same light rare earths, Ce, Pr, Nd, Sm, and Y,
or the mixed intermetallic phases RZ(Col-xFex) 17’ should have a combi-
nation of basic properties which could make them superior even to SmC05
for use in permanent magnets. One main task was therefore to prepare
a large number of such 2:17 alloys and to study those metallurgical,
magnetic and crystallographic properties which have a bearing on their

potential utility as hard-magnetic materials,

While SmCoS—based magnets were well on their way toward com.-
mercial production when this research pProgram began, and while copper-
substituted SmCo5 and CeCo5 had been shown to possess desirable hard-
magnetic properties, the technological development of magnets based on
other RCo5 compounds had run into considerable Practical difficulties,
We selected two problem areas related to the use of rare earth metals

other than samarium in RCo5 magnet alloys ior study under this contract.

s

PR ¢ S




L

The rare earth neodymium is considerably more abundant and
potentially less expensive than samarium. NdCo5 has the highest satura-
tion magnetization in the RCo5 series and its Curie point is favorably high,
but the magnetic crystal anisotropy is low and the temperature dependence

of its coercivity unfavorable, thus pure NdCo, is unsuitable for magnet

5
fabrication. These practical questions then arose: 1) Can minor metal-

lurgical modifications of NdCo,. make it useful for magnets? 2) In what

5

quantity may Nd be present along with other rare earths in a Ndl xRxCOS

alloy before its undesirable traits interfere too severely? 3) Can the
presence of small quantities of Nd bring advantages in addition tc the cost
reduction? With these ultimate objectives in mind, we studied metallur-
gical, crystal and magnetic properties of several quasi-binary systems
Nd]-xRxCOS' We also conducted liquid-phase sintering experiments with
NdCo5 and (Didymium) Co5 to test promising consequences of a hypothiesis

about the origin of coercivity in sintered magnets.

All work on the properties of rare earth-transition metal phases
presupposes a fairly detailed metallurgical knowledge, such as, the way
they form from the melt, their crystal structure, the relations between
phases, the extent of their solubility in each other, etc. Since such know-
ledge of the phase diagrams was still quite incomplete three years ago,
we also undertook extensive investigations of the phase relations in
several important R-Co binary alloy systems as well as the quasi-binary

systems mentioned above.

The last area of concern wao the stability of the CaZnS-type struc-
ture of the RCo5 Phases of proven interest for permanent magnet applica-
tion. We had initially planned to study the extent to which Co may be
replaced by Fe or Mn (elements which enhance the saturation but are
known to make the structure unstable), and which additional alloying
elements might help stabilize the substituted phases. However, we soon

became aware of serious efforts with the same objective at several other

o
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institutions, and more basic questions arose concerning the thermal
stability of binary RCo5 compounds and of the RZ(CO’ Fe) 17 phases. We,

therefore, redirected our stability studies at these latter problems.

In the following sections of this report, I-B, C and D, we sum-
marize the important results of the work conducted during the entire
contract period, with reference to previous reports where details were
presented. This is supplemented with a list of journal or conference
publications which have resulted from this effort (Section I-E). The work

of the last six months and some previously unreported older results are

described in detail in Section II.

B. RZ(Co, Fe) 17 PHASES

1. Alloy Preparation, Metallurgical
and Crystallographic Studies

Six quasi-binary alloy systems, RZ(CO Fe ). ., were

investigated. The rare earth metals used were R = CL,xPrj{ Il\IZi, Sm, the
rare earth-like element Y, and cerium- rich mischmetal (MM), the least
expensive commercial mixed rare earth product. In each of these systems,
between 10 and 30 alloys were prepared, initially covering the entire com-
position range from x =0 to 1 in RZ(Col_xFex) 17 in ten approximately
equidistant steps, and later interpolating and duplicating as required.

Difficulties were incurred with crucible corrosion, (1) loss
of rare earth by vaporization(z) and gross segregation(l’ % in some alloys.
These problems were studied and in most cases overcome. Procedures
for the preparation of single-phase samples were developed, and well-

defined materials were made available for the various physical property

measurements.

Differential thermal analysis (DTA) was performed on all
alloys and yielded information on the melting behavior (Y alloys congruent,

all others peritectic), values for liquidus and peritectic temperatures,




R

polymorphic and magnetic transformations, and in the system R = Ce

(2)

evidence of a liquid miscibility gap. Thermomagnetic analysis (TMA)

revealed that many of the Fe-rich alloys, x > 0.5, were metastable at

(3)

room temperature. The nature of this instability was further studied

by X-ray diffraction (XRD) and electron microprobe analysis using

. (4)
CeZ(COO. SFeO. 5) 17 @8 the typical alloy.

The 2:17 phase was observed
to undergo a eutectoid decomposition resulting in a RZ(CO, Fe)7 phase and
(Co, Fe) phase at temperatures below about 7500C. This behavior, which
appears to be typical of many RZ(Co, Fe) 17 alloys, results in difficulties

in the preparation of single-phase ingots, and it could interfere with

intended technological uses.

The room temperature crystal lattice parameters of the
RZ(Col_xFeX) 17 phases were measured by XRD across all alloy systems.
In every system, a strongly nonlinear expansion of the c-parameter with
increasing Fe content was observed: the maximum occurring between
x = 0.7 to 0.8, We interpret this as being due to the strongly antiferro-
magnetic exchange interaction of Fe atoms introduced in the " dumbbell"
positions (6c positions) of the 2:17 structure with their transition-metal
neighbors. In turn, this magnetically-caused lattice distortion appears to
be the reason for the low-temperature decomposition of these compounds,

whose crystal structure otherwise seems to be primarily sirz stabilized.

Successful attempts were made to prepare single crystals
large enough for magnetic crystal anisotropy measurements with an
oscillating-specimen magnetometer. A crystal weight of ~10 mg is
sufficient for this purpose. Arc melted and homogenized ingots were
annealed just below their peritectic temperatures for periods of several
weeks to induce grain growth. They were then crushed, the fragments
inspected with the aid of microscopy and XRD, and grains identified as
single crystals were mechanically spheroidized and chemically etched.
Fourteen crystals of eight compositions in the systems YZ(CO, Fe) 17’
Prz(Co, Fe) 17 and MMZ(CO, Fe) 17 Were initially obtained, but some of

them did not survive the spheroidization process.

4

(2)
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Magnetic Property Measurements

Magnetic studies concentrated on those basic properties
which can be used as criteria in determining if a new substance may have
utility as a permanent magnet material. These are the Curie tempera-
ture, the saturation magnetization, and the room temperature magneto-
crystalline anisotropy.

The Curie temperatures of stable and metastable R
(3, 4)

Z(Co, Fe) 17

phases were measured by DTA(Z) and TMA. They were found to drop

monotonically from the high values of the iron-free R2C°17

180° to +130°C).

compounds
(800o to 930°C) to the very low ones of the pure RZFen(-
From a practical point of view, it is very important that small additions

of Fe leave the Curie point virtually unchanged and that T remains above

~600°C for up to 50% substitutions of Fe for Co in all systems studied.

Magnetometric saturation magnetization measurements on

(4)

oriented powders

AR A, 53 e e S G Se58
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revealed that in all alloy systems the room tempera-

ture saturation has a pronounced maximum in the compositional range,

b S

x =0.5to 0.7. This is analogous to the behavior of binary Co-Fe alloys. 2

The measured peak values of the intrinsic induction range from about

41 Ms = 14 kG for CeZ(Co to 16, 5 kG for PrZ(Co F

0.45%.617 0.45%. 617"
The first step in evaluating the magnetocrystalline

anisotropy was to determine those alloy compositions for which the
crystallographic c-axis is the direction of easy magnetization; these are
of greatest interest for permanent magnets. This was done by preparing
powder samples consisting largely of single crystel particles, orienting
them with the aid of a magnetic field, fixing their position with a binder,
and then identifying by XRD the crystal axis which aligned parallel to the

field. Thus we found composition regions in the Co-rich half of each

system, except for R = Nd, in which easy c-axis anisotropy exists (3)




Quantitative estimates of the anisotropy fields and uni-

3 axial anisotropy constants were obtained for the easy-axis compositions.

1 Magnetically oriented powder samples were prepared as above, but in
i a different shape and size, and magnetization curves were obtained both
l; parallel and perpendicular to the easy direction of magnetization. The

shape of the hard-axis M vers s H curve and the area between curves,

were used to obtain anisotropy data. Results for the Sm, Pr and MM
systems were previously presented(3’ 4 and additional data can be found
in Section II of this report. Very high anisotropy field values,

HA ~ 108 kOe, were found for the Sm alloys, while those for the other
investigated alloy systems were much lower--up to 30 kOe for Pr alloys
and < 10 kOe for the other systems. This means in practical terms that
Co-rich SmZ(Co, Fe) 17 phases show the highest promise for permanent-
Mmagnet application; some Pr alloys may be of interest, but alloys based

on the rare earth metals Ce, N4, Y or MM do not merit consideration

for magnet development efforts at this time,

Magnetometer measurements were also made recently on
some of the single crystals of Prz(Co, Fe)17 and YZ(Co, Fe) 17 phases
which became available. These were performed at room temperature
and down to 770K. Some data were reported nefore, (6) and more results
can be found in Section II of this report. The single-crystal measure-
ments yielded improved room-temperature values for the first- and
second-order anisotropy constants and for the saturation magnetization
as well as information about the temperature depsndence of these pro-

perties. One of the compositions, PrZ(COO. 8Fe0. 2)17, shows a transi-

tion on cooling from easy-axis anisotropy to easy-plane behavior at
~140°K and a step anomaly in the hard-axis magnetization curve

measured below this transition temperature.

e
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3. Potential Application of R_(Co, Fe) Phases
for Permanent Magnets

Perhaps the most important, and certainly the most
exciting, result of the efforts under this contract was the realization
that some of the R (Co Fe) 17 phases 0ld out the promise of being
excellent permenent magnet ma.tena.ls.( 3) Particularly, the cobalt-rich
SmZ(Col_xFex) 17 phases with x < 0.4 meet the three necessary condi-
tions quite well. They have high saturation, high Curie temperature,

and a pronounced magnetic anisotropy with a single easy-axis,

Permanent magnets based on these phases of 2:17 stoi-
chiometry could be superior to SmCo5 in several ways. Even the iron-
free R2C017 compounds have higher saturation magnetization than the
corresponding 1:5 phases and this advantage is magnified when iron is
substituted for a part of the cobalt. (4) This means that the useful
remanent flux and the theoretically possible maximum energy product
are substantially increased. The 2:17 phases contain approximately
10 weight percent less rare earth than 1:5 compounds. This means that
they are less susceptible to oxidation which is a problem with magnets
based on RCoS, and that 2:17-based magnets should therefo~e have
better long-term stability at elevated temperatures. Another favorable
consequence of the lower R-content is the reduced raw material cost,
particularly for the alloys using the expensive metal samarium as the
sole or principal rare-earth constituent. Partial iron substitution
brings an additional economic advantage, since Fe is much less expensive

than Co. A corresponding advantage is not possible for SmCo5 in which
iron has a very low solubility.

Assuming that the energy product is limited by the
saturation magnetization only, one may consider the theoretical upper

limit for the static energy product about 64 MGOe for Sm (Co Fe)
68 MGOe for Pr (Co Fe) alloys Considering, however, that a
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realistic chance of obtaining a sufficiently high coercive force seems to
exist only for the highest-anisotropy compositions in each of these systems,
and also considering the previously discussed metallurgical stability prob-
lems of high-iron alloys, we mus: probably restrict our view to the Fe..
content range of x< 0.3. The energy-product potential is then reduced

to approximately 50 MGOe for SmZ(COO. 7Fe0. 3) 17 and 55 MCOe for
PrZ(COO. 7Fe0. 3) 17 about double that for SmCo5 or 1-1/2 times that fox
PrCoS.

4, Recommendations for Future Work

The work done to date with the RZ(CO' Fe) 17 phases has
defined promising candidate materials for the development of improved
rare earth permanent magnets. It has also revealed a number of obstacles
which must be overcome before such magnets can be made and has iden-
tified several research problems which must be solved both in support of

magnet development work and in leading to important insights into the

magnetic behavior of materials,

Working toward the practical goal of making improved mag-
nets possible, the main objective now must be to develop a sufficiently high
coercive force, 6-10 kOe, in bodies which are made predominantly of
SmZ(Co, Fe) 17° °F PrZ(Co, Fe) 17* °F perhaps a modification thereof con-
taining a mixture of rare earths, With RCo5 alloys, high coercivity can
be achieved in three principal ways: 1) By finely subdividing the alloy,

e. g., by mechanical grinding or precipitation in a nonmagnetic matrix;
2) by sintering powder compacts with an addition of a rare earth-rich
phase (especially with a samarium excess); and 3) by alloying it with a
third element, typically copper, which is capable of producing a fine-

grained, nonmagnetic precipitate in the RCo5 matrix,

Attempts should be made to apply all three of these tech-
niques to the 2:17 phases. Grinding alone has so far resulted in powders

with coercive forces too low for permanent magnets, This is similar to
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the early experiences with RCo5 alloys other than SmCoS. For these

RC05 phases, chemical and metallu1 gical surface treatments of the par-

ticles have been found which raise the coercivity to useful levels. These

surface-etching, polishing and coating techniques should be systematically

tried on, and adapted to, the 2:17 phases.

Liquid-phase sintering with the addition of a Sm-rich Sm-Co
phase is the preferred commercial marufacturing process for RCo_-based
magnets. It also may well be the most promising approach to the prepara-
tion of 2:17 magnets, but early attempts by us and by others have not been
encouraging. Since the physical origin of coercivity in sintered R-Co
magnets is not yet understood and at present the subject of considerable
controversy, a systematic study of the magnetization reversal process in

such sintered bodies and its relationship to the microstructure appears to

be arn urgent need.

A first successful attempt to obtain high coercive force
through the addition of copper and subsequent appropriate precipitation
heat treatment has been reported by other scientists. ™ They achieved
MHc = 6.1 kOe ard (BH)max = 18. 3 MGOe with an alloy of the composition
Smo. 7Ce0. 3 (COO. 8Fe0. 05cu0. 15)7 which lies in the range of total rare

earth-to-total transition metal ratio between the 1:5 and 2:17. This is a
very encouraging result, and similar approaches to the bulk hardening of

RZ(CO' Fe) 17 alloys should be systematically explored.

More basic tasks which relate to the practical objective of

making outstanding magnets can be formulated in the physics of magnetism

and the physical metallurgy areas.

The magnetocrystalline anisotropy remains the key basic
property, but its origin and the factors controlling it are still only very
poorly understood. Therefore, much theoretical work remains to be done

in this field, and as a prerequisite for it, reliable systematic experi-

mental studies of the crystal anisotropy and its temperature and

R TR




composition dependence must be done.

RZ(Co, Fe)

In addition to the ternary

17 phases, it will be neces sary to study modifications containing

a second rare earth or 2nother transition elenient, both magnetic and non-

magnetic,

to shed light rn the roles which the individual ions and theijr
positions in the crystal lattice play in the magnetic exchange interactions
and the crystal anisotropy. A step closer to the practical magnet problems
is the need to better understand the various physical causes of coercivity
and to correlate them to anisotropy and other physical properties. While
we emphasize here the importance of such studies for the R (Co Fe)

alloys, they must indeed encompass all magnetic rare earth-

tranS1t1on
metal compositions which may be present in

sintered or cast permanent
magnets,

Important physical metallurgy problems to be studied include

the eutectoid decomposition of the RZ(Col xFex) 17 phases observed for

certain ranges of x, the factors causing this instability, and possible

measures of suppressing it. The extent of the homogeneity regions of

these phases with respect to the rare earth-to-transition metal ratio is of
great practical importance especially with respect to the effects which

deviations from the 2:17 stoichiometric ratio have on the magnetic pro-

perties of these materials.

C. BINARY RARE EARTH-COBALT PHASE DIAGRAMS

1. Introduction

Early investigations of the magnetic properties of PrCo

5
magnets sintered with Pr-rich Pr-Co alloys showed the coercivities and

energy products to be very sensitive to the sintering temperature. (8) In
addition, critical sintering temperatures were observed to correlate
closely with thermal events observed in the Pr-Co phase diagram. In view

of the importance of reliable phase diagrams, aot only for determiring

methods for alloy Preparation and heat treatment, but also as guides to

understanding and controlling the magnetic behavior of the rare earth-cobalt



E

it b i b L TN T e T,
LRI o e puss

e R | TR oL i e bt

alloys, the partial phase diagrams Ce-Co, Pr-Co, and Nd-Co reported
earlier by Ray and Hoffer(g) were revised and completed, In light of these

investigations, the La-Co phase diagram was also revised from existing

data,

2. Summary of Resulis

Studies of the four phase diagrams listed above resulted in
the identification of Previously unreported phases, more complete char-
acterization of some of the less well understood phases and a more

accurate definition of the phase boundaries in the systems.,

The most significant discovery was the identification of the
rare earth-cobalt compounds of compositions R5C019, located at
79.2 at. % Co. This phase was definitely established in the Pr, Nd and
Ce systems and data strongly suggests its przsence in the La system.
These compounds exhibit both rhombohedral and hexagonal polymorphs

with the rhombohedral modification, R3m, strongly dominant.

The identification of the RSCo19 compounds, their compo-
sition lying immediately to the rare earth-rich side of the RCo5 phase
field, indicates that these intermetallic phases may play a significant role
in the achievement of high coercive forces in RCoS-based permanent
magnets. This may be especially true in the magnet fabrication methods
involving liquid phase sintering processes with overall magnet composi-
tions rare earth-rich with respect to RCo5 stoichiometry,

Earlier data for the Nd-Co system(g) indicated a NdxCo
phase located at approximately 30 at. % Co. An isostructural phase inythe
Pr-Co system, Peroy, was also identified. Both compounds were found
to melt incongruently and from X- ray diffraction data were found not to be
isostructural with Sm9Co4 as would be suspected from thejr compositions.
Quantitative electron microprobe analysis showed the Peroy alloys to
contain 29,09 + 0, 3] at, % Co and the NdxCoy alloy to contain 28. 96 + 0. 22
at. % Co.

11




A new phase containing 45. 9 at. % Co was identified in the
Nd-Co, Pr-Co, and La-Co systems. The crystal structure for these
compounds, RZCOI 0 was determined to be hexagonal. Lattice para-

(10)

meters were measured but no refinement of atomic positions was

attempted. All three compounds were observed to melt incongruently.

In the Nd-Co system, the intermetallic compound NdZCo3

was identified and X-ray diffraction showed this compound to be iso-

structural with La2C03.

3. Recommendations for Future Work

Results of our current investigations into rare earth-cobalt
phase stability suggest two specific areas for future investigations. One
area to be studied is a review of the phase stability of the two technologi-
cally significant rare earth-cobalt alloy systems, Sm-Co and Y-Co. The
second area for future study is the technological importance of the recently
reported R5C019 phases with special attention to be given to the role these

phases play in obtaining high coercive force permanent magnets.

Several factors indicate the necessity of a review of the
phase equilibrium in the Sm-Co system and in the Y-Co system. In the
course of our investigations of the R2C017 intermetallics, we have observed

Sm?t.".o,_7 to me’t peritectically at 1310°C rather than congruently at 1335°C

(11, 12)

or 1375°C as reported by others. Additionally, we have observed

the peritectic isotherms for the more Sm-rich compounds to differ signi-
ficantly with those reported earlier. An examination of XRD and DTA
data for certcin Sm-Co compositions strongly suggests the existence of a
Sm5C019 phase isostruc(:tltgal with the previously repcrted PrSColg.
! have suggested that SmCo_ and indeed all RCo

5 5
phases are unstable at low temperatures, decomposing by eutectoidal

Finally, recent reports

e i iy il

reaction. Although our results do not support this view, the magnitude of
the technological impact of such a reaction requires a definitive investi-

gation of the report.
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Past investigations of the Y-Co

phase diagrams have
(14,15, 16)

differed greatly. In the course of our studies, we have had the

opportunity to werk with both ""high purity yttrium!'' (2000 ppm oxygen) and

very pure yttrium (< 250 ppm oxygsen). Results of heat treating of identical

alloy compositions, YCOZ' made from these different purity level yttrium

QA

lots indicates 2000 Ppm yttzium to be much too impure to be considered

for use in phase diagram study. From these studies we also have con-

cluded that the currently reported diagrams most likely represent various
cuts through the Y-Co-0 ternary system. A thorough understanding of
both methods for the prevention of oxygen contamination of Y-Co alloys

] and the true Y-Co phase equilibrium will be required for successful pro-

duction of high energy permanent YCo5 magnets,

‘ Past experience has shown that successful manufacture of

RCoS-based permanent magnets always requires an overall magnet com-

position which is rare earth-rich relative to RCo5 stoichiometry. Although

it is recognized that excess rare carth is required to compensate for the

oxygen content of the alloy, calculations show that it is common to add

more rare earth than that required to compensate the oxide content.

The recent identification of the R5C019 phases in the Pr, Nd, and Ce

systems and the strong indication of its existence in the Sm- Co systems

indicates that these new phases may play an important role in attaining

high coercive forces in RCos-based pPermanent magnets, A thorough

characterization of the magnetic properties of these phases is thus an

important area for future investigatior,

D. RCo5 PHASES

1. -(Hgl-xRx) Co5 Alloxs
Of the light rare earth-cobalt intermetallic compounds of

the type RCoS, only SmCo5 has enjoyed substantial Success as a perma-

nent magnet material. NdCoS, although attractive due to its high satura-

tion and Curie temperature and the relative abundance of neodymium, has

been found unacceptable as a permanent magnet material due to its very

low intrinsic coercive force.

13



Earlier studies of PrC.;5 alloys at the University of Dayton. (1
showed that through liquid phase sintering, utilizing a magnetically hard

sintering aid, Sm-Co, a significant increase in intrinsic coercivity could
be attained. It was also thought that a similar increase might be possible

in NdCoS-baSed inagnets using either Pr-Co or Sm-Co sintering aids.

(2,4)

Preliminary investigations were made using a Pr-Co

alloy sintering aid, 70 w/o Pr-30 w/o Co, in sintering studies of both
NdCoS and DiCo5 (Didymium metal: 70-75% Nd, 17-19% Pr, 0. 3-0.5% Ce,
8-12% other rare earths). Magnets were prepared by blending powders of
the base alloys with the sintering aids using 20, 30, 40 and 50 w/o sintering
aid. The mixed powders were pressed into bricks and sintered 30 minutes

at 1140°C.

Magnetic measurements made on the sintered magnets
revealed a substantial increase in the intrinsic coercivity of both the
NdCoS-based and DiCoS-based magnet compositions. In the unsintered
states, MHC for all samples was less than 200 Oe and in the sintered state,
MHC was as high as 4000 Oe in the case of the 40 w/o sintering aid addi-

tions. These values were similar in both the NdCo5 and DiCo5

compositions,

The effect of sintering temperature on the intrinsic coercivity

was also investigated using a 80 w/o DiCo_ 20 w/o sintering aid composi-

5
tion. Results were similar to those reported for PrCo

and SmCo5 by
(18)

5

that is, a decrease in HC up to = IIZOOC (,, H =400 Oe)
c

Westendorp, M M

followed by a sharp rise to the maximum MHc at 1150°C (MHC = 4000 Oe).

Sintering times during this phase of the study were 30 minutes.

A second series of compositions using a 60 w/o Sm -
40 w/o Co sintering aid with a DiCoS-base alloy were also investigated.
Additions of 10 w/o to 40 w/o sintering aid were studied sintering at 1160°C
for 30 minutes. Again, the coercive force was observed to increase from

H 200 Oe in the unsintered state to , H = 5140 Oe in the case of the
M c M ¢

)




the 25 w/o sintering aid composition. The effect of sintering temperaturs,

investigated using a 22.5 w/o sintering aid composition, showed the highest

coercive force was developed at 1040°C (MHC = 7700 Oe). Other maxima

were observed in this study at 1100°C and 1140°C. The significance of

these secondary maxima is not current.y understood.

The e..ect of sintering time on the coercivity of DiCoS-based
magnets was investigated using the Sm-Co sintering 2id with additions of
17.5 w/o and 22.5 w/o. Sintering was carried out at 1040°C. A broad ;

maximum was observed around 60 minutes in the 22. 5 w/o addition specimen

T —

(MHC ~ 8000 Oe). A sharp maximum was observed at the same sintering

time for the 17.5 w/o composition (MHC = 10, 280 Qe).

In conclusion, it has been demonstrated tnat a substantial
increase in NdCoS-based and PrCoS-based alloys may be produced through
liquid phase sintering procedures usinrg a magnetically hard sintering aid.
Dr. Strnat has suggested that the increase in intrinsic coercivity produced
by these procedures may result from the pinning of domain walls in a mag-
netically hard second phase or '"shell, " which is contiguous with the RCo5
primary phase. Further experiments, definitive rather than empirical in
nature, should be performed in order to clearly elucidate the role of the

sintering aid in producing the increase in the intrinsic coercivity of the

light rare earth-cobalt, RCo, alloys. {

2. Stability of RCo, Phases 'f

Recent investigations have reported that the rare earth-

cobalt intermetallic phases, RCo_, with the CaZn_-type structure are

5 (13)5

stable only over a limited temperature range. For the light rare g
earth RCo5 phases, this stability range was reported to be from a lower

limit of 600 to 700°C to an upper limit defined by the peritectic melting 3

temperature of the particular composition., The practical implications of 3
these reports are significant if the RCoI3 materials currently being used
in high energy permanent magnet production are indeed only metastable "

at normal ambient temperatures.

15
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In order to gain some understanding of the reported decom-
position behavior of the light rare earth RC05 alloys, two studies were
5’ PrC05 and NdCoS.(é) Using single phase alloys,
specimens were heat treated at 500°C for 80 hours in a differential thermal

conducted using CeCo

analyzer and following heat treatment were thermally analyzed anticipating

an endothermic reaction corresponding to the reformation of the RCo

(

5 phases

13
from its decomposition products. According to Buschow, ) 80 hours
at 500°C should be sufficient to at least initiate decomposition. Results of
the subsequent thermal analyses showed no indication of the anticipated

reformation endotherm nor any other anomalous events in the temperature

range anticipated for the reformation reactions.

A second study of the same alloys was conducted on alloys
heat treated at 500°C for 420 hours. Following detailed metallographic
examination and X-ray diffraction analyses, no discernible alteration of
the initial alloys could be observed. For the heat treated CeC05 alloy, an
extensive thermomagnetic analysis (TMA) program was initiated. A
series of 17 TMA examinations were conducted on a single Crf"o‘5 specimen
at temperatures from room temperature to - 1900C and from room tem-
perature to temperature both above and below the reformation temperature
reported by Buschow. At no time in the course of this iavestigation was
any evidence (magnetic transition) found for the existence of the anticipated
decomposition products Cc:SCo19 and CeZCo”, nor for Ce_ Co, as reported

277
by Buschow. Observations of the Curie temperature for CeCo_ did

5
however present a rather unexpected and curious behavior. The first
observation was the rather considerable thermal hysteresis in the Curie
temperature p-peak for CeCoS. With one exception, the p-peak observed
on cooling was observed to occur as much as 63°C and as little as 34°C
below the u-peak observed on heating. The second observation was the
rather wide temperature range over which the u-peaks were observed.

On heating cycles, the mean temperature corresponding to T was 370°C
c

with a temperature range of * 30°C. On cooling, the mean T was 334°C
c

16




o .
with an identical temperature range, + 30 . To date, no satisfactory

explanation has been presented for the behavior of the CeCo5 Curie tem-

perature as observed in the course of this investigation,

In conclusion, all of our findings to date appear to support

room temperature stability of CeCo_, NdCo_ and PrCo,.. No evidence of

5 5
a eutectoidal decomposition in these alloys was observed at anytime.

3, Recommendations for Further Work

From the results obtained in the course of our investigations
of the binary alloy system (Ndl-xRx) C05, a distinct area of important
investigation is evident. In the case of the reported increase in intrinsic
coercivity in NdCo5 produced through utilization of a magnetically hard
sintering aid, a definitive investigation, that is, one in which not only the
magnetic properties of the sintered magnet are determined, but one in
which a total characterization- -magnetic, crystallographic, and micro-
structural--should be performed on both starting materials and sintered
magnets. With such an investigation, it would be possible to both evaluate
the validity of the ' epitaxial shell" model for controlling coercive force
and quite possibly identify methods for producing good permanent magnet

materials from rare earth-cobalt alloys other than SmCoS.




.

SECTION II

RESULTS OF FINAL SIX MONTHS OF CONTRACT

A, MAGNETIC MEASUREMENTS ON SINGLE CRYSTALS IN
THE Yz(Col_XFex)17 AND Prz(Col_xFex)17 SYSTEMS
Single crystals of the compositions Yz(Co

l—xFex)l'?’ x=0.1, G, 2,
0.4, 0.5, and Prz(Co1 xFex)’ x=0.2, 0.3, 0.4 were grown by long

term annealing of single phase alloy specimens. Procedures for the
Preparation and selection of these crystals was described earlier, (5)

Room temperature Mmeasurements of saturation Mmagnetization, anisotropy

field, and the computed values for the first and second anisotropy con-

stants have also been reported. Work during the final period centered

Oon magnetic measurements at liquid nitrogen temperatures and studies
of the effect of temperature on saturation magnetization. Results of both

room temperature and liquid nitrogen temperature magnetic property

mMeasurements are shown in Table I,

The maximum values for anisotropy fields at room temperature,
calculated from the relationship HA = Z(K1 + ZKZ) /Ms’ were observed to

correspond to the compositions Yz(Co

0. 8Fe0. 2)17 and Prz(Co F

0. 7
2MSZ, for these compo-

sitions were 53.6 MGOe and 66, 5 MGOe, respectively.

Maximum theoretical static energy products, 4 ¢

The magnetization was obscrved to increase monotonically with

decreasing temperature for all alloys except the composition

Prz(Coo. 8Fe0' 2) 17° This composition, although exhibiting easy c-axis

magnetization at room temperature, was observed to change to easy

*Part of a thesis submitted as partial fulfil’ nent of the requirements
for the Master of Science in Engineering by Charles W, Shanley,

18

0. 3 17"

L s R

J
i
.
E
‘j
i




"UOTIOBITP STX®-D BY} UT paansespy "

000 ‘€ ¥ 001 ‘g 2°0F %1 °0- SOF 1'% 001 ¥ 080 ‘81 ITF G LLT LL
000 ‘S ¥ 00L ‘%1 2°0F 8¢ °0- 2°0F L°1 001 F 050 ‘91 T1FG°Lg1T 00¢ 70

000°‘c ¥ 00¥F ‘€L S0'0F LO'0- S'0FG°g 001 ¥ 0g¢ ‘81 I1F¥%°8L1 LL
000 ‘C ¥ 006 ‘€1 S0°0 F 6% ‘0- 2°0F8°1 001 ¥ 01€ ‘91 I F2L°8g1 00¢ €°0

S o ---- === 00€ ¥ 08% ‘€1 I F6°0p1 LL
000 ‘T ¥ 00% “6 S0O'0F Z2°'0- 2°0F 960 001 ¥ 0£0°SI I F6'9F1 00¢ 2°0

X =X - —
X HOUV Id Wa3sAg Aoy

00S ¥ 006 ‘21 20°0F %0°0 €0°0F 9L°0 001 ¥ 02¢ ‘91 I F6°2L1 LL
00Z ¥ 006 ‘9 I0°0F 10°0 I0°0 F 0% 0 001 ¥ 0LE ‘ST 1 FL°291 00¢ S°0

00S ¥ 002 ‘61 20°0F 20°0 EO'0OF PI'1 001 ¥ 0¥ ‘g1 I F6°191 LL
002 ¥ 002 ‘21 I0°0F20°0 1I0°0F L9°0 001 ¥ 099 ‘%1 IF1°¢€sT 00¢ 70

00Z ¥ 00% ‘s1 I0°0F %0°0 I0°0F 08°0 001 ¥ 00¥% ‘%1 IF 6991 Ll
00Z ¥ 006G ‘¥1 I0°0F €0°0 I0°0F gL°0 001 ¥ 020 ‘%1 I F0°¢€PHI 00¢ 2°0

002 ¥ 006G ‘L I0°0F L0°0 I0°0F LZ°0 00T ¥ 0LL‘c1 I F6°8¢1 LL
002 ¥ 001 °g I0°0F20°0 I0°0F €20 00T T oC¢ ‘¢l I F6%CI 00¢ 1°0

X —=X-
N.: aq MOUVN% w93sAg AoV
(0) Amﬁo\mum Fota (ssnen) (8 /nuug) Eov x
S
<H|H NVw MVH x NI * 0 L

B R T e —

SHILYIJOYd DILIANDVIN J0O AIVINNQAS
I 3TdVL

19




s e R i e e b e L B s s i b o

basal plane magnetization at about 140°K. A discontinuous decrease in

saturation magnetization was associated with this transition.

A reproduction of the thesis from which the above data were taken

is presented in Appendix I.

B. THE CRYSTAL ANISOTROPY OF RZ(Co, Fe) 17 PHASES

1. Review of Work Done

Results of crystal anisotropy measurements have been

given in three previous reports and in the preceding section of this report.

: [ . 3,4
These measurements included work with oriented powders, (3, 4)

(6)

and single

crystals. The initial measurements on powders indicated the alloy

system SmZ(Col_xFex) 17

gated for permanent magnet application. Because of this, a detailed data

to be the most promising among those investi-

analysis was performed for the easy-axis portion of that system first and

(6, 19)

results have been published. F,c’n- alloys of the type PrZ(Co, Fe) 17
and MMZ(Co, Fe) 17" 2 few selected pairs of magnetization curves for some
compositions having easy c-axis magnetic symmetry were presented
before, but without any data reduction except an estimate of the anisotropy
field. (Only for one c?;r(;.fosnmn, MMZ(COO. 7Fe0. 3) 17 Were anisotropy

constants calculated.) As good single-phase samples became avail-

able, aligned powder samples were prepared and pairs of magnetization

curves were measured on them. These were the RZ(Co, Fe) _ systems

17
where R = Ce, Pr, Sm, Y and MM (mischmetal), For the first four of

these systems, complete sets of the curve pairs are presented, redrawn
to unif<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>