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ABSTRACT

Hysteresis loops in fields to 100 ¥0e have been measured
at 300, 77, and 4.2 K parallel and perpendicé%r to the align-
ment axis in & series of sintered SmC05 permanent magnets.
The samples include a series with compositions varying from
16.24 to 17.08 atomic percent samarium, prepared and measured
at room temperature by Martin, Benz, and Rockwocd,l as well
as two samples from Hitachi Metals, Ltd., Japan.

A statistical model is developed to describe the orien-
tation of particle easy axes with respect to the alignment

L3

direction in sintered Snlog magnets. The two-dimensional

p
orientation distribution measured metallegraphically by Martin”
1

is predicted by projecting the proposed distribution onto a

bruion, the model predichs

the magnetization curve measured in dgecreasing fields when

S

the field is applied either parallel or perpendicular to the

alignment axis. The numerical valuve of the anisotropy con-
stant and the standard deviation of particle orientations

can be determined by comparison of experimental and calculated
CUrves .

Measured intrinsic ceercive fields varied from 0.34 to

42.2 kOe while the anisotropy varied from 6x10i to l.6x108

3 .
ergs/cm” at room temperature. In all samples, Hci and con-

i



sequently (BH)max increased linearly as the temperature
decreased, confirming wore generally the result reported
for a single sample by Benz and Martine3 The anisotropy
increased as the temperature decreased to 77 K, hut then
eitlier decreased oy increased, depending on thé composition
of the sample, when the temperature was lowered to 4.2 K.
At all temperatures, permanent nagnet properties peak near
16.8 atomic percent samarium, and seem to correlate with
“the degreé of particle alignment for the sanmples from Mar-
tin et alel The results generally confirm the view that
the coercive field in sintered SuCog magnets is controlled
vby changes in microstructure and not by changes in kulk

sroperties such as anisotropy.
] pé

e

emn



TABLE OF CONTENTS

é CHAPTER PLGE
i ABSTRACT i
Z TABLE OF CONTENTS ' iii
% LIST OF FIGURES, TABLES, AND PROGRAMS LV
i I. INTRODUCTION v 1
II. SAMPLES | 11
E TII. MEASUREMENTS 13
A. GENERAL 13
% B. EASY 2AXIS 13
i C. HARD AXIS . 16
1. Comparison of the sosumed particle dis-
tribution to experiment 25
5. Determination of K, and from hard
axis magnetization curves 39
Iiv. RESULTS AND CONCLUSIONS 43
Ve LCKNOWLEDGEMENTS 53
vI.  REFERENCES 54

VII. APPENDIX 55

v 0
-t B
fen u



LIST OF FIGURES, TABLES, AND PROGRAMS

} PACE
i FIGURE 1. SmCo5 crystal structure 3
? 2. Magnetic parameters 4
% Table 1. Magnetic and physical properties of _
i some RCOS phases 5
i FIGURE 3. Permanent magnet materials 6
é 4. Results of Benz and Martin 9

é PROGRAM 1. Easy axis data 14,15
g FIGURE 5. M/MS Vs H/Ha 18
% 6. Observed hard axis curve ‘ i9
é 7. Coordinate systen 20
| 8a. Hard axis geometry ' o 24
8b. Easy axis geometry 24
PROGRAM 2. Calculated magnetization curves 26

TABLE 2. m vs h for various ?’and'Kz/ﬁl 27~33
3. MK/MS,JG%, and o vs 3 34
FIGURE 9., Martin‘s micrograph 36
10. Calculated and experimental histograms 37
11. Relationship between @ and @' 38

PROGRAM 3. Good fit 41

FIGURE 12. Calculated and experimental magnetiza-
tion curves ' 42

TABLE 4., Results ‘ 44




FIGURE

13.

16.

17,

Intrinsic coercive field vs temperature

Intrinsic coercivity and particle mis-
alignment ve composition

Anigotropy ve temperature

Intrinsic coercivity vs particle mis-
alignment

Intrinsic coercive field vs anisotropy

PAGE

W



1. INTRODUCTION

The history of rare earth-cobalt permanent magnets can

4 .

be trazced back to 1935 when Urbain, Weiss, and Trombe dis-
covered that gadolinium is ferremagnetic. At that time, it
was difficult to study the magnetic properties of other
Lanthanide series elements due te the unavailability of pure rare
carth metals. During the Atomic Energy'szogramp 1642 to 1852,
the methods were developed for refining the rare earth elements
from their ores. Nassau, Cherry, and Wailace in 1960, used
x=ray diffraction methods to determine the crystal structure
of the ‘%C.Q5 compoundg, where R is yttrium cr a rare earth

element, They found &ll the RCQ5 compounds to have the CaCu5

crystal structure which is shown in figure 1 for Sxlo.. The

-

anisotrepy energy in hexageonal materials is defined by

2 . 4 . ' .
E _=K.sin“@+K.sin @, where €@ is the angle between the saturs
I

kK 1 .
magnetization M and the c axis of the crystal. (Magnetic
parameters are_defined in figure 2.) Also, in 1960 Hubbard,
Adams; and Gilfrich6 reported the permanent magnet proéerties

of GdCoS. They reldated the large magnetocrystalline anisotropy
to the huge coercivity. The easy magnetic axis was found to be
parallel ﬁb the hexagonal ¢ axis and particle alignment was used
to increase the magnetization. Initially, their work was ignored

due to the high cost of gadoliniws and it vas not recognized

that GdCQrj ig one of a family of compounds. Hoffer and Strnat



5
Lo

:

reported the large magnetockys ‘talline anisobropY of YCOS in
1966. Their work prompted eyamination of the permnanent magnet
pﬁopertieﬁ of the R005 COMPOUNGS & YCGS, Sw@oBf La@mSh NdCoS,
PfCoSﬂ and mischmetalu00508~ A summary of the magnetic proper=
tieg of sowe of these compounds 1s shown in Tabhle 1.

Of all the RC05 compounds Snﬁms ;& thie best material
for wse &8 & permanent magnet for Lo mzjor reasonst

1 SnﬁQSIhas the highest Curie temperatules Tcz997 Iy

s . 3
2. Smgy has the highest anisoliopy, Kf”i@ erge/cm at
room c@mp@r&tuf@, and Ki ig not very dgependent on
conposition.

compmon e ?tnﬁ sintered SmCog

«

In commercial ProCesses, it 1

2
mzgnets with nearly the theoretical {BH )max, that ise Heg is

much greater than 4o

one QU)OPt“anL1 point about SHCOg ie that its saturas

¢
ot

[a N
Ho)
&
e
o
14

tion magne +ization i1s lowver than other RCCe compounds at
. -

A

conventional permanent mgonet materials as shown in fi

n
s

Ta overcome this problem, prase sodymium can be subabituted for

gamarium in Swﬁcs,to achieve a magnet with & larger saturation.

4 disadvantage of rare earth=cobalt magnets at presents is

their high cost. This due wainly te the high cost of rare carth

elements. AS demand for ra rLC@ftﬁ“hnLa ittty iRCreasas,

the economies of scale should cause the price of the magnets teo

decrease relat ive to Alnico and: ather competing magnets. For

a given applic cation, the large coercivity of SmiGg genarally

means that less mat erial is required than if Rlnico were used.



Figure 1. Crystal structure of Sm"u5
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Figure 2. Definition of magnetic parameters.
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At present, the observed intrinsic coercive field of

sintered SmCo. is about an order of magnitude less than the

predicted theoretical limit of 2K]/MS (~ 350 kOe at room temn-

perature). The lower than predicted coercive field of SwCogq

can be explained by the heterogeneous nucleation of reverse

domain walls. The three possible sites for domain wall nucle-

. . . . . 1
ation pointed out in a review by Livingston are:

1. Sharp corners or pits vhere the locsl demagnetizing

field is high;

2. Regions vhere K, is lowered from either cobali- -rich

_:

areas or local elastic strains;

3. Stacking faults.
In sintered magnets, the coerc 1ty depends On CCmMpo ition,
sintering temperature and time, and post-sintering heat
treatment.

3

Benz and Martin® have examined the tempervature dependence

of the intrinsic coercive field Hci’ and the anisotropy for a

sample of sintered SmCo% by measuring hysteresis lcoops parallel

and perpendicular to the sample easy axis at 4.2, 77, 306, and

500 K. :The sample had a average composition of 16.7 atomic
percent samarium. The order of measurement used by Benz and
Martin is important to note as it affected thelr results and
conclusioﬁs. The seguence of testing was: 1) magnetize the
sample parallel to its easy axis at 300 Kj 11) measure the
magnetization of the sample parallel to its easy axis at the

temperature of interest, 4.2, 77, 300 or 500 K; 1ii) remagnetize

the sample parallel to its easy axis at 300 K; iv) without de-

magnetizing, measure the magnetization of the sample perpendicular




to its easy axis at the temperature of interest as a function
of increasing field. This method of measurement is reported to
‘lead to linear hard axis magnetization curves, since the sanples
have no moment perpendicular to the easy axis before any field
is applied. Using this type of magentization curve to measure
the snisotropy field and hence the anisotropy constant is not
accurate, since the particles in the sample are not all perfectly
aligned. A different method for finding the anisotropy constant
in align@d-polycrygtalline samples was developed in this research.
It is hased on a physical model of the magnetization precess
and is fully described in Section D of Chapter III.

The linesr hard axis magnetization curves measured by

Benz and Martin are shown in figure 4. Other resulis of their

-

work are included with the results of this work, figures 13,
15, and 17. They found H.; to increase linearly with decressing
temperature to a value of 52.7 kOe at 77 K, and then decrease

52.0 KO0e at 4.2 K. The anisotropy showed similar

0

slightly t

behavior increasing lineariy to 19.8x107ergs/cm3 at 77 K and

. e 7 3 ‘
ecreasing to 18.9x10 ergs/cm” at 4.2 K. Their work showed

two important peoints and provided the motivation for this re-
search; First, the‘anigotropy at 300 K agreed with studies

on single crystalé, but & different temperature dependence was
observed for the sintered alioys. Second, the intrinsic co-

ercivity and the anisotropy were observed to have the same

temperature dependence, which is generally not the case.
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Figure 4. Magnetizaticn of the samplie measured perpen-
dicular to the ¢ axis as a function of field applied

. - . . .3
perpendicular to the ¢ axis, from Benz and Martin.
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If Hci is controlled by a domain wall nucleation or
pimning event, it is reasonable that Hci vould have the
same temperature dependence as the domalin wall enerdgy,

which would be approximately the temperature dependence of
1

] . . . 0 - 2
Klz neglecting thermal activation effects. To determine

if the magnitude of H; correlates with the magnitude of

K measurements on at least two samples are necessary .

l)
The present investigation was undertaken to see vhether

this temperatufe dependence of HCi is general for sintered

SmCo5 magnets, and more broadly to add to the understanding

of the coercive field and other permanent magnet properties

and reldgated materials.

o)

ofsmmS




XX« SHEMPLES

The samples used for this reseayrch came from two
sources, Dr. D. L. Martin at the General Electric Research
and Development Center Surplied a set of gix samples varying
in samarium content from 16.24 to 17.08 atomic percent Sm

(QmCup to SmhoZ 8”)' These are some of the same samples

.16
whose room temperature magnetic properties angd lattice paran-
eters were reported by Martin, Benz, and Rockvwood; the

samples show a wide .range of guality as permanent magnelts.
Two other samples were supplied by Hitachi Metals, Ltde, of
Japan. One ssnple wvas SmC@5 while. the other.had some gado-

jinium aaded.

The procedure for making sintered SmCo. magneis is

o

generally the same except for minor variations

used by Martin in making the General Electric samples is as

1L . . . . . e .
WS e Pure samarium and pure cobalt are blended and

m

1 due%iop meited to form twvo different alioys, one nearly

I

SmCo, and the other. samarivm-rich SmCo.. The composition,

[

in atomic percent, of the two alloys used by Martin is,
Lo o5m g, Ni AL

Alioy A 82.4 16.7 0.68 0.067 0.14

Alloy B  61.4 36.4 2.18 0.028 0.037

The 02 is assumed te have combined with the available Sm

to form Sm203a Thus the Sm that is asgsumed to form an oxide




e v e o e kR

™
4

e
[£N;

1 subtracted from the total Sm to calculate the amount
of samarium in SmCoXo " The two alloys are ground into
powders containing particies with an sversge diameter of
10 wmicrons. The two powders are blended in the proper pro-
portions to attain a given atomic percent of samarium.
Generally, each particle is a single crystal and is free to
rotate in the powder. A magnetic field of 60 x0e is applied
to the mixture; the easy axis e¢f the particle, the ¢ axis of
the Ca Cuﬁ crystal structure, (see figufe‘l) rotates to hecome
approximately parallel to the applied field. The powder is
pregssed =lightly to prevent the particles from rotating cut
of alignment as the sligning field is removed. Then the

. , 9 2 .
powder 1s pressed to 260,000 psi {(1.38 % 107 N/m”) a&nd then
sintered at 1173 K for 30 minutes in an argon atmosphere to

e e - e - . A eod gt S . ey . s e 3 S
form & working magnet with vniaxial symmetry. The composit

LNy}

ﬂ-c.

of alloy B is chosen so that it has a2 iiquid-phase component

+

at the sintering temperature ef 1173 K, hence the process is
12

t

d-phase sintering




IIT. MEASUREMENTS

A. General

Magnetization curves and hyat resie loops were measured
parallel and perpendicular to the alignment axis in fields up
to 105 kOe in the one inch bore Bitter magnet of the Labora-
tory for Research on the Structure of Matter. A mechanically
driven vibrating Sample magnetometer was used at a freguency
of 4.2 Hz.\ The samples were cut into cubes épproximately 3.2
Im on- an edge. The demagnetizing factor was taken to be 477/3,
a value confirmed by messurements on an iron cube of similar
dimensions. The correction due to the demzonetizing field ie

A,

small. A fixed temperature dewar was used for measurensnts

1]
[N

at 300, 77, and 4.2 K; a variable tcnreraturL devar wvas use
for intermé&iaté temperatures.

B. Easy Axis Measurements

The easy axis curves were used to determine the standard
permanent magnet properties such as saturation magnetization,
rémanence, the intrinsic coercive field and the maximum enerygy
product, (BH)max. To simplify the calculation of these guanti-
ties, a computer program was developed to correct for the dems (g~
netizing fieid and to calculate the magnetic properties from
data measured directly from the magnetization curve. A listing

of the program and a flow chart to explain how the program works

are shown in program 1.




PROGRAM 1
5 REM MAGNETIC DATA,EASY AXIS5, M(J) SWEEP
8 DIM TCLE@,,BOIOMIHC100)MC103)
10 PRINT "ENTER NAME &TEMP.'"3;NINPUT N1,T
20 READ I,VU,T1,K,HC(@)sN»X
85 Q=INT(90*%I1+,5)/10
o9@ PRINT "ENTER HC('"3Q3;"™)"ININPUT HCQ)D
95 PRINT "ENTER END POINTS OF SWEEP'";\INPUT Q1,Q2
1006 Vi=.03066
131 Z=12+566
105 Y=INT(3428%V1/(UxId%1@+.5>/10
119 FOR J=0@! TO Q2
115 PRINT "M("5J5*)="iNINPUT MC(J)
120 BCJY=(Z=NI*HM{ JI*Y ~o Ik JkX
125 TCJ)=e 1 HJEXENEMCJII*Y
127 IF J=Q1G0 TO 145
130 IF B(DFTCII<BCI=1)*T(J=1>G0 TO 165
145 NEXT J
165 TCOI=HCQI kX +N*Q*xYko |
170 M=INT(T(Q)/100+:5>/10
175 E=sINT(B(J=-1)*T(J=1>/100000+.5>/10
B0 A=INT(Y*I1%10+.5)/10
1 85 L=INT(Z%A+5)
190 R=INT(Y*K#*10+.5>/10
195 B=INT{Z%*R+.5>
2 00 C=HLO)*X/1000
&4@ PRINT \PRINT

&5 PRINT ™ (EMU/CC) (G (EMU/CC)O (G {KOEY (MG OEY (K&
2 5@ PRINT "M/IN MCS) J{S)D MC(R) « BUR) HC(CI> (BHIMAXH
2 &0 PRINT YiTAB(E)5A3TADR(152L3TAR(2L};RITAB{337585

270 PRINT TABU42)SC:TAB(SIISESTARB(G6OI M

306 REM IN ON FE STD, VOL->SAT»REM>H{(CI>,DEMAGsX/IN
319 DATA

999 END




FLOW CHART FOR EASY AXIS DATA PROGRAM

ENTER SAMPLE NAME
& TEMPERATURE
T
READ T,V, 11, K H(O),N,¥|
|
3 .
[(o=9¥11, TNPUT H(Q) |
|

N
[ INPUT Q1?Q2|

VI=0.03066, 212,566
L Y=3428%V1/(V*T)

0

| g=01 T0 02
3’5‘4’\%4.
[INFOT MOT) ]
]
A

P(T) =0, LT YNNI 4Y

B(0) =(2=N) H(J) Y= L¥I4X

T(Q)=H{Q) *X+N*Q*Y*0,1
E=B(J=1)*T(J~-1)
A=Y*]1

L=Z%h

R=Y*K

B=Z*R

C=H(0)*X

[PrINT_OUT]

COMMENTS

I=INCHES BETWEEN M, ON Fe

STANDARD :
V=VOLUME OF SAMPLE
T1=INCHES TO M

K=INCHES TO Mr
H(0) =INCHES TO Hc{

N=DEMAGNETIZING FACTOR=N ,
X=0e/IN ON RECORDER B
Q=Y COORDINATE OF H,
B(Q)=INCHES TO Hy,
Q1,02=LIMITS OF SWEEP TO
FIND (BH)MAX
VIi=VOLUME OF Fe STANDARD
Z =4
Y=Y AXIS CALIBRATION
B(J) =Be=( 4N ) HH

T(J) =H

T(Q);Hk
E=( B ) MAX
A=M

s

=4

L 3T M S
R=M_
B=B

r

C=H .
CL




Difficulty was encountered in saturating the samples at
low temperatures duve to the increased anisotropy. Saturation
magnetization at low teuperatures was measured Iy first saturat-
ing the sample at room temperature in an applied fieid of 100
kO0e and then cooling the sample to 77 K while still in the
magnetic field. There was no measurable change in saturation
magnetization bhetween 77 and 4.2 K.

Ce Hard Axis Measurements

The hard axis magnetization curveg were expected to
yi@ld.the anisotropy field, HA’ and thue the anisotropy censtant

K. (K, is generally accepted as being very smail for SmC@S)
du

=

directly. It was expected that the magnetization curves would
be straight lines similar to the results of Benz and Martin
shown in figure 4. It wae observed that the hard axis curves

were loops and not straight lines. To find Kl from these

curves, it .was necessary to calculate the wmagnetization curve

for sintered magnets which is described in the next section.

D. Calculation of Magnetization Curves

The purpose of this calculation is to derive the decreas-
ing field partan of parailel and perpendicular magnetization
curves for an aligned compact of single~domain particles. The
model assumes thal the magnetization changes only by rotation,
This type of behavior is found in the decreasing field portion
of magnetization curves, especially in high fields.

The hard axis M vs H curve for a single crystal or an

L3 L3 L 3
assembly of single crystals is given by Cullityl &S,




Y
)
(EE

B2y MU ) +aK A (), (1)

vhere KT and W, are the anisotropy constants for a hexagonal
R L

crystal and are related to the anisotr opyenergy by,

e
~—

. 2 .4
I, =K_=sin Y+K251n 7, - (

vhere 7 is defined as the angle between the saturation megnet i

Zat1on, M., and the c axis. The shape of the M/M Ve H/Hf
[ni) Py 1

(H, is the anisotropy field defined as the field at which &

=

s applied perpen-

[

sample reaches saturation when the fieid

‘

dicular to the easy axis) curve is shown in figure 5 for three

cases, K.,=0, K

i /Ki(O and K?/RT>O‘ If an assembly of particles

2
is not perfectly aligned, the ma gnetization curve shows hyg-
teresis and has a remanence due to the misorientaticn of the
particies, as shown in figure 6.

=@ hard axis magnatization CUrve, the foliowing

i

asgunmpticons are made:s

1. The szmple is made np
noninteracting singie )3 cles :
have approximately Lhe same magnetic moment;

2. The mugnctiuatlcn changes only by rotation
in ca l'i' Par ticle; H

3. The demagnetizing correction is smail.
The coordinate system to be used for the calculation is
defined in figure 7: Z=the axis of orientation, which is the

easy axis of the sampile; P=[si nfcos8, sinfsin@, cosg] =the easy

1)

. . ’ . - ; - A
axis of an individual parti icie; A =the angle between P and x.

Using these definitions, )\ can be found in terms of & and @

from the dot product,



0.8 -
M 0.6
Mg 0.4 -

0.2

1

o) g:v_: gl ! 1 1 _
O 02 04 06 08 1.0
H
HA

* 3 - 5 i/ k 3, #
Figure 5. }v./MS vs F/HA
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- e ¢ " o o © v
cosl:Lsxnﬁcos@,51n631n@;cosﬁj*{kmso ,cos90 ,cosgo] zginfcos0. (3)
The distribution of particle easy axes is assumed to:

be normal in terms of § and uniformly distributed in 6. In

spherical coordinates, the distribution is of the form,

£(f,0)da=k exp( mﬁz/ﬁz) singdpde (4)
vhere dAs=sin@d@d®, is an element of gspherical area. This
describes a distribution with a maximum at g=0, decreasing
exponentially with § as ¢ departs from 0 in any direction
from the axis of orientation. The quantity £ describes the
rapidity of the drop; a large £ means a slow drop or a broad
distribuﬁione Therefore, f measures the degree of particle

defined for the region

N
S
fte
0

misorientation. The function £(g,¢

i

O0PLn/2 and 04{€{2x. The normalization constant, k, is determined

(4@, e)an=1. (5)
Lh
If pK1/2, the upper limit of /2 on @ can be replaced by infinity

Then the integral and any integral of the form,

I
I(m)e= ( if(ﬁ,@) o sin@agae, m=integer (6)
+4 0“0

can be evaluated by expanding sinf as a Taylor series:

2= 1)t A«

-3
Nt

sing= S (1) 1y
n=4

Eguation (7) can be substituted into (6), the @ integration
can be performed, and the operations of integration and summa-

tion can be reversed to yield,




s .

ey fieT.
I(m) =22k 5_: —§~:~J~)~>" f exp( -~ / S ) f‘zn -2 gag. (8)

= (20177

The integral can be solved by substitution by letting x=g Aﬂ“

. 2. . , .
SO that fdf= A%dx/2., The integral then heconeg,

oo g g Ti=1 214 m oo T s
I(m):ﬂk“ﬂa<'l),. & exp(-x) x" 1ew/2 dx . (9)
(213=-3)¢

nel g °

The integral is a ganma function, specifically Mnm/2), so that,

. e g ne1X ,2114m
B { ]) /9 {1 ?m/a 1
T () =nic hZ:i (TR . (10}
The norma 1&43t10n condition expressed in (5) can now be written
as,
I(0)mrk § (~1)"1 '“‘Hmmm) (11)
n=4

k=1 50 e+ B2 60 BB rsacs L. L. (12)

i

The result in (11) was originaliy given by Legendxe}”using a
d1 ferent method, For our calculation, the first four terms of
the series will be used, Clearly, I(1) and I(2) represent the
first and second moments of £(¢,8) for g. Therefore, the mean,
A, and variancegcrz, are given by I(1) and I(Z)GI(l) respecs. .
tively. We have:

I(l)“/l p’]’\'}"?( ])n 1’6'2““ 1<n+ )/(?I’l"‘l)‘. (13)
n=4
VT B3 /57/4"/’ /32~ ﬁG/Ja«;‘f soe)

2(1- (6’“/6-’~(5 /60-’# /840+ ..,)




WI())M (1)2 ()U »{5 /ur’/?n«-ﬁ //mum) (14)
(1- [}/69{ /60 [‘ /B0t e )
B2 /41 f}/ 2 fﬁ/emf-m)z

A(lm/_‘) //F /60 f) /Udoc\’eey){:n

For small f, p=vrfi/2 and Gzzﬁg(leVK)o This agrees
-

with the rOQUI%S obtained for a Rayieigh dis tribution,

which describes a normal distribution about a point in & plane,

5

a8 oppoged to the case treated here which is a distribution
about a point on the surface of & sphere,

To caleulate the me agnetization of an asse embly of single-
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i domain particies whose

given by (4), we consider the torque exerted by an appiied fieid

S
H on the particies vhose orientation is in an element of spheri-
cal avea g4, This torgue is exactly balanced by the crystal

s

Fotropy torgue acting to hold the magnetization along the

o
=
[

local easy axis P. Thus,

P -
“H » ¥ =88 /8Y 5
X MS‘ CLEK/CL} (j_))

i

vhere ¥is defined in figure 8a for the case when H is applied

perpendicular to the alignwent axis and in figure 8b for the case

vhen H is applied parallel to the alignment axis. Since

4

> Lk 2., . " - . ) -
Ekzh151nf7%h731n ¥ for a hexagonal crystal, egquation (15) can

be expressed as,

B ,-

HMSSiH(k¥Tj§KjSiHZT+2Kpuln278 nzrwhlsln2f(3* m=2 31n Y) (16)
_ ' | Ky

for the perpendicular field case and,




Figure 8a. Definition of angles for hard axis case.
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Figure 8h. Definition of angles for easy axis case.
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S
HMgsin(WmT?mKJsinzwsz?sinzréinzfzKlriHZY(l* %hZ sinzY) (17)
) : - 1

for the parallel field case. For any combination of H, @,
o, Klﬁ and K2/K1’ equations (16) or (17) can be used to
determine ¥ for the particles vhose orientation is in dh.

To obtain the resultant magnetization of the entire
sample, it 1s necessary to sum the individual contributions of
each unit area da. Thus, MJ_/M8 can be found by evaluating the

integral,

w2 p 2 -
My /M= jufcog(AwYﬁf(ﬁ,@)sinﬁé@dﬁ. (18)

Similarly, M”/MS is given by,

AT

oty
My /M = :rCOE‘(ﬁ”“ij(ﬁ,@)sin_’-‘f’:’d@dﬁ% (19)

the computer to generate ML/MS ar MH/MS vg h (mHMS/(2K1+4Y2))
curves, for selected values of . The results of calculations
based on (18) are given in table vaor some different values

of KZfK1° Table 3 gives the results of calculations based on
(19) for the special case when H=0, Yﬁoﬁ'fo: which M“/Mszﬁr/ﬁs,
the ratic of remanence to saturation, or remanence ratio (some-
times called the aligrnment factor)«

1. Comparison of the assumed particle distribution
to a measured particle distribution

'D. L. Martin has reported a method of metallographic
_ ' : 2 ,
analysis to determine the texture of Schse On heat treating

a sintered sample for 10 days at 1025 K, SmCog undergoes a’ -
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+ 25
» 06
o 07
« 28
« 39
.1

+11
« 12
«13
014
» 15
016
o 17
218
+ 19
0 2

21
»22
223
0 24
e 25
e 26
» 27
228
029
»3

«31
232
233
234
235
036
» 37
038
+ 39
o4
odl]
+ 42
043
o 44
245

FEADY »

M(RY /MCS)
« 9984
29979
«+ 9072
= 9965
« 9956
9947
+ 9937
«9925
29913
.99
« 9886
«987 1
29855
+9838
3982
29801
«9781
« 976
29739
9716
09668
29643
« 9617
+9591
29563
0« 9534
+ 9505
09472
e 9442
« 941
« 9378
9345
29311
s 9276
29241
« 9205
09168
+9131
»50@93
29054

TABLE 3

VARIANCE
5.400000E-04
T7T00000E~04
1. 05000BE-03

1.3700BBE-03

1.740000FE-03
2. 140000E-03
2.590000E~03
3.080000E~03
3+620000E~-a3
4.190000E~-A3
4,810000E-03
5. 470009E~-03
6. 170000E-03
6.920000E~03
ToT7T0000CE-B3
8.530000E-03
9.390000E~-03
« (3103

«31125

o (31224

+ 01327

s 1434

« 01545

23166

s @779

e 11902

« P2029

<0216

s 12294

s 32433

« 2575

s 02721 -

e (12871

« 3024
«@3181

« 33342
23506

« 03674
93845

e 3402

s 04198

STD DEV
232
« (3278
« 1324
« 337
« QU117
« 463
» 0509
« 31555
« 0601
s 647
s D694
o 074
e (0786
« (3832
« 3878
« (3923
s 0969
-« 1015
« 1361
« 1136
« 1152
+ 1198
« 1243
«+ 1289
« 1334
« 1379
« 1425
o 147
« 1515
+ 156
» 1605
e 165
+ 1694
17 39
s« 1784
« 15828
51872
21917
« 1961
« 20835
« 2049



eutectoid decomposition, SmCo-me Co7 + S Col/

Lamellae

precipitate preferentially on the basal plane of the hexa-

gorial SmCoS, as shown in Martin®s micrograph, figure 9. A

grid is placed over the wicrograph, and an angle of wisorienta-

v

tion f* is measured at each point on the grid.

a histogram of measured angles,

Figure 10 shows

The angle #°', hovever, is not egual to the angle @
2] + 1

d@”ined in figure 7. @¢ is the projection of @ onto the plane

of the metallographic section of the sample., The

iationship between @°¢ and @ is shown in figure 11

the rciaitan:hip between #¢ and @ is shown by the

mert ¢

If P and P° are taken to be unit

in cartesisa n coordinates are

iy
1

féc¢ 1ﬂ,szn@a;n§,cas@] and

P = [sing“,OchS§°]

vectors,

o

geonetric re-

following argu-

their components

If xis defined as the angle hetween P and P, then

» (S . 3 - . ot
Ccos« = PP* = cosBsinfesinf® + cos

The law of spherical angles gives,

cosf = cosxcosf? = cosf@sin@sin@'cosff' + cosfcos

Dividing by cosff, we have,
‘ o o 2.
1 = cosBtanfsing*cos?® + cos™F .

tanf® = cos@Gtanf,

fcosﬁ“

(20)

To determine if Martin®s observed distributicn agrees

with the assumed distribution of undtlﬁn (4), an assumed distri-

but ion GbeLnﬁ (4) for a flxedﬁ3can be converted to a predicted
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projected two-dimensional distribution by using equation
(20). The caleulated histogram can then be compared to
Martin's histogram. Figure 10 shows a histogram calculated
for fgx 0.28 superimposed on Martin's hie tograme To test

the hypothesis that the observed and calculated distributions

2 b
are really the sane, X” must be calculated by,

p, m = e 2 (,}‘ 5 )
S S L | (21)
(=4 ¢ . ,

whey f = the observed freguency and e, = the expected

frequemcyk The hypothesis can be accepted if X¢<X“ w2 ? where
X - - is chi=-square with a confidence level l1-d and m-2 degreeg
[ 18 g -

of ffeedom; In this case, m = 7 and for a 95% confidence level,
) 05,5 = 5.488. x was calculated for several assumed values

of f. The best fit was found for B= 0.28, vhere Xz = 5.5748.488,
Therefeore, the hypothesis that the measured ang calculated distri-
butions are the same can be accepted.

2. Determination of Ki andﬁifram hard axis magnetization
curves

The general method for finding Ky and fis to cdmpare
the family of calculated curves generated by solving the inte-
grals given in section D to the experimental hard axis magneti-
zation curves. Valués of Ki and(gafe chosen to give the best
agreement between experimental and calculated curves.

A computer program has been de veloped that compares an
experimental curve to the calcﬁlated curve generated for each

for a selected range of Kl' The program calculates a gquantity



vhich measures the goodness of fit for each combination

of Kl and 8. The program is listed in program 3. The main

functions of the program are as followst

le Fit the calculated cwrvcﬂ into parabolas
of the form m=A+Bh+Ch? Parabolas are used
here simply as a means of interpolation to
obtain values of m for specific values of
h. Plotting the calculated curves shovs
that they are nearly iinear for the low
values of h encountered in this caleculation,
iceo, <5, so that parabolic jntprpslafion
gives good accuracy without exces ssively
complicating the process of calculating
~goadness of fit.

2. Convert all experimental data pointe to
reduced coordinates for the selected range
Oi. }\j «

3. Sqguare and sum the difference betwveen the
theoretically calculated and the measured
magnetifa%icn' for each point taken from

the e pDEJmC}Ldl curve and print the sum
for each pair of (Ki,8). In deciding the

. best values of Ki QndIQ, greatest weight is
agiven to matu taken at hicher flelids, gince
in this region the m@gnﬁt;zat$av should

e~ L

change by rotation rather than by waill m
and the calculzted curves assume only ro
In practice, the decreasing field magnet ion
is measured at 100, 90, 80, 60, 40, andg 7 pars
In some cases, the magnetization measured at

20 kOe is dfopped from the data to give bestter
fit. This implies that domain wall motion be-
comes significant at approximately 20 kOe.

By examining the print-out to find a minimum in the goocdness of
fit criterion, the combination of K1>and-5 can be found that
yields the best agreement between experimental and caiéulat&d
curves, Figure 12 shows a comparison of an experimental curve

and the fitted calculated curve.




PROGRAM 3

10 DIM HCIMHLACIDLBRO10)CC30),D3@),EC30)

15 PRINT "GOQD FIT PROGRAM, MODIFICATION 1-5-~76°%

18 FOR I=} TO 27

2 0 READ CCIDXH»DCIDSECD)Y

2 NEXT 1 '

& PRINT

255 READ @

26 FOR L=1 TO Q

39 READ MoNs>Kl,K2

35 PRINT "#";Ls™ (x 1E~-Q4) B=e18 TO 26"

4@ FOR Jd=! TO N

45 READ BCJY>ACJ)

4 ACJY=ACJY/M

53 NEXT J

5% Z=1 :

& FOR K=K1 TO K2 STEP 1.0600000E+07

65 PRINT INT(K/1.000000E+@7+.5)3

70 FOR I=Z TO 8+Z
"7 5 S=0

g7 FOR J=1 TO N

85 H(J)=B(JI)*500+M/K

9 D=CCIX+DLII*HC(II+ECTIIRHCI) *HC(JI)=ACJ)

95 S$=S+D*D/N

100 1IF S5>5.0080000E-04G0 TO 160

110 NEXT J

150 PRINT TAB(7%(I-Z)+4)3INT(S*1.0000800E+0T7 +e5) /10003

160 NEXT 1

165 PRINT

170 NEXT K

I'5 IF Z=19G0 TO 225

1 8¢9 PRINT

185 Z=7+9

190 IF Z=10 THEN PRINT ""B=.27 TO 35"

95 IF Z=19 THEN PRINT "B=.36 TO 44"

200 GO TO 60 :

225 PRINT ANPRINT
-850 NEXT L

300 DATA 180150982556 1372501055509817 5=014715011156979, 01567
85 DATA 0116450977 1501571501217 5a9755~01636501272509725,=01671
12 DATA 1325552969550 1707 5013785069689, ~:18075¢14315.96665~5187 1
15 DATA 2 1484,49635=619501537509615-019715,5158952957 1501971
20 DATA 216395095655 =0207 15018925095165=6207 15174459485, =.2107
25 DATA 1795509465 =021645018445:94365-022,01895509404, 2243
3@ DATA e194&;@93713“9226@;e1994:993413“923@7:n2@42ga932s°92371
35 DATA 2289150988, =023725s214115:923,-003645+21885:9215,-0.2436
40 DATA +22355091855=024715:22835:9139,-6246452233,091045~.2493

99 END

Ve W Wy ww
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Iv. RESULTS AND CORNCLUSTONS

Numerical data are given in Table 4 and plotted in
figures 13 through 16. The following points are worthy of
note.

Figure 13 shows the coercive field to increase rapidly

rith decreasing temperature, approximately doubling between

300 and 77 K. &lso, the coercivity is observed to increase

between77 and 4.2 K, contrary to the report of Benz and Mar-
¥

tin.” The absolute value of Hci in figure 14 is strongly

’

dependent on composition, varying by almost twe orders of
magnitude frowm the best to the worst semple. The easy axis
lmagnetic properties Hci’ M_; Mr’ and (BH)max are observed to

L.

peak near 16.8 atomic percent samarium {(after correcticon is

made for the formation of szcg)g corresponding to the Sawar-—
iuﬁmricﬁ side of the Smlo. *SPZCO7 phaze boundary. This ob-
servation agrees with the conclusion of Martin, Benz, and
Rockwoadgi Also, the composition for maximum coercivity is
temperature independent. The values obtained for T, (o=

M /QeﬂvaY) are slightly larger than the published single

crystal value, OE-:96WO emu/gram, of Tafsumato et al.la
Tﬁé~ﬁ~ sured room emperature anisotropy, in figure 15,
is independent of composition. The numerical value of 1,4x108
ergs/cm3 is within the range of repecrted single crystal values
of 1‘05x108ergs/cm3 (16) and 1.8x 1089rgs/cm measured by San-

kar et all7 and in good agreement with the value of 1‘19x108

R

O3
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Figure 13, Intrinsic coercive field vs temperature.
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3 . 3, . . .
ergs/cm” measured by Benz and Martin® for a sintered sample.
Figure 15 shows the measured K] to increase with de-
creasing temperature, approximately doubling between 300 and
77 K. Between 77 and 4.2 K, samples with low samarium content,
L, D, and E, show an increase in anisotropy, while samples
with high samarium content, F, G, and H, show a decrease in
17 . . ) oy
1 reported a peak in anisotropy of their

K Sankar et a

1
single crystal sample at 50 K; Benz and Martin3 noted a drop
in anisotropy from 77 to 4.2 K for their sintered sample. It
is possible that the temperature at which the reported peak
in anisotropy occurs is compositien dependent, with the tempera-
ture for pealk anisotropy increasing with inéréasing samarium
content. It is also possible thalt the reported maximum in Kq
is an experimental problem due to insufficient applied field.
The temperature dependence of the anisotropy reported here
follows more closely the single crystal anisotropy temperature
dependenﬁel7 than did the Benz and Martin3studyf on a sintered
gample. This could be due to the improvéd technigue for meas-
uring the anisotropy, as described in Section D of Chapter III.
- The degree of particle misalignment, f, as shown in fig-
ures 14 and 16, is minimum in the General Electric samples Qf
highest Hey and Ms‘ The general quality of SmCog as a permas
nent magnet correlates with the perfection of particle align-
ment, for the General Electric samples. It is interesting to
note that the Hitachi samples show relatively poor alignment
compared to the ngeral Elecﬁric samples, yet the Hitachi sam-

ples have large coercivities.



40 | | r

SAMPLE SYMBOL

v
iO'ﬂmUD

H Sm-Co
H Sm-Co-Gd «
BENZ & MARTIN

T < S goxb s 4+

?
K, (x107 ERGS/CM® )
N
O

r o
o 100 200 300
| T (K)

0 | -

Figure 15. Anisotropy vs temperature,




=1 T~ 4 - 5 v o P e - w BR e
IDTZERC A AGTATZISO0D DISUTXIUI *gT 23abi g

©
5
&
[
5
i

)
Pei)
o
it
i
N}
=)
1))

(sNviave) §
50 g0 20

o MO0g =1 — 02
. QH
0 —~
=
O
(57
St
l. A’ P9-00-ws H e Ot
L3 0)-UWsS H
VAY ¢ :
o 9 )
X 4
v 3
° a
+ v i

TO8WAS 31dNYS




The results, as plotted in figure 17, show clearly that
Héi does not depend directly on the bulk anisotropy, contrary
to the suggestion of Benz ang Martin.3 While 1t appears
generally true théL the higher the anisotropy, the highey
the coercive field for a given sample, there is no consistently
sloped linear relationship between Ky and Hoy» It is interest-

ing that the only sample vhose points lie above the results of

Benz and Martin is the Hitachi sample containing gadolinium.

It is also interesting that the only sample to match the Benz
and Martin data is the Hitachi sample with SmCog . It should

also be noted that the low cozrcivity point on the Benz and

%,

Ci

Martin data in figure 17 was found at 500 K. If H . is

controlled by a domain wall nucleation or pinning event, it is
reasonable that Hci would have the temperature dependence of

1

the donain wa

11 energy, which will be epproXimately the same
o L
as the temperature dependence of Klza But the magnitude of

Hci will depend on some highly local structure and need not

correlate with the magnitude of K

»

ll'
Besides measuring the permanent nagnet properties of

sintered SmCoS, this work has developed a new method for measur-~

ing the anisotropy constant K and the degree of misorientation

[t

for sintered magnets. A family of calculated curves has been
generated predicting the decreasing field portion of hard axis
magnetization curves. The agreement with experimental curves
is excellent at fields of 20 kOe or larger where there is no

domain wall motion, Also, the assumed distribution of particle

easy axes with respect to the alignment direction eguation (4),



70

/ 7 SAMPLE SYMBOL

~
ITOTNMO >

!
, '){' H-Sm-Co

;: . ; o 5() N / . v _ H Sm-Co-Gd

X e © [ 00X > o +

BENZ B MARTIN® —

0 5 0 5 20 25 30

o
(6]

‘ Ki X i,O?fergs/cm3

Figure 17. trinsi i i i '
g Intrinsic coerc1ye field vs anisotropy.




has shown agreement with an independent experiment to messure

.

the texture of sintered SnﬁoS
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JIGH FIELD MAGNETIC MEASUREMENTS ON SINTERED D 5mCo; PERMANENT MA GNETS

Stanley R. Trout and C."D. Grahém, Jr,
Department of Metallurgy and"Materials Science and
Laboratory for Research on the Structure of Matter
University of Pennsylvania, Philadelphia, Pa 19174

ABSTRACT

Hysteresis loops in fields to 100 kOe have been
measured at 300, 77, and 4.2K parallel and perpendicu-
lar to the alignment axis in a series of sintered SmC05
magnets with compositions varying from 16.24 to 17. 08
at% Sm. Analysis of the data taken perpendicular to the
alignment axis permits evaluation of the effective aniso-
tropy constant Kj, and also the degree of misorientation
of the individual particles. Intrinsic coercive fields He.
varied from 0.34 to 16.4 kOe at room temperature. In
.all samples, H.; and Kl increased rapidly with decreasing
temperature, r oughly doubling between room temperature
and 77K. This confirms more generally the result re-
ported for two samples by Benz ard Martin. ! The values
of Hci and (BH)max depend strongly on composition, but
the anisotropy does not. Variations in permanent mag-
net properties are therefore not dir ectly related to var - S
iations in the bulk anisotropy.

INTRODUCTION

Benz and Martin! measured the magnetlc proper-
ties of several sintered SmCog magnets as a function of
temperature and made the surprising.observation that
Hc; increased linearly with decreasing temperature,
following quite closely the linear increase in Kj. The
coercive field in these magnets is usually attributed to
domain wall nucleation or pinning effects that are struc-
ture sensitive? and not necessarily linearly dependent
on the bulk crystal anisotropy. o

The present investigation was undertaken to see
whether this temperature dependence of H_; is general
for SmCo magnets, and more broadly to add to the un-
derstandlng of the coercive field and the permanent mag-

-net properties of SmCo5 and related materials. The ex-
. periments also gave information about the degree of
alignment of the individual particlés in sintered magnets. - o




SAMPLES AND 13X PERIMENTAL PROCED URE

A series of samples covering the composition
range from 16.24 to 17,08 at% Sm (SmCo , to

"SmCo ) was obtained from D, L. Maxiin of the GE

c
Resea%’c%gand Development Center, These are the same
samples whose room-temperature propertics were re-
ported by Martin, Benz, and Rockwood3; they show a
wide range of quality as permanent magnets. Magnet-
ization curves and hysteresis loops were measured par -
allel and perpendicular to the alignment axis at 300, 77,
and 4,2K on cube samples of 3.2 mm size in fields to
100 kOe using a mechanically-driven vibrating sample
magnetometer. The demagnetizing factor was taken a’s
47/3, a value confirmed by measurements on an iron
cube in the same apparatus. Magnetic saturation could
not be attained in all samples at low temperatures even
at 100 kOe, so the low temperature saturations were

-obtained from the’ room témperature values and the sin-
gle-crystal temperature dependence. 4

Conventional permanent magnet properties were
obtained from the casy axis magnetization data, and the
effective bulk anisotropy was determined from the hard-
axis data, A perfectly-oriented single crystal with an-
isotropy described by a single constant (E=K] sin?g)
has a linear hard-axis Mmagnetization curve with slope
ME/2K]1. In sintered magnets, the alignment of the in-

dividual particles is not perfect, so more complex mag- -

netization curves result. The linear hard-axis curve
reported by Benz and Martinl were obtained by first
magnetizing the samples in the easy direction to mini-
mize domain wall motion. We chose instead to fit the
hard axis curves measured in decreasing {ields to a
calculated curve in which there are two adjustable pa-
rameters: the uniaxial anisotropy constant Kj and an

‘angle g which measures the distribution of the polar

angles ¢ (sce Fig. 1) between the particle axes and the
alignment axis. The angle ¢ is assumed to be described
by a spherical normal distribution, £(#)=kexp(-9#252),
where k is a normalization constant. Direct observation
by Martin® show this assumption to be reasonable. The
distribution of particle axes is assumed independent of

the azimuthal angle 6. To a first approximation, the
standard deviation of @ is related to Bbyo = 5(1-417).
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A field applied perpendicular to the alignment axis
causes the magnetization of the particle to rotate by
an angle Y towards I1. The angle Y is determined by a
balance between the tor que from the field L~I\/ H sin ()-Y)
and the torque from the anisotropy L_—d]“K/d(ﬁ —K1 sin 2Y.
The re Culllng magnctwatlon is given by~
M= Mgf””fo (#) cos (2-v) sin $ddde=0(H, K, B). (1)
Tables of M/M were calculated for a series of
values of h=IM /ZK1 and B, and the experimental hard-
axis curves wer o fitted to the calculated values to ob-
tain the quantities Kj and g. In the fitting, greatest
weight was given to the high field data, since in this
region the magnetization should change by rotation
rather than by wall motion, and the calculated curves
assume only rotation. '

RESULTS AND CONC LUSIONS

Numerical data are given in Table I and ploLted
" in Flgs. 2 and 3. The following points are worthy of note.

The coercive field increases rapidly with decreas-
ing temperature in all samples, approximately doubling
between 300 and 77K. The absolute value of H.;, how-
ever, is strongly dependent on composition, varylng by
almost a factor of 50 from the best to the worst sample.
Maximum Hci is observed at about 16.8 at% Sm, in a-
greement with Martin, Benz, and Rockwood, 3 and the
composition for maximum H ci does not change with tem-
perature of measurement. _

,The room-temperature anisotropy is almost inde- -
pendent of composition, and the numerical value of
about 1. 5x108 erg/cm3 is in reasonable agreement
with single-crystal values. % © The measured Ky in-
~creases with decreasing temperature, approximately
doubling between 300 and 77K. There is serious scatter
in the values of K| at 4.2K. This may be experimental
error caused by the increasing difficulty of saturating
the magnetization as the anisotropy increases; however,
other investigators have found the anisotropy to drop at
low temperatures, 1,4, 6

The degree of particle misalignment p is minimum
in the samples of highest H.q{, but it is hard to say if
there is any causal relation between the two quantities.,



The resullts show clear’ly that He; does not depend
directly on the bulk anisotropy, contrary to the sugges -
tion of Benz and Maxrtin, 1 If H(‘:i is controlled by a domain
wall nucleation or Pinning event, it is reasonable that
Hei would bave the temperature dependence of the domain

wall energy, which will be approximately the same as

the temperature dependence of Kl‘,%". But the magnitude

of Heiwill depend on some highly local structure and

need not correlate with the magnitude of K.
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TABLE T

e,

‘at% Sm Hei  (BH)pas Ky B
kOe MGOe 108 erg/cm®  rad
0.34 3.77 1.5 0.42
16.24 0,52 4.88 2.8 0.39
7 0.84 5.23 2.3 0.40
. 108 8,24 1.4 0.31
16.60 2.24  15.6 2.6 "0.29
' : 2.44  16.6 2.0 0.32
14.8 21.0 1.6 0.24
16.72 . 25,2 23.1 3.5 - 0.22
' . 26.6 21.5 3.9 0.21
16.4 22.7 1.5 0.21
~16.84 30.0 . 24.5. 3.7. 0.22
0 32.4 23.8 3.4 0.19
‘ . 14.4 19.7 . 1.8 0.27
16.96 27.0 18.6° 2.8 ‘0,24
- ' - 28.6 19.2 3.7 0.25
' .- 6.6 19,9 . 1.5 0.27
-17.08 14.1 22.0 . 3.1 0.28
' 14,7 21.8 2.6 0.25
The three sets of values for each samp.le are at 300, 77,
- and 4.2K.




Fig. 1. Angles used in
calculation of hard-axis
magnetization curves.

P is the axis of an indiv-
idual particle. Angles ¢
and ) are not coplanar;

ALIGNMENT AXIS

angles yand ) are coplanar.
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Fig. 2. H¢i and K] vs temperature for all samples.
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