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Proposal Number 19511-MS 4
, Funding Document DAAG29-83-C-0007

Temperature Compensation in the '2:17' Type Magnets

Pr and Nd Substituted '2:17' Magnets for Elevated
Temperature Application

. . The program was conducted in three phases. Phase'’Il dealt with identifying .
o composition ranges between RCo5-RpCoj7 that can produce maximum induction.
Anisotropy field and saturation magnetization were measured on a series of Sm,
Pr, and Nd alloys. The results indicate that Pr, Nd or a combination of both ;
can be effectively utilized for increasing the saturation induction and yet main- b
tain reasonable values of anisotropy field. Energy products greater than 40 MGOe

are possible.

Phase II addressed the issue of temperature compensation in the '2:17' type .
of magnets to permit the utilization of these magnets in travelling wave tubes -
operating at 200~2509C. A computer assisted composition selection procedure was
adopted that allowed pinpointing compositions that will yield best temperature
compensation. Magnets fabricated from the identified compositions produced

temperature coefficient that satisfied the program goals (+0.0008% per ©C over a r
temperature range of =50 to room temperature and -0.007% per OC over room tempera- "
ture to 250°C). ¥

Phase III dealt with developing temperature compensation in the NdFeB type
of alloys. Nearly 3000 compositions were generated through the computer. Com-
binations of light rare earth with heavy, heavy rare earth-with heavy and two
heavy rare earth with light rare earth were examined. Two compositions were
chosen and processed into magnets.

Listed below are their composition, magnetic properties, and temperature
- coefficients.

= B

Magnet #1: (NdO.ZAHOO.70Er0.06)15Fe7936’ ATC-112 + 24% Alloy #6 '
By = 7,900 Gauss
He. = 7,700 Oe Temperature Range Temperature Coefficient a
Hci = 14,400 Oe (°¢) (% _per ©C)
BHpax = 15.2 MGOe 3
Hy = 13,000 Oe ~50 to +150 -0.0345 (~0.013 predicted) —
Density = 7.8 gm/cc ~50 to +25 +0,0081
+25 to +100 -0.0399 [ |
‘ Magnet #2: (NdO.24H°0.64Dy0.l3)15Fe7936’ ATC-110 + 18% Alloy #4 0 K
: By = 7,700 Gauss = .
[- H. = 7,700 Oe Temperature Range Temperature Coefficient a e e——d
Hey = 20,600 Oe (°C) (% per oC) R
BHp,, = 14.8 MGOe S
Hy = 18,300 Oe =50 to +150 -0.0299 (-0.012 predicted)
Density = 7.98 gm/cc =50 to +75 -0.0033 ——
| & -25 to +75 -0.0066 Codes :
-50 to 0 +0.0152 ilor .
-w-Cial N
-
4| | -‘
h|
= —— LR & N
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TEMPERATURE COMPENSATION IN THE '2:17' TYPE MACNETS

F. E. Camp, K. S. V. L. Narasimhan, and J. C. Hurt

ABSTRACT

Compensation for the temperature dependence of
magnetic flux has been investigaced in the '2:17' cype
permanent magnet alloys. A computer assisted composi-
tion selection procedure was adapted and one of the
idencified compositions, Smy 18Dy, 81Gd 01Cog,76Fes. 19
Cu,832r 34, was processed into magnets. The measured
temperature coefficients correlated satisfactorily
with the prediction. Dysprosium was found to be a
better substituent for Sm than either Gd or Er in
providing temperature coefficient of linearicy.

INTRODUCTION

Temperature compensated magnets have found appli-
cation in devices such as gyros, accelerometers, and
to a certain extent, in travelling wave tubes.
Samarium cobalt magnets have been successfully
temperature compensated by alloying with heavy rare
earthsi™¥, For a fully compensated SmCos magnet, the
maximum energy product attainable is 7.0 MGOe3.
Further miniaturization of devices is possible only if
the BHmax is increased further to possibly 16-20 MGOe.
we have investigated rare earth-cobalt '2:17' type of
alloys to improve the BHp,y of a fully compensated
nagnet.

Temperature compensation in '2:17' type alloys
has been investigated by various authors6,’7. However,
a generalized approach for identifying the alloys that
can provide the needed temperature coefficient has not
been made. Such an approach is necessarv tu permit
alloy development suited to the need of a particu-~
lar device since the flux in the gap is dependent
not only on the characteristics of the magnet but
also on the temperature variation of the device gap.
This publication presents an analytical approach to
composition selection and the results on an alloy from
this selection.

EXPERIMENTAL

The molar composition of the base alloy was
SmaCog, 7eFes joCu g32r 34(SmaTM1g). This and four
heavy rare earth analogs, SmDyM™ps, SmErTM]s,

SmGdTM1s5, and SmHoTM}5 were each induction melted under
argon 2as and cast into split copper molds. The ingots
were crushed to 75um powder and thermomagnetic measure-

ments made over the temperature range of -60°C to 2200C.

The Faradav technique was used with an applied field of
5 kiiv-versteds.

The composition that was predicted to have the
smaliest temperature coefficients was Smy gDy g1Gd 01
™i5. [t was induction melted by the above procedure
and pulverized to -60 mesh powder. Jet milling with
argon 3as produced an average particle size of A5
nicrons. The base alloy, SmpTMjs, was also jet milled
to ~5 microns. Magnets (lcm diameter x 7cm long) were
pressed, sintered between 1150-12000C for 1 hour,
solutionized for 5 hours between 1120-1160°C, then
nuenched. They were chen further heat treated at
400-8509C and slowly cooled to 4009C then naturally
cvoled to room temperature.

Camp and Narasimhan are with Colt Industries,
Urucible rResearch Center, Pittsburgh, PA 15230,
and Hurt is with the Army Research Office, Re-
svarch Triangle Park, NC 27709.

After hysteresis loops were determined for center-
less ground and cut samples, temperature coefficients of
magnetization were measured with an oscillating sample
magnetometer. The magnetized sample (0.75¢m diaweter x
Jem long) and the pick-up coil were positioned within a
cooling/heating environmental chamber. When thermcl
equilibrium was reached, the sample was driven through
the coil at a constant speed. The magnetic flux so
generated was measured and integrated over the length
with a 6.5 digit voltmeter input to a desk computer.

RESULTS AND DISCUSSION

The thermomagnetic data determined by the Faradav
technique are shown in Figure l. The base alilov has a
large negative temperature coefficient of magnetization
over the entire temperature range, while the curves for
the alloys containing Dy, Er, CGd, or Ho show less vari-
ation and have positive temperature coefficients in
their cooler regions. This phenomenon, which is
typical of heavy and light rare earth-transition
metal (Fe, Co) alloys of the 1:5 and 2:17 stoichiometryv,
suggests a method of approaching temperature independ-
ence of magnetization with the judicious selection of
heavy rare earth combinations and concentrations.

We have generated a number of theoretical magnet-
ization curves from these experimental data. A simpli-
fying assumption was made that, at a given temperature,
magnetization is an additive property with the number
of rare earth atoms. Implicit in this assumpcion is
that crystal field effects are unchanged by the addi-
tion of heavy rare earths.

Incremental interpolations were calculated between
the base alloy and each heavy rare earth analog. These
interpolations resulted in families of curves or data
arrays for each heavy rare earth. A large number of
magnetization vs temperature curves were then computer
generated from these data arrays. Various concentra-
tions of either two, three, or all four heavy rare
earths were considered.
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Figure 1. Magnetization vs temperature Z2ata measured
for the Sm and heavv rare earth substituted

for Sm alloys. TM.C°9_76FE<,19C“_53:Y,];'




i Due to space limitations, we have selected certain

Sma.x.vEryGay T™
families of curves for inclusion here on the basis of 2-x-vErgUdy Wiy

two criteria--those showing the greater linearity, and 1 Curve x_ ¥
others displaying the effects of all the heavy rare ! ; gg; g:;
earths considered. Figures 2, 3, 4 and 5 show the loo’ . 3 o33 02¢
hypothetical curves for two heavy rare earth additives. o 43 ; g:? gg?

The formulations predicting the lowest temperature
] coefficients are shown on these figures and are listed
' in Table I. The coefficients were calculated by the
least squares method.

Mognetitation thilogouss)
w
o

' Sm ..y Sdyroy T™Mig 8.0k
" -%0 0 100 200
letve 3_;. 3% Temperotus * (%)
. 2 209 2.9
. 2 . 3 229 0.2%
. 4 4
‘ oor gj? gg? Figure 5. Computer generated curves for the Er and

Gd substituted allovs.

30k s Table I. Alloys with Predicted Low Temperature
. Coefficients of Magnetizaction

1

I

Mognetizotion 1hlogousst

10[ » Temperature Coeificient, %0C™+
=50 0 100 200 Alloy -50 co 25°¢C 259C to 2500¢C
Temperature (*Ci
Sm ) -
Figure 2. Computer generated curves for cthe Gd and 1.18%.81%.01™s +.00624 -00788
] Ho substituted alloys. Smy 1g0d gyHo oMMy +.00713 -.00793
- Sm Er ., Gd , . ™ +.00298 -.0164 N
$ma- xo vOyx Gdy TMys Sm1.42cd.09D .69TM15 v 007 K
. Corve X Y 1.18%9.81% .01 ™5 -00705 -.00901 _
L ge om mp g g1 s +-012 --0121 ]
: 3 0.28 0.28%
y = 'oor e . Q.49 009
H 3 0.81 0.0
§- '”H:::&\\; Figures 6 and 7 show typical curves for three
- 2 heavy rare earth components, and Figure 8 contains
- - 90:—-‘-‘——-—‘g___.__-. some curves for all four heavy rare earths. There .
- 2 7 2 is less linearity exhibited in these multi-component .
: ] ! | predictions than was evident in the two component
o g ———— results, "
2 e —
A 3 af;o S 00 200 The alloy predicted to have the lowest temp-
Temperarure (T} eracure coefficient, Smy jgDv g1Gd g9T™15. was
| - prepared and fabricated into a magnet. The follow-
" ing magnetic properties were measured: Br=8,900
N Figure 3. Computer generated curves for the Dy and Gd Gaﬁss.sﬂci-7.;SopOersced. Ho=6, 300 Oerscest and
-, substituted alloys. BHmax®16.5 MGOe, The results of temperature co-
-, efficient measurements are shown in Figure 9 along
- ¢ SMy.x.yOyxEry TM;g with the predicted curve for this alloy. Although )
- ! Curve < v the experimental curve lies below the predicted
! T 301 &8 curve (absolute magnetization values smaller by 5%),
o 1 3 H 009 049 there is good agreement between the shapes of the .
: - .00k 2 2 gfg gg; curves and their respective slopes. The low temp- :
: 5 ! s o8 00 erature coefficients are +.0008%9C-1(experimental) ;
. 2 } versus +.006242°C’1(predicted). The other set of K
. 3 | . coefficients s -,00774%9C-l(experimental) and K
. . 95”4‘\\\: -.00788%9C-1(predicted). This is indicative of
- 27 the validity of this procedure to predict the
g ] general shape of magnetization versus temperature
, E curves for various alloys incorporating heavy rare )
\ § s l o L earths for temperature compensation.
%0 9 nm,u;o's" m)zoo Previous work has shown the temperature com-
pensation benefits of Gd48 and Er/, with which we
concur. The former has the disadvantage of
Figure 4. Computer generated curves for the Dy and lowering magnetization values more so than others.
Er substituted alloys. We have shown that Dy is also an excellent candi-
date. It will provide linearity over a broader :
3 temperature range than Er does. This s graphic- :
-: ally displayed by comparing curves 1 and 5 in

Figure 4, where the higher Dy content (Curve 5) .
shows less variation over the -509C to 222°C a
temperature range than the corresponding Ir curve. .

[




It is also displayed by noting the difference in curve
shapes betwasen Figures 6 and 7, where Dy and Er,
respectively, are dominant in otherwise identical
ternary heavy rare earth systems. Dy has an addi-
tional economic advanrage as being the least

expensive of the four heavy rare earths considered.

SM.x-v-2 0y xGdy HOZTMys
ury X Y
e
2 036 008 0.0e
0.3% 009 00t
0.2% 009 Q.04
009 009
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Temperature (°C)

Figure 6. Computer generated curves for

component rare earth alloys.
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Figure 3. Computer generated curves for four compo-

nent rare earth alloys.
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Figure 9. Experimental and predicted temperature de-
pendence of magnetization data for Smy 1§
Dy, 31Gd 01TM} s alloy. The numbers on the
curves refer to the temperature coeffic-
ient of magnetization over the low (-30°0
to 09C) and high temperatures (0° to 250°C).

The proposed method of predicting the behavior of
heavy rare earth additions to alloy systems may be
used in place of the "trial and error" procedures. Dy
additions result in improved temperature compensation
over a broad temperature range. Gd is effective over
the same range, but significantly lowers the magnec-
ization. Erbium will give results similar to Dy, but
over a smaller temperature range. Ly has the added
advantage of being the least expensive.
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Oy AND Nd SUBSTITUTED ‘2:17" MAGNETS
FOR ELEVATED TLPERATURE APPLICATION

C. J. willman and K. S. V. L. Narasimhan

ABSTRACT Anisotropv Field: Allov was :srushed to ~323

mesh. The powder was then iispersec in paraifin
wax and aligned in a 25 xOe fieic and allowed =0
narden in the presence of a rfield., The field
required to saturate in zhe direction sarallel
and perpendicular to the easy direction were
evaluated. Hy was determined as the Iield
raquired to saturate the macterial in che
perpendicular direction.

Results of ?r, Nd and {(PrNd) subscitution in the
'2:17' type permanent magnet alloys are presented.
Microstructural studies, crystal scrucrture, anisotropy
Iield (Ha), Curie temperature (T:), and saturation
nagnetization (Mg) were used as tools for the evalua-
rion of these alloys. Pr, Nd and (PrNd) {ncreases Mg
without significantly affecting the T.. Hy decreases
when Sm is replaced dv Pr, Nd or :PrMd). Several of
zne allovs investigated show »sromise to be permanent

DISCUSSION
magnets. —_—

The X-ray diffraction patterns 5f zhe allovs
studied could be indexed to a ThNi- rhexagonal)
type structure. This structure is characteristic
of high-temperature, disordered Sm2Coy17°. The as-
zast alloys were 2-phase. With increased Fe sub~
stitution for Co and with rare earth substitutions
for Sm, more complex nicrostructures wvere observed.
Homogenization of the as-cast structure was
possible between 1165-11859C for most alloys (see
Figures 1 through 3). Those alloys having couplex
microstructures were more difficult to homogenize.

'2:17° ctype of permanent magnerts nNave deen in
oroduction for the last several vears. The zeneral
stoichiomecry is about Rﬁz.,-7_7 where M is a combin~
ation »>f Fe, Co, Cu, Zris-, The maximum energy
sroduct attainable is 33 MGOe“. Further increase in
the BHmax 18 possible if che saturation nagnetization
‘Mg) is increased by increasing the number of moment
zarrving atoms, i.e., Fe and Co. Samarium hag a very
small magnecic moment to contribute. Shimoda et alld
and av at al® have increased the M value from 7.3 to
3.35 9v increasing the iroa contenc and 3uccessfully <
nade magnets. The Mg value reported was 11,500 - ca
11,300 Gauss. The maximum energy product attainable -
is 13~35 YGOe assuming the anisocrogy field is high
and 3Ymax can be approximated to 3¢ /4, The increase 5
in iran content alone is not able to increase the oL . .. ) .
satyration magnetization past 12,000 Gauss. [t is . P . . .
Jossible fo increase the induction by decreasing the :?“f’ b ‘ .
zoprer :zontent since copper acts as a diluent for the T : 4

Figure la Fizure b

BTN

magnetic moment. However, copper is vital for the
jeneration of coercive force and hence cannot be
reduced significantly. We, therefore, added Pr and *yn(, ve=Q,2 kxm), vm, 2

Nd to increase the saturation induction and the Prior to Heat Treacment Afrer Hear Treatment
results of these investigations are presented in

=his paper.

EXPERIMENTAL PROCEDURE

The allovs were prepared by induction melting
he ciements and casting the alloy into a copper
nold.

{-rav DJata: K-rav iiffraction data was obtained

1sing a Norel:n {-ray Generator (+0kV, 1lmA) in

sonjunccion with a Ll+.” Jebve Scherrer :amera.

lzXa radiation was ised »n -100 mesh allov pow~ Figure 2a Figure 2b
ser. The resulting jowder patterms were indexed.

L] hd .
An iterative least squares technique was ised 2 RE=Nd, X'O‘L; v=d. 2 *RE=Nd, x=0.1, v=0.2
:alcuiate the lattice paramecers of each allov. Prior to Heat Treacment After Heat Treatment

Zurie Temperature Zvaluation: Homogenized allov
<as :rushed to -100 mesh and TMA (thermomagnetic
analysis) was used to determine T. and other
magnetic ochases. A ‘ield 3f I xOe was used for
this stuay.

Saturation Magnetization: Homogenized allov was
-rushed and Zround zo =400 mesh in argon. Ali-~ - . . , T 7
quots »f 50-30 mg were measured into the VSM ) Y sl ‘ "
vibrating sample mnagnetometer) holder. The VSM - .
was calibrared with a N1 standard using oy1 =
34,20 emu/g at 195K. Honda plots were extrap-
slated =a sbtain J saturation. *REwNd, x=0.3, v=).4 *RE®Nd, x=).3, ve0.«
?rior 2> Hea: Treatment Afrer Hear Treatment

ey \

o

Figure Fi{gure b 125X

Willman and Narasimhan are with Colt Industries,
Cruciblie Research Center, Pittsbureh, PN 13239,




= chases were ible to be soilutionizec
ion 5% a white phase. This fhase
> be an Te-Co rich phase. The

h4is ~hase was particularly prominent
in those allovs ias-cast condition) having :he
lirgest subscitutions of Fe for Co (v=0.3. J.-7.

Fizures - ang : illustrate the magnetization s
-amperature =lots obtained Ior these allovs. As
expeccad, Fe substifution Ior CJo was found to lecrease
zne Curie zemperature. 2vr, Nd, 30%Pr-30%Nd subscitu=~

o

100 o 3m zic not affect the Turle temperacure s5ig-

Iizantlv.

The saturation magnetization Jf these allovs
.ncreases with increasing Te, Pr, Nd, or Pr/Nd sub-
stitucions. 3Some of the allov samples were exception-

allw 1ifficule to saturate and consequently Mg was more
siffisulc o measure.
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Temperature dependence of magnetization at
an applied field of 1 kOe.

Table I illustrates cthe magnetization observed at
an app.ied Zield of 18 %G, and the value of the mag-
netizacion extrapolated to igfinite field., Calculation
5f zhe theoretical 3Hmax (Bs“/4) is also included in
Table I.

The substitution of Pr, Nd, Pr/Nd for Sm in most
cases decreased the anigotropv field, H,. Fe substitu-
tion for Co usuallv decreased the anisotropy fileld.

The effect of these substitutions is i{llustrated in
Figures # and 7. Nd and Pr in the '2:17' alloys prefer
2 basal plane6 and substitution of these elements re-
duces the oyverall preference of the rare earth sub-
lattice to the magneticallv easy C-direction, hence a
decreased anisotropv field. The preference of iren
subiattire in the "2:17" allav {s in the basal phase
ind the sffect ot 1ron substitation is aleo to

fecrease the nisotrpv field,
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Figure 5. Temperature dependence of magnetization at
an applied field of 1 kOe.
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ABSTRACT

Temperature compensation for the induction of NdFeB
type magnets has been investigated. A computer assisted
alloy selection method was adopted to identify composi-
tion of zero temperature coefficient of induction over
-50 to 2009C. Selected alloys were processed into mag-
net by the conventional powder metallurgy method. The ‘
experimental temperature coefficient on the sintered .
magnet correlated with the prediction satisfactory. 2
Holmium is an essential ingredient required for temper-
- ature compensation of NdFeB magnets. A magnet,

(Ndg, 23Ho0, 64D¥0,13)15Fe79Bg with By of 7,700 Gauss,
H. of 7,700 Oe, Hcy of 20,600 Oe, BHpy, of 14.8 MGOe
and temperature coefficient of -0.029% per OC over
=50 to +150 was obtained.

PN

INTRODUCTION

Neodymoum-iron-boron magnets have high energy pro-

duct (1-31. However, the temperature dependence of mag-

- netic induction is about -0.08% to -0.12% per °C over
-50 to 1509C. We have investigated heavy rare earth
alloying to improve the temperature dependence. A
computer assisted composition selection procedure
developed for SmCos and the 2:17 (4-7] alloys has been

A extended to NdFeB alloys.

In excess of 3000 alloy compositions were gener- A
ated from the magnetization data of NdjFej4B and °
- HRE)Fej4B alloys. The magnetization of (NdHRE))Fej,B
was computed by adding the Nd and HRE moment linearly.
X The details are presented in this publication.

EXPERIMENTAL

a8 s 8

A data base of the temperature dependence mag-
netization and anisotropy field of NdFej,B as well as
HREzFe1488 (where HRE = Ho, Dv, Er, Tm and Tb) were
constructed over -500C to +25009C at 25°C intervals.
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The substitution of heavy rare earth was assumed to
replace the Nd sites. The magnetization of the com-
bination of NdHREjFej,B was calculated by adding the
Nd and heavy rare earth moment linearly. The temper-
ature coefficient o is defined as:

a (% per ©°C) = 100% * [M(T2)-M(T1)1/[M(T1)*(T2~T1))

and calculated by a least square linear fitting. A
Hewlett-Packard 85 computer with memory space of 32K
was utilized to conduct these calculations.

' Two criteria were set for the composition selec-
tion: (1) the selected composition must have a sat-
uration magnetization greater than 7,500 Gauss at
259C, and (2) the temperature coefficient of the in-
duction must be less than -0.017% per 9C over =50 to
+2009C. The replacement of Nd with each individual
heavy rare earth were scanned from 0 to 100% at 2%
increments. Both the temperature dependence magnet-
ization curve and temperature coefficient a were
examined simultaneously. Neodymium mixed with two
or three heavy rare earths were also examined at 2%
increments respectively.

Selected alloy compositions were prepared by
vacuum induction melting and cast into a copper
mold. 1Ingots were processed into magnets by the
traditional powder metallurgy method utilizing a
process similar to that used for SmCog.

The temperature coefficient of induction, a,
of the sintered magnets with length to diameter
ratio (L/D) of 1.0-1.2 were measured by the open
circuit technique (OCT) (8] from -50 to +150°C at
259C intervals. The demagnetization curves of the
sintered magnets were also measured by closed cir-
cuit technique (CCT) for the same temperature range.

The Curie temperature of the cast alloy or
sintered magnet were measured by thermomagnetic
analysis (TMA) under an applied field of 4 kOe.
Samples were crushed to -400 mesh powder then
sealed under inert atmosphere into a Vycor cap-
sule for measurement.

RESULTS AND DISCUSSION

Two of the RpFej,B alloys, DypFej;,B and
TbyFe14B, have temperature coefficient a less than
-0.01 per ©C as shown in Table I.




Table I. The Saturation Magnetization Mg at
250C and Temperature Coefficient
of Heavy Rare Earth HREjFej4B Alloys

RaFe14B My Temperature Coefficient
N R= (Gauss) % per 9C(-50 to +200)
] Ho 7,060 +0.016
b Tb 5,970 -0.007
i Dy 6,160 +0.007
N Gd 7,450 -0.053
‘ Er 7,890 -0.042
. Tm 9,810 -0.078

Owing to the higher magnetic moment of NdjFe;,B,
the combination of Nd with one of the heavy rare
earth results in an increased magnetization. The
slope of the overall curves can also be adjusted

by varying the relative amount of Nd-HRE combina-
tion. Illustrated in Figure 1 are the temperature
dependence magnetization curves of (Ndj.xHoy)2Fej,B,
where x = 0 to 1.0 in steps of 0.2.

U

16 i |' A AL AL A B B | ] 12”-0'43

a"[2 ) No. N O'N:

. x r 7 -_ = =
» ~iR2rs . 1 100 0
: <[ .:::::::::::::::::::: 4 2 80 20
< 10 -4—\ ] 3 60 40

§ o [5— —_— ) 4 40 60

=°[ ) 5 20 80

6 6. A PR SH W NEN U N B | 6 o 100

-5%0 0 50 10C 150 200
Temperature (°C)

Figure 1. Computer simulated temperature depend-
. ence magnetization curves of (Ndj-yxHoyg)
N 2Fey4B, where x = 0, .2, .4, .6, .8,
. and 1.0.

The combination of Nd with other single heavy
rare earth were also examined for the entire com-
position range at 2% increments. Similarly, a com-
bination of Nd with either two or three heavy rare
earths were examined. Listed in Table II are the

A representative compositions of low temperature co-
) efficient alloys with their saturation magnetiza- )
tion at 259C. ,
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Table II. The Saturation Magnetization at 25°C and
the Temperature Coefficient of RyFe]4B
Type Magnet Generated by Computer Aid
Alloy Composition Selection Method

Temperature

X of Rare Earth in RaFe14B Ms(25) Coefficient

(% per °C)

Nd Ho Dvr Gd Er Im IR (Gausm) 250 %g 130 =50 %0 200
9 91 7800 +0.021 -0.008
8 8% 7T 7700 +0.018 -0.008
5 8s 10 7710 +0.021 -0.008

10 S5 38 7400 +0.015 -0.009
8 8s 7 7720 +0.021 -0.007
§ 85 9 7780 +0.020 -0.010

10 88 4 7770 +0.017 -0.008

10 72 16 2 7650 +Q0.015 -0.010

14 40 40 -] 7710 -0.000 -0.021
8 38 52 2 7680 +0.001 -0.035
8 84 8 2 7770 +0.019 -0.009

Figures 2 and 3 show the computer simulated curves
for various heavy rare earth containing NdpFej,B
alloys. From these curves, selected alloy composi-
tions were processed into magnets. The properties
of these low temperature coefficient magnets are
listed in Table III. )

moFT-o L ] Rafue
- } 4 .3t R .
12.0 :A :“&‘ e &r
110 = 4173 23 2
b 427 28 2
g 136 312 3
9.0 446 38 3
OO: 1% 8 a8 T
- ay
13.0 ':'5‘-- : RaFe, 8
_ RO, < % ot R
2ok Jrane me o
- - 4 1 73 -1 2
S0} 127 28 2
3 s0f ] 36 32 3
S lJeo 3 3
- ..O:- /____._\ : 3 8 8% 7
1 ]
70
gn pi
|3.0'-.-- -
2 ] Ryfe 8
3
120 e " ot A
ok ] NeNg vo Oy Ga
3 < t 74 ] “ t
0o - 1 27 24 5
90 1l 368 27 &
- - 4 6§ 31 v 1
sor 1 80 2 6 2
’0 ,m
-5 Q 30 100 %0 200

Temperature (°C)

Figure 2. Computer simulated temperature dependence
magnetization curves of (NdHoEr)jFej,B,
(NdHoGd ) gFe1 4B, and (NdHoDyGd)yFejsB on
the corresponding sintered magnets with
slightly higher Nd content.
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Figure 3. Computer simulated temperature dependence
magnetization curves of (NdHoDy)2Fej,B,
(NdHoDyGd) 2Fe14B and (NdHoEr)gFe14B of the
corresponding low temperature coefficient
sintered magnets.

Table III., Magnetic Properties of Temperature
Compensated RoFej;B Type Magnet

1 or R 1w Rpfeyed - B, K- L By o, Dengaty
W H O0r Ex Tn Go (Gauss)  (Ov) (0e) (M60¢) (0g) (ew/ce)
65 B - - - - 9,800 9,400 16,450  22.8 18,400 7.35
60 % - - & - 8,800 7,700 11,950 16.8 6,400 7.06
61 3% - 3 - - 8,900 3,800 14,9000 20.3 10,500 1.24

2 3 - S5 - 7,900 7,700 14,400 15.2 13,000 1.80

65 3 - - - 3 8,900 7,750 10.850 .6 8,700 7.1
61 31 7 - - 1 9,350 9.000 20.470 2.3 19.850 7.4
B M 12 - - - 7.700 7,700 20,600 la.8 18,300 7.98

Two magnets with the nominal composition of
(Ndo. 24Hog, 70ErQ, 06)15Fe79B6, magnet A, and
(Ndo, 23HoQ, 64Dy0,13) 15Fe79B6s magnet B, were
selected for (1) the closed circuit temperature
dependence demagnetization curve measurement and
(2) the open circuit temperature dependence of
induction measurements. Figures 4 and 5 are the
temperature dependence demagnetization curves of
these two magnets. The temperature dependence
magnetic properties of these two magnets are
summarized in Figure 6a and 6b respectively. 1In
figures 7 and 8, the temperature dependence mag-
netization curves of magnet A and B are normal-
ized to their values of -500C., Shapes of the




Shapes of the computer generated curves and the
experimental curves favorably compare. The
temperature coefficients are tabulated in .
Table IV. The other two magnets with higher Nd
contents are also listed for comparisonm.

S — A S St s ke st ol B s st I iy il ik e B s S s et B e
(NGg 24190, 640v0.13h1aFe 798¢ |

B-H —

N 85

[ T - T

8-H or B (KG)

»

(€]

PV S W G S U U G G G VA S S T S Gy

32 30 28 26 24 22 20 18 & 14
= H {KOe)

Figure 4. The temperature dependence demagnetization
curves of (Ndg, 3Hog,70Dy0.13)15Fe79B6.
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Figure 5. The temperature dependence demagnetization
curves of (Ndg,24HoQ,70Erg,.06)15Fe79B¢-
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Figure 6a. The temperature dependence magnetic
properties of Magnet A.
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Figure 6b. The temperature dependence magnetic
properties of Magnet B.
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A

o Figure 8. The experimental and computer simulated
temperature dependence magnetization of
Magnet B normalized to their values of

-500C.

Table IV. The Comparison of the Temperature Co-
2 efficient a of the Experimental Results
A with Computer Simulated Results

Magnet % of R in RisFer9Be Temperature Coefficient o
% per °C (-50 to +150)
Nd Ho Dy Ex Gd sxperipental simulation

24 70 8 -0.034 -0.013
23 84 13 -0.029 -0.012
81 31 7 1 =-0.070 -0.0861
85 35 -0.074 -0.083

oGm»>

We have extended the computer technique for
the computation of anisotropy field utilizing
K anisotropy field variation with temperature of
NdyFej4B and (HRE))Fe;,B alloys. The room temp-
erature anisotropy field compare within 5 kOe of
the computed fields.

CONCLUSION

[

Computer simulation technique employed pro-
duced alloy compositions that compare favorably
- with experimental observation on sintered magnets.
- Number of alloys with varying levels of tempera-
_ ture compensation are available from the rare
i earth-iron~boron alloys.
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FIGURES

Computer simulated temperature dependence
magnetization curves of (Nd)_yHoy)Fe1,B,
where x = 0, .2, .4, .6, .8, and 1.0.

Computer simulated temperature dependence
magnetization curves of (NdHoEr)jFe;j, B,
(NdHoGd) pFe1 4B, and (NdHoDyGd),Fe14B on
the corresponding sintered magnets with
slightly higher Nd content.

Computer simulated temperature dependence
magnetization curves of (NdHoDy)2Fej4B,
(NdHoDyGd) gFe14B and (NdHoEr)Fej14B of
the corresponding low temperature co-
efficient sintered magnets.

The temperature dependence demagnetization
curves of (Ndg,23Hog,70DPy0.13)15Fe79Bg-

The temperature dependence demaghetization
curves of (Ndg,24Hog,70Erg,06) 15Fe79B6.

The temperature dependencé magnetic prop-
erties of Magnet A.

The temperature dependence magnetic prop-
erties of Magnet B.

The experimental and computer simulated
temperature dependence magnetization of
Magnet A normalized to their values of

The experimental and computer simulated
temperature dependence magnetization of
Magnet B normalized to their values of
=500°cC.
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