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ARMY MATERIALS AND MECHANICS RESEARCH CENTER
PHYSICAL PROPERTIES OF RARE EARTH-COBALT MAGNET MATERIALS

ABSTRACT

The magnetization of a number of commercial SmCog; magnets has been measured
as a function of stress and temperature. These measurements are significant to
present and proposed applications of the magnet< and also to characterization
and an understanding ¢f the mechanisms involved. /nplication of a compressive
stress of 10,000 psi, which is near the strength of the material, has a negli-
gihle effect at temperatures up to 215 C, at least. Heating thc sample, on the
other hand, induces not only the previously studied reversible and irreversible
losses, but also time-dependent and permanent lous, The time-dependent losses
indicat~ 4 range of relaxation times. The fenendence of these relaxation times
and of the permanent loss on extevnal parameters and on sample history is com-
plicated, and only preliminary characterization has been obtained to date, as
illustrated by a number of cxamples,
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INTRODUCTION

Rare earth-cobalt (RE-C) intermetallic compounds offer enormous advantages
over all other known materials for use as permanent magnets. These advantages
have been discussed in a general way! und quite detailed characterizations have
been made by the lecading manufacturers of the present-day commercial magnets,?»?
These characterizations have been directed primarily toward properties important
to the predominant present usage: focusing magnets in traveling wave tubes (TWT).
The RE-C magnets, however, display their greatest superiority over conventional
magnets in dynamic applications, that is, under conditions of varying demagnetiz-
ing field. For example, a lightweight, high-speed, electrical power generator
has been designed.“ This generator has a design specd of 60,000 rpm and the
corresponding compressive stress is about 10,000 psi. It is somewhat difficult
to calculate the operating temperature with precision, but it will probably be
above 200G C, and operation at 300 C or more would alleviate the cooling problem
in similar applications.

We have made measurements of the loss of magneti:cation under stress and
temperature conditions in the range mentioned above. The stress measurements
have not been made previously. Thcre have, on the ather haand, been a large num-
ber of experiments at elevated temperaturce becanse the TWT operate hot, Antici-
pating our results, we tind that therc is negligible effect ot stress at practi-
cable levels, At temperatures ncar 200 C we find, in addition tc the reversibic
and irreversible effects previously reported, ™% permanent ar:! time-depondent
effects, wiich have not » »n reported in closed pare RE-C sintered magnets, These
latter represent losses of a few percent in the magnetization and thus are not
terribly important rrom the techrical point of view. [t is probably for this
reason that they have been overtooked in previous stuwl.es. On the other hand,
these additional effects, particularly the time dependence, would be expected te
give clues to the mechanism of the loss of magnetization, Since an understant s
ef this mechanism is perhaes the most important unknewn in Rb-C teghnology, e
attach some signitficance te a study of these tesperature-dependont efrects, W
report heve some typical results obtained to date, but they shonld be considersd
very incomplete,

INSTRUMENTATION

in order to mahe meacurements under varying conditions of applied magnetic
field, steess, and temperature, we constructed an escillatiag sample magnetom-
eter. =" The sample holder was designed te accommodate eviindrival specimens
0.02" in diameter and C. 10 high. Force could be applied (o the sample through
pressure-distributing pads which were compressed by {ightening calibrated titan.
ium bars. Our usual force was 314 pounds, giving a stress of 0,500 psi, The
block which held the <ample and the bars alse contained two noninductively
wound heaters on boron nitride forms., There was pegligible coupling betneen tiw
heaters and the pichup coils even though our temperature controller was suited
onlv to an ac output. Temperature measurement and control was via a thermocouple
imbedded in the block near the sample.  The blech-bar ssembly was covered by a
tetralluorocothyiene cover and oscillated vertically at Mo, with an amplitude of
1.25".  There were four pichup coils, cach containing 250 turns with an average
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diametor of 0.80". The pairs were separated horizontally by 1.25" and vertically




by 1.15", ° axes of the coils, the magnetization of the sample, and the applied
magnetic fieid were all horizontal and parallel, Because of the bulk of the pads,
the bars, the tightening screws, and the insnlating cover, the magnet gap was
1-5/8" and the maximum applied field available to us was 9 kilo-oersted. This
bulk also limited our maximum heating rate to about 100 C/min. Therefore, when
pressure was not required, we often removed the bars and replaced the pads with
alumi~um plugs. This arrangement produced a more uniform temperature distribu-
tion in the vicinity of the sample and also allowed a heating rate of about

300 C/min,

The output of the pickup coils was amplified and integrated using standard
operational amplifier circuitry and then rectified using a diode and capacitor
detector. The time constail, were adjusted so that the rectified output was
approximately equal to the peak-to-peak output of the integrator, which in turn
is proportional tc the magnetization of the sample. The valuc was read with &
digital voltmeter. In actual fact, because of nonideality of the diedes, the
apparatus was nonlinear, but suitable correction factors were determined and
apolied when necessary. For modust charges in magnetization, the correction was
sensiblv constant, The short-term precision of the apparatus was aboit 0.02%
for typical samples magnetized near saturation, and about 0.1% over a long term,

Absolute calibration was made with the help of a nichel sample magnetized
to saturation. Our configuration was such that about 30% of the induced voltage
arosc from image poles, Thus the calibration constant was about 30% less when
the mignetometer was removed from the magnet. We did, in fact, often use the
magnetometer removed {io. U magnet when we were making open circuit measure-
ments. Because of these complications, the absolute accuracy of the calibration
was about 1%, which was more than adequate for the intended usc of the results.

SAMPLES

Wo had at our disposal three samples from cach of three diterent lots from
two differont manufacturers. We designate samples by a letter indicating the
lot and a numher to distinguish samples within a let, lLeots A, #, and C were
supplied by the General Electric Co., which makes use of a process utilizing an
additive which liquefios at the sintering temporature, . Lots 8, T, and U were
supplied by Raytheon Co., shich utilizes a single, =suitiphase rtarting material,’
All samples were stated to he representative of current (August 1971} production,
except for lot A which was specially processed; all are nominally SaCo.,

In general, cach magnet was mignetized at room temperature before each run.
For most of our work, this was carricd out with a 0D Kiie-cersted pulsed {ield.
In our preliminary measurcments, however, we had ¢nly a 30 kilo-ocisted {ield
{rom an iron corc magnet at our dispoesal. Either ficld tully masnetized the
Gencral Electric samples, but the 30 Kilo-oversted field was about 1-1.2% less
effective for the Rayvtheon samples under mast conditions,

STRESSED MEAS JREMENTS

As stated in the Introduction, the be! avior of the magnets under STress was
complitely uninvestigated betforc our work. Theicfore, because of the importane
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of such behavior in applications, we gave our primary attention to it. Further-
more, the expected operating conditions of the magnet in the MERDC generator
design are: temperature, 215 C; demagnetiring field, 4 kilo-oersted, and stresses
ranging up to 10,000 psi. We considered these values to ne¢ not only representa-
tive of design requirements, but they are also both conveaient and reasonable.
[rreversibl~ losses are appreciable but not drastic at 215 C. A demagnetizing
field of 4 kilo-oersted is near the p:int of max? um energy product and also is
sufficiently large to give significant irreversible effects.” Since the average
demagnetizing tactor (in rationalizec units) is 0.475 for our samples, we aiso
find that the open circuit demagnetizing field is about 4 kilo-oersted fir a typ-
ical case, We therefore have m.de must of our measurements in the open circuit
configuration. Lastly, 10,000 psi is near the strength level quoted by the manu-
facturers. In fact, we found that all our samples were able to withstand a single
compressive stress of this level, but one sample failed after 100 cycles at this
level. Thus we felt that 10,000 psi was near the limit of the stress that we
could safely use without losing samples.

Runs which we consider typica. of our most stringent tests for a stress
ctfect are shown in Figure 1. The run on the virgin sample is shown in Figure la,
where muagnetization is plotted versus time at temperature., After 8 minutes at
215 C, the sample was heated to 225 C with the hope that it would be quickly
stabilized, The temperature was then restored to 215 (¢, and the magnetization
was observed with the applied stress alternately zero and Py = 10,000 psi, Afier
the run depicted in Figure la, the sample was cooled to room temperature and re-
magretized, A similar run was carried out as shown in Figure 1b, This time,
however, the sample was maintained at temperature for 15 hours, arfter which the
results shown in Figure l¢ were obtained,

There are a number of considerations which are {mporta~t in correctly in-
terpreting the runs of Figure 1. Most important from a technicnl point of view
{$ the fact that temperaturce control hetween the P = O case and the PP = Py Cuse
is extremely difficuit. The reasoh for this is that the theymal impedances he-
tween the heater, the thermocouple, the titaniwe bars, and the sample change
when the stress 1s anplied. This change gives 1. o to belh transient aad steady
state effects, These effects could heve been mitigated somevhat with a more
mass.te, better insulated apparatus, bt such an apparatus would have besn in-
convew.ently bulky. Instead, we made measurements of the temperature distribu-
tion for P = O and P = Pg and then made correctivis to the Pg data. These
corrections are equivalent to about 0.15% in the =magnetization, and have heen
applied to the data of Figure 1. These corrections are, however, valid only in
the steady state. Under transient conditions, which lasted about 7 minutes, the
situation depended on the way the temperature controller was utilized, Examples
which clearly arise from this cffect are the anomalous changes in siope in Figuve
la, the effects betweon 50 and 75 minutes in Figure 1M, and the fwo Pg cases in
Figure lc where the control was deliberately offset a small but casily observable
amount in cach case during the actual stress change. Thus in cases such as those
shown in Figure la where there 15 a relatively large time dependence, it was not
possible to make a very precise measurement of the stress effect. After the
sample had stabilized, higher precision was possible, limited only by the knowl-
edge of the steady state correction.
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Rung similar to those shown in Figure | were made on at Jeast one sample
from each lot. We also made similar comparisons a. fous temperature and after
cycling to Py 100 times., In every case our results are consistent wita the hy-
pothesis that there i1s ho effect of stress within the following laits:

At roos temperature, application of Pg has less than 0.02% c¢ffect on the
magnetization.

Cycling to Py 100 times has less than 0.1% effect.

Near 215 C, application of Pg has less than 0.05% effect ¢n a well stabi-
lized magnet.

Near 215 C, application ot Pg has less than 0.2% effect on a poorly stabi-
lited magnet. CQur measurements seem to show a small effect, on the average, but
this amount is barely within our precision under these conditions,
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