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magnitude.

Our arc-plasma-sprayed magnets with an oxygen content of about 0.15 percent
possess a low decay rate of 50 ppm/decade. Unfortunately, their enerqgy
products are low because of the random grain orientation. Our immediate
goal is to produce aligned and densified powder metallurgical magnets

with oxygen content of APS magnets. To accomplish that, we have already
developed a hot isostatic pressing process in this program, which gives us
nearly 100 percent dense magnets of fine and aligned grain structure with
little if any oxygen pickup above that of the starting powder compact.

Our exploratory research in the latter area has produced extremely promising
results for production of powder and compaction with an oxygen level no higher ‘
than in our APS magnets. We, therefore, have the basic results and processes
to feel very optimistic about our prospects of achieving our extremely dif-
ficult goals in this area. ’
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SECTION 1

INTRODUCTION

1.1 Program Background

The Charles Stark Draper Laboratory, Inc. (CSDL) is involved in
research and development over a broad spectrum of technology associ-
ated with guidance, navigation, and control for vehicles of all types.
One of the areas of importance to advancements in inertial navigation
systems is the improvement of magnetic devices serving critical func-
tions in these systems. Samarium-cobalt magnet devices are used within
inertial systems as components of the inertial instruments or sensors—
the gyro and accelerometer—and as gimbal torque motors. As an example

- of the former category, samarium-cobalt permanent magnets are employed
in the torque generator, or angular motion forcer, of the movable and
buoyant member of the instrument. The torque generator is of cylindri-

cal geometry, and in many designs the magnets are located on the moving

member which must remain buoyant in fluid. Here the lower volume of

the magnet derived from the high energy product of SmCo5

favorably on the overall size and weight of the completed instrument.

magnets impacts

Rare-earth cobalt magnets, because of their large maximum energy
3 product, (Bﬂ)max’ are ideally suited for many other applications re-
quiring high magnetic strength. Because of the large (BH)max a lesser
volume of magnet is required to produce a given amount of magnetic flux

: in a device.

In addition to high energy product, magnets utilized in preci-

P sion inertial instruments must also possess excellent long-term flux 2’




stability, insensitivity to temperature change, and physical properties
compatible with beryllium. Because of its favorable strength-to-weight
ratio, beryllium is the structural material of choice in modern inertial

instruments.

A comprehensive program to develop samarium-cobalt magnets by
powder-metallurgy techniques for applications as components in new and
future generations of inertial instruments was initiated at the Draper
Laboratory in October 1977 under the sponsorship of the Office of Naval
Research. The objectives of the program were to develop improved sin-

tering procedures to fabricate inertial-grade SmCo_ magnets with improve-

5
ments in three areas mentioned above: long-term flux stability, reduced

temperature coefficient, and tailoring of the thermal expansion coef-

ficient to match that of beryllium.

1.2 Objectives

The objectives of the present program are to develop improved sin-
tering procedures to produce inertial-grade SmCo5 magnets with improve-

ments in the following areas:
(1) Long-term flux stability at constant temperature (140°F)
Desired: 0.008 ppm/90-day

Present capability: Sintered: -1 ppm/day
Plasma Sprayed: 0.05 ppm/day

(2) Thermal stability of residual induction
Desired: 0.1 ppm/°F
Present capability: 300 ppm/°F
(3) Tailoring of thermal expansion coefficient
Desired, same as beryllium: 6.8 pin./in.°F
Isotropic: 5.6 pin./in.°F
Oriented:
(a) Along magnetization direction: 2.8 upin./in.°F
(b) Normal to magnetization direction: 7.2 uin./in.°F

2
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July 1978 covering the progress up to the time.

SECTION 2

MATERIALS AND PROCESS STUDIES

Previous Work

An interim report on the status of the program was submitted in
*
(1) The abstract of

that report is as follows:

For inertial applications, aligned SmCo5 magnets with high flux
stability, close-to-zero reversible temperature coefficient of
magnetization, and a thermal expansion similar to that of beryl-
lium are required. High flux stability is being attempted by
producing high Hci (high resistance to demagnetization) and
high Hk (high second-quadrant loop squareness) magnets through
the attainment of fine grain size, low oxygen content, and high
density in the material. Low reversible temperature coeffi-
cient will be achieved by suitable samarium replacement with a
heavier rare-earth element, while the thermal expansion coef-
ficient will be tailored (to that of beryllium) by controlling
the alignment of the crystals in the magnet.

In line with these requirements, a magnet sintering facility
capable of ultra-high vacuum operation (10-6 torr capability
at 1100°C) has been fabricated for oxygen-free processing of
these magnets. Techniques for producing powder with low

oxygen contamination (from the environment) have also been

Superscript numerals refer to similarly numbered references in the
List of References.




developed for this purpose. The total amount of oxygen incor-
porated into the powder is found to be considerably less than

what is obtained with conventional procedures.

This has resulted in remarkably high values of Hci and Hk in

sintered SmCo5 magnets produced so far. The unprecedented

value of 29 kOe has been measured for Hk in a few of these

magnets as compared to 5 to 10 kOe found in most commercial

magnets. The energy-product values of these magnets have been
limited to about 13 mGOe because of poor alignment. Investi-
gations currently in progress are expected to result in sub-

stantial improvements in the values of the energy product.

Pressure sintering (hot isostatic pressing) techniques have
also been used for densification of powder compacts. Close-to-
theoretical values of density have been obtained using this
process. Properties of magnets formed with very coarse powder
(using this technique) were found to be quite comparable to
what is available with present technology. With the use of
finer-sized powder, magnets with outstanding properties are

expected in the near future.

2.2 Subsequent Studies

Although our initial sintered samples had very high Hci (40 kOe)
and Hk (as high as 29 kOe), the energy product of 13 mGOe was less than
what we desired. At this stage, we decided that the energy product
should be increased to over 15 mGOe, without degrading the other second-
quadrant characteristics. This would amount to raising the residual
induction (Br) to a value of 7.75 kG or over, from about 7.3 kG we have
been producing in the earlier magnets. This would involve increasing
the alignment of the c~axis of alloy powder particles in the magnetiza-
tion direction during compaction. From our past experience, it was

known that we should have been able to achieve the desired alignment .

very easily with the alignment field of 20 kOe that we have been using
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during compaction. Therefore, it was somewhat of a surprise that our
magnets failed to align properly. As stated earlier,(l) there could be
two possible reasons for this type of behavior. Perhaps the powder
particles retained cold work stresses, since we were producing very fine
powder particle size. In such a case the magnetic-easy c-axis changes
to a cone along the c-axis. A second reason would be that the aligning
field was applied when the powder was already packed to a degree, inside

the die, trapping part of the powder in random orientation.

A number of magnet samples were compacted using the same 20 kOe
aligning field and same pressure of 75 klb/in.z. The pressed compacts
at ejection from the die had the thickness of 0.180 in. (0.45 cm). The
only parameter varied was the spacing between the plungers at which the
magnetic field was first applied. From there on, the field was left on
while the plungers were brought closer together until the final compac-
tion. These compacts were then sintered at 1118°C for 1-1/2 hours and
aged at 950°C for 4 hours, followed by quick cooling. The measured

magnetic values are shown in Table 1.

Table 1. Plunger spacing versus remanence.

Plungers (m) | (8 Theoretical) |Pr @) | (M), (@G0e) -
0.5 ' 91.6 5.6 7
0.8 95.3 7.1 12
1.2 94.3 7.3 13
1.6 94.0 7.2 13
2.0 94.5 7.2 13
2.5 94.8 7.2 13

The sample pressed at 0.5 cm spacing obviously was more or less
fully compacted when the field was applied and, therefore, remained
quite isotropic as indicated by a low Br of 5.6 kG. A B, of 5.6 kG

is about the level of remanence that can be expected from a randomly




oriented SmCo5 magnet. The alignment improved when the field was ap-
plied at a larger spacing. The maximum was obtained at a spacing of
1.2 cm. None of the values of Br' however, were high enough to produce
any more than 13 mGOe of energy product. This was, therefore, not a
very productive effort, and we decided to determine if the high energy
product could be obtained by introducing less cold work in the alloy

powder.

Accordingly, we reduced the time of final grinding from 25 minutes,
which we were using until then, to 15, 10, and 5 minutes. Figure 1
shows the variation of particle size with grinding time as expected.
The interesting features of these powders are the sharp fracture sur-
faces on shorter grinding cycles, whereas the longer grinding time shows
more rounded particles, indicating abrasion type of size reduction which
is liable to incorporate stresses in the particles. Compacts were aligned
and pressed in the usual manner and sintered for 1-1/2 hours at 1118°C,
aged at 900°C for another 1-1/2 hours, and then quick cooled. The com-~
positions used for these experiments were 35.5, 36.0, and 36.5 percent

Sm, and balance Co. The results are shown in Table 2.

Table 2. Effect of particle size on magnetic properties.

Time of |Composi- . mGOe B
Grinding tion Den51t¥ Br(kG) Hci(koe) Hk(kOe) (Bﬂ)max ( )
. (% Theoretical)
(min) (% Sm)
10 35.5 92.9 7.8 42 24 15
15 35.5 94.2 7.7 40 23 15
10 36.0 92.7 7.7 47 15 14
15 36.0 95,2 7.7 44 14 15
10 36.5 91.7 7.3 49 18 13
15 36.5 95.0 7.5 41 15 14
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Figure 1.

(a) | (b)

(c)

Particle sizes of SmCog alloy due to different grinding
time in attritor mill. (a) 5 minutes. (b) 15 minutes.
(¢) 25 minutes. Magnification approximately 400x.




Compacts pressed from 5-minute ground powder did not shrink to
good density, indicating that higher temperature would be required for
this powder. Measurements are therefore shown only for the 10 and 15
minute samples. Both 35.5 and 36.0 percent alloys at both the powder
sizes gave the desired residual magnetization and energy product with

quite high Hci and Hk’ and were, therefore, considered to be adequate.

However, it was desirable to have a still higher energy product
to go with the high values of Hci and Hk we had produced in these mag-
nets. This would, of course, require further increase in magnetic
alignment. There appeared to be two possible ways of accomplishing it.
One of these was to superimpose a high level of pulsed field of the
order of 50 kOe, of about 10-millisecond duration, repeated a number of
times, on top of the 20 kOe dc field. The other choice was to cold
isostatically press (CIP) the powder after aligning it in a 140 kOe
dc field. 1In either case, the powder compacts would be sintered and
aged in the conventional manner. We chose to CIP and sinter the 15-
minute ground powder, and tried various composition ranges between 35.0
and 37.0 percent Sm content. Various sintering and annealing cycles
were used. The best results were obtained with the 36.5-percent Sm
powder sintered 3 hours at 1118°C and aged at 900°C for 17 hours, fol-

lowed by quenching. The measured magnetic properties were: -
B 8500 G
r
H 8400 Oe
c
Hk 28,500 Oe
Hci 39,000 Oe

(BH)max 18 mGOe

Unfortunately, about the time we had achieved the desired mag-
netic properties we had also exhausted the inventory of our initial alloys.

Therefore, we acquired a new supply of 34.5 and 42 percent Sm alloys. .




The new alloys showed a slightly different behavior, and we had to esta-

blish the optimum processing conditions again. The best results were

——y

obtained when the 34.5-percent alloy was ground for 20 minutes and the
additive alloy (42 percent) was ground for 15 minutes prior to blending
to obtain various compositions. Whereas the best results were obtained

using 36-percent Sm composition with the older alloys, the new alloys

'required a blended composition of 36.5-percent Sm for die pressed and
%g, sintered magnets. Subsequent analysis of the oxygen content partly ex-~
H plains why the higher percentage of Sm was needed in the newer alloys.
We have been able to maintain an average 0
i the blended old alloy powder, but the 02
cent in the new alloy blends, although we had followed identical pro-

5 content of 0.3 percent in

content had jumped to 0.6 per-

cedures for powder preparation. It is not possible at this point to

-f“ explain this different oxidation behavior, since it would perhaps re-
quire some very fundamental studies to be able to do so.
gg Using 36.5-percent Sm blend of the alloys, we studied the time/
temperature variations of sintering and annealing cycles for both die-
pressed and CIP'ed compacts as related to the intrinsic magnetic param-
F-. eters. In Tables 3 and 4 the results of these studies are presented. !
%
Z Table 3. Magnetic properties of 36.5-percent alloy blend
F die-pressed and sintered magnets. =
\‘ {
5 Sample _ *| Density
- g No. Sinter-Anneal Cycle (8 Theor.) Br(G) Hc(Oe) Hk(k0e) Hci(kOe) (BH)mx(mGOe)
g‘ 21 1124°C - 3 h 6.6 8350 | 8100 19.5 47 17
k: 900°C - 24 h
20 1118°C - 3 h 96.3 8400 | 8300 17 46.5 17.5
3 900°C - 24 h
w‘; 23 1113°C - 3 h 95.6 7800 | 7800 28.5 45.5 15
B 900°C - 24 h .
24 1108°C - 3 h 94.0 7600 | 7600 33.5 44 14.5
900°C - 24 h . N
) ;
* - .
Following the 24-hour 900°C treatment, the samples were quick cooled by 3

pulling the samples out to a water cooled section of the muffle.
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Although the first two samples in Table 3 showed Hci's over
45 kOe and desirable energy products of over 17 mGOe, the second quad-
rant curves showed a definite depression in 47M at comparatively low
demagnetization field. This resulted in a lower Hk than the next two
samples sintered at lower temperatures. The latter two magnets appear
to be more desirable from the point of view of higher resistance to de-
magnetization (and perhaps also higher stability) although the energy
products were somewhat lower. In fact, we picked the sample No. 24 for
stability measurements. This has an Hk of 33.5 kOe which is, we believe,

the highest ever recorded.

All the samples in Table 4 show fairly high values of coercivity
related properties and acceptable Br and (BH)max, except the first run
on No. 35. This sample was furnace cooled and resulted in poor proper-
ties. However, when it was rerun at sinter temperature for 1 hour
followed by aging at 900°C for 24 hours and then quickly cooled, the
expected high values were obtained. An interesting fact is that we did
not see the improved Br in CIP-sintered over the die pressed ones as we
had seen earlier in the older alloys. The differences in these obser-

vations are not understood at this time.

In Figure 2 the microstructures of a few die-pressed magnets
which have heen sintered at different temperatures are shown. The larg-
est grain size is seen in (a) (sample No. 21) and the smallest in (c)
(sample No. 23) in accordance with the sintering temperatures. Although
the grain size in (a) is very large compared to that of (b) (sample
No. 20), their coercivities are very nearly the same. The grain size of
(c) (sample No. 23) is much smaller than in either (a) or (b). The
Hci'a in‘all three cases are the same, but the Hk value is much higher
in (c) than in (a) or (b). That i3, the hysteresis curve of (c) tends
to be more rectangular than either (a) or (b). The grain sizes in the
three samples fail to explain the differences in these magnets; however,
the visible defects appear to give some clue. With decreasing grain

size there is a tendency towards fewer defects per grain. In addition,

ore- e AS—




Figure 2.

(a) (b)

(c)

Microstructures of die-pressed sintered samples at
approximately 400x. (a) Sample No. 21 sintered at
1124°C, (b) samvple No. 20 sintered at 1118°C, (c)
sample No. 23 sintered at 1113°C.

12
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the defects appear to be along the grain boundaries when the grain size
is small, while they appear to be within the large grains of microphoto-
graphs (a) and (b).

We had already seen that when the sintering temperature was
higher than an optimum, there was a tendency for the demagnetization
curves to show kinks. A kink is caused by the presence of two magnetic
species; one with a higher coercivity than the other. Therefore, the
effect of higher sintering temperature is the conversion of a portion
of the material in the magnet to a lower coercivity magnet material.
This could conceivably be due to a secondary grain growth phenomenon
with the secondary large grains trapping a large number of defects, giving
rise to domain nucleation within the grains instead of at grain bound-
aries. The effect of this would be to reduce the grain to a low coer-
civity particle. The microphotographs (a) and (b) of Figure 2 do seem
to have some much larger grains than the bulk, and appear to have a
large number of defects within these grains. In contrast, the grains

in Figure 2(c) appear to be relatively free of trapped visible defects.

On the basis of the above reasoning, one could argue that, given
enough time at a given temperature, the defects may migrate to the grain
boundaries, especially if they had their origin in compositional in-
homogeneity. We decided to carry on an experiment to see if such a
possibility exists. A 36.5-percent Sm alloy magnet was first sintered
at 1118°C for 3 hours with the normal subsequent aging and quenching.
The magnet developed a very well-defined kink as shown in Figure 3(a).
Subsequently three other thermal treatments were given to the sample,
and magnetic measurements made after each treatment. The whole experi-

ment and the results are shown in Table 5.

The kink in the demagnetization curve began to diminish following
each of the thermal cyclings. The indication of that behavior is surmised
from the gradual increase of Hk. In Figure 3, the four curves of the

sample measured after each thermal treatment are shown.

13
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Figure 3. Demagnetization curves of Sample 22 (36.5-percent Sm alloy)
after successive thermal treatments. Each of the high temp-
erature treatments was followed by 900°C aging and quick .
cooling. (a) 1118°C - 3 h, (b) 1113°C - 3 h, (c) 1108°C - 3 h, St
(d) 1108°C - 3 h.
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Various thermal aging experiments were carried out to see what
their effects might be on the intrinsic magnetic parameters, in view of
the fact that we had substantially improved the Hci and Hk in these mag-
nets over what is commercially available. Sintered magnets are known

to suffer severe damage in the temperature range of 700 to 800°C. It

(2,3)

was proposed by some researchers that the degradation in this temp-

erature range is caused by an eutectoid decomposition of SmCo5 into

Sm2Co7 and Sm C°17' Using evidence gathered from Arc Plasma Sprayed

magnets(5'6’7§ we have clearly demonstrated that SmCo_ is quite stable

S
at all temperatures. However, Sm2Co17 does form at lower temperatures
from s:nCo5 by two distinctly different mechanisms. First, SmCo5 can

dissolve a certain amount of cobalt in excess of its stoichiometry which
decreases with decreasing temperature. Therefore, depending on the

alloy composition used, there can be a precipitation of the Sm2Co17

phase in the cooling cycle. The second reason is the role oxygen plays

in the precipitation. SmCo5 at sintering temperature can dissolve oxygen

in the range one percent or more (the exact value is not known) by weight.
However, the solubility decreases as the temperature is lowered. The

excess oxygen precipitates in the form of Sm203.
tion of Sm causes some Sm2Co17 to form within or without the SmCo

grain. Regardless of the method by which Sm

The resulting deple-

5

2Co17 forms, it has a de-

vastating effect on the magnet's ability to resist demagnetization.
Magnets were prepared with the compositions 36.0 percent Sm,
36.25 percent Sm, and 36.5 percent Sm by blending powders of alloys con-
taining 34.5 and 42 percent Sm. Three samples of each composition were
sintered at 1110°C followed by aging at 900°C for 24 hours, and then
quick cooled. One sample of each composition was then reheated to
1110°C for 1 hour, aged at %00°C for 24 hours, and furnace cooled. The
third set of samples was given a heat treatment of 700°C for 24 hours

followed by furnace cooling. Magnetic measurements were made on each

sample after each of the three thermal cyclings, and the data is shown
in Table 6.

P
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Table 6.

Coercivity as a function of various thermal treatments.

First Heat
Treatment
1110°C - 3 h,
900°C - 24 h

Second Heat
Treatment
1110°C - 1 h,
900°C - 24 h

Third Heat
Treatment
700°C - 24 h
Slow Cooled

sample |Composition Quenched Slow Cooled
No. (% Sm)
Hci(kOe) Hk(kOe) Hci(kOe) Hk(kOe) Hci(kOe) Hk(kOe)
29 36.0 35 21 2 <1 0
30 36.25 36 24 9 4.5 0]
31 36.5 42 29 23 19 6.5

The data indicated that the magnet with higher Sm content had
higher resistance to temperature degradation, which confirmed previous

(4)

observations. ' We then decided to give a further long time treatment
of 700°C to the sample already treated at 700°C for 24 hours. To the
three samples from Table 6 we added a fourth one with 37 percent Sm,
and exposed them to 700°C for 120 hours. The sample No. 31 showed

an Hci of 1.5 kOe further down from 6.5 kOe. The 37-percent Sm sample
went down to 2 kOe. But the noteworthy fact is that samples No. 29 and
30, which had shown zero coercivity after 700°C for 24 hours, showed

a positive value of coercivity around 500 Oe after an additional 120

hours at 700°C.

Since the 700°C treatment proved to be an undesirable treatment
for these sintered magnets, a somewhat lower temperature (480°C) was
selected, which could conceivably be used for relieving the thermal
stresses causec by quenching from 900°C treatment. Accordingly, we
picked a CIP-sintered and a die-pressed sintered magnet with excellent
coercivities and gave them a thermal treatment of 480°C for 3 hours,
followed by furnace cooling. Magnetic measurements showed that there
was practically no degradation of properties, except for the H values

k
which declined by 10 to 20 percent. The results are shown in Table 7.
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Table 7. Magnetic properties before and after 480°C thermal treatment.

Sample .
No. Thermal History Br(G) HC(Oe) Hk(kOe) Hci(kOe) (BH)max(mGOe) |
} 33 (CIP) |As sintered at (8000 | 7950 24 33 16

1110°C and after
900°C

33 Additional 480°C|8050 7850 20 31 16
3 hours, slow
cooled

40 (Die |As sintered and |7800 | 7700 | 24 40 15

Pressed) | aged

40 Additional 7800 7700 22 40 15
480°C 3 hours,
slow cooled
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SECTION 3

SPECIAL PROCESS INVESTIGATIONS

3.1 Hot Isostatic Pressing

The initial HIPing was performed on a coarse powder, a product
of the double disc pulverizer. The best results were obtained on
~400 mesh fraction which was given a 1000°C treatment and aged at 900°C
after the HIPing. They were as follows:

B 8.1 kG
r

H . 27 kOe
ci

Hk 16 kOe

(BH) 16 mGOe
max

For the as-HIPed condition, these values were 7.9, 4.0, 1.5, and 6, re-

spectively.

Since the initial experiments in this area looked encouraging,
we have gone further into this area. We had to resolve two issues if
HIPing were to become a feasible method for fabricating magnets with
superior properties. The first of these was the severe cracking of the
samples either because of the thermal expansion mismatch between the
sample and the stainless steel container, or because of the severity of
the machining operation to remove the sample from the container. The
other izsue was the powder particle size. With large particle size we

had produced reasonably good magnetic properties. Therefore, if we

processed fine powder, the results would be superior magnetic properties.
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In our next HIPing experiment we tried fine powder used for the sinter-
ing process and replaced the stainless steel container with copper.
Copper proved to be an undesirable choice as it formed a low temperature
melting alloy withi Sm. We repeated that experiment using a low-carbon
steel container with 1/8-in. wall thickness. This again resulted in
severely cracked samples. In addition, the walls of the container re-

acted with the SmCo alloy, making it difficult to remove it.

We have resolved all of the above problems in our latest HIP ex-
periment by adopting the following procedure. The container material
was still a low carbon steel, but we reduced the wall thickness to ~
0.030 in. from the 1/8-in. wall thickness we used before. In order to
prevent the alloying reaction between the container wall and the SmCo
alloy, we introduced a barrier layer of tantalum in the form of a thin
foil wrapped around the SmCo compact. The removal of the steel container
after the HIPing was easily accomplished by dissolving it in warm dilute
nitric acid. The action of the acid stopped on reaching the Ta foil.
The foil could then be peeled off quite easily, as shown in Figure 4: .
It was also quite gratifying to discover that the HIPed samples this
time were free of cracks. Four samples with compositions varying from
35.5 to 37 percent Sm were included in this group. The powder used was
coarse compared to sintering, i.e., the 34.5-percent alloy was attritor
ground for 10 minutes and the 42-percent alloy ground for 7.5 minutes,
compared to the 20-minute grinding time for sinter powder. Since no
appreciable grain growth is expected to ocrur during densification, we
should still expect good second quadrant properties. In addition, the
larger particle size used resulted in a lower oxygen content. Detailed
studies of these magnets are now in progress. Initial measurements in
the as-HIPed condition are given in Table 8. Figure 5 shows the micro-
structures of the samples in the as-HIPed condition. Average SmCo

s
particle size appears to be around 15 microns, with a few larger ones

as large as 20 to 25 microns.
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Figure 4. Microphotograph of HIPed SmCo sample, showing 1':he .
tantalum foil being peeled off following the dissolution
of the steel container by HNO3. Magnification 1x.

Table 8. Properties of HIPed magnets.
Sample | Composition| Density c(:):xfgee:t Br Hc l'lk quci (BH)max

No. (% Sm) (% Theor.) (%) (G) | (0e) | (kOe) | (kOe) (mGOe)

H-26 35.5 98.9 0.298 |9050{8500 9 16.5 19
H=-27 36.0 98.9 0.193 |8600(8100 8.5 18.5 18
H-28 36.5 99.5 0.328 (8600|7550 7 18 16
H-29 37.0 99.8 0.202 |8250]7350 7.5 19 15 |
21
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(a) (b)

‘(C) (d)

Pigure 5. Approximately 400X microstructures of as-HIPed samples.
(a) No. 26 - 35,5 percent Sm, (b) No. 27 - 36.0 percent
Sm, (c) No., 28 - 36.5 percent Sm, (d) No. 29 - 37.0 percent
Sm. Light grey phase is SmCO5 and dark grey is szco7.
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Second quadrant properties of this new batch of HIPed magnets
are expected to reach similar values as our best sintered magnets after
optimization of thermal treatments. However, since these magnets have
lower oxygen content, it is possible they will have more stable perform-
ance and less degradation when exposed to intermediate temperatures. We
will continue our studies to deﬁermine whether our assumptions are cor-

rect.

3.2 Stability Measurement

Since the Hci and Hk values are the most important properties for
highly stable performance, much of our efforts have gone into increasing

these two properties in sintered SmCo,_. magnets. We have been remarkably

successful in producing the highest Hii and Hk values in sintered mag-
nets that have ever been reported. Further improvements of these prop-
erties will not be easy to achieve without the expenditure of a great
deal of effort and resources. The efforts should be directed towards
substantially eliminating oxygen contamination along with further re-

duction of grain size.

The existing stability measurement device was described in the
first report in July 1978, where we indicated that we would make some
desirable modifications to make it more compatible with the necessary
measurements in our magnet R&D programs. The concept is still in the
design stages. In the meantime, our initial stability measurements have
been made using the existing equipment. For this measurement, 12 identi-
cal rectangular magnets (approximately 0.1 in. x 0.12 in. x 0.25 in.),
magnetized in a direction perpendicular to the 0.12 in. x 0.25 in. plane,
were mounted on the outside wall of a well-annealed carpenter C-49 alloy
hollow cylinder with an epoxy cement. The magnets were magnetized in a
140 kOe field prior to mounting, and they were mounted with the plane
of magnetization on the cylinder wall, the longest edge parallel to the
cylinder axis, and the adjacent magnets having opposite polarities. The

multiple magnetic structure was then introduced into a permanent-magnet




torque generator circuit and rotated at constant speed over a period of
time. The change in the output voltage in the generator coil, which is
proportional to the magnetic flux, with time was then a measure of the

decay of flux in the gap or the decay of magnetization of the magnet.

The magnet used in this first experiment was the No. 24 sinter
run listed in Table 3. Enough magnets were sintered in this particular
sinter run to fabricate two sets of samples for stability measurement.
Each sample in this run was measured for magnetic properties and found
to have no significant differences in properties. A set of representa-
tive values of the properties have been shown in Table 3. The first
set of 12 magnets were magnetized, mounted on the C-49 ring using an
epoxy cement, and cured at 150°C for 16 hours before being introduced
in the torque generator circuit. The flux decay was then monitored and
plotted on decay (in ppm) versus log time (in days) in Figure 6. When
the time was measured from the time of magnetization the points fell on
a straight line, with a slope of 762 ppm/decade. After this first
measurement, the mounted magnet structure was given a thermal treatment
of 225°C for 16 hours, following which we again monitored the flux decay
rate for two decades of time. 1Initial plot of this data (shown in
Figure 7), with the elapsed time being measured following the heat treat-
ment, failed to fall in a straight line. To the time portion of this
data we then added an additional 20 days. The result, shown in Figure 8,

became a straight line once more with a slope of 700 ppm per decade.

The second set of samples of the sinter-run No. 24 have been
given a 480°C ~ 3 hour aging followed by slow cooling to room tempera-
ture. Following the above treatment they have been magnetized and are

now in the process of being mounted for stability measurement.

Besides the temperature stabilization treatments given so far, we
expect to use oscillating magnetic field stabilization of these magnets

to obtain more stable performance from these magnets.
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3.3 Chemical Comminution

We have been preparing the alloy powders by the conventional
mechanical means, such as crushing, pulverizing, and grinding. During
both the preparation and subsequent handling of the powder for the pro-
duction of green compacts, the powder has to be more or less continuously
exposed to air. It would, of course, be very desirable to avoid all
exposure of the alloy to air from the time it is in the form of solid
large pieces until the powder compact is fully densified. This would
require a substantial investment in the form of a large controlled at-
mosphere chamber, where all the powder preparation machines are housed
and all the necessary handlings are performed by means of mechanical
manipulations. Acquiring such a facility is beyond the scope of this
program. We are, therefore, looking at alternative means by which we
could accomplish substantially improved results over present methods
without large capital investments. This would involve chemical pro-

cesses rather than mechanical means for comminution.

In 1969, Zijlstra and Westendorp(e)

demonstrated absoption of
very large quantities of hydrogen by Smc05 alloy under pressure at room
temperature. The absorbed hydrogen is released when the pressure is
reduced. The absorption resulted in the formation of complex hydrides
of Smc°5 alloy.(g) Work performed at G.E.(lo) has shown repeated
hydrogenation results in crumbling and disintegration of the alloy.
Xuijpers(ll) has since prepared 1-10 micron size powder out of LaCo5
and CeCO5 alloys by subjecting the solid pieces of alloys to a hydrogen
pressure of 100 atmospheres for several hours. If we can produce SmCo
alloy powder by the hydrogenation process, with no exposure to air at
all, the oxygen content of the powder will be no higher than in the alloy
itself. The alloy that we purchase contains less than 0.1 percent
oxygen, usually in the range of 0.05 percent by weight. But our sinter

grade powder usually ends up with an oxygen content of around 0.6 per-

5

cent. Using a fairly inexpensive inert-gas glove~box, we can take ad-

vantage of the chemically ground powder and CIP-HIP technique to achieve
a densified SnCos magnet with oxygen content of about the same percentage
as in the starting alloy.

28
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We have done some preliminary work in this area of hydrogen com-
minution. A small cylindrical stainless-steel can with a capacity of
about 20 cm3, and capable of withstanding several thousand lb/in.2
pressure with an O-ring flanged enclosure, has been built. Stainless-
steel tubings with high pressure valves and connectors were used for at-
taching the pressure can to a hydrogen tank (the source of hydrogen
pressure), a vacuum pump, and an argon source. The first run of com-
minution involved a few 1/2-in. size alloy pieces passed through four
cycles of pressuring at 700 lb/in.2 of hydrogen and examination. Fig-
ure 9(a) is an SEM picture of the resulting powder, with particle size
as large as about 100 microns. Some of the particles looked quite
cracked, indicating that they would crumble to much finer size with a
small mechanical force. This powder was then spatulated on a steel
plate and sieved through a 400-mesh screen. Approximately 50 percent
of the powder went through. Figure 9(b) is that of the -400-mesh frac-
tion, which shows that there are many particles in the 1-10 micron range.
Since the initial experiment, we have modified our equipment to be able
to withstand up to 2000-1b/in.2 pressure. At this moment, it looks
promising that we may be able to produce sinter grade powder by this

technique. We expect to continue further studies in this area.

——




(a) (b)

Figure 9. SEM photographs of the hydrogen-comminution powder of Sm(':o5
alloy. (a) as processed using 4 cycles of hydrogen
pressurization at 700 lb/in.2, (b) -400 mesh after spatula-
tion of powder in (a) and sieving through 400-mesh screen.
Both the photographs were taken at 500x magnification.
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SECTION 4

DISCUSSION AND CONCLUSIONS

The decay rate of flux in our sintered Sch5 magnet with an Hk
of 33 kOe, held at a temperature of 65°C, was determined to be around
700 ppm/decade of days. Similar measurements on our plasma sprayed

magnets yielded a decay rate of about 50 ppm/decade.(lz)

The best
available commercial magnets with nk around 16 kOe under similar condi-
. tions of measurements showed a decay rate of 900 ppm/decade. The above
findings contradict the reported Hk dependence of flux stability.(l3)
The best commercial sintered magnets contain a little higher amounts of
oxygen than our sintered magnets, and the oxygen content of our Arc
Plasma sprayed magnets is much smaller. Some plausible explanations of
the measured decay characteristics can be given on the basis of oxygen

content as discussed below.

(14)

According to Bartlett and Jorgensen oxygen is soluble in

SmCoS, and the solubility increases with temperature. In fact, they

claimed that SmCo5 dissolves about 0.35 percent more oxygen at 1120°C

(sintering temperature) than it does at 800°C. The amount dissolved at

L

800°C is not known. Our own conclusion at this time is that the oxygen

solubility at 900°C is less than 0.6 wt percent (found in our sintered

s N

magnets), but more than 0.2 wt percent contained in our plasma sprayed
magnets. Bartlett and Jorgensen also suggested that, when the tempera-
ture of the SmCo5 is lowered so that the oxygen may precipitate out of
solution, it does so by the formation of Sm203, with a resultant deple-

= AR T

tion of Sm in the surrounding site of szo3 precipitation. The depleted




)

zone could conceivably form stC°17’ which requires less Sm than does
SmCos. These then would be the defect sites where reverse magnetic do-
mains would nucleate, which would result in a lowering of coercivity.

If there is an excess Sm present in the magnet body, and the
temperature at which oxygen precipitation occurs is sufficiently high
so that there is rapid enough diffusivity of Sm, then the depleted re-
gions could be reconverted to SmCo5 and the coercivity restored, or even
improved, because of lesser amounts of oxygen dissolved in the SmCo5
lattice. That, we believe, is the reason why sintered magnet coercivity
is greatly enhanced when it is aged in the temperature range of 850 to
900°C followed by quenching. If, however, the precipitation of oxygen
occurs in the temperature range of 650 to 800°C, the formation of Sm203
and Sm2Co17 proceeds quite easily, but the kinetics of Sm diffusion is
obviously much too slow to overcome the effect of damaging defects, and
the coercivity drops drastically. Further down the temperature range,
say 500°C or lower, the damage to coercivity is quite small, presumably

because of a reduced kinetics of oxygen precipitation.

On the basis of the above explanations of the nature of oxygen
reaction in SmCos, we can now examine the behaviors of both sintered
and plasma sprayed magnets after different thermal treatments. The
plasma sprayed magnet contains 0.2 percent oxygen, which appears to be
completely soluble in SmCos between 650°C and higher temperatures. We
arrive at this concuiusion f;om the fact that extended thermal treatments
at any temperature from 650 to 1000°C of a well homogenized APS sample,
followed by slow or fast cooling, have little effect on the high coer-

civities of these magnets.

As for our sintered magnets which contain 0.6 wt percent 02, all
of the oxygen appears to be in solution at the sintering temperature of
around 1100°C. This concentration may not be the saturation limit, but
it is higher than the solubility at 900°C, which we use as optimizing

temperature. Indirect proof for the above statements is afforded by
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the fact that the Hci of this magnet, when it is cooled rapidly from
1100°C, is a lowly value of less than 10 kOe (see Table 4). This, we
postulate, is the result of retaining all of a 0.6 wt percent 02 in
solid solution. If it is allowed to cool down to 900°C and held there
for a period of time and then quenched, the coercivity Hci can be as

high as 45 to 50 kOe. This is the Hci of the SmCo5 material with the

amount of oxygen it can retain in solution which is less than 0.6 wt

percent at 900°C. The excess oxygen precipates out as Sm203. Sm2C017
203 is recoverted to SmCos by the
diffusion of Sm from the neighboring regions because cf the excess Sm

formed during the precipitation of Sm

in sinter alloy. The holding time at 900°C is important in order to
allow diffusion of Sm to proceed to completely eliminate Sm2C017. The
longer the holding time at 900°C, the higher the coercivity, up to a

certain length of time beyond which there is no further improvement.

Let us now examine the absolute destruction of coercivity in the
sintered magnets when subjected to extended heat treatments in the
temperature range of 650 to 800°C. The explanation in this particular
case is that the solubility of oxygen in the SmCo5 is even lower now

than at 900°C, and the process of szo precipitation and the depletion

3
of Sm in the surrounding regions continues. Of course, we still have
excess Sm in the magnet body, but the neutralization of the depletion
by diffusion does not happen readily, simply because the diffusion of

Sm in SmCo5 at these temperatures must be too low.

when the thermal treatment on sintered magnets is carried out at
500°C or lower after optimization, no significant deterioration was ob-
served in the Hci (see Table 7). A 10 to 20 percent decline in the Hk
was seen in samples treated for 3 hours at 480°C, but the Hci's, Hc's,

and Br’ etc. remained practically unchanged. The oxygen precipitation,

although very slow, must still be there as indicated By the decrease
in Hk values.
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If the oxygen precipitation has slowed down to such a small
value at 480°C, it appears unlikely that there could be any observable
precipitation at 65°C, the temperature at which flux decay rates were
measured. It should, however, still be a finite rate of precipitation,
small though it may be. The flux decay rate in plasma sprayed magnets
was found to be 50 ppm/decade, and 700 ppm/decade for sintered magnets.
If the logarithmic relation between flux decay and time continues, as

(15) the total decay of

it is reported to be a well accepted phenomenon,
flux over 27 years or 10,000 days (4 decades in days) will be 0.02 per-
cent and 0.28 percent for the plasma sprayed and sintered magnets,
respectively. The small decrease of coercivity associated with such
small changes in the residual induction is beyond our measurement capa-
bility. It is, however, interesting to note that precipitation of
oxygen at a given temperature should follow a logarithmic relationship
with time just as the decay rate is found to be. For any given tempera-
ture, the rate of oxygen precipitation should also depend on the degree
of supersaturation. It has already been brought out that the sintered
magnets, after optimization treatment, contain substantially more oxygen

in solution in the SmCo_ lattice than the plasma sprayed ones. There-

fore, it appears that oiygen plays an important role in the flux stabi-
lity of SmCo5 magnets, and our efforts should be directed towards the
reduction of this very damaging element. Our new approach to powder
preparation by chemical comminution appears to be a step in the right

direction.
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