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suppresses precipitation of excess oxygen that is present is solid solution
at elevated temperatures and this results in a high decay rate at lower oper-
ating temperatures. The present results are considered extremely significant
in that these provide, it is believed, for the first time the recipe to produco
SBCo 5 magnets which are very stable with time. The preferred fabrication pro-
cedure should include producing of magnets with a composition of near-
stoichiometric SmCo 5 with a low level of oxygen and possibly a low level of
internal stress.

Additional experiments performed with the Er-Sm-Co and Tb-Sm-Co ternary
compositions for purposes of producing temperature compensated magnets have
resulted in maximum values of (BH)max of 11.6 MGOe and 9.0 MGOe respectively
in these two systems. Although these values are substantial improvements over
what was previously accomplished, these are still lower than what is believed
achievable. Improved alignment procedures are being investigated for this
purpose. In regards to the full-circle radial ring SmCo 5 magnet that was
discussed in the previous annual report, and which can, so far, only be pro-
duced with the technology developed under this contract, magnets of specified
geometries were fabricated and found extremely useful in application which
included a low-cost gyroscope and a travelling wave tube. Superior performance
was realized in both instances using this product. A few experiments were alsC
performed, this past year, on the fabrication of low oxygen containing
isotropic magnets which were pressed in an inert gas glove box to keep the
level of oxygen contamination low. This was achieved, and one magnet thus
produced possessed a room temperature Hci value of 56 kOe, believed to be the
highest reported for magnets produced by densification of SmC0 5 powder.
Additional work will concentrate on producing aligned magnets with similar low
oxygen levels.

Most of the work performed with the Sm-Co alloys using plasma spraying as
the fabrication process concentrated on producing material with crystal
anisotropy. A transmission electron microscopic (TEM) examination of a sample
that had shown a single sharp crystalline x-ray peak located at the expected
peak position for the (00.6) reflection from Sm2Co1 7, showed the presence of
large (unmelted) 1 to l~pm particles, fine So A grains and amorphous regions.
It was concluded that the statistical sampling required for identifying the
crystallites, responsible for the (00.6) x-ray peak, would require extensive
effort. With respect to producing textured plasma sprayed alloys, the tech-
niques examined included annealing the near-amorphous (time grained and
hydrogen treated) materials in the presence of large applied static magnetic
fields and thermal gradients, and deposition on substrates maintained at
elevated temperatures. Experiments showed that magnetic field annealing did
not induce texture in the material. Efforts on temperature gradient annealing
also did not yield very encouraging results. These were ambiguous at best.
Depositions of SmCo 5 compositions at elevated temperatures however, provided
for deposits that were highly textured with the c-axis oriented perpendicular
to the plane of deposition as indicated by x-ray diffraction patterns obtained
on these materials. This is considered a major breakthrough in the fabrication
technology of these materials. Plasma spraying is a lower cost process and
because of its near-net shape and size capability is expected to find many
applications. Further efforts will concentrate on optimizing the composition
and heat treatments of the textured deposits for producing high quality
SuCo5 magnets.
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SECTION I

INTRODUCTION

1. I Program Background

The Charles Stark Draper Laboratory, Inc. (CSDL) is involved in

research and development in various technologies related to guidance and

navigation control for vehicles of all types. Samarium cobalt magnets,

because of their high intrinsic coercivity (Hci) and maximum energy

product (BH)max, are very attractive permanent magnet materials for

applications in inertial instruments. They are used within inertial

systems as components of the inertial instruments or sensors - the gyro

and accelerometer - and as gimbal torque motors. The lower volume of

the SmCo magnet impacts favorably on the overall size and weight of the

instrument.

In addition to their high energy product, the magnets used in the

advanced inertial instruments must also possess long-term flux

stability, insensitivity to minor temperature variations, and physical

properties compatible with beryllium. (Beryllium is the structural

material used in modern inertial instruments.) Commercially available

SmCo5 magnets, produced by the state-of-the-art, powder metallurgy

process, possess more than adequate Hci and (BH)max, and the thermal

expansion coefficient requires only a small amount of tailoring to match

that of beryllium. The two important areas where the commercial SmCo 5

magnets fail to meet the requirements of advanced inertial instruments

are: (1) lack of flux stability and (2) large variation of flux

associated with a small temperature change.

The Office of Naval Research has sponsored a comprehensive

research program at CSDL since October 1977 directed towards improved

S 'o5 maqne* tabrication procedures to achieve higher flux stability,

te"e; Itu compensation, and matched thermal expansion with beryllium.



During the first two years of the present program, the efforts focused

on sintered and hot isostatically pressed magnets of the SmCo 5

composition. A new subtask was added as of October 1979, which

concentrates on Sm-Co magnets fabricated by the arc-plasma-spray (APS)

process. The motivation behind this subtask was the earlier achievement

of outstanding success with near-isotropic SmCo 5 magnets using this

process at CSDL.

1.2 Objectives

The objectives of the present program are to investigate the arc-

plasma-spray process for fabricating improved Sm-Co magnets and to

develop improved powder metallurgical procedures to produce inertial-

grade SmCo5 magnets which would provide improvements in the following

areas:

(1) Long-term flux stability at constant temperature (1400F)

Desired: 0.008 ppm/90-day

Present capability: Sintered: 1 1 ppm/day

Plasma Sprayed: 0.05 ppm/day

(2) Thermal stability of residual induction

Desired: 0.1 ppm/OF

Present capability: 300 ppm/-F

(3) Tailoring of thermal expansion coefficient

Desired, same as beryllium: 6.6 pin./in. 0F

Isotropic: 4.7 pin./in. 0F

Anisotropic:

(a) Along magnetization direction: 3.1 pin./in. OF

(b) Normal to magnetization direction: 7.1 pin./in. OF

2



SECTION 2

SmCo5 MAGNET INVESTIGATIONS

2.1 Progress Prior to This Report

Four interim annual reports(1 '2 ,3 '4 )* have been submitted, which

describe the progress in this area for a period of four years, from

October 1977 to September 1981. The highlights of the past performance

are summarized below.

The most challenging of the three objectives, listed in the

previous section, was the achievement of a near-zero flux decay rate;

the decay rate of the average commercial SmCo 5 magnet was found to be

about 2000 ppm/decade of days. Since the coercivity of SmCo 5 magnets is

much higher than that observed in other permanent magnets, the unusually

high decay rates shown by these magnets were quite difficult to

explain. In contrast, the scientific basis for the other two objectives

appeared reasonably clear, (5 ,6 ) and thus more easily obtainable.

Earlier efforts were therefore directed towards attaining lower decay

rates and at the same time gaining an understanding of the mechanisms

involved in the unusually high decay rates shown by SmCo5 magnets

produced by conventional powder metallurgy processes.

Since the decay of magnetic induction is a demagnetization

process, higher stability was expected to demand a greater resistance to

such a process. In turn, this meant that both the intrinsic coercivity

Hci and Hk (reverse field at 90 percent 4wM R ) had to be improved

substantially over the state-of-the-art magnets which have Hci in the

range of 20 to 30 kOe and Hk of 5 to 10 kOe, notwithstanding the fact

that these values were already an order of magnitude higher than those

of the other permanent magnets known at the time. In order to achieve

Superscripted numerals refer to sources in the List of References.
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this difficult goal the SmCo5 magnet fabrication technique had to be

improved to produce contamination-free magnets, particularly oxygen,

with fine grain size. The standard sinter technology was therefore

improved significantly, and this resulted in magnets with outstanding

intrinsic coercivity: Hci of approximately 50 kOe and Hk of 33.5 kOe.

This resulted in an improvement in the flux decay rate to 280 ppm/

decade. In a parallel effort, the hot isostatic pressing (HIP)

technique was developed for producing SmCo5 magnets, which resulted in

magnets with properties comparable to sintered magnets. The oxygen

content of these magnets was about half of what is found in sintered

magnets. Initial HIPed SmCo5 magnets showed an improved low decay rate

of 160 ppm/decade. More recent studies of flux decay rates have shown

that the amount of the second phase Sm2Co7 present in the magnet plays a

much more significant role. Larger amounts of the second phase produced

a higher rate of decay. Preliminary measurements of flux decay rates of

high coercivity and high energy product HIPed SmCo 5 magnets had shown

that the decay rate increased from 43 ppm/decade to 1070 ppm/decade when

the samarium content was increased by one weight percent.

At the beginning of the third year, experimental work was

initiated on the temperature compensated magnets as well as thermal

expansion measurements (with the above-stated objectives of producing

temperature stability and matching the expansion coefficient of the

magnet with that of beryllium) in addition to the continued efforts on

the study of flux stability. Initial sinter experiments were performed

to determine the compositions necessary to obtain zero temperature

coefficients using ErCo5 and TbCo5 to replace part of SmCo5. Larger

percentages of these compounds were found to be necessary to obtain zero

temperature coefficient than what was expected to be required on the

basis of published data. As a result, the Br values were much lower

than previously estimated. In addition, there was some loss of the

potential Br because of poor alignment obtained by die pressing and

sintering. The situation was somewhat alleviated by pursuing HIP

processing instead of the conventional sinter technique. Initial HIPed

magnets gave higher Br values but lacked the necessary coercivity.

4



However, based on the higher Br values, the potential of higher energy

product was seen if the coercivity could be improved by increasing the

overall rare earth to cobalt ratio.

The highest energy product CSDL SmCo5 magnets, prepared by HIP

(21 MGOe) and die-pressed sintered (18 MGOe) were found to have two

percent higher and two percent lower thermal expansion coefficients,

respectively, than that of beryllium. Obviously an SmCo5 magnet with an

energy product of between 19 and 20 MGOe would give a very satisfactory

match with beryllium for thermal expansion compatibility, which would

require little if any further effort.

Radially oriented full-circle SmCo5 ring magnets have been

impossile to produce by sinter technology, although many applications

require such magnets. Using the HIP technique developed for SmCo 5

magnets at CSDL, ring magnets with radial orientation of high magnetic

properties and well controlled geometry were produced. These were

expected to play an important role in the magnetic circuitry of torque

generators in inertial instruments.

2.2 Progress during This Reporting Period

2.2.1 Further Studies on Flux Stability

Based on the fin'ings prior to the present reporting period, it

appeared that there were two distinct mechanisms which were responsible

for the unexpectedly high decay rates seen in SmCo5 magnets:

(1) Presence of Sm2Co7 in the fabricated magnet which is

deliberately added to the alloy composition to promote the

sintering characteristics

(2) Formation of Sm2Co1 7 caused by the precipitation of

dissolved oxygen in the SmCo5 lattice

S:



The first of these two conclusions was arrived at on the basis of

a rather limited amount of experimental data on just two sets of samples

prepared by the HIP technique. Further verification was considered

necessary on not just HIPed magnets but also on the sintered type.

Therefore, it was decided that sintered SmCo 5 magnets with three

different compositions would be tested for flux stability. The

compositions selected were 35.0, 35.5, and 36.0 percent samarium. The

compositions of stoichiometric SmCo5 and Sm2Co7 are 33.8 and 42.2

percent samarium, respectively. The three compositions selected would

contain appreciably different amounts of the second phase Sm2Co7 to

reveal the variation of flux decay rate as a function of the Sm2Co7

content.

The startup alloy powders of the selected compositions were

prepared by blending sinter grade powders of 34.5 percent samarium and

42 percent samarium alloys in calculated proportions. Disc-shaped

compacts were produced from these powder mixtures in an aligning

magnetic field of about 15 kOe under a compaction pressure of 50 kpsi.

The green compacts were sintered at 11250C for 3 hours followed by aging

at 9009C for 24 hours in a high purity helium atmosphere. Some of the

samples of each composition were quick cooled and others were furnace

cooled following the 9000C aging. The samples of each category were

then subjected to the following evaluation procedures:

(1) Magnetic measurement to determine B-H characteristics

(2) Metallographic examination to determine phase composition,

homogeneity, grain size, porosity, etc.

(3) Oxygen analysis

The results of magnetic measurements are given in Table I for

both the quick cooled and the furnace cooled samples. Typical micro-

structures of the magnets are shown in Figures 1, 2, and 3. Table 2

shows the oxygen content of the magnets.

6



Table 1. Magnetic properties of flux stability magnets with samarium
content of 35.0, 35.5 and 36.5 percent. Sintered at 11206C -

3 hours, 9006C - 24 hours.

Composition Cooling after Br Hci Hc  Hk (BH)max

% Samarium Heat Treatment (KG) (kOe) (kOe) (kOe) (HGOe)

35.0 Quick cooled 6.7 34.0 6.3 12.4 10.6

35.5 Quick cooled 7.1 47.0 6.9 15.4 12.2

36.0 Quick cooled 7.1 48.0 7.1 10.5 12.6

35.0 Furnace cooled 6.6 2.0 - - -

35.5 Furnace cooled 7.3 31.0 6.0 4.0 11.6

36.0 Furnace cooled 7.1 37.5 6.2 5.4 9.9

Table 2. Oxygen analyses of flux stability magnets.

Sample Oxygen %

35.0 0.445

35.5 0.493

36.0 0.424

7
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Magnetic property measurements brought out the fact that 35.5 and

36.0 percent samarium retained fairly high coercivities on furnace

cooling, but the 35.0 percent samarium magnets could not retain enough

coercivity for flux stability measurements. All the samples had good

coercivity in quick cooled conditions and would therefore be suitable

for stability measurements. Although the magnets become more stable

when furnace cooled, we had to settle for quick cooled conditions in

order to be able to compare the stabilities of all three compositions.

On the basis of the compositions the 35.0, 35.5 and 36.0 percent

samarium alloys should contain 15, 21 and 28 percent Sm2Co7 ,

respectively. But because of about 0.4 percent oxygen content the

Sm2Co7 contents are much less, since all the oxygen in excess of the

amount that is dissolved in the SmCo 5 lattice forms Sm203, reducing the

amount of samarium available for the alloy. Microstructure examination

clearly showed increasing amounts of Sm2Co7 based on increased amounts

of samarium in the magnets, but clearly much less than the calculated

amounts. The micrographs also reveal that the porosity in the

35.0 percent magnet is much higher, indicating that the higher amount of

samarium, as in the other two alloys, is necessary to obtain better

sinterability. The lower Br value of the 35.0 percent alloy is directly

related to lower sintered density. The Br values of all the magnets are

rather low, indicating that die pressing and sintering do not usually

produce good particle alignment. Nevertheless, the magnetic properties

were sufficiently high to let us proceed to the next step, viz the

measurements of decay rate.

As described in earlier reports, the flux decay rate measurement

apparatus requires 12 rectangular magnet samples of an identical

geometry. The machined samples are given the final heat treatment,

magnetized and mounted in a Carpenter-49 alloy cylinder by bonding with

epoxy at 1500C for 16 hours. The mounted samples are then introduced

into a torque generator circuit and rotated at a constant speed while

being maintained at a constant temperature of about 140OF during the

entire measurement period. A voltage is generated in the pickup coils.

The decline of the voltage with time is a direct measure of the magnetic

flux decay rate.

10



The above procedures were used to measure the flux decay rates of

one set each of 35.5 and 36.0 percent samarium magnets and two sets of

the 35.0 percent samarium batch. The selection of sample composition

was based on the expectation that the results would demonstrate the

dependence of flux stability as a function of the amount of the second-

phase Sm2Co7. That is, the larger amounts of Sm2 Co7 in the alloys would

produce larger decay rates. Duplicate runs of the 35.0 percent samples

were performed to determine whether the chosen method of flux decay

measurement does indeed produce dependable results. The results of

these measurements, as will be seen later, have shown that our

expectations were correct and have also demonstrated that the

measurement data of the present apparatus are reasonably dependable.

The results of the measurements were plotted on semi-log graph

papers, with time on the log scale versus the decay of flux. It was

demonstrated in earlier reports that a reasonably straight line

relationship between flux decay and log time could be obtained if the

zero time were assumed to be the end of the last heat treatment.

Figures 4 and 5 show the decay rate plots of the two batches of 35.0

percent samarium magnets and Figures 6 and 7 are those of the 35.5 and

36.0 percent samarium magnets. Unfortunately, there were some delays

and interruptions in the measurements of these samples. In the case of

the 35.5 and 36.0 percent samarium magnets, more than two months had

elapsed, since the last heat treatment and magnetization of the samples,

before the flux decay measurements commenced. The two sets of 35.0 per-

cent samarium magnets encountered an interruption in measurements for 35

days at the end of 47 days of initial measurements. The samples were

maintained at the measurement temperature during the interruption

period. Measurements were then resumed and continued for another 50

days. The decay rates for the samples were determined from Figures 4

through 7 and recorded in Table 3.

I
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Table 3. Measured flux decay rates of 35.0, 35.5 and 36.0 percent
samarium magnets, which were quick cooled from 9000C aging.

Sample Fabrication Coercivities Decay rate
No., Process ppm/decade of days
Percent Sm Hci(kOe) HK(kOe)

35.0 No.1 Sintered 34.0 12.4 83

35.0 No.2 Sintered 34.0 12.4 133

35.5 Sintered 47.0 15.4 142

36.0 Sintered 48.0 10.5 342

24-36.5* Sintered 44.0 33.5 761

* From report No. 3 of this program.

The results presented in Table 3 show that as the samarium

content of the magnet is increased from 35 to 36 percent, thereby

increasing the amount of the second phase Sm2Co7 -(see Figures J, 2, and

3), the flux decay rates increase monotonically from a low of 83 ppm/

decade to 342 ppm/decade. As previously reported, (3 ) a magnet sample

with 36.5 percent samarium, fabricated in a similar manner as the

present samples and subjected to similar thermal treatment of quick

cooling from the 9000C aging treatment, gave a decay rate of 761 ppm/

decade. (The latter sample had an Hci of 44 kOe and Hk of 33 kOe, and

the data are reproduced in Table 3.) The decay data of Table 3 are

shown graphically as curve No. I in Figure 8.

The 36.5 percent samarium flux stability samples were restored to

their high temperature homogenized condition by heat treating and then

furnace cooled after the 9000C aging. Flux stability measurements were

reported on some HIPed magnet composites in last year's report. These

were also furnace cooled after aging. The measured magnetic properties

and the decay rate measurement on the earlier magnets, which have

already been recorded in previous reports, are shown in Table 4.
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Figure 8. Flux decay rates of SmCo 5 magnets as a function of Sm

content and thermal treatment.
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Table 4. Flux decay rates and magnetic properties of some slow cooled
samples after 9009C aging.

Sample No. % Sm Fabrication Coercivities Decay rate
Process ppm/decade

Hci(kOe) HK(kOe) of days

24 36.5 Sintered 23 19.0 280

H-26 + H-27 35.75 HIPed 22 7.5 43

H-28 + H-29 36.75 HIPed 30 8.0 1070

The decay data of Table 4 have also been plotted in Figure 8 as

curve No. 2. Both curves 1 and 2 are decay rates of SmCo 5 magnets as a

function of composition; however, the curve No. 2 magnets show lower

decay rates than those of No. I for the same composition. The curve 1

magnets were quick cooled from the aging temperature, whereas the others

u-tre cooled slowly inside the furnace. It has been shown in previous

reports that the slow cooling process from aging temperature g'-'.ally

lowers the coercivity values. It was adequately explained tt it does

so by precipitation of excess dissolved oxygen from the SnCo 5 lattice

and causing formation of some Sm2Co 17 phase. Although the coercivity is

lowered, the flux stability instead of degrading actually improves

significantly.

Until the present studies in flux stability it was generally

accepted (6 ) that the higher the coercivity of the SmCo 5 magnets,

particularly the Hk value, the higher the expected stability of magnet

flux. This study clearly shows that coercivity plays a minor role in

the flux decay process. The following conclusions about stability of

Svio 5 magnets can now be drawn based on the experimental results that

have been obtained.

(1) In contrast to earlier findings, the value of Hk has little

bearing on the flux decay rate.
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(2) At least two mechanisms appear to be responsible for the

observed flux decay rates:

(a) The presence and respective amounts of the Sm2co7 phase.

The larger the amount, the higher the decay rate.

(b) Lowering of dissolved oxygen (and perhaps internal stress

to a lesser extent) by slow cooling from aging

temperature lowers the decay rate.

(3) To maximize stability of magnet flux the material should be

composed of near-stoichiometric SmCo5 with low oxygen and

possibly a low internal stress.

It will be very desirable to produce a few more data points for

both the curves of Figure 8. This can be easily accomplished by either

slow cooling some of the samples of curve No. 1 and fast cooling some of

the samples of curve No. 2. Some more samples should be studied with even

lower samarium content than the lowest (35.0 percent) studied so far.

This can be done only by HIP, since nearly the lowest limit of composition

for sintering had been reached. In addition to the ability of HIP to

densify SmCo alloy powders with less than 35.0 percent samarium, the

powder particle size can be substantially larger, which would result in

lowered oxygen content. As was already stated, it would be very desirable

to lower the oxygen content of the finished magnet in order to achieve

higher stability.

2.2.2 Temperature Compensated Magnets

Inertial instruments are usually operated at a constant temperature

somewhere in the range of 1300 to 1600F. It is desirable that the SmCo 5

magnets used in the sensor circuitry possess a near-zero temperature

coefficient in this range of temperature. Recent measurements at CSDL on

high energy product magnets prepared in the laboratory have shown that the

temperature coefficient of magnetization is about 180 ppm/OF variation in

temperature in the temperature range of 1300 to 1600F.
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In contrast to the normal negative temperature coefficient for

SsCo5 , the heavy rare earth (HRE)-cobalt compounds show positive

temperature coefficients of larger magnitude than that of SUCo 5 in the

desired temperature range. Calculations based on available data had

shown that the magnets of compositions (66.7% SmCo 5 + 33.3% ErCo5 ) and

(81.8% SmCo5 + 18.2% TbCo 5 ) should have a near-zero temperature

coefficient at gyro operating temperatures. The corresponding expected

(BH)max values would be 17.2 and 18.7 MGOe, respectively, at 100 percent

density and alignment and 15.5 and 16.8 MGOe at 90 percent alignment.

Our initial temperature compensated magnets, produced by die-

pressing and sintering, showed that a zero temperature coefficient could

be obtained in SmCo5 magnets by replacing about 40 percent of the SCo5

by either ErCo 5 or TbCo 5 . Because of poor alignment in die pressing,

the energy products were only about 7 and 5.5 MGOe, respectively.

Various compositions of the above two binary systems were then

fabricated by cold isostatic pressing of aligned powder and HIPing the

resulting green compacts. These samples showed higher Br values,

indicating the potential for higher energy products. However, the

coercivities were much too low to bring about the improvement in energy

product. Temperature coefficient measurements revealed that the zero

coefficient composition for the ErCo 5 + SICo 5 system was slightly higher

than 35 percent EzCo 5 but less than 40 percent. In the case of TbCo5 ,

the zero composition was found to be between 30 and 35 percent TbCo 5.

Microstructure of the samples showed the presence of an RE2Co 17 phase,

which would account for the poor coercivities. Obviously, then, the

percentage of the rare earth had to be increased, which could be

accomplished by adding an additional amount of Sm2ro7 powder to the

alloy powder mixtures. This was done and four more HIPed magnet ingots

were fabricated with the following compositions: 30% TbCo 5 + 70% SmCo 5 ,

35% TbCo5 + 65% SmCo 5 , 35% ErCo5 + 65% SmCo 5 , and 40% ErCo5 +

60% SnCo 5 . A large number of 0.5-inch-diameter xO.2-inch-thick discs

were removed from each of the HIP ingots for various heat treatments as

follows: 10500C - 24 hours, 10750C - 24 hours, 11000C - 24 hours,

11206C - 3 hours, 11400C - 3 hours, 11600C - 3 hours, and 1180C -
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3 hours. Following each of these heat treatments, the samples were

cooled down to 9000C and held for 24 hours and quick cooled. Intrinsic

magnetic properties were measured in each case. In as-HIPed condition

all samples had poor coercivities. However, except for sample E-40, the

other three showed substantial improvement after various heat

treatments. Typical microstructures of 11600C treated samples, etched

to reveal the second phase or phases, are shown in Figures 9, 10, 11,

and 12. The terbium-containing samples show well dispersed Sm2Co7

particles, which is a situation conducive to producing high

coercivity. Both of the erbium-containing samples show Sm2Co17 phase,

known to damage the coercivity of SmCo 5-type magnets. The amount of

Sm2CO17 in the E-35 samples is rather small and therefore the coercivity

is not so badly damaged. However, E-40 shows excessive amounts of

Sm2Co17 and the result is poor coercivity in these samples. The best

magnetic properties of these magnets were attained at different heat

treatments. The results are presented in Table 5.

With reference to the samples T-30 and E-35, the achieved energy

products of 9.0 and 11.6 MGOe are rather low compared to the theoretical

maximum values of 14.1 and 17.0 MGOe and values of 12.6 and 15.3 MGOe,

respectively, expected at 90 percent alignment. A very strong suspicion

at this time is that the alignment during compaction was poor.

Therefore, efforts should go into achieving better alignment. On the

other hand, an energy product of 11.6 MGOe may be acceptable if the

other requirements, such as time dependent flux stability and thermal

expansion characteristics, are satisfactory. Investigations on these

other properties are now in progress on both the erbium- and terbium-

containing temperature compensated magnets, and will be reported in due

course.
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From the studies carried out thus far on the two ternary systems,

Er-Sm-Co and Tb-Sm-Co, the following observations are drawn:

(1) Near-zero temperature coefficients occur in Er-Sm-Co and Tb-

Sm-Co magnets at the compositions of slightly higher than

35 percent ErCo 5 and slightly lower than 35 percent TbCo5 .

(2) The maximum energy products achieved are 9.0 MGOe for Tb-Sm-

Co and 11.6 MGOe for Er-Sm-Co magnets as compared to 12.6

and 15.3 MGOe, respectively, that are believed achievable.

(3) Better alignment may produce the higher energy products

indicated in (2), and investigations are now in progress to

determine if this can be accomplished.

2.2.3 Radial Ring Magnets by HIP

Last year it was reported that a significant milestone was

achieved in the HIP processing of SmCo5 magnets. Using this technology,

newly developed at CSDL, full-circle radially oriented SmCo 5 ring

magnets were successfully produced with high intrinsic magnetic

properties. Until that time, successful fabrication of radial ring

magnets had eluded all attempts. During the past year, radial ring

magnets of specified geometries have been fabricated for the following

applications:

(1) Torque generator of a CSDL-designed low-cost gyroscope

(2) Electron beam focusing within a slow wave structure of a

traveling wave tube.

Superior performance, as expected from magnets with radial

orientation, have been realized in both of the above applications. The

fabrication of these magnets was carried out under independent funding.
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It is believed that the radially oriented SmCo 5 magnets will

eventually be used in many significant applications, where they will

perform in a more superior manner than the unidirectionally oriented

magnets that are currently available. There are some minor problems

associated with the mechanical integrity of the radial magnets which,

however, do not deter their usage. Nevertheless, a research and

development effort should be directed towards the elimination of the

problem. It may be possible to accomplish this if funds become

available.

2.2.4 Low-Oxygen SmCoS Magnets

Oxygen plays a damaging role on the flux stability of SmCo5

magnets (and perhaps also on the coercivities). Because of the inherent

affinity of samarium for oxygen, the conventional die-pressed and

sintered magnets contain about one-half percent oxygen at the minimum

and sometimes as much as one percent. Practically all of this oxygen

enters the SmCo5 magnets from surface contamination of the powder

particles of the alloy, as a consequence of powder preparation and

handling in an air atmosphere. In order to avoid oxygen pickup by the

SmCo5 powder, a special chamber was built to carry out powder

preparation, drying of the powder, compaction and encapsulation of the

powder co:'act inside HIP cannisters in an oxygen-free argon atmosphere.

The chamber was designed and built with funds provided under a related

magnet program.

For the initial experiments, two commercial Sm-Co alloys with

34.5 and 41.8 percent samarium were used as the starting materials. The

alloys were crushed in a jaw crusher followed by pulverizing in a

double-disc pulverizer. The disc-ground powder was sieved through a

100-mesh screen and the +100-mesh fractions were used for subsequent

processing in the comminution chamber. All of the above processing

steps were carried out in air atmosphere and the oxygen contamination at

that stage was only about 0.034 percent. Calculated amounts of the two

alloys were blended to produce 35.5 percent and 36.0 percent samarium
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mixtures. These mixtures, in 100-gram batches, were ground in an

attritor ball mill for 15 minutes and two hours respectively inside the

chamber and taken through the rest of the processing to end up in welded

HIP cannisters before being brought out from the chamber for HIP. The

15-minute attritor grinding produces a powder size of 5 to 10 Um used

for normal SmCo 5 HIP procedures. The two-hour grinding was expected to

produce a much finer particle size. The samples were HIPed at 9500C for

2 hours at 15 kpsi. They were subsequently removed from the HIP cans
and sliced to produce B-H curve measurement samples. B-H measurements
were carried out on samples in as-HIPed condition as well as after

selected heat treatments. Oxygen analyses were performed on the

starting +100-mesh powders and the HIPed samples. Microstructures were

examined on the HIPed samples to determine the presence and identity of

second-phase particles as well as grain size in the magnets. The

results of oxygen analysis are shown in Table 6 and some selected

microstructures are shown in Figures 13 through 16. The coercivities of

the various samples are shown in Table 7.

Table 6. Oxygen content of various SmCo samples.

Sample No. Description % Sm Ball Mill Wt % 02
Grinding Time

- +100-mesh powder 34.5 none 0.033

- +100-mesh powder 41.8 none 0.035

GB1 HIPed sample 35.5 15 mn. 0.270

GB2 HIPed sample 36.0 15 mn. 0.079

GB3 HIPed sample 35.5 2 hrs. 0.097

GB4 HIPed sample 36.0 2 hrs. 0.155

27



tn ro "

o V-C

rn 0

)*~~~~* a~.. , ) C)
N L H

p..r 4l

E .o

CC
-,Lf - w1*

4j

0 44
LAE

C)

-4i4

28



C14

N7 <''K
M1,0

C)7 c

~'k

r4 z

0 f'0

4 ~C)

r'f 6 o
L ) 10 -l

.2))



Table 7. Intrinsic coercivities of low oxygen SmCo5 HIPed magnets.

Sample Description Heat Treatment after HIP Hci(kOe)
No.

G.B.I 35.5% Sm, 15 min grind As-HIPed 17.0

G.B.1 35.5% Sm, 15 min grind 1050°C-24 hrs, 900°C-120 hrs, Q.C. 55.0

G.B.1 35.5% Sm, 15 min grind 1100OC-24 hrs, 900OC-24 hrs, Q.C. 56.0

G.B.2 36.0% Sm, 15 min grind As-HIPed 12.0

G.B.2 36.0% Sm, 15 min grind 1050OC-24 hrs, 900°C-120 hrs, Q.C. 49.5

G.B.2 36.0% Sm, 15 min grind 1100oC-24 hrs, 900°C-24 hrs, Q.C. 51.0

G.B.3 35.5% Sm, 2 hrs grind As-HIPed 33.0

G.B.3 35.5% Sm, 2 hrs grind 10500C-24 hrs, 900OC-120 hrs, Q.C. 22.0

G.B.3 35.5% Sm, 2 hrs grind 1100oC-24 hrs, 900OC-24 hrs, Q.C. 13.5

G.B.4 36.0% Sm, 2 hrs grind As HIPed 33.0

G.B.4 36.0% Sm, 2 hrs grind 1050°C-24 hrs, 9009C-120 hrs, Q.C. 26.0

G.B.4 36.0% Sm, 2 hrs grind 1100OC-24 hr, 900°C-24 hrs, Q.C. 13.0

The results of the first batch of low oxygen content SmCo5

magnets are quite encouraging as far as the low levels of oxygen

achieved and the coercivities produced. The Hci of 56 kOe measured in

one of the samples is the highest ever reported for an SmCo5 magnet

produced by densification of SmCo5 powder. An oxygen content of 0.079%

in one of the magnets is almost an order of magnitude lower than what is

found in commercial sintered SmCo 5 magnets.

The samples GB-1 and GB-2, with coarser powder, gave the higher

coercivities than the samples GB-3 and GB-4 with similar com ositions

but finer powder. The phase compositions shown in Figures 13 through 16

show that the samples GB-I and GB-2 have small amounts of Sm2Co7 and no

Sm2Co17, and GB-3 and GB-4 show Sm2Co17 as the second phase. Thus the

microstructures account for the higher coercivities seen in GB-i and

GB-2 samples and smaller coercivities of the GB-3 and GB-4 samples.
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However, the oxygen contents fail to account for the microstructures.

Based on the microstructures, it appears that the sample GB-i should

have much less oxygen content and GB-3 should have higher than the

measured percentages shown in Table 6. It is suspected that the oxygen

analysis samples may have been mixed up. If we assume that to be the

case, then it is seen that the lowering of the oxygen content has a

beneficial effect on the final coercivity.

Now that we have successfully produced SmCo5 magnets with very
low oxygen content and also have shown that higher stability can be

achieved by the elimination of the Sm2Co7 second phase, which can be

produced by the HIP technique, it is believed that further studies

should enable us to produce the desired goal of near-zero decay rates in

SmCo 5 magnets. it is recommended that such studies should continue into

the future.
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SECTION 3

Sm-Co MAGNETS BY PLASMA SPRAYING

3.1 Introduction

The initial objectives of this task included an investigation of

the feasibility of employing arc-plasma-spraying as a process for

producing Sm2Co17-type magnets of binary Sm-Co compositions with

coercivities considerably higher than the one to two kOe that are

obtained through the conventional sintering process. The motivation

behind this effort was the considerable success achieved with the SmCo5

composition where the largest ever-to-be-measured room temperature

coercivity value of 67.5 kOe was obtained. (7 ) The energy product of the

sprayed SmCo 5 magnets, however, was limited to values of about 9 MGOe,

mainly because these magnets were close-to-isotropic in structure. To

obtain a higher level of flux from the sprayed magnets, one therefore

needed to either introduce texture in the deposits or shift the material

composition toward higher cobalt content (by the spraying of Sm2Co17 -

type deposits).

The approach that was taken initially (as stated above) was to

attempt to produce Sm2Co17-tyPe magnets with reasonably high

coercivities. It was hoped that this would permit the fabrication of

close-to-isotropic sprayed magnets with energy products of roughly

12 MGOe in a manner similar to the 9 MGOe value that was achieved with

the Smr 5 composition. Experiments performed toward this end showed

that even though somewhat higher coercivities (higher than what are

observed in sintered materials) were achievable in the sprayed samples,

the improvements were not significant to the extent that the second

quadrant characteristics remained poor.(3) The highest value for the

maximum energy product that was measured in these sprayed Sm2Co17-type

compositions was 6.6 MGOe. Therefore, it appeared that to attain energy

products well in excess of the 7 to 9 MGOe that have been achieved in
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SMCo5 compositions, it was important to produce crystallographically

aligned deposits (of the SmCo5 or the Sm2Co17-type stoichiometries) with

the unique c-axis, which is also the easy axis of magnetization,

preferably oriented in a direction perpendicular to the plane of

deposition. Substantial efforts have therefore been expended at

attempting to produce such aligned deposits using a variety of

techniques with some preliminary encouraging results. These efforts

were expanded to include additional compositions in the range defined by

the stoichiometries of the SmCo5 and Sm2Co 17 compounds because of their

combined potential to produce high quality sprayed magnets. Results

obtained toward this end over the past year are included in this report.

The Plasma Spray, Process

A schematic sketch of this process is shown in Figure 17.

POWDER FEED SPRAY STREAM

POWDER

INPUT - ._. .. .. _ :-

G S INPUT-. . -- . .L'-:.-

DEPOSIT

ARC SUBSTRATE

10/77 12404 3

Figure 17. Schematic sketch of the plasma spray process.
(8 )

34

.. . . . .. . .. ... . .;,. .. . ,.' " - " -" " . ._ i



The process involves striking a high intensity dc arc between two

electrodes, and ionization of gases - nitrogen, hydrogen, argon, and

helium - as a consequence. This forms the plasma. Upon exit through a

nozzle, the plasma combines to form neutral atoms, and releases a large

amount of thermal energy without an appreciable loss in gas temperature.

The material to be deposited is introduced at this stage in the form of

a powder. The gases impart both thermal and kinetic energy to the

powder particles, thereby melting them and propelling them rapidly

towards the substrate to form the deposit.

3.2 Objective

The current goal of this effort, as stated earlier, is to produce

aligned plasma-sprayed deposits of the SmCo5 and Sm2Co 17 -type

stoichiometries with the aim of being able to fabricate sprayed Sm-Co

magnets with energy products well in excess of 9 MGOe.

3.3 Previous Work

Five starting powder compositions, in the range of 26.0 to 34.0

weight percent samarium, were selected and sprayed on water cooled

copper substrates inside an inert gas environment plasma spray chamber.

It was expected that the compositions of the deposited materials would

be close to Sm2Co17 with deposit compositions on either side of

stoichiometry. X-ray diffraction patterns were obtained on a few of the

deposits with copper radiation and a diffracted beam graphite

monochromator. Considerable broadening of the X-ray peaks was observed

for all of the deposits. The diffuse patterns obtained on these

materials were believed to be indicative of amorphous structures similar

to what are conventionally obtained by rapid quenching techniques.

Several low temperature treatments were employed for optimizing

the magnetic properites of the deposited materials. The maximum value

of coercivity was measured as 7.9 kOe on a sample produced using the
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starting powder composition of 34.0 weight percent samarium. The other

magnetic properties measured for this sample were BR = 6500 G, Hc =

4050 Oe, and (BH)Max = 6.6 MGOe. These studies showed that grain size

played a strong role in determining the value of H ci in these binary

Sm2Co17-type compositions. The improvements in the magnetic properties

from the low temperature treatments were attributed to increased

homogenization and grain growth through crystallization related

processes.

A few minor crystalline X-ray peaks were observed superimposed on

an otherwise amorphous pattern in several of the deposits. In one

sample, however, a single, sharp, crystalline peak was found

superimposed on an otherwise amorphous-type pattern. A single peak was

interpreted as illustrative of texture in the crystalline component of

the deposit. The composition of the deposit, as measured by the X-ray

fluorescence technique, was indicated to be about 30.0 weight percent

samarium (which is in the two-phase SmCo5 - Sm2Co17 region of the phase

diagram). The sole crystalline peak observed was found to be located at

the (00.6) peak position for Sm2Co17 - the compound of interest. This

observation showed that if proper cooling conditions were maintained at

the substrate it might be possible to produce crystallographically

aligned Sm2Co17 materials by plasma spraying. Additional deposits

formed with the aim of duplicating this observation met with little

success.

Most of the deposits formed subsequent to the above efforts

appeared to be more crystalline than the previous deposits. Additional

cooling of the the substrate through the use of liquid-nitrogen-chilled

helium gas also did not appreciably alter this situation. The X-ray

peaks were still very broad, indicating that the grain size was

extremely small. These deposits were fabricated with starting powder

compositions of 42.0, 34.5, and 28.3 weight percent samarium resulting

in deposit compositions corresponding closely to the SmCo5 , two-phase

SOCo5 + Sm2Co17, and Sm2Co17 stoichiometries. Samples from all of these

deposits were subjected to a low temperature exposure to hydrogen gas.
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It was determined that the hydriding process resulted in a removal of

the low level of crystallinity that existed in the as-sprayed condition.

It was therefore decided to use the hydrogen-treated as well as the as-

sprayed material for studies relating to inducing crystal orientation in

the deposit.

Some initial experiments toward achieving alignment were

performed with as-sprayed and hydrogen-treated samples by subjecting

them to a large (80 kOe) dc magnetic field at MIT's Francis Bitter

National Magnet Laboratory during the process of crystallization and

grain growth which occurs at temperatures of about 5000C in these

compositions. These experiments indicated that whereas some improvement

had probably occurred in the sample produced from the 42.0 weight

percent samarium alloy powder, the other two samples suffered

deterioration in properties. It was concluded that additional

experiments needed to be performea kefore firm conclusions could %e

reached with respect to the effect of applied magnetic fields on

influencing alignment in the crystallized deposit.

3.4 Present Work

Most of the work performed this past year was devoted to efforts

aimed at producing crystallographically oriented Sm-Co deposits. A

substantial amount of effort was spent on crystallizing as-sprayed and

hydrogen-treated deposits produced from starting powder compositions of

42.0, 34.5 and 28.3 weight percent samarium while under the influence of

externally applied dc magnetic fields and temperature gradients. Some

initial experimentation was also performed, which included deposition of

the 42.0 weight percent samarium alloy powder, at elevated substrate

temperatures. Also included in this year's effort was transmission

electron microscopy (TEM) examination of the sprayed sample that had

shown a single, sharp crystalline X-ray peak located at the (03.6) peak

position of the Sm2 Co17 compound. This sample had been reported upon

earlier.
(3 }
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3.4.1 TEN Examination of As-Sprayed Sample 253

As stated above, the X-ray pattern obtained from this sample had

shown the existence of a single (00.6) peak of Sm2Co17 . Therefore, it

was suspected that this was associated with the presence of a very small

amount of aligned crystalline Sm2Co17 material possibly dispersed as

crystallites in an otherwise amorphous matrix. To gain further insight

into the microstructure of this deposit it was decided to examine it

using the TEM technique.

The samples were analyzed using a JEOL 200 CX TEM unit operating

at 200 keV. Sample preparation included mechanical thinning of 3-mm

discs removed from the sprayed material using electrical discharge

machining (EDM). The mechanical thinning operation was conventionally

done on coarse SiC papers followed by additional lapping using diamond-

containing compounds. The final thinning operation, however, was

performed using an ion milling apparatus with argon ions bombarding the

surface under an applied voltage of 6 keV. Suitable foils were thus

obtained for TEM examination.

Figures 18 and 19 are typical of the fine granular structure that

was observed in parts of the deposit. These micrographs consisted

primarily of coarse (1 to 0iUm) unmelted particles [that are known to

exist in the microstructure from optical microscopy(7 ] surrounded by

very fine grains of roughly 50A size. Diffraction patterns obtained

from a fine-grained (50A) area and from a large-grained (1 to 10um)

area, respectively, are shown in Figures 20 and 21. The fine-grained

region showed a polycrystalline diffraction pattern with peak positions

indicative of the SmCo 5 structure. The single crystal pattern observed

(superimposed over an extremely broad diffraction pattern) was con-

sistent with the Sm2CO17 structure, with the pattern being (110) in hcp.
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Amorphous regions were also observed in the as-deposited material as

indicated by the extremely diffuse pattern obtained from one such region

shown in Figure 22. No attempt was made to quantify the relative frac-

tions of the differently occurring microstructures. It was concluded that

a substantial level of effort, which would include statistical sampling of

the material, would be required to identify specific aligned crystallites

that contributed to the (00.6) peak on the X-ray diffraction pattern.

3.4.2 Alignment Studies

A reasonably extensive level of effort was expended in efforts

aimed at producing sprayed deposits which possess crystallographic

alignment and, therefore, display anisotropic magnetic behavior.

Procedures examined for influencing texture in the deposit included

thermal treatment of amorphous and near-amorphous deposits while under the

influence of externally applied dc magnetic fields and temperature gradi-

ents, and deposition on substrates maintained at elevated temperatures.

All of the work performed with respect to magnetic and temperature

gradient annealing during this reporting period was performed on 5000C

hydrogen-treated materials because removal of a low level of existing

crystallinity in the as-sprayed condition is known to occur by following

such a procedure that renders the deposit substantially more amorphous.
(4 )

it was believed that a more amorphous deposit would be more conducive to

responding favorably to attempts aimed at producing aligned material.

Plasma spray deposits made from powders of the following Sm-Co

alloy compositions were used in the studies on magnetic and temperature

gradient annealing: (1) 42.0 wt % Sm, (2) 34.5 wt % Sm, and (3) 28.3

wt % Sm. The stoichiometric intermetallic compounds SmCo 5 and Sm2Co17
contain 33.9 wt % and 23.1 wt % Sm, respectively. Because of evaporation

and oxygen-related samarium losses during plasma spraying, compositions

(1) and (3) normally produce deposits of close to stoichiometric SmCo5 and

Sm2Co17 respectively, and the intermediate composition (34.5 wt % Sm)

powder produces a deposit which is in the two-phase (SmCo5 + Sm2Co17)

region. The selection of the above compositions therefore gave a

comprehensive range for the study.
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3.4.2.1 Thermal Treatment in a Magnetic Field

As discussed in last year's report, (4 ) the present effort deals

with the crystallization of plasma sprayed Sm-Co alloy deposits in an

applied high strength magnetic field. The crystallization temperature

for amorphous deposits is close to 500 0 C. Therefore, if an amorphous

plasma spray deposit is heated from room temperature to an elevated

temperature past 5000C in a strong dc magnetic field, the crystal nuclei

formed might have their c-axes parallel to the applied field. As these

nuclei grow by incorporating the surrounding amorphous alloy into their

crystal lattices, a preferred orientation in the mass can result with

the c-axis of the various grains oriented parallel to each other (and in

the direction of the applied magnetic field) and random orientation of

the basal planes perpendicular to the c-axis.

A six-inch-bore Bitter magnet capable of producing a dc magnetic

field strength of about 80 kOe was made available by the National Magnet

Laboratory of MIT for this study. An available furnace capable of

operating inside the Bitter magnet was modified for carrying out

magnetic annealing experiments. A schematic sketch of this furnace was

shown in Reference 4. The cylindrical furnace fitted snugly in the bore

of the six-inch magnet. The sample was located inside a stainless steel

tube at the peak position of the magnetic field and was heated by four

SiC rods. Temperature control and rate of rise of temperature were

controlled manually using a Variac power supply. The temperature of the

sample was determined by a thermocouple located inside the furnace tube

adjacent to the magnet sample. The outer shell of the furnace was

water-cooled to prevent undue heating of the Bitter magnet.

Static, dc magnetic fields of 65 to 80 kOe field strength were

applied to the samples prior to the rise in temperature. The

temperature was raised by manual control of a Variac which supplied

power to the furnace. Many problems were encountered during these

experiments, mainly relating to electrical opens that resulted in the

circuit. This limited the maximum temperature achieved to low
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undesirable values, beyond which the runs had to be discontinued. The

typical rate of rise in temperature achieved during these experiments

and problems related to achieving acceptable furnace operation are shown

in Figure 23. Figure 24 shows one good run that was attained during

this experimentation. In each of these, and other, many runs, the same

set of samples was used over and over again, with the samples oriented

in identical fashion with respect to the applied magnetic field, because

the effect of each individual run was expected to only add to any

induced crystallographic texture that may have developed earlier and not

interfere with it in any manner.

The different samples were measured for their magnetic properties

following the magnetic annealing run shown in Figure 24. The results of

these measurements are shown in Table 8. These results showed that this

procedure failed to induce the desired alignment of the crystal axis in

the several crystallites. It is suspected that the increased coercivity

that was observed earlier, from a similar magnetic annealing run which

was performed to a maximum indicated temperature substantially lower

than the 910 0 C achieved in this effort, must have resulted from exposure

to a temperature higher than was indicated by the thermocouple

reading. (The lack uf alignment in the magnetically annealed deposits

was inferred both from the low BR values that were measured as well as

the shape of the 4wM versus H curves in the first quadrant.)

3.4.2.2 Annealing in a Temperature Gradient

Several 0.2-inch-diameter and about 0.125-inch-long disc-shaped

samples, similar to those used for the magnetic annealing studies, were

removed from the hydrogen-treated deposits made with 42.0, 34.5, and

28.3 weight . -cent samarium starting powder compositions. These were

then used for annealing experiments performed while a temperature

gradient was applied simultaneously to the specimen.
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The experiments were performed inside a clean, bakeable, stainless

steel chamber. The chamber was evacuated to the level of about lm range

vacuum using a mechanical and diffusion pump system and back-filled with

argon gas to a pressure roughly one lb/in.2 above atmospheric. A net

positive pressure was assured by constant outflow of argon gas from the

chamber which was measured and maintained at about one liter per minute

using a flow meter.

A photograph of the apparatus (which is normally enclosed within

the stainless steel chamber during runs) in which the temperature gradient

runs were accomplished is shown in Figure 25. One flat surface of the

disc sample was maintained in intimate contact with a water-chilled copper

block while the other surface contacted a steel block that was heated by

induction using an energized rf coil surrounding the steel block.

Initially, the sample was held between the copper and steel blocks using a

set of four screws threaded into the steel block (after passing through

appropriate holes in the copper block). This was subsequently modified to

include spring loading of the cold copper block to ensure that the

assembly always remained such that the respective faces were always in

intimate contact with each other irrespective of the thermal expansion

characteristics of the several parts. The temperatures of the copper

block and the stainless steel block were measured both using chromel-

alumel thermocouples attached to these respective parts. In some

instances an open junction was indicated for the thermocouple attached to

the stainless block.

Very little interference was observed in the thermocouple data from

effects related to the presence of an rf field. This was confirmed by the

use of an optical pyrometer for measuring the high temperatures of the

stainless steel block. The measurements were made by focussing the

optical pyrometer onto the image of the glowing red-hot stainless steel

block in a mirror placed behind the rear viewing window of the stainless

steel chamber. Typical rate of rise in temperature as measured using the

optical pyrometer and thermocouple on the hot block and a thermocouple on

the cold block is shown in Figure 26. It should be noted that the optical

pyormeter data correlated well with the thermocouple results.
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A constant overestimate of the temperature (of about 75 to 1009C), as

provided by the optical pyrometer, was attributed to unknown variables,

such as the emissivity of the stainless block. It should also be noted

that the samples were continuously annealed, during the experiments,

under the effect of an increasing temperature gradient with rise in

temperature of the hot side. (This was facilitated by the success

achieved in maintaining a low temperature value for the cold copper

block.)

X-ray diffraction patterns were obtained on these deposits

following the temperature gradient annealing experiments. These

patterns, like those reported earlier, were obtained using copper

radiation with a graphite monochromator located on the diffracted beam.

This minimizes effects related to processes such as fluorescence of the

sample by the incident radiation. Patterns typical of what was observed

are shown for two samples in Figure 27. The peaks in general were not

resolved properly, even though some samples appeared to indicate

preferential peak development on the hot side, and the data were

considered ambiguous at best. Magnetic measurements failed to resolve

this discrepancy (see Table 9). The low BR values noted in Table 9

would suggest isotropic behavior; however, a quick saturation of some of

these deposits at relatively low applied fields (low compared to the

anisotropy field of these materials), in the first quadrant of the

4rM versus H loops, leaves that issue somewhat ambiguous. It is

possible that the bulk of the magnet was still substantially near-

amorphous (even after the gradient runs that were performed). The X-ray

patterns in Figure 27 would tend to support this in that the patterns

were obtained at a distance of roughly 0.001 inch away from the original

surface. This minimized effects related to a metallurgical reaction

between the intimately contacting parts as well as effects arising from

any low level of impurity present in the argon gas.
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3.4.2.3 Depositions at High Substrate Temperatures

Some initial investigations were performed on steel substrates

maintained at elevated temperatures using a starting powder composition

of 42.0 weight percent samarium. The high substrate temperatures were

obtained by heating up the substrate with the incident plasma flame

(while no alloy depositons were being performed). The substrates

consisted of steel samples of different length which were mounted onto a

water-cooled feedthrough located inside the plasma-spray chamber. Heat

conduction from the surface was therefore directly influenced by the

length of the substrate (over which heat was conducted) and this

resulted in the achievement of a variety of substrate temperatures. The

temperature of the substrate was determined with a thermocouple attached

to it while it was stationary and exposed to the plasma flame. Once the

equilibrium temperature was measured, the thermocouple was disconnected

and the substrate allowed to rotate, then heated again for the

predetermined period of time needed to allow equilibration of the

temperature, and the depositions were performed by introducing the alloy

powder into the plasma flame.

The deposited materials were examined for alignment using X-ray

diffraction with copper radiation and a diffracted beam graphite

monochromator. The results obtained were quite dramatic and are shown

in Figure 28. It was observed that c-axis alignment of the SmCo5

deposit was indeed achieved using this procedure with greater

crystallographic alignment [as indicated by the strong (002) peak of

SMCo5] occurring with increasing temperatures. It is suspected that an

optimum substrate temperature condition exists for a given alloy powder

with a given composition and size distribution. These will be needed to

be optimized for producing good quality sprayed SmCo5 magnets.
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Figure 28. Effect of substrate temperature on alignment in sprayed
SmCo deposits. Cu radiation.
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The achievement of the c-axis orientation in SmCo5 in a direction

perpendicular to the plane of deposition (which is parallel to the spray

direction) is considered a major breakthrough in the fabrication process

development of these magnets. Because the spray process is a lower cost

procedure for producing magnets in complex geometries and shapes (due to

its near-net shape and size capability), it is expected that good

quality magnets produced using this procedure will find extensive

applications in the production of such magnets for a variety of

applications. Further effort under this program will therefore

concentrate on optimizing the spray process and thermal treatment

variables to produce the high quality magnets that now appear possible

by this lower cost procedure.
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