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When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
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ment may have formulated, furnished, or in any way supplied the said
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or otherwise as in any manner licensing the holder or any other person or
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sell any patented invention that may in any way be related thereto.

Copies of this report should not be returned unless return is required by
security considerations, contractual obligations. or notice on a specific
document.

ACCESSION for ]

3[H it Section Y,
02¢ Butl Sectlon  (J
UNA®EOINEED 0
TS GAHEN e —

0ISTRIUTION/AYANLASILIDY CODES
T g, kol aad/ar LGN
i

|

i




UNCLASSIFIED

Secunty Classitication

DOCUMENT CONTROL DATA - R& D i

sewarely o Jas sr o ateoans of ferde, tacchy wof wb It annd voude qat, aee sbhoate e f ol weptepe ] whon the covcrall repart e b cahiead L

YRR T BN (2% v CL AN At

UNCLASSIFIED ]

o R LA U parate antherg
Stanford Rescarch Institute
333 Ravenswood Avenue

Menlo Park, California 91025

J O MEBORY tiTLg

MATERIALS PROCESSING OF RARE EARTH-COBALT PERMANENT MAGNETS

- e e —— -

4 Dpscribtive NOTES (Type ol report st anclusive date

% AU T11OH. S (Fiesl name, miuddle antital, fast name)

Paul J. Jorgensen
Robert W, Bartlett

¢ REBPOW? ATL T TO T AL 2O OF AL th %) CF HEFS
February 1973 74 24
88 COMTIRACT ON GRANT NO G, ORIGIPIATONR'S Wt b [V S XY T U T R-7)
F33615-70-C-1624 .
PYU~-8731
b FROULCT %O

ARPA Order No. 1617

b O TR N KLY BORE Aty uther numbers that moay be assigned

Program Code No. OD10 theR) ranorl)
AFML-TR-73-60

d

] OISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

1Y SUPPLEMENTAKY NOTES 1, SPOSONING il TAky ACTIVITY

Air Force Materials Laboratory
Wright Patterson Air Force Base
Ohio 45433

11 ABST&ACT

A study of the oxidation kinetics of SmCo involving selective oxidation of
samarium was extended from high temperatures to 100 C without a change in the diffusion
controlled rate mechanism. The low temperature oxidation rates are consistent with
the amount of oxidation normally observed in SmCo_ powders and with the temperature
rise cxpected from oxidation of ground powders. The solubility of oxygen in SmCo at
1130 C (sintering temperature) in excess of the 800 C solubility was determined to be
3500 + 500 ppm. The source of oxygen during sintering is the oxide subscale. Sub-
micron oxide particles precipitate within the SmCo grains on cooling from the sinter-
ing temperature. Oxidation causes deplction of samarium and precipitation of szco17
particles within grains. Both inclusions are pogtulatcd to be sources of domain wall
nucleation, The oxide inclusions can be removed at 800 C by an aging treatment, that
collects the oxide into a few large grains ouiside the SmCo_ grains by a solution-
reprecipitation mechanism involving grain bounuary transport of samarium. The szco17
inclusions are not affected by thermal aging, but they can be prevented from occurring
by including cxcess samarium in the sintered compact to replenish samarium lost by

oxidation.

The kinetics ol solid phase sintering of SmCo have been studied as a function of
time, temperature, and stoichiometry. The kinetics can be described by a grain
Yynddxy transport mechanism that is Independent of the samarium/cobalt ratio in the
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ABSTRACT

A study of the oxidation kineties of SmCor involving selective oxi-
J

dation of samarium was extended from high temperatures to 1000C without

a change in “he diffusion-controlled rate mechanism. The low temperature
oxidation rates are consistent with the amount of oxidation normaliy
observec in SmCo5 powders, and with the temperature rise cxpected from
oxidation of ground powders. The solubility of oxygen in SmCo5 at 11300C
(sintering temperature) in excess of the SOOOC solubility was cetemmined
to be 3500 + 500 ppm. The source of oxygen during sintering is the oxide
subscale. Submicron oxide particles preeipitate within the SmCo5 grains on
cooling from the sintering temperature. Oxidation causes depletion of

samarium and precipitation of Sm2Co 7 particles within grains. Both

1
inclusions are postulated to be sources of domain wall nucleation. The
oxide inclusions can be removed at SOOOC by an aging treatment, that
collects the oxide into a few large grains outside the SmCo5 grains by a
solution/reprecipitation mechanism involving grain bouadary transport of
samarium. The Sm2C017 inclusions are rot affected by thermal aging, but

they can be prevented from occurring by including excess samarium in the

sintered compact to replenish samarium lost by oxidation,

The kineties of solid phase sintering of SmCo5 have been studied as
a function of time, temperature, and stoichiometry. The kineties ean be

described by a grain boundar: transport mechanism that is independent of

the samarium/cobalt ratio in the alloy.
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I INTRODUCT 10N

The objectives of this program are to investigate materials pro-
cessing methods with the goal of achieving optimum propertiecs of SmCo
and other REC05 ccmpounds as permanent magnets., The primary problem

is achieving high magnetic coercivity.

Previous to this rescarch period, a variety of unconventional pro-
cesses for generating RECo5 powders were investigated but none was found
to be more effective in obtaining high coercivity materials than the

properly conducted comminution process of ball milling,

The sintering process is also a critical step in magnet production,
Studies to gain further knowledge of the liquid-phase sintering process
and magnetic evaluation of sintered alloys were carried out prior to this
rescarch period, and studies of the final stage of sintering (solid-state

process) were conducted during this period and arc reported.

Selective internal oxidation of samarium invariably accompanies
magnec powder processing. A study of the kinetics of oxidation and the
morphology of the cxide subscale was completed during this period. Studies
on oxygen solubility in SmCo5 and the precipitation of oxide inclusions

during quenching and aging arc rerorted.

A study of Sm2Co17 precipitation in samarium-depleted SmCo5 grains is

included in this report.
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Il OXIDATION OF SmC05

A, Oxidation, Subscale Structure, and Composition i

Oxidation of SmCo5 is selective, resulting in a subscale consisting 1
of samarium oxide platelets und fibers surrounded by cobalt. The oxide

fibers are oriented in their growth direction, which is generully normal j

to the alloy surface. Scuanning electron micrographs on the subscale
structure in the direction of growth and transverse to the direction of
growth are shown in Figure 1. These specimens were oxidized nt 11500C

for two minutes in a 90% CO2 + 10% CO mixture, which prevents any oxidation
of cobalt, After metallographic mounting, the specimens were etched in

50% l{NO3 + 30% HZSO4 + 20% HZO and vapor coated with a gold-platinum alloy,
The etching removes cobalt and leaves the oxide structure in relief .

The transverse section indicates that the oxide consists of fibers, narrow

platelets, and a loosely interconnected network of Joined platelets.

Previous x-ray diffraction determinations regarding the crystallo-
graphic structure of the composite subscale formed by internal oxidatioa
of SmCo5 have been somewhat confusing. More detailed x-ray diffraction
studies following oxidation have now been completed on both powder samples
and flat surfaces of SmCo5 ingots. These studies have been made in pure
oxygen, in air, and in the 90% 002 + 10% CO mixture. Deteminations have
been made on samples oxidized at temperatures from 320 to IOOOOC. In all

cases the primary metal produced is f-cobalt (cubic).

The samarium oxide phase that is obtained during oxidation is either

Sm203 or an oxynitride depending on the presence or asbsence of nitrogen.

B-type Sm O
ype om0

Sm203 exhibits the monoclinic structure above 850-9000C, and C-type Sm203

(monoclinic) is produced at all oxidation temperatures. Pure




{a}  TRANSVERSE

(b} LONGITUDINAL

TA-8731-87

COARSE FIBROUS STRUCTURE OF SAMARIUM
OXIDE IN THE OXIDE/COBALT COMPOSITE

SUBSCALE GROWN AT HIGH TEMPERATURES,

1150°C

FIGURE 1
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1
(cubic) is usually observed at lower temperatures. X-ray diffraction ;

peak intensities for the C-type sesquioxide are very weak or nonexistent.

No other samarium oxide phases are observed in the absence of nitrogen,

After oxidation in air, a suboxynitride phase, Sle-xOx (NaCl structure),
is observed and the Sm203 peaks are weak. This samarium compound has been
previously prepared and identified by Felmlee and Eyrim.r.2 Electron-beam
microprobe (EBM) analyses on air-oxidized samples have indicated that the
actunal oxygen content of the subscale is somewhat less than that required
stoichiometrically for stOB und somewhat greater than that required
stoichiometrically for SmO. This finding is consistent with the presence

of botlh the sesquioxide and suboxynitride. However, nitrogen was not

detected by EBM analysis,

T~

o

X-ray diffraction spectra taken after oxidation of subscale at 1000 C
in air and oxygen are shown in Figure 2. The shift from the sesquioxide to
the suboxynitride caused by nitrogen in the air oxidation tests is clearly

cvident.

B. Kinetics of Internal Oxidation of SmCo_ at Elevated Temperatures
J

The oxide subscale thickness increases parabolically with time {
indicating a diffusion-controlled ratc-proceds.3 The kinetics of this
process f{or both SmCo5 and PrCo5 are identical and have been studied at
clevated temperatures using a metallographic technique on small sectioned

cast piecces.

The temperature dependence of the internal oxidation rate follows
the Arrhenius law, Further work at higher temperatures conducted during
this period has shown that there is a break in the Arrhenius plot, with
a lower apparent activation energy for the oxidation rate at higher
temperutures, The break in the curve occurs at about GSOUC (sce Figure 3),.

The apparent activation encrgies are 14,0 kcal/mole at lower temperatures

(]




N3IDAXO 3dNd NI OGNV HIV NI
NMOHY S3Tv2SENS 3AIX0 3HL HO4 wH1233dS NOILOVH44IQ AVH-X Z 3HNOId

BE-LELB-YTL

Eofws 3441 8

2 D00t NITAXO




€3HNLVE3dWN3L HOIH LV 31VH NOILVAIXO TVNHILNI 3HL HOd4 107d SNIN3IHEEY € 3HNODIY

LHIL-LELB- VL
(-, — L0t

81 L 9l St vl £l zt " oL 6 ] ¢ 9
| I I | I | T | L | |

|

©
i 02 %01 + 00 %06 w vouepng W et >
e ualiAxgy 0 oy Ul VONTPIND @ =t .W
— o
s H = S
= =i )
r..I| =t 0l m
m
2
<
»
Lol
= o
s x t~
(=]
= >
I 2
] o
= 4
— 2
[ >
- -
e aoe = m
[ oW /eI Ol = = 3
- 2,zE5 @ Pl — _
S
=]
=
-
-4
— 2
S
aoe
1= HT ]
H —
—
=}
= |y
- 2,5241 ]

ﬂﬁ-




M s e o W Y T T .y

—— e b i b

and 7.7 keal/mole at higher temperatures. Each datym point shown in

Figure 3 represcnts a .riplicate set of rumns.

! With two exceptions, all the data shown in Figure ¢ are from runs
conducted in one atmosphere of air or oxygen. The remaining two data
points were obtained [rom runs conducted in a flowing gas mixture of
90 COO + 10% CO. The chemical potential of oxygen in this gas mixture
is below that required for oxidation of cobalt; seec Figure 4. Conse-
quently, the usual thin oxide scale containing cobalt oxide over the

subscale is not formed.

The markedly reduced oxygen potential in the 90% CO2 + 10% CO mixture

0
caused a small deecrease in the subsecale oxidation kineties at 840 C and

(0]
| at 525 C. In both cases the rates were reduced to about half the respective

rutes obtuined at the same temperatures in air. As determined from these
limitcd data, the parabolic oxidation rate dependence on oxygen partial
pressure is summarized in Figures 5 and 6. If the exterior samarium oxide
in the subseale is in equilibrium with air at one atmosphere, then the
inerease in the parabolic rate constant with oxygen pressure is shown by
Figure 5. However, if the exterior samarium oxide in the subscale formed
by air oxidation is assumed to be in equilibrium with CoO, the oxygen
pressure dependence is shown by Figure 6. In both cases the oxygen pressure
dependence is very weak. Generally for parabolie oxidation of metals, it
is related to the point-defeet transport mechanism in the oxide. Although
not enough is known about the defect mechanism in rare earth sesquioxides
to draw firm conclusions, the observed oxygen pressure dependenee is less
than that encountered for any of the usuzl defeet mechanisms responsible

for ion diffusion in sesquioxides.

C. Kineties of Oxidation at Low Temperaturcs

Ordinarily, the oxidation of magnet powders occurs during handling i

at room temperature, or at slightly elevated temperatures resulting from

8
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the exothiermic oxidation reaction, Therefore, it is particularly
important that kinetic data be obtained at very low temperatures so

that the extent of oxidation as a function of particle size, time, and
temperature can be predicted. Previous attempts to measure small amounts
of oxidation using a zirconia electrochemical cell, which is very sensi-
tive to small amounts of oxygen consumption at low oxygen pressures,

have been reported but the results were not very satisfuctory.3 A review
of theose data after accumulating more knowledge about C.ldation at higher
temperature indicates that the majori’y of these runs represent measure-
ments in such small amounts of oxygen that adsorption and desorption
cffects were probably dominant. As a consequence, additional oxidation
kinetic studies with the zirconia cell apparatus have bheen couducted in
higher oxygen pressures, although the oxygen pressure is still sufficiently
low that differences in oxygen pressure can be measured and used to

(o]
determine the oxidation kinetics below 200 C.

An clectronic microbalance has been used to measurc the oxis _ion
(o]
kincetics gravimetrically in the temperature range from 150 to 250 C. The

themogravimetric data are shown in Figure 7.

Fov both the gravimetric and oxygen consumption methods, the results
have been obtained using a single batch of SmCo5 particles with an average
particle diameter of 25 micrometers. This diameter was determined by
photographing and measuring numerous particles and thenaveraging the diame-
ter. In thesc cxperiments the extent of oxidation wus limited to an oxide
scale thickness very much smaller than the particle radius. Consequently,
one dimensional planar diffusion was an adequate approximation in calcu-

lating the diffusion-controlled oxidation rate.

The weight gain and oxygen consumption curves obtained from these
experiments were parabolic., The results were converted into equivalent
oxide scale thickness rates for comparison with the oxide scale thickness

rotes determined by the sectioning technique used at higher temperatures.

12
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The parabolic oxidation rates for the low temperature experiments E
are shown in Figure 8., The straight Iine is an extrapolation of the
Arrhenius plot from the high temperature data of Figure 3. These data '
show that the same oxidation meehanism observed at higher temperatures
continues down to the lowest temperature at which rates can be measured,

]000C. The kinetics for the oxldation process shown in both Figures 3

and 8 span a range of oxldation rates that is sceven orders of magnitude,

o
between 1000C and 1125 C.

D. Expected Temperature Rise Assoeclated with Low Temperature
Oxidation ;

The adlabatic temperature rise caused by partial oxidation of SmCo5
has been calculated. However, the assumptions for this calculation need
to be emphasized. First, samarium is selectively oxidized to samarium
sesquioxide and hence all of the measured oxygen in a sample can be
assigned to Sm203. Second, the sensible heat of oxidation is uniformly
distributed in the alloy particle instantaneously; rapid heat transfer
occurs 1n the metal and the particle surface temperature, where oxidation
takes place, 1s no greater than the interior temperature. This approxi-
mation is probably adequate for a moderately slow oxidation process and
small particles such as those involved 1in preparing sintered magnets. The k.
third assumption 1is that no heat 1s lost from the oxidizing metal system;

the aggregate alloy powder 1s an adlabatic system, Thils approximation 1is

probably valid for a large volume of particles and oxidation occurring

fast enough that heat transfer out of the crucible or particle container

is not significant.

The temperature rise will be proportional to the amount of oxygen,

the specific heat of SmCos, and the heat of formation of Sm 03. The

2
specific heat is 0.1 cal g deg- , which was estimated from an assumption

-1
that the heat capacity 1s 7 cal g-atom deg . The heat of formation of

4
sm,0, at 298°K 1s 433,900 cal/mole.

14
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The temperature rise caused by an increase in oxygen is shown in
Figure 9, An increase of 1000 ppm of oxygen causes an adiabatic temper-

o
ature increcase of nearly 100 C,

As previously discussed,5 oxygen analyses in samarium cobalt materials
after grinding generally range from a few hundred to a few thousand ppm
depending on the processing and particle size. This amount of oxygen is
sufficient to account for an appreciable adiabatic temperature rise
during oxidation. A 1000C rise in temperature from 25 to 1250C is suf-
ficient to account for a subscale thickness of about 100 X in a few hours.
Furthermore, a 100 X subscale thickness is equivalent to a 1000-ppm oxygen
increase for a 3-micrometecr-diameter SmCo5 particle.* lience, for the
particle sizes cmployed in sintered magnets, the observed increase in
oXygen is consistent with the particle size, the expected temperature rise,
the kinetics of oxidation, and the expected subscale thickness as a result
of the temperature rise. Although these relationships do not prove that
a temperature rise and the internal oxidation by the diffusion-controlled
mechanism have occurred to match the observed oxygen concentration, they

at least show that all of the observed results arc compatible.

E. Oxidation Rate Mechanism

It was previously shown3 that {he published data on the oxygen
solubility in cobalt coupled with the rapid rate of internal oxidation
required that the diffusion coefficient for oxygen in cobalt would have
to be 1 x 10_6 cmz/sec at 4200C and even greater at higher temperatures.
In fact, at high temperatures the diffusion coefficient must be greater
than those typically encountered for liquid metals (10-4 to 10-6 cmz/sec).
Consequently, it appeared that the transport of oxygen in the B-cobalt
matrix could not adequately explain the rapid rate of growth of the

subscale.

Sec Figures 27 and 28 of Reference 3.
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FIGURE 9 ADIABATIC TEMPERATURE RISE ACCOMPANYING PARTIAL
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A literature search to determine the ava:iable information on
diffusion of oxygen in B-type and C-type rare earth sesquioxides has
been made and it presently appears that oxygen anion transport within
the oxide fibers is also too slow to account for the rapid growth of
the subscale. Kofstad provides an adequate review of the existing

1
diffusion literature for the rare earth oxides.

A study of self-diffusion of oxygen in B-type Sm203 has been made

by Stone6 over a temperature range between 696 and 907OC using an isotopic
exchange experimental technique. The activation energy for diffusion

was about 23 kcal/mole, and the data are summarized in Figure 10. Wirkus,
Berard, and Wilder7'8 have reoxidized partially reduced rare earth
sesquioxides, and although they have not studied Sm203, they have obtained
diffusion coefficients of the same order of mugnitude in the sume tempera-
ture ranges as the diffusion coefficients determined by Stone. Their
implicit assumption is that these oxides are semiconductors, whereas Tare
and Schmalzried9 find them to be ionic conductors at low oxygen pressures
(C-type structure), At 8000C the diffusion coefficient of oxygen in

-10 2 -1

Eu203 determined by Wirkus and Wilder is D0 = 2.27 x 10 cm  sec

The value obtained from Stone's data for oxygen diffusion in Sm203 at
-1

o -10 2
800 C is D0 = 2,76 x 10 cm sec

If the rate of internal oxidation of SmCo5 is determined by the flux
of oxygen anions through Sm203 platelets, then one can deduce the product
DOAC from the parabolic rate chstant. It is instructive to make this
calculation on the assumption'that oxygen transport through the oxide is
rate-controlling at BOOOC, and compare the results with the diffusion data
at the same temperature. The derived value of DOAC using this hypothesis
is 1.67 x 10-7 g cm sec-l. Matching the value for the diffusion coef-
ficient determined by Stone, namely D0 = 2,76 x 10-10 cm2 sec , would
require an oxygen concentration difference of about 1000 g/cm3. This

conclusion is clearly absurd since the total oxygen concentration is only

.
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3
1.15 g/cm and the actual driving force could only represent a concentra-
tion difference that is matched by an appropriate point-defeet concentra-

tion difference in the oxide that would be undoubtedly much smaller than

the total oxygen concentration in the oxide. It is quite clear from these
caleulations that if oxygen transport through the oxide is the rate-limiting
step, then the diffusivity must be much faster than the diffusivity observed
by StoneG and by other investigators involved in the diffusion of oxygen

or recoxidation of partinlly reduced B-type and C-type rare carth sesqui-

oxides.

Vacuum anncaling a partially oxidized sample at a temperature higher
than the oxidation temperature ecvidently prevents further oxidation when
the sample reenters oxygen. As discussed in the next section, annealing
causes dissolution of the aligned fibers in the subscale and reprecipitation
of larger, more cquidimensional oxide partiecles. The samarium oxide par-
ticles remain as the dispersed phase in the subsecale while B-cobalt and,

additionally, Sm2C0 are the matrix phases as a result of high temperature

17
vacuun appealing.

If rapid oxygen transport through f-cobalt were rate-controlling,
then continued oxidation would be expeceted after vacuum anncaling and
reexposing the speeimen to oxygen at clevated temperatures, Henece, oxygen

diffusion in the cobalt phase is eliminated as the rate-controlling step.

The dispersed oxide phase occupies approximately 40 percent of the
subscale volume and there is scanning microscopie ecvidence that consider-
able linking (sintering) exists among the various oxide partieles after
vacuum anncaling the subscale. Henee, if oxygen anion transport through
the oxide were rate-controlling, it is expected that there would be some

continucd oxidation rather than passivation.

There are no consistent phase changes in either cobalt or the

samarium oxides that correlate with the apparent change in activation

20
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o
energy above 700 C. This supports the conclusion that bulk diffusion of

oxygen in neither cobalt nor Sm 03 is fast enough to account for the

2

internal oxidation rate.
Migration of samarium outward by a vacancy exchange mechanism would

cause the accumulation of internal vacancies and the precipitation of voids,

which are not observed.

The rapid oxygen transport required for internal oxidation may occur
along the interface between oxide fibers and B-cobalt. Because of the
small dimensions of the composite microstructure of the subscale, a large
amount of interface area is present. This mechanism can account for the
apparent change in activation energy for the internal oxidation rate
at about 7000C. The fiber size and spacing begin to increase with
increasing temperature at about that temperature and the interfacial area
per unit volume of oxide subscale decreases correspondingly. This effect
is shown by comparing Figure 1 (11500C) with the scanning electron micrograph
shown in Figure 11 for subscale oxidation at 8000C. If it is assumed that
the same transport mechanism is involved at all of the temperatures for
which there are experimental data, then a reduction in the interfacial area
would reduce both the number of effective conduits for oxygen transport and
the apparent activation energy, even though the true activation energy for
surface diffusion and the enthalpy for generating mobile species at the

samarium oxide-cobalt interface remain constant.

Other experimental techniques for elucidating the mechanism of oxygen
transport involved in internal oxidation of SmCo5 have been attempted
without much success. Ion microprobe analysis following oxidation of SmCo5
with 99% 018 was not successful because considerable amounts of 016 were
also observed. The source oi the 016 is not clearly known, but evidently
a considerable amount of oxygen and water vapor adsorb on the sample and

is subsequently desorbed during ion microprobe analysis. This contaminating

21
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FIGURE 11 FIBROUS SAMARIUM OXIDE WITH CRACK
IN THE SUBSCALE GROWN AT 800°C




oxygen is probably adsorbed during the transfer of the sample from the

(0] furnace chamber to the ion microprobe. Adsorbed oxygen and water
vapor may continuously migrate to the ion impact area by surface diffusion
and then be discharged and picked up by the ion detector. Although
moderately high levels of O18 could also be detected with the O16 con-

tamination, it was not possible to do marker experiments unambigously,

18 18
using O and subsequently detect the location of the O in the subscale.

Auger spectroscopy was also employed to investigate the oxide films
formed by low temperature oxidation. These experiments also indicate that
a considerable amount of adsorbed species, some of which contain oxygen,
are migrating to the surface and affecting the results. In both ion probe
analyses and Auger analysis, the oxygen concentration profile obtained from
continued sputtering appears to extend deeper into the specimen than is

known to be true from kinetic and metalloeraphic data.




III VACUUM ANNEALING PARTIALLY OXIDIZED SmCo5 AT
SINTERING TEMPERATURES

An example of the result of high temperature annealing in the
absence of oxygen after partial internal oxidation of SmCo5 is shown
in Figure 12. This particular specimen was oxidized 45 minutes in air

o)
at SOOOC, and was subsequently annealed 16 hours at 1125 C. A scanning

electron micrograph of the same section is shown in Figure 12. The
original subscale prior to vacuum annealing penetrated to the farthest
extent of the large oxide particles shown in Figure 12 and had the
fibrous microstructurc shown in Figure 11. As a result of vacuum anneal-
ing, the fine samarium oxide fibers have recrystallized into large,
roughly equidimensional particles. The subscale contains a conjugate
zone partially depleted in samarium oxide adjacent to the original SmCo5
core. The few oxide particles in the oxide depleted zone are consider-
ably larger than the oxide particles in the undepleted part of the
subscale., A higher magnification vicw of the reprecipitated oxide

particles is shown in Figure 14.

The oxide particles and alloy phases have been identified by electron
beam microprobe analyses. The matrix of the depleted region consists of

Sm2C017. This phase results because samarium is transported from the

SmCo5 core into the subscale region where it reacts with cobalt. The
SmCo5 core is transformed from a single phase region into an SmCo, matrix
J

containing Sm2Co precipitates as a result of samarium depletion from

17
the core. The solid state diffusion and precipitation reactions are:

25
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FIGURE 14 BOUNDARY OF THE OXIDE DEPLETED
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(1) At vacuum annealing temperature, diffusion reaction:

core + subscale matrix - subscale matrix + core

17 X
SmSCo5 + 2 Co 5 Sm2Co17 + ms_xCo5 1)

where [ ~ 1,

(2) During quenching, precipitation:

if § = 1, then

S

17x
Sml_xCo5 - ( 1 - . ) SmCo5 + ( x) Sm_Co 8 (2)

While samarium migrates out of the core, oxygen dissolves and
migrates into the core, causing the reduction in population of oxide
particles in the depleted zone. This phenomenon is a direct result of
the solubility of oxygen in SmCo5 at the higher vacuum annealing temper-
ature, 1125°C. Although the vacuum annealing time in this case was
16 hours, identical results have been obtained with a 30-minute vacuum
anncal, which is identical to our standard magnet sintering time and

temperature.

The scanning electron micrograph shown in Figure 15 shows essentially
all of the features of this system. The original boundary separating the
subscale from the SmCo5 core is shown. Below this boundary is the region
containing a szco17 matrix and large samarium oxide particles. A two-phase
alloy region consisting of a SmCo5 matrix and Sm2Co17 precipitates exists
above the boundary. A relic of the original fibrous subscale is also shown
in this unusual SEM micrograph. A small samarium oxide particle is also

shown in the core region above the boundary line. This particle is pro-

duced by oxygen dissolved in SmCo5 and subsequently precipitated on cooling.
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FIGURE 15 BOUNDARY BETWEEN THE OXIDE
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IV  OXYGEN SOLUBILITY DURING SINTERING
AND SUBSLQUENT OXIDE PRE-
CIPITATION IN SmCo5

ae

Attention is now turned to the problem of oxide dissolution in
SmCo5 at sintering temperatures and the subsequent redistribution of the
oxide on cooling.

The experimental procedure used in this study has been to introduce
considerable amounts of oxygen deliberately into the SmCo5 system using
small polycrystalline cast pieces by first partially oxidizing the
relatively oxygen-free alloy. Because of their large grain gize and
absence of porosity, the cast alloys are easier to examine metallograph-
ically by SEM and by EBM methods than sintered magnets. An oxidation
temperature of SOOOC was chosen because it is substantially below the
sintering temperature, and the homogeneity range in SmCo5 is believed
to be extremely narrow at that temperature. Furthermore, it has been
shown that aging sintered SmCo5 magnets at about this temperature (usually
9000C) can often be beneficial to the magnetic properties. In particular,
an increase in magnetic coercivity is often obtained.10 After oxidation,
the specimens were vacuum annealed at 1120 to 11250C for 30 minutes.

We were initially concerned about obtaining chemical equilibrium through
the entire ingot, which is typically 0.5 cm on edge, and therefore very
long annealing times were used. Subsequently, we found that the standard
sintering time, 30 minutes, is sufficient to provide a macroscopically
homogeneous distribution of oxygen in the SmCo5 core of such large alloy
pleces. The initial alloy had the stoichiometric SmCo5 composition, i.e.,

there was essentially 1o depletion of samarium,

The results will be described for specimens after vacuum annealing
at sintering conditions and alsc after a third heat treatment, i.e,
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aging at SOOOC for 45 minutes. For eonvenienee we will refer to the
two types of specimens as ''quenehed" and "aged.'" Quenehed speeimens
are produeed by quiekly removing the specimen from the furnace, but
eooling oeeurs in vaeuo so that "normalized" would be a more appropriate

elassieal metallurgieal term.

The amount o1 oxygen transferred from the oxide subseale into the
SmCo5 was erudely estimated by measuring the thickness and the area of
the depletion zone. This estimate is Lot very aeeurate because not all
of the oxide in the depletion zone .s dissolved. From inspeetion of
Figure 13 and similar photographs it was estimated that 75 percent of

the oxide in the depleted zone was dissclved. The ealculation indieated

o
that the solubility of oxygen in SmCo5 at 7125 C in excess of the solu-

bility at 8000C is ~ 0.35 wt%. It is impussible to put error limits

on this estimate.

Next, the oxide content within the eore of a» aged speeimen was
caleulated metallographically. Large oxide particles are produeed o8s a
result of the aging treatment and these oxide partieles appear blaek under
reflected light; sce Figure 16, Consequently, a Quantimet image analysis
was performed on several sections and the arta percent of oxide was
determined., The average area of oxide particles and the limits were
determined to be 2.6 + 0.4%. The areca percent is equzl to the volume
pereent for randomly distributed equidimensional partieles in a dilute
suspension, Hence, from the volume of oxide in the core obtained after
aging, the exeess solubility of oxygen at the sintering temperature was
determined. This caleulation involves the implieit assumption that all
of the soluble oxygen in exeess of the SOOOC solubility 1limit was pre-
eipitated as measurably large oxide partieles during the 45-minute aging
treatment at SOOOC. The preeipitation and growth of extremely large

oxide partieles during this period, as shown in Figure 16, indieates that
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SATURATION AT 1125 C AND AGING AT 800°C
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this assumption is valid. The metallographic determination of the

o
execess solubility at 1125 C is 0.35 £ 0.05 wi% (3500 + 500 ppm).

Although the oxide particles observed in the aged speeimens were
sometimes larger than 100 micrometers, partieles in the quenched specimens
are generally smaller than one micrometer. Any exeeptions can usually
pe traced baeck to larger oxide inclusions that were present after melting.
The oxide particle population is greater in the quenched speeimens than
in the aged speeimens, as shown by cont.:asting the quenched and aged
sepcimens illustrated ir Figure 17. Again, the specimens were castings
subsequently oxidized and annealed at 11250 before queneching. These
micrographs were obtained from surfaces polished using cerium oxide
but not etched. The background also shows a faint relief of larger

SmZCo preeipitates, whieh will be discussed in the next section.

17
However, a large amount of ~xygen known to be present in the speeimen

is not aceountecd for in the low partiele population regions of the
quenched speeimen, whieh is most of the speeimen. This oxygen ray oecur
as small partiecles below the resolution 1limit, as coherent oxygen-rich
zones, or as a supersaturated solute, The aging process colleets the

smaller oxide partieles into a few large partieles by a solution-

reprecipitation proecess.

The quenched speeimen micrograph of Figure 17 shows a region of
low oxide partiele population in the upper part of the figure and a
region of high partiele population in the lower half of the figure.
High partiele population regions were less common than low partiele
population regions in the speeimens examined. The boxed area in Figure
17 was picked at random within the high partiele population region.
The average oxide particle size is 0.4 mierometer and the volume frac-

tion of oxide, Vf, was determined from

N d (3)
S p

Vf =

el
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where Ns is the particle population per unit area, and Ep is the mean

particle diameter. The particle population in the bouxed arca was

3.0 x 107 particles/cmz. The resulting volume fraction wus 0,025 (2.5%),
which is very similar to the volume fraction (2.6%) in aged specimens.
Hence, in the high population regions, most of the dissolved oxygen has

precipitated as submicron but visible particles.

The appearance of small oxide inclusions within the primary SmCo5
grains of both experimental and commercial sint ered magnets has also been
observed. These magnets did not recelve an aging treatment. Small oxide
particles generally appear within the SmCo5 grains rather than at grain
boundaries. Fracture surfaces have also been examined with a scanning
clectron micrograph and oxide particles are rarely observed until the
specimen is etched. Numerous oxide particles which were present in the
SmCo5 grains are uncovered by etching. Expocsed oxide particles in an
ctched sintered magnet are shown in Figure 18. The dark areas in this

scanning electron micrograph are pores.
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FIGURE 18 SAMARIUM OXIDE PARTICLES IN A

SINTERED SmCo, MAGNET UNCOVERED
BY ETCHING




\ PRECIPITATION OF Sm_ _Co IN SmCo
2 17 5

A study was made of the precipitation of the Sm2Co1 phase in
samarium-depleted SmCo5 using cast pieces, There are two stages of
Sm2Co17 precipitation in SmC05 as a result of partial oxidation followed
by sintering or vacuum annealing. The primary stage results from samarium
depletion caused by reaction between the SmCo5 core and R-cobalt in the
subscale. This reaction occurs during the sinter-annealing process de-
scribed by Equation (1). As a single phase alloy is quenched from 11250C,

precipitates of Sm2Co occur within the SmCo_ grain as described by
I

17
Equation (2). These precipitates are one micrometcr wide and a few
micrometers long. They often occur in elusters as shown by the scanning

clectron micrograph in Figure 19.

One small samarium oxide precipitate also appears in this micrograph.

The average SmCo5 grain size, which is controlled by solidification, was
about 80 micrometers i our test specimens. There was no tendeney for
Sm2Co17 to precipitate at the SmCor #rain boundaries during the primuary
stage of Sm2Co17 precipitation after vacuum annealing at sintering tempera-

tures., lowever, cobalt-rich speecimens quenched from the melt exhibit

Sm2C017 at boundaries of SmCo_ grains,

It should be emphasized that primary precipitation of Sm,)Co1 within
the SmCo_ grains occurs whenever excess cobalt is exsolved from a samarium-
9
depleted SmCo5 phase during cooling, whether the cause of samarium

depletion is oxidation or not.

Primary Sm2C017 precipitation is evidently complete on quenching
in vacuo. A series of aging tests for various times ut 8000C using pieces
from a samarium-depleted double melted ingot (not oxidized) showed no
increase in the amount of Sm2Co 7 or any apparent rearrangement of Sm Co

1 2 17
as a result of aging.

Preceding page blank
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FIGURE 19  SCANNING ELECTROMICROGRAPH OF
Sm,Co,, PRECIPITATES IN SmCog
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The scecond stage of Sm2Co17 precipitation is caused by rejection

of oxygen dissolved in SmCo5 and formation of Sm203. As already mentioned,
this does not occur to any apprecizble extent during gquenching, but it
does occur with aging. buring the aging process, both samarium und oxygen
are collected at the large oxide particles and must diffuse over distances
relatively large when compared with the primary SmCos grain size, Further
depletion of sumarium from primary grains and rejection of additional
Sm2Co17 results. Micrographs indicate that this secondary precipitation
of Sm2Co17 occurs at the SmCo5 grain boundaries rather than within the

graini., This is particularly evident in the aged specimen micrograph of

Figure 17.

The precipitation of large Sm203 particles is probably controlled by
rapid grain boundary diffusion of samarium,. This process causes bulk
depletion of samarium from the region adjacent to SmCo5 grain boundaries
and precipitation of sz(fo17 in the samarium-depleted zone, which is about
9 microm.ters wide. hus model is consistent with the » 1c of . 1ii state
sintering of SmCos, a process taat is also controlled by grain boundary

dif fusion,

Similar behavior has been observed in sintered magnets. llowever,
when the primary SmCo, grain size is small, ~ 5 micrometers, the Sm2Co17
J
nrecipitates are no smaller than obscored in cast pieces, and, hence,

ncarly as large us the primary grains.

The precipitation of finc Sm20017 particles in samarium-depleted
alloys contrasts sharply with the Sm2007 phase in samarium-rich alloys.
In the latter case the primary SmCo_ grains are clean and Sm2007 occurs

J

as scparate grains outside the SmCo5 primary grains.

11




V1 DISCUSSION OF Sm Oq AND Sm2C0 INCLUSIONS AND
INTRINSIC COEEClVITY IN SINTERED MAGNETS

A, Summary of Inclusions

It is now quite clear that internal surfaces can occur in primary
Sml!o5 grains of sintered magnets from precipitation of sccond phase
inclusions: Sm20017 and Sm203. Al though the oxygen solubility determina-
tions for cast SmCo5 are not very precise, it is certain that large
amounts ol oxygen can dissolve in SmCo5 at sintering temperatures., lor

i carcful processing operations, where oxygen contamination is kept below
3500 ppm, all of the oxygen will be dissolved in SmCo5 during sintering.
The normal quenching of sintered magnets is expected to leave approximately
one-micrometer oxide purticles within the SmCo5 grains, which has been
verified in sintcred magnets. Much of the oxygen in quenched SmCo, 1is
unaccounted for and may be prescent as superc-turuced oxygen, cohereat
osygen-rich zones, and unresolvable oxide inclusions., Selective oxida-
tion of the alloy also affects the formation of Sm2Co17 by depleting
samarium and shifting the composition, and this occurs in two sequential

stages,

Although oxidation cannot be entirely prevented, primary and secondary
formation of Sm2C017 precipitates can be prevented by having excess sama-
rium present in the powder compict to replace the samarium depleted from
SmCo5 grains. Oxide precipitates can be removed from the primary magnet

grains by an aging treatment that tends to collect the oxygen in a few

larpge oxide grains. Optimum aging conditions need to be determined.

B. Inclusions and Intrinsic Coercivity

This section begins with a brief review of coercivity models for high

413
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magnetocrystalline anisotropy magnet materials. For a detailed review,
see Livingston.11 The highost published room temperature intrinsic
coercivity in sintered SmCo5 magnets 1is Ilc1 = 43 kOe. 3 A sintered

SmCo5 magnet with a room temperature intrinsic coercivity of 43 kOe has
also been produced and measured at SRI.3 This is only about 15% of the
theoretical coercivity, 2 K/MS, where K is the magnetocrystalline anisot-
ropy and MS is the saturation magnetization. Furthermore, sintered SmCo5
magnets usually have much lower coercivities and SmCo5 powders and

samarium-depleted sintered magnets usually have intrinsic coercivities

well below 20 kOc.

Because of the high magnetocrystalline anisotropy, coherent rotation
ul domains and curling cannot occur at the comparatively low fields at

which magnetic reversal actually occurs,

Magnetic domain nucleation and domain-wall piunning are factors that
may control coercivity. Inclusions and possibly other defects such as
stacking faults and coherent zones of second phase material are expected
to impede domain-wall movument and incrcase cocercivity, However, these
same defects can act as nucleation sites for new domains :nd decrease
coercivity. The experimental results show conclusively that processing
operations that lead to Sm203 and Sm2C()17 inclusions within SmCo5 grain
boundaries always lower coercivity and conversely processing operations
that decrease these inclusions raise coercivity. Hence, nucleation of

domains rather than domain-wall pinning evidently controls coercivity.

Additional arguments against a domain-wall pinning model can be
made based on other experimental information. Sintered rare carth cobalt
magnets are made by aligning the powder (easy axis crystallographic
parallel orientation). During sintering the crystallographic orienta-
tion is maintained but the specimen is thermally demagnetized. If
domain-wall motion controlled the coercivity, then magnetization of the

sintered specimen should require a high field similar to Hci' The

14




experimental evidence is that magnetization nearly equal to Ms can be
obtained in a thermally demagnetized specimen at fields much lower

than Hci.

Domains have been observed in a large number of SmCo_ grains in which
Sm20017 inclusions have been introduced by samarium depletion. Bending
of domain walls around these inclusions13 or termination of domains at
internal inclusions has never been observed in this laboratory. In all
cases the domain walls seem to be oblivious to the presence of the cobalt-
rich inclusions. A typical micrograph of domains in SmCo5 grains with
Sm20017 precipitates is shown in Figure 20, A small domain apparently
growing out of the grain boundary which is a region of Sm20017 can be

scen in this micrograph,

Small oxide particles, <1 micrometer, such as those shown in the
quenched specimen of Figure 17 also do not appear to have a prctferred
locus coincidental with domain walls and, therefore, are evidently not

panning wom: L walic However, we do aut nave much ¢viaence on t"i, yeu,

An inclusion domain-nucleation modeir can explain most if not all

of the confirmed phenomenological relations between samarium-cobalt
magnet processing and tihe resulting intrinsic coecrcivity. By confirmed
phenomenological reclationships we mean bechavior that has been observed

in more than one laboratory or is gencrally accepted. An example is the
observed drastic decrecase in cocrcivity if excess samarium is not present
during sintering. According to this model, both szo3 and SmZCo17
inclusions, which may be submicroscopic, can heterogencously nuclcate

new domains. Magnetic coercivity of a grain and of a sintered aggregate

will decreasc as the population of small inclusions increasecs.

Rather than present a lengthy discussion of thesec phenomena and
their possible association with inclusions, we have choscen to list cffects

with postulated causes in Table 1,
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FIGUPE 20 MAGNETIC DOMAINS PASSING THROUGH Sm,Co,
WITHIN SmCo; GRAINS

; PRECIPITATES
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VII SINTERING

e g

A. Introduction

g,

Benz and Martin studied the mechanism of sintering of rare-earth
14
cobalt alloys, and postulated that the sintering kinetics are controlled
by the diffusion of samarium atoms in grain boundaries via a samarium

atom-cobalt vacancy cluster exchange mechanism. This conclusion was

based on an observed one-third time dependence of volume shrinkage
calculated £ om end point densities of samples that initially contained

a liquid phase, and on a comparison of the total volume shrinkage or
density with the alloy composition. Benz and Martin further noted that

a correlation existed between the conditioms that produced rapid shrinkage
and the conditions that yielded high intrinsir coercivity, and since

this correlation has important processing implications, it was decided

to follow the solid phase stgge of sintering of SmCo5 under conditions

in which kinetic models could be applied thus alloving a study of the
effect of changes in stoichiometry on the kinetics of sintering.

The sintering kinetics of solids have been stvdied extensively

15 16 7
beginning with Kuczynski and then followed by Kingery and Berg, Coble,1

18
and Johnson and Cutler, Refinements in the assumptions relating the

mathematical models to the physical model have been made primarily by

19
Johnson, From these studies the general equation for solid state

sintering is given as

Preceding page blank



where

AL/Lo = the fractional shrinkage
v = the surface free energy
0 = the volume transported per atom
rate-controlling species
D = the self-diffusion coefficient of the
rate-controlling species
k = Boltzmann's constant
T = absolute temperature
r = the particle or powder radius
K, n, m = constants that depend on the sintering mechanism.
Table 2 lists the values of the constants versus the sintering
mechanism,

SINTERING CONSTANTS FOR EQUATION (4)

Table 2

Sintering Mechanism K m Reference
Volume Diffusion 5.34 0.49 5
20/ V2 0.40 2
2 0.50 3
Grain Boundary Diffusion 2.14b 0.33 5
3b 0.33 3

The symbol b in Table 2 is the grain boundary width.

The constant m is

usually determined by plotting the logarithm of fractional shrinkage

versus the logarithm of time, and a sintering mechanism is deduced based

on the value of m,

50

This method of determining the sintering mechanism




————

is not precise unless time and length corrections are applied, because
m varies with small 2orrors in ;1me and shrinkage. The errors result
from the inability to heat the sample instantaneously to the sintering
temperature, Loy and Curter20 have outlined a relatively easy method |
of correcting the time and Yength that involves calculating L0 from
thermal expansion data and extrapolating a length versus time plot to
intersect the calculated L0 value, thus detemining the effective initial

time.

21
Johnson later pointed ont that the method of Lay and Carter is

strictly valid only if an array of identically sized spheres are used in

the study, and if it is known that all of the mass transport is due to

a single mechanism,

The sintering studies described in this report are incomplete in
that a complete range of stoichiometries has not been investigated and

the validity of assuming a single transport mechanism has not been tested.

B. Experimental Procedure

Samarium-cobalt alloy powders were made for this study by arc
melting the elements. Slight changes in the alloy compositions were
obtained by adjusting the samarium/cobalt ratio used in the arc melting.
The arc-melted alloys were annealed in an oxygen-gettered argon atmosphere
at 111000 for four hours, and were then individually ground in an alumina
ball mill for three hours using sodium-gettered hexane as the milling
fluid. The final alloy compositions were detemmined from EDTA titration
dntu,22 and the compositions were adjusted for loss of samarium due to
the formation of Sm20,. The oxygen concentrations in the alloys were
determined by neutron activation analysis and by vacuum fusion analysis

(courtesy of General Electric Company). The oxygen content in solid

solution was assumed to be zero.

51




Disk-shaped specimens 1.0 inch in diameter by 0.13 inch thick,
were fabricated by die pressing at 30,000 psi in the absence of a mag-
netic field. The specimens were placed on a molybdenum support in a
furnace employing a graphite resistance heater surrounded by oxygen-
gettered argon. The change in sample diameter was recorded by time-lapse
photography as functions of time and temperature, and the data were

read from the films by means of a Telereadex film analyzer.

Sample length corrections were made following the method of Lay

20
and Carter using the themmal expansion data presented in Figure 21,

which were obtained by using a commercial dilatometer modified so that
a static argon atmosphere could be used to surround the sample to prevent

oxidation.

Heating the sintering samples from room temperature to the sintering
temperature required approximately 90 seconds. Shrinkage below approxi-
mately 11000C is almost negligible and the time required to reach 1165°C
from 1100°C wus approximately 5 seconds. Calculated Lo values (initial
sample diameter) corresponded exactly with the experimentally measured
L_values at 1100°C. At 1120°C a small correction in L was required
and these corrections increased in magnitude as the sintering temperature
was raised to 11650C, indicating that shrinkage was occurring as the
sample was heated from 1100 to 1165°C. The corrections ranged from 0.0%

at 1100°C to less than 2.0% at 1165°C.

C. Results and Discussion

Shrinkage data were obtained for four different alloy comparisons,
and these data are shown in Figures 22, 23, and 24, The value of m
(see Eq. 4) as determined by a least-squares analysis ranged between
0.24 and 0,37. The correlation coefficient except for one isotherm was
above 0,93, Thus the shrinkage data approximate a slope of m = 0,33 and

indicate that the shrinkage is controlled by grain boundary diffusion.
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LINEAR THERMAL EXPANSION — percent

14

1.0 =
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FIGURE 21
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LINEAR THERMAL EXPANSION OF POLYCRYSTALLINE RANDOMLY
ORIENTED SmCog
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The data presented in Figures 22, 23, and 24 were forcc fitted to lines
o

drawn with slopes cqual to 0.33, and thc data near 1100 C exhibit con-

sidcrablc scatter due to thc small amounts of shrinkage involved. The i

ratc of shrinkage can be calculated from the intercept values for each

isotherm, and the rate of shrinkage is shown plotted versus reciprocal
temperatures in Figurc 25, All four alloy compositions exhibit idcntical
rates of shrinkage within experimental crror and this result is in conflict

14
with the results of Benz and Martin,

SmCo5 alloy compositions arc very sensitive to the oxygen impurity
concentration. Thercfore the oxygen content of the alloys uscd in this
study werc dctermined by both neutron activation analysis and by vacuum
fusion analysis. These mcthods of analysis for oxygen in SmC05 give
conflicting results with the vacuum fusion mcthod always exhibiting the
highcr value. The rcsults of the oxygen analysis are listed in Table 3.
Bcecause of thc discrcpancics shown in Table 3, very bricf descriptions

of the two oxygen analysis tcchniques arc given below.

The neutron activation analysis was conducted by Gulf Radiation
Technology Company. Each sample was irradiated for 10 seconds in a 14-McV
ncutron flux of approximatcly 108 neutrons/cmz-sec. An oxygen standard
was irradiated with each sample and thc induced activity of N16 was
counted on a single channcl pulse-height analyzer using a pair of
5 x 5-inch NaI(Tl) scintillation crystals. The N16 is formed by oxygen
interacting with neutrons according to the reaction 016(n,p)N16. The
oxygcn concentration was detcrmined by comparing the intcnsity of the
6.13-MeV gamma-ray photo pcak of N16 from the sample with the samc peak

from thc oxygen standard.

The vacuum fusion analysis was conducted by Gencral Electric Company

and an excellent description of this technique has been given by Horton
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VERSUS RECIPROCAL TEMPERATURE

58




.

LT __¢C

o) us
= L L2 = ££6°0 Sopus * oL-N
LT, 2y *

1°0¢ e 1g v6°0 Y¥S 0 Sopus 69-I
SE°63T 0°¢ce 8e- 1 96G°0 Sopus 89~
1°1¢ g°ge pe'1 G98°0 Sopusg L9-N
uorsng wnndoea UOTIJEATIOV UOIINAN uoisng umnoep | UOTIEATIOY UOIINAN uorloeayytq Ley-x oo
£q pa3199333Q .

(%3%) LOTIVY UT UOTIEBIJUIDUOD WS PIIRINOTE

9,3M) UOIIEIJUIDUO) ualdixo

saseyd

SAOTIV

]

opuws JO SISATYNVY NIDAXO

€ 91qelL

[=2]
n

1
]
i
E
i



23
and Crrson, The technique essentially consists of melting the SmCo

5
alloy in a platinum-tin bath in a vacuum in the presence of an excess of

s oianes

carbon. Carbon monoxide is produced and the amount produced is taken as
a measure of the oxygen content in the alloy. The alloy sample is placed a
in a platinum foil-tin container and introduced into a vacuum side arm

above an outgassed graphite crucible containing 95% platinum plus 5% tin

o P

-5
held at 9000C in a vacuum of approximately 10 torr. The sample is

dropped onto the solid platinum bath and the temperoture is raised to

0
195000 requiring approximately 12 minutes to reach 17530 C and approxi-

L mpine s

(o]
mately 15 to 18 minutes to reach 1950 C. The quantity of gas evolved is

determined manometrically using McLeod gages. !

Oxidation of powder samples or porous samples may occur during the
time the sample resides on top of the platinum bath and this might account
at least in part for the higher oxygen values obtained when analyzing

by a vacuum fusion technique.

Table 3 also lists the phases detectable by x-ray diffraction, If
the oxygen contents determined by vacuum fusion analysis are correct, we
would expect that alloy M=-68 would contain a greater amount of Sm2Co17
than the M-69 alloy. Since this was not confirmed by x-ray analysis,
all of the alloys were examined metallographically. M=-67 and M-68 con-
tained very small amounts oi second phase and M=-69 contained much more
second phase than did M-68, but less than M-70. Therefore, the x-ray data
and metallographic examinations correlate more closely with the neutron
activation data. It should be realized that the sintered specimens sub-
mitted for oxygen analysis were very porous because only the initial

stage of the solid phase sintering process was studied, and the possibility

of oxidation occurring during the vacuum fusion analysis does exist.

Additional work is necessary to determine the best method of oxygen
analysis in SmCo5 alloys; however, in this report the neutron activation

analysis data have bcen used to calculate the samarium contents of the
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alloys (see Figure 25). The samarium content has therefore been varied

almost entirely across the SmCo5 phase field and into the Sm2Co17 phase
fieid with the exception of the postulated hyperstoichiometric SmCo5
region.24 Since we do not observe any difference in the ratio of
shrinkage as the samarium/cobalt ratio is varied, we are fcrced to con-
f clude that deviations in stoichiometry in this system do not alter the

grain boundary defect structure sufficiently to cause a change in the

grain boundary transport of the rate-determining species.

Additional work will be completed during the next report period
that will allow a quantitative evaluation of the solid phase shrinkage

rate, including experiments to extend the samarium/cobalt ratio into

3 the Sm2Co7 phase field. This work is necessary before the final con-

clusions from the solid phase sintering work are made.
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