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(Conclusion of Abstract:)

Oxidation of SmCo_ and PrCo_ in air produces a thin scale of cobalt
oxide and samarium oxide and a much thicker subscale containing B-cobalt
and samarium oxide formed by the selective oxidation of samarium., The
subscale growth can be described by the parabolic growth law with the
internal oxidation kinetics controlled by oxygen transport through the
subscale. The apparent activation energy for the oxidation process is
14 kcal/mole. The unique subscale microstructure consists of thin
parallel platelets of nonstoichiometric samarium oxide separated by
cobalt, The oxide platelets are continuous and oriented in the general
direction of subscale growth. The internal oxidation kinetics are too
fast to be accounted for by transport of dissolved oxygen in cobalt and
it is postulated that oxygen anion transport within the oxide is the
rate-determining process.
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ABSTRACT

The initial sintering kinetics of stoichiometric SmCo5 powder
containing a samarium-rich sintering addition (60 wt% Sm plus 40 wi% Co)
have been investigated as a function of amount of liquid phase, time,
temperature, and particle size. The shrinkage as a function of time

exhibits the classical three stages of liquid-phase sinter.ng, i.e.,

rearrangement, solution-precipitation, and solid phase.

The rate-controlling step during the solution-precipitation gtage
corresponds to a phase boundary (solid/liquid) reaction leading to dis-
solution. Evidence for this conclusion is partially based on the
logarithm shrinkage-logarithm time slopes being equal to 1,/2 instead
of 1/3. A 1/3 slope is predicted by the liquid diffusion-controlled
sintering model while thc phase boundary sintering model predicts a
slope of 1/2, An activation energy of 52,8 kcal/mole was obtained for
the temperature dependence, and this also suggests a phase boundary

reaction rather than ratie control by diffusion in the liquid phase.

The rate of sintering follows an r = particle size dependence
-4/3
instead of an r dependence, again suggestiing that the solution-
precipitation stage of sintering of SmCo5 is controlled by a phase

boundary reaction leading to dissolution,

Oxidation of SmCo5 and PrCo5 in air produces a thin scalec of cobalt
oxide and samarium oxide and a much thicker subscale containing B-cobalt
and samarium oxide formed by the selective oxidation of samarium, The
subscale growth can be described by the parabolic growth law with the

internal oxidation kinetics controlled by oxygen transport through the

subscale. The apparent activation energy for the oxidation process is
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14 kcal/mole. The unique subscale microstructure consists of thin
parallel platelets of nonstoichiometric samarium oxide separated by
cobalt, The oxide platelets are continuous and oriented in the general
direction of subscale growth, The internal oxidation kinetics are too
fast to be accounted for by transport of dissolved oxygen in cobalt

and it is postulated that oxygen anion transport within the oxide is

the rate-determining process.
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I INTRODUCTION

The objectives of this program are to investigate materials pro-
cessing methods with the goal of achieving optimum properties of SmCo_
o]

and other RECo5 compounds as permanent magnets. The primary problem

is achieving high magnetic coercivity,

Previously, a variety of unconventional processes for generating
RECo5 powders were investigated but none was found to be more effective
in obtaining high coercivity materials than properly conducled comminu-

tion processes, c.g., ball milling.

The sintering process is also a critical step in magnet productlion.
Studies to gain further knowledge of the liquid-phase sintering process
and magnetic cvaluation of sintered alloys were carried out during this

research period.

Oxidation invariably accompanies magnet po@der processing. Because
of the possible connection beéwecn oxidalion and reduced magnetic
coercivity a study of the oxidation kinetics of SmCoslwas begun, empha-
sizing low oxygen pressures during the initial stages of oxidation at

{
low temperatures and the selective oxidation of samarium by a modified

internal oxidation process.

.
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II LIQUID PHASE SINTERING OF SmCo5

The sintcring of SmCo5 magnets is usually accomplished by adding
a samarium-rich phase (60 wt% Sm + 40 wt% Co) to SmCo5 powder. The
mixed powders are then aligned in a magnetic field, pressed to achieve
a maximum green density, and then heated to approximately 11250C in
argon passed over hot calcium to remove oxygen. The samarium-rich phase
becomes liquid during the sintering process and therefore liquid-phase
sintering Kinetics are expected to cointrol the initial stages of sintering.
The liquid-phase sintering process may be divided into three stages:
(1) rearrangement on formation of the liquid phase, (2) solution and
precipitation of the solid phase, and (3) rcoalescence or solid-phase
sinteving with the formation of a solid skeleton. These three stages
can be identified during isothermal sintering if the linear shrinkage
of a powder compact is determined as a function of sintering time and

plotted logarithmically. Figure 1 shows these stages for SmCos.

Kingery1 has derived equations to describe liquid-phase sintering
during the solution-precipitation stage. The equations are derived for
spherical particles, complete wetting of the solid by the liquid, solu-
tion of the solid in the liquid phase, and constant grain size. The
rate-controlling step may be diffusion in the liquid phase or the phase
boundary (solid/liquid) reaction leading to dissolution. The equation

that describes liquid diffusion-controlled sintering is,

1/3
6K25 DC YIV v /
o L o
-4/3 1/3
1 t

o)

K RT
1

Preceding page blank 3
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where K1 and K2 are constants approximately cqual to 5.5 and 1, respective-
ly; is the thickness between particle-particle contact points; D is the
diffusion coefficient of the slowest diffusing species in the liquid phase;
and CO is the solubility at infinite radius of curvature; YLV is the
liquid-vapor surface energy; VO is the molecular volume; r is the particle

radius; t is time; and AL/L is the linear shrinkage.
o

If the sintering kinetics are controlled by a dissolution process,
the kinetics can be described by the following equation,

, 1/2
2k" K.y, C vV /
2 'LV o o .
BL/L = r ot (2)
K_RT
1

where k’ is the appropriate ratec constant.

Understanding the sintering mechanism and the parameters that affect
sintiering, such as amount of the liquid phase, particle size, time, and
temperature, should provide the means for better control over the sintering

process.

Experimental Procedure and Results

SmCo5 powders were made for this study by arc melting the clements.
The resulting alloy was ground in an alumina ball mill using sodium-
gettered hexanc as the milling fluid. The samarium and cobalt concen-
trations of the alloy were determined, following milling, by the titration
process described previously.r The alloy composition was then adjusted
to 37 wi samarium and 63 wt% cobalt by adding the appropriatc amount of
the 60 wt® samarium + 40 wt% cobalt alloy. Slightly different arc alloy

compositions allowed the amount of samarium-rich liquid phase to be varied

from 1,5 wt% to 13.8 wt%

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 magnetic



field. The specimens were placed on a molybdenum support in a furnace
employing a graphite heater surrounded by oxygen-gettered argon. The
shrinkage was recorded by time-lapse photography, and the data were read

from the films by means of a Telereadex film analyzer.

The shrinkage was measured over a temperature range between 1032
and 11650C. A typical shrinkage isotherm obtained at 1123OC is shown in
Figure 1, Experiments of this type usually exhibit some experimental
scatter and the data shown in Figure 1 are comparatively good data with
a minimum amount of scatter, Data scatter became severe below approxi-
mately 11000C because of the small amounts of shrinkage, and therefore

o o
the majority of the data were obtained between 1100 C and 1165 C.

Prill et al.3 have shown that errors in interpretation of the
sintering mechanism can occur when the shrinkage occurring during the
rearrangement process (first stage) is not taken into account, All of
the data were plotted on logarithm shrinkage versus logarithm time
graphs, as shown in Figure 1, and the first break in the curve was taken
as the point at which the rearrangement process was complete. The total
shrinkage and elapsed time at this point were subtracted from the shrinkage

and time values, and replctted as AL/H, versus corrected time.

Shrinkage data obtained for samples containing a liquid phase equal
to 1.5 wt% are shown in Figures 2 and 3. Figure 4 contains shrinkage

data for specimens containing 11.8 wt% liquid phase.

The shrinkage data presented in Figures 1 through 4 were obtained on
disks containing SmCo5 powders with an average particle diameter of 12.6 m,
The particle size was measured by metallographically sectioning the sintered
samples and counting the number of grain boundaries intersected by random
straight lines of known length. The particle sizes reported are equal to

1.5 times the average distance between the intercepts.
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Shrinkage data were also obtained on SmCo5 powders with average
particle sizes of 7.4 and 19.6 ym. The 7.4-ym shrinkage data are shown

in Figure 5, and the 19.6 pm data are shown in Figures 6 and 7.

The rate of shrinkage on a log AL/Lr versus log time plot corresponds
to the values of the intercepts. If the break between the rearrangement
stage and the solution-precipitation stage is incorrectly determined, it
will result in an error in the shrinkage rate for the later process.

Since sintering is a thermally activated process, an Arrhenius plot of
the rate constant versus 1/T provides a check on the correctness of the
transition boint determination. Figure 8 is a plot of the shrinkage rate
versus 1/T, and since a good straight line data fit was obtained, con-

fidence can be placed in the transition point determinations.

Discussion of Resultls

An understanding of the mechanism of sintering can be obtained by
evaluating the slope of a logarithm shrinkage versus logarithm time plots.
According to Equation (1), a slope of 1.3 is expected if the sintering
process is contirolled by diffusion in the liquid phase. A slope of 1/2
(see Equation 2) is expected for sintering controlled by a dissolution
process. The shrinkage data obtained for SmCo5 during the solution-
precipitation stage of sintering were analyzed using a least-squares
it to determine the slope of the logarithm shrinkage versus logarithm

time plots. The resultls obtained are listed in Table I.

The correlation coefficient at the higher temperatures ranged
betlween 0.92 and 0,98 while the data obtained at temperatures below
11000C had correlation coefficients as low as 0.54. The exponents pre-
sented in Table T clearly indicate that a dissolution type process 1is
rate limiting rather than diffusion in the liquid phase. The data pre-
sented in Figurcs 2 through 7 were therefore force-fitted to a solid

line with a slope equal to 0.5.

10
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Table I

TYPICAL SHRINKAGE ISOTHERM EXPONENTS

Temperature
(°c) Exponent
1165 0,51
1150 0.52
1135 0.49
1135 0.44
1125 0.41
1123 0.48
1120 0.47
1105 0.51
1082 0.65

o
Data obtained at temperatures below approximately 1100 C exhibited

considerable experimental scatter primarily hecausc of the small differ-

ences in shrinkage between tliec rearrangement stage and the solution-

precipitation stage.

Quantitative reaction rates cannot be calculated a priori from
Equation (2), because the rate constant k’ must be determined experi-
mentally., However, the energy of activation for the sintering process
may provide a means of distingu hing between liquid diffusion-controlled
sintering and sintcring controlled by dissolution. The apparent activa-
tion energy determined from the slope of the Arrhenius plot, Figure 8,
is 57.6 kcal/mole. 1In Equation (2) the rate constant k’ and the solu-

bility C vary cxponentially with temperature. The enthalpy associated
o

15



with CO was determined from data taken from the samarium-cobalt phase
diagram and was equal to 4.8 kcal/mole. Thus, the energy of activation
for k’ is 52.8 kcal/mole, Alternatively, the liquid diffusion-controlled
sintering model, Equation (1), contains terms CO and D that vary expo-
nentially with temperature., Thus, liguid diffusion=-controlled sintering
would require a liquid diffusion coefficient D with an activation energy
greater ithan 50 kcal/mole, which is about an order of magnitude greater
than the diffusion activation energices normally observed in liquid alloys.
This facl strongly indicates that sintering is controlled by the phase-
boundary dissolution process during the solution-precipitation stage

rather than liquid diffusion.

Another means of distinguishing between different sintering mechanisms
is to investigate the rate of sintering as a function of particle size,
since the models for sintering exhibit various dependencies on the radius

of the sintering particles, Table II lists the particle size dependence

for various sintering models,

Table 11

SINTERING MODEL PARTICLE SiZE DEPENDENCE

Liquid-Phase Sintering Particle Size Dependence
-1
Dissolution process r
e , L -4/3
Diffusion in liquid r

phase

Solid-State Sintering

. , -3/2
Volume diffusion r
. -4/3
Grain boundary r

diffusion
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The exponents in Table II for the solid-state sintering models vary
slightly from those quoted with different assumed boundary conditions,
but these variations will not confuse the conclusions to be made in this
particular study. The rate of sintering of SmCo5 for the solution-
precipitation stage is plotted in Figure 9 versus the grain size of the
SmCo5 particles. These data were obtained at a constant power setting
of the vacuum furnace that produced a temperature of 1123°C. Lines
corresponding to the various particle size functions were passed through
the smallest grain size datum point. A comparison of the lines in
Figure 9 indicates that a phase boundary (solid-liquid) reaction is
rate limiting for the initial sintering of SmC05. Figure 8 shows the
difference in rate of sintering between 12,6-m and 19.6-um particles

as a function of temperature.

The rate of sintering can be calculated if reasonable valuesiare
. . . p L kTe AS /R —Q/RT
assigned to the constants in Equation (2). Let k~ equal —— ¢ e
+
where % is the jump distance, AS is the entropy of activation, Q is
the energy of activation and k and h are Boltzmann's and Pla.ick's constants,
¥

respectively, Then, assuming the following values: ) = BX, AS = 2,0 E.U.,

2
Q = 52.8 kcal/mole, k1 =0,5, k_=1,C = 90,42, YIV = 300 erg/cm ,
o ;

2
VO = 51.7 cma/mole, T = 11230C, and ¥ = 12,6 um, we obtain a sintering
rate equal to 4.85 x 10_1 min_1 based on the assumption that every sur-
face site is active., Experimentally we observe 2 sintering rate equal

to 8,0 x 10-3 min_l. If we assign the difference between these twe values

1o inactive surface sites, we obtain a ratio of active/inactive surface

sites of 1/60, which is a reasonable number.

The amount of liquid phase present does not affect the solution-
precipitation sintering kinetics, see Figure 8, This behavior is expected
trom a consideration of the rate-controlling step and the resulting kinetic

equations. The amount of liquid phase does, however, influence the total
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amount c¢f shrinkage obtained in the rearrangement stage of a liquid-phase

sintering process.

Conclusions

The initial sintering of SmCo5 in the presence of a 60 wt% Sm
additive can be described as a liquid-phase sintering process involving
rearrangement followed by a solution-precipitation stege. The latter
stage is controlled by a solid/liquid phase boundary reaction leading
to dissolution as evidenced by the time, temperature, and particle size

dependence on the rate of sintering.
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III MAGNETIC MEASUREMENTS

During this researeh pcriod a 106 kG supereondueting magnet hLas
been substituted for the 70 kG magnet in the vibrating sample magnetometer.
The higher field capability now allows an evaluation to be made of the
very high eoereivity magnetie SmCo5 powders formed by ball milling in
sodium-gettered hexane. Hysteresis loops measured on magnetis fabricated
from these powders were asymmctric when subjected to a magnetizing field
of 64 kG. A 100 kG magnetizing field appears to saturate these samples
and the hysteresis loops have beeome symmetrieal, A typieal hysteresis
loop is shown in Figure 10. For this partieular speeimen the intrinsie

coercive force is 37,000 Oe. The highest valuc obtained for the sintered

SmCo5 magnet using ball-mililed powders is an intrinsie eoereive foree of
43,200 Oc. The powders pricr to liquid-phase sintering have intrinsie
eoereive forees typieally between 20,000 and 25,000 Oe. The temperature

was nhot measured, however repetition of the measuring procedurcs gave

temperatures between 220 and 250 K.

The alternative alignment procedures used on thesc powders have becen:
(1) alignment in a die at 5 to 10 kOc; (2) alignment in a 10-kOe field
using inflated surgieal tubing, followed by release of pressure and sub-
sequent isostatie pressing; and (3) alignment in a 100-kG field, followed
by evacuation and isostatie pressing. The highest alignments (square
M-H loops) have been aehicved using the seeond method. Values of the
alignment index Mr/I\l100 between 0,94 and 0,96, where MlOO is the magnetie

moment at 100 kOe, arc casily aehicved by this me thod.

Preceding page blank 21
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Iv OXIDATION OF SmC05 AND PrC05

indirect cvidence reviewed in the previous semiannual report
indicates that oxidation of rare earth-cobalt particles degrades mag-
netic coercivity. Conversely, coercivity can be improved by sintering
with a liquid matrix phase enriched in samarium., Understanding the
oxidation of these materials may lead to a better understanding of
coercivity losses. The first task presently reported on involves
selective internal oxidation of samarium in SmCo5 and prascodymium in
PrCo_. These alloys were exposed to air at one atmosphere at tempera-
tures from 300 to 11250C. The role of oxygen pressure on the rate of
internal oxidation will be reported after work presently underway is
coimpleted. The sccond task involves the determination of the initial
oxidation kinetics on the SmCo5 surface at luw oxygen pressures and

o
temperatures down to 100 C.

The third task involves a calculation of the extent and type of
oxidation likely to occur on SmCo5 and PrCo5 surfaces during storagc at
room temperature and slightly elevated temperatures. In the absence of
a samarium-rich liquid phase during sintering, any residual oxygen will

react completely before sintering temperatures are reached.

A, Internal Oxidation of SmCo_ and PrCo5
J

An cxtensive kinetic and structural study of tlie internal oxidation
of samarium in SmCo_ has been made. Although PrCo5 has been less exten-
5

sively studied, the results indicate that the oxidation mechanism and

oxidation kinetics of this material are identical to that of SmCos. When

exposed to oxygen over a wide range of temperatures, these intermetallic

compounds oxidize to producc two conjugate layers over the unoxidized
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alloy, which can be readily seen in a microscope under bright field
illumination without etching the specimens. These layers consist of A
thin oxide scale at the surface composed ol cobalt and samarium oxide

and a much thicker internally oxidized subscale region.

Internal oxidation leads to a microstructure consisting of thin
oxide platelets separated by thin layers of B-cobalt. The microstructure
is very similar to that of a cutectoid microstructure, and the oxide
platelets in the subscale may be sources for easy nucleation of magnetic
domains in the adjacent SmCo5 phase. lMicrographs of a polished section
under bright field illumination and under polarized light arc shown in
Figure 11. This particular specimen resul ted from oxidation at 7OOOC,
The apparent "grain" structure of the subscale is readily shown on
unetched surfaces in polarized light. Each grain consists of a region
of uniform platelet orientation, which affects light scattering dif-
ferenily from that of a neighboring grain which has a different platelet

orientation,

Internally oxidized SmCo5 and PrCo5 have unusually high volume
fractions of oxide compared with that usually encountered in internally
oxidized alloys. The internal oxidation of these alloys is a type of
phenomenon somewhat different from classical internal oxidation and one

that we believe has not previously been encountered.

Classical internal oxidation involves a small amount of the recactive
solute metal in the less reactive metal matrix. Typically the reactive
sol» 2 is present in amounts of one or two percent and the subscale con-
sists of a dispersion of small particles within the less reactive metal
matrix. When larger amounts of reactive solute are present, counter-
diffusion of the reactive solute towards the oxygen interface results in
the tormation of a reactive metal oxide scale rather than internal

oxidation,
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The solubility of the reactive rare earth metal in cobalt is very
low, of the order of one percent or less and counterdiffusion of samarium
does not occur t> an appreciable degree, thus allowing internal oxida-
tion to occur. lowever, the rare earth content of the RECo5 alloy is
extremely high, of the order of 33 to 37 wt%, depending on the particular
rare earth element involved. Consequently, internal oxidation produces
a subscale with very large volume fractions of oxide. For cxample, the
internal oxidation of SmCo5 at high temperatures produces C-type Sm203,
which has been identified by X-ray diffraction and leads to an oxide
volume that is 42.5 vol.% of the subscale. Because of these high volume
fractions of oxide in the subscale, the oxide phase will be continuous
rather than discontinuous as has always been encountered in previous
examples of classical internal oxidation. The system is analogous to
a very porous solid in which the pore volume fraction is high and the

pores are open.

With a continuous oxide phase in the subscale, diffusion in the
oxide phase becomes a possible rate-controlling mechanism. As with
classical internal oxidation, diffusion in the metal phase is also a
possible rate-controlling mechanism. In all previous examples of clas-
sical internal oxidation, the transport mechanism required oxygen dif -
fusion in the metal phase. In the case of the internal oxidation of
SmCo5 and PrCos, the solubilities of oxygen in B-cobalt are too low
in relation to the observed rapid rates of internal oxidation. Diffusion
coefficients of oxygen in B-cobalt greater than those typical of liquid

metals would be required to satisfy the rapid internal oxidation rate.

Although the transport mechanism controlling the rate of internal
oxidation of these alloys is not fully explained, there is very strong
evidence that oxygen anion transport in the continuous rare earth oxide
phase is the rate-controlling mechanism. Kinetic arguments for oxygen

transport as anions in the oxide will be presented later in conjunction
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with the kinetics of internal oxicdation of these alloys. However, the
oxicde morphology is consistent with this model. The boundary between the
subscale and the unoxidized SmCo5 alloy is shown in Figure 12, This
particular sample was oxidized at 112500 for two minutes and subsequently
etched three seconds in 50% HNOS, 30% HZSO4’ 20% H20. The oxide particles
appear to be fibrous but they are actually platelets oriented in the
general direction of oxidation. There was negligible counterdiffusion

of samarium in this alloy. Electron beam microprobe traverses across

the internally oxidized zone show a uniform macroscopic concentration

of oxygen across the subscale. However, there appears to be a thin band
at the interface approximatiely 2 microns thick which contains a lower
density of oxide than in the remainder of the subscale. This band may
represent a thin region of counterdiffusion of samarium in B -cobalt,
Accordingly, the B—cobalt/SmCo5 interface is represented by the furtherest
penetration of the oxide p{atelets, while oxidation and growth on plate-
lets is occurring across a thin band adjacent to this region. This is

shown schematically in Figure 13.

The platelet morphology of the oxide is demonstrated by first
etching in the HN03-H2504 acid mixture followed by a "zleaning’ etch in
5% HC1 in alcohol. This second etch results in the partial dissolution
of the oxide and exposure of the platelet morphology as shown in Figure

14,

Although the orientation of the oxide platelets generally follows
the dircction of oxygen transport to the reactive interface (B -cobalt/
SmCoS), the platelets do cluster into parallel groups comprising a grain,
This is illustrated by the subscale/SmCo5 micrograph shown in Figures
15 and 16, This particular specimen was oxidized for two hours at 7OOOC.
When platelet microstructurcs result from eutectoid decomposition, the
grain of commonly oriented platelets often corresponds to preexisting

grains in the single phase structure prior to decomposition., However,
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FIGURE 12

SCANNING ELECTRON MICROGRAPH OF THE
SUBSCALE/SmCoy INTERFACE; OXIDIZED 1125°C,
2 min; ETCHED 50 HNO,, 30 H,S0,, 20 H,0
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FIGURE 14 OXIDE PLATELETS IN THE SUBSCALE;
ETCHED FOLLOWED BY REETCHING
IN 6% HYDROL
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FIGURE 15

SUBSCALE/SmCo5 INTERFACE WITH OXIDE,
PLATELETS ORIENTED AWAY FROM THE
MACROSCOPIC SUBSCALE GROWTH DIRECTION
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FIGURE 16

SUBSCALE/SmCo; INTERFACE AND INTERSECTING
“GRAINS” WITHIN THE SUBSCALE STRUCTURE
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in this case th. grains in the subscale, which are outlined by polarized
light, do not correspond with the original SmCo5 grain in the ingot. The

subscale grain structure is finelr than the original cast SmCo5 grain size.

There is no evidence for pore generaticn (accumulation of vacancies)
associated with the internal oxidation process. However, the motion of
oxide inclusions present in the samarium-cobalt alloy prior to internal
oxidation is interesting. These inclusions pile up on the moving subscale/

SmCo5 interface and are swept by the interface as shown in Figure 17.

Sectioned specimens were also analyzed for cobalt and samarium
(praseodymium) , using an electron microprobe analyser. There were no
apparent gradients of oxygen, rare earth, or cobult across the subscale.
The results of a typical concurrent analysis are presented in Table IIIL.
Median chemical compositions and statistical confidence limits (2¢) are
given., Standard matrix corrections were made. Reference standards were

Sm20 for oxygen and a sample of SmCo5 of known chemical composition

3
determined by EDTA titration., The results shown in Table III inditate that
the oxide scale contains both cobalt and samarium and has approximately

the composition of a mixture of CoO and Sm203 corresponding with the
original alloy. However, the cobalt/samarium mole ratio in the oxide

scale was somewhat greater than 5.0 and not very uniform. There is also
considerable porosity in the cxide scale, though none is observed in

the subscale. This porosity, which is shown in Figure 18, is probably
associated with vacancy accumulation during the oxidation of cobalt to

form coball oxide. Cobalt oxide is known to contain cobalt vacancies

and a mechanism of oxide scale growth on cobalt-involves the outward

diffusion of cobalt ions in the oxide and the counterdiffusion of cobalt

ion vacancies,.

Although most of the vacancies are annjihilated by the cobalt inter-

face reaction, an appreciable fraction of vacancies usually accumulates
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FIGURE 18

POROSITY IN THE OXIDE SCALE ON SmCoy
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Table III

ELECTRON BEAM MICROPROBE ANALYSIS OF

AN OXIDIZED (750°C) SmCo5 AND SECTIONED SPECIMEN

Oxide Scale

Element Weight Percent Atomic Percent Co/Sm
Sm 21,27 + 6 47 7.09 + 2,46 ~ 6.1
Co 51.48 + 5.60 43,56 + 2.58
o 15.82 + 0.56 49,35 + 0.39
Total = 88,57
Balance = Porosity
Internally Oxidized Zone
Element Weight Percent Atomic Percent Co/Sm
Sm 33.19 4+ 1,02 14.11 + 0.43 4,77
Co 61.95 + 1.70 67.21 + 1.84
o 4.67 + 0.35 18.68 + 1,41
Total = 99,81
Unoxidized Alloy
Element Weight Percent Atomic Percent Co/Sm
Smle 34.71 17.07 41,81
CoKy 66,08 82,91
36



as voids during scale growth on cobalt metal.

The data of Table III show that the samarium/cobalt ratio is
approximately the same in the subscale as in the unoxidized alloy.
This result is expected in the absence of appreciable counterdiffusion
of the reactive metal solute for classical internal oxidation. When
counterdiffusion of the reactive metal solute is significant compared
with the inward diffusion of oxygen, the subscale should be richer in
the reactive metal (present in the oxidized form) than the alloy prior

to oxidation.

The oxygen content of the oxide within the subscale is slightly
greater than that required for stoichiometric SmO and somewhat less than
that required for stcichiometric Sm203. X-ray diffraction patterns
taken at sintering temperatures, 11250C, indicate that the oxide in the
subscale has the structure of C-type Sm203. X-ray diffraction patterns
taken at 7500C and lower temperatures indicate that the oxide in the
subscale has the NaCl structure that has been observed for SmOle_x.

Heat treating the subscale containing the latter structure at the

higher temperatures converts the oxide to Sm20 However, there is no

3"
evidence that nitrogen is actually present in the subscale and the

appearance of the oxynitride structurc may result because of strain and
a low oxygen chemical potential or both within the subscale. At least,

the oxygen contlent of the oxide in the subscale appears to be slightly

deficient in oxygen with respect to fully stoichiometric Sm203.

Oxygen also penctrates cracks and possibly grain boundaries in
polycrystalline SmCo5 and PrCos. The result is a subscale on either
side of the crack. The penetration of internal oxidation starting
within a crack is usually as cxtensive as the internally oxidized zone
adjacent to open surfaces., This is illustrated in Figure 19, which

shows the same section before and after etching.

37



SHIVHIOHIIN WOHH A3LVILINI Sopws NI NOILVAIXO TVYNHILNI 3AILD3T3IS 6L 3HNOIA

8Y-LELB-VL

a3Hi13 (Q) G3HOL3INN (®)

38



B. Kinctics of Intcrnal Oxidation

A kinctic study of thc oxidation process has shown that growth of
the intcrnally oxidized zone follows a parabolic rate law, as expected
for both classical intcrnal oxidation to producc a discontinuous dis-~
tribution of oxide particlcs and for continuous suboxidc scale growth,

The results of runs at several tcmperatures arc shown in Figure 20,

Thc thickness of thc intcrnally oxidized zone 4 is given by

1
, = k t° (3)
p

and the slopcs of isotherms are thc parabolic rate constants, kp. Each
of the data points rcpresents a single isothermal oxidation/diffusion
expcriment, A flat surfacc was polishcd on each specimcn prior to
oxidation., Each spccimen was sectioncd normal to the flat surfacc

after oxidation and thc subscale thickness was optically determincd.

Although thcse tcsts were carricd out in air, the equivalent oxygen
partial prcssurc at thc oxide scale/subscale interface is the oxygen
pressure in equilibrium with cobalt metal and cobalt oxide, which is
temperaturc dependcnt and considerably lower than the oxygen partial
prcssurc in air at one atm. The parabolic rate constant for sclective
oxidation of samarium increascs less rapidly above 7500C. An Arrhenius
plot for thc sclective intcrnal oxidation rate of SmCo5 is shown in
Figure 21. A few cxpcriments were also conducted using PrCo5 at 7350C
and the results are also shown in Figurc 21. Thc kinctics of internal
oxidation of PrCo5 arc esscntially identical with the iuntcrnal oxidation
kinetics of SmC05. The apparent activation encrgy below 7500C is 14,0

kcal/mole,

The intcrnal oxidation kinctics are consistent with intcrnal

oxidation as a moving boundary involving diffusion of oxygen from the
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oxide scale through the subscale to the subscale/alloy interface. In
problems of this type, parabolic kinetics result if the gradient of the
diffusing species (oxygen) is small compared with the total concentration
of oxygen accumulated as the oxide phase within the subscale region.

When this approximation is valid, diffusion through the subscale zone
will be a nearly steady-state process. This condition is often referred
to as the quasi-steady state approximation.8 The subscale thickness §

is related to the diffusion coefficient D and to the solubility differ-
ence AC of the major diffusant diffusing through the transported phase,

according to Eq. (4).

[ I
o=

2DAC

Wp t (4)

where Wp is the total amount of oxygen per unit volume of the oxygen
transporting phase within the subscale after complete oxidation of the
samarium. This figure can be calculated for the assumed stoichiometry
of the oxide or from chemical analysis of the oxygen and samarium in the
subscale. The experimentally determined parabolic rate constant kp can
be used to Actermine the product DAC for two cases: (a) oxygen solution
and diffusion in B-cobalt, and (b) oxygen diffusion in samarium oxide.
The kinetics of internal oxidation of SmCo5 and PrCo5 are extremely fast
and consequently either very large diffusivities or very large solu-

bilities are required.

Let us first consider the possibility of oxygen transport in B-cobalt,
Some limited data on the solubility of oxygen in B-cobalt have been pre-
viously published by Seybolt and Mathewson.9 These data are reproduced
in Figure 22. If the Seybolt and Mathewson solubilities for oxygen in
B-cobalt are accepted and the concentration of oxygen in B-cobalt in
equilibrium with samarium is taken as zero, then 2 determination of the

diffusivity can be made by comparing the solubilities with the calculated
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values of DAC derived from the experimental results. The required
diffusivities of oxygen in B-cobalt to accommodate the observed internal
oxidation rate are plotted as a function of reciprocal temperature in
Figure 23. Note that the required diffusion coefficients are greater
than those commonly encountered for diffusion in liquid metals, which
are in the range 10-/l to 10-6 cmz/sec. Hence, it dves not appear that

oxygen transport in the cobalt phase can account for the observed rapid

rate of internal oxldation,

Oxygen anion transport through the oxide phase is a more complicated
process that is presently being investigated. Oxygen anion diffusion
in Sm203 has been determined10 and the diffusion coefficient is relatively
fast with an activation energy of about 22 kcal per mole, which is close
to the 28 kcal per mole observed for the DAC product in our investigation.

Similar activation energies have been obtained for the DAC product for

the reoxidation of slizhtly reduced rare earth sesquioxides.

The calculated absolute values of the DAC product, however, are
about one order of magnitude less than needed to account for the present
rate of internal coxidation. It may be that either the diffusivity or the
solubility difference or both are affected by the lower oxygen potential
involved in oxygen transport through the oxide subscale to oxidize

samarium.

A third possibility that may account for the rapid internal oxida-
tion is enhanced diffusion down the interface between the oxide platelets
and B-cobalt, Both possibilities, enhanced grain boundary diffusion and

bulk diffusion in the oxide, are currently under investigation.

C. Initial Oxidation Kinetics of SmCo_ Using a Zirconia
Electrochemical Cell ©

Oxidation kinetics at low pressures and relatively low temperatures
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(100 to 54OOC) arc being determined for SmCo5 powders using a calcium-
stabilized zirconia cell to determine the absorption of oxygen by the
specimen in a closed system following the instantancous introduction

of a small aliquot of oxygen. The experimental apparatus, experimental
method, and a computer program for converting the raw data and calcu-
lating rate constants and similar cocfficients for a variety of oxida-

tion rate models were previously described.

Data were determined over a wide variety of oxygen pressures. The

reliable range of data covers about 5 orders of magnitude from 10 to

10~ atm of oxygen. Although there is considerable scatter in the results,
the kinetics are first order in the oxygen pressure and apparently inde-
pendent of any previous oxidation. Since a batch experiment is being used,
the oxygen pressure and therefore the oxidation rate decrease logarithmi-
cally. Even at low temperatures, where the internally oxidized layer is
extremely thin, the oxide scale/metal interface should consist of an oxide
adjacent to the subscale, Repeated runs at the same temperature using

the samc sample give identical rate constants. Hence, for the small amounts
of oxidation involved in these low-pressure experiments, continued oxidation
does not change the rate constant, and evidently the oxide scale is not

sufficiently thick to be a barrier to oxygen passing to the metal (SmCos)

surface.

An Arrhenius plot of the first-order ratc constants for the initial
oxidation of SmCo5 is shown in Figure 24. A large number of cxperiments

have been conducted and they have yielded considerable data scatter.

The computed first~order rate constants for the data at tempera-
o
tures above about 200 C werc recasonably constant over the duration of
cach run, which usually includes an oxygen pressurc change over two

o
orders of magnitude. Below 200 C the maximum values of the first-order
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rate constant occur at the beginning of each run followed by a marked
reduction in the rate constant, which is indicative of at least a partial
passivation of the surface. All of the experimental data in Figure 24
represent very small amounts of oxygen, and, consequently, either very
thin oxide films or a very thin subscale region, If oxidation is con-
tinued, subscale growth by the diffusion-controlled mechanism determines
the rate of oxygen accumulation. Hence, there should be a linear to

parabolic transition in the oxidation kinetics.

D. Solid State Reduction of the Oxide Scale formed on SmCo_
J

A cast piece of SmCo5 was internally oxidized and subsequently
packed in a mixture of SmCo5 powder and 60% Sm/40% Co alloy powder.
The average composition of the mixed powder was 38% samarium. The ingot
with the surrounding powder mixture was cold pressed and subsequently
sintered at 11250C for 30 minutes to simulate normal sintering conditions
for samariun cobalt magnets. The purpose of the experiment was to
determine any effect the samarium-rich powder material might have on the
oxide scale and the subscale. A typical scanning electron micrograph

of the etched specimen is shown in Figure 25.

The major result of the sintering treatment is reduction of cobalt
oxide by samarium in the sintered alloy surrounding the previously
oxidized ingot. The original samarium oxide contained in the subscale
is shown on the left side of Figure 25, The gap between the sintered
region and the original subscale is formed by the removal of oxygen
from cobalt oxide in the oxide scale and trensfer of that oxygen to form
an szO3 network within the adjacent sintered alloy., The residual
samarium-cobalt sintered alloy and B-cobalt of the original subscale
tend to homogenize along the contact zone by solid state diffusion.

The result is a decrease in cobalt and increase in samarium, including

samarium in the alloy and samarium in the oxide, within the region
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occupied previously by the oxide scale.

If the original oxide scale is enriched in CoO, then the eventual
reduction will leave a thin zone free of Sm203, and after etching the
alloy from this zone, a thin gap results as shown in Figure 25. It is
striking to note that the outer scale which contained the most oxide

prior to the reduction-annealing experiments is precis¢ 'y the region

which is devoid of oxide after reduction of the oxide scale.

Annealing heat treatments cause considerable coarsening of the
oxide skeleton in the original subscale. This is illustrated by Figure
26 which shows the interface between the unoxidized alloy and the sub-
scale of an internally oxidized specimen subsequently annealed 30 minutes
at 112500. Figure 26 should be contrasted with Figure 12 which represents

(o]
internal oxidation for only two minutes at the same temperature, 1125 C.

The preceding evidence clearly shows that the selective oxidation
of samarium by the internal oxidation process is essentially irreversible,
However, growth of larger oxide particles does occur during the sintering
process, probably by a solution-reprecipitation mechanism, Scanning
electron microscopy is being used in conjunction with electron beam
microprobe analysis in an attempt to locate and identify the morphology
of the residual oxide in sintered SmCo5 megnets, where the oxidation is

less extensive than in the present study.

E. Expected Oxidation of SmCo_ and PrCo_ Powders during Storage
3}
and Sintering °

Rare earth-cobalt powders prepared by arc melting and milling
generally have oxygen contents as determined by neutron activation
analyses from 500 to 1500 parts per million, if suitable preparation
procedures are used, This range of oxygen concentrations includes
materials prepared in our laboratory and commercial powders. Powders

produced by a calcium thermite reduction reaction sometimes contain
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FIGURE 26
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more oxygen, High cocrcivity SmC05 magnets containing 1 wt% oxygen have
been made using a samarium-rich binder. The oxygen analyses of sintercd
magnets prepared from powders are generally similar to the analyses of
powders prior to sintering. Oxygen analyses of arc-melted alloys are
usually much lover than the oxygen analyses of the resulting powders,
Hence, it appears that most of the oxidation of rare earth-cobalt alloys
occurs during or after grinding but before sintering, and at or near

room temperature.

It is interesting to convert the weight percent of oxygen into an
equivalent subscale thickness for SmC05 powders of various particle sizes,
The results of this kind of calculation are shown in Figure 27. The
particle sizes shown are the volume mean diameters. Fine particles
processed identically to coarse particles are expected to have the
same extent of oxidation and the same subscale thickness. As can be
seen from Figure 27, for a constant subscale thickness the oxygen content
increases dramatically as the particle diameter decreases. Consequently,
oxygen content alone is not an adequate indicator of the cleanliness
of the powder preparation procedure. For example, a 20-y particle with
100 ppm (0.01 wt%) oxygen would be more severely oxidized than a 3-y

particle with 500 ppm oxygen,

Oxygen analyses of a few commercial SmC05 magnets and SmCo5 magnets
produced at SRI indicate that most SmCo5 particles are probably oxidized

to a subscale depth of between 100 and 500 X.

The subscale diffusion kinetics (internal oxidation) have been
extrapolated to lower temperatures to produce a logarithmic plot of
subscale thickness versus time shown in Figure 28 for various tempera-
tures. Magnet powders are typically 5 to 15 |, in diameter and if magnet

o
powders of this size are heated Lo 200 C they will be completely oxidized

o
in a few days. Exposure for a few days at 100 C will oxidize the particles
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o)
to the extent generally observed by chemical analysis, 100 to 500 A.

However, rare earth-cobalt powders are not generally exposed to
these temperatures while in an oxygen environment, although one can
argue that the exothermicity of the oxidation reaction itself during
grinding or subsequently may cause the powder surfaces measured at low

o
oxygen pressures to be heated to as much as 100 C,

However, the rate limitation imposed by diffusion in the subscale
may not be operative for the initial stages of oxidation, for example,
up to a few hundred angstroms of subscale thickness. The initial oxida-
tion rates indicate that at very modest temperatures the oxidation
rate should be very rapid and should quickly close on the diffusion-
limited rate shown in Figure 28. 1Initial stage oxidation (thin film)
metal oxidation processes are usually much faster than bulk diffusion-
controlled oxidation processes., More work needs to be done, particularly
at higher oxygen pressures typical of those encountered by rare earth-
cobalt powders when handled in air and in glove bozes. Further low
temperature oxidation studies are planned using a thermogravimetric

me thod,
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V  CHEMICAL ANALYSES OF TERNARY SAMARIUM
ALLOYS CONTAINING OXYGEN

A major problem associated with the development of rare earth-
cobalt alloys for magnetic purposes is chemical and phase characterization.
This problem is particularly difficult because of the small compositional
differences between adjacent intermetallic compounds. It may be compli-
cated by the presence of two rare earth metals involving a ternary inter-
metallic compound. Oxidation is always effectively eliminating part of

the rare earth content of the magnet alloy.

When two rare earth elements are used in preparing an alloy, the
molar ratio of the rare earths involved is usually accurately known. The
total rare earth equivalents and cobalt equivalents present can be deter-
mined quite accurately by EDTA titration, It is pocsible to determine
the oxygen content by neutron activation analyses or vacuum fusion

analysis.

This aggregate compositional information can be used to determine
the phases that are present in the alloy or sintered magnet, the compo-
sition of those phases, and the amount of each phase. Because these kinds
of calculations are rather tedious, a program has been written to machine
compute these quantities, The program presently uses phase range compo-
sitions previously published with phase diagrams. In the future it may
be necessary to change the compositions at phase boundaries as more
precise information becomes available. A copy of the program and the

printed output format are presented in the appendix.

The program was run on six different powders produced by the thermite
reduction process. These are interesting cases because each of these

powders includes two rare earth elements and considerable oxygen. The
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results were computed on the assumption that the rare earths are
oxidized to the compound Re203 and also alternatively computed on the
assumption that the rare earths are oxidized to ReO. The computed
distribution of alloy phases was then compared with én estimated dis-

tribution of alloy phases determined by X-ray diffraction of the powder

specimens.

The computer program is also able to estimate the amount of oxygen
present in the alloy from the error in mass balance closure and from the
analyses of the total rare earth and cobalt, All of these data are
presented in Table IV for oxidation to Re203 and in Table V for oxidation
to ReO, Results in both tables are calculated on the basis that alloys
are homogeneous after oxidation. Electron beam microprobe examination
indicates that the homogenization approximation is a realistic one for
sintered magnets because of the high sintering temperature and small

grain size,

The results contained in these tables illustrate the dramatic effect
that oxygen can have on shifting the real composition of the residual
alloys and the phases involved. These data also make it clear that
estimating oxygen concentration by difference is not an adequately pre-
cise method. An accurate phase composition can only be determined from
complete chemical an¢lysis of the sample including oxygen analysis., The
data in parentheses in the last columns of both tables are the differences
in cobalt concentration of the final alloy determined by (1) chemical
analysis and (2) from the X-ray diffraction estimate of phases. Note
that the agreement between the estimated alloy phases as determined by
X~-ray diffraction and computed from chemical analysis was better using
the assumption that the rare earths are oxidized to Re203 rather than to
ReO. However, oxidation to an oxygen-deficient Re203 compound would give
the best agreement and it should be emphasized that this finding is also
consistent with the oxygen analyses by microprobe on internally oxidized
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specimens.,

13
Austin and Miller have recently reported on the chemical analyses

of single crystals of SmCos, Sm9Co7, and Sm2Co . Speccifically they

17
have reported on the compositional range of SmCo5 and the composition of
the two adjacent phase¢s in equilibrium with SmCos. Their data are
slightly different from those of the published phase diagram and very
much in agreement with measurements we have made on these same phases

in sintered magnets using electron beam nicroprobe analysis. The com-

puter program is being modified to substitute these new compositional

limits for the present ones.
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VI ELECTRON BEAM MICROPROBE ANALYSES
OF SINTERED MAGNETS

In connection with the sintering of ReCo5 powder magneis it is
worth emphasizing that the temperatures and times used in sintiering
these fine particles are sufficient to completely homogenize the alloy.
Any subscale that may have been formed during sintering will be altered
by a diffusion reaction between the B-cobalt phase and the unoxidized
alloy core. The result will be an alloy of uniform samarium and cobalt
composition extending throughout the sintered particle, If a samarium-
rich mixture is not employed, then the composition shifts to a samarium-
depleted nominal SmCo5 or even to a mixture of nonstoichiometric SmCo5

and Sm_Co Using the samarium-rich mixture, such as the 37 wt%

2717
composition, compensates for the samarium lost by oxidation,

Two commercial magnets and a magnet produced in our laboratory
were examined by eleciron beam microprobe analysis., Each of these magnels
was produced by melting, grinding, cold-pressing, magnetic alignment, and
sintering. Beam focusing was difficult becausc of the magnetic field
from the samples and more work is planned with nonmagnetized sintered
SmC05. However, the results obtained with the sintered magnets indicate
that the materials are very similar., They differ primarily in grain
size and amount of porosity. Typical sections are shown in Figures 29,

30, and 31.

Each of these magnetls involved an average composition richer in
samarium than stoichiometric SmCos. Consequently, the primary SmCo5
grains are saturated in samarium and prcecipitates of a samarium-rich
phasec, Sm2C07, are secen in the sintered particles. The Sm2Co7 pre-

cipitates are formed within the primary grains rather than at grain
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FIGURE 29

VARIAN SAMARIUM-COBALT MAGNET (526)
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FIGURE 31

FHAEE ‘

5 |
5

Ta RIOT-%84. 0
- _—

SRl SAMARIUM-COBALT MAGNET (SL70)

66



boundaries. This indicates that excess samarium diffuses into the
primary grain at sintering temperatures and it subsequently precipitates
on cooling. However, when ultralarge grains are encountered, as shown

in Figure 32, the Sm2007 precipitates occur near the grain boundaries.

The microprobe traverse, shown in Figure 33, crosses scveral SmCo5
grains and a region of several small Sm2007 precipitates. The sample
current image is distorted with respect to the reflected light image
because of the distortion of the electron beam by the magnetic field of

the specimen,

Oxygen is associated with samarium as expected and SmZCo precipi-

7
tates appear to have more oxygen than the SmCo5 grains, Also, grain
boundaries contain more than background levels of oxygen. Most of the
oxygen in the sample appears to be located at the surfaces of pores.
This is consistent with a system in which the solubility of the oxygen
in the alloy is low and where oxide particles or platelets are formed

at the surface of particles prior to sintering and subsequently retained

at grain boundaries and at pore surfaces.

Microprobe traverses across an SmCo5 sintered magnet containing
excess samarium ‘n the form of a 60 wt% samarium alloy additive are
compared with the same powder without the 60 wt$ samarium additive in
Figure 34. These two samples were mounted in the same mount and micro-
probed consccutively under identical conditions. Note that when the
607 additive is present the composition of the primary phase is enriched
in samarium and deplected in cobalt rclative to the alloy without the 60%

binder. This is clear evidence that the excess samarium does diffuse

into the primary grain at sintering temperaturcs.

Several nominal SmCo5 grains in a variety ot sintered magnets,
including both excess binder and samar ium-deficient compositions, have

been examined. Changes in samarium composition of the SmCo5 phase are
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FIGURE 32 VERY LARGE SmCoé GRAIN FREE OF SmyCoy
EXCEPT NEAR GRAIN BOUNDARIES
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matched by proportionally opposite changes in the cobalt composition,

The change in relative intensity and weight percent of cobalt is always
less than the corresponding change in samarium. The intensities of
characteristic fluorescent X-rays gencrated by elcectron beam microprobe
analysis are proportional to the weight percentage of the component in
the specimen. The changes in weight percent determined by EBM analysis
were converted to changes in atomic fraction for each elemcent, It was
determined in each case that the change in atomic fraction of samarium
was exactly equal and opposite to the change in atomic fraction of cobalt.
Hence, it is concluded that the defect structure associated with varia-
tions in stoichiometry in the SmCo5 phase involves exchange of cobalt for
samarium substitutionally rather than cither a simple elimination of
either component and replacement with vacancies, or insertion of samarium

and cobalt interstitially.

The substitution of excess coball in samarium sites may be a
factor in the loss of coercivity associated with samarium-depleted

SmCo,_. 'The extent of this substitution is significant. The composi-
5

I3y

tion of SmCo5 in equilibrium with Sm Co17 is SmCo_ g Although the
< s P

composition range of the SmCo5 phase can be determined rather exactly,
it is difficult to determine the absolute value of the composition in
cquilibrium with adjacent phases. However, if the value of SmCoS‘4
composition is taken, which appears to be correct, then it is necessary
10 conclude that approximately 7% of the samarium sites are occupicd

by cobalt atoms in samarium depleted SmCo_ that would exhibit a low
5

intrinsic coercivity,
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VII ALTERNATIVE POWDER PREPARATION METHODS

Because the strain-induced defect model of nucleation and migra-
tion of domains in rare earth-cobalt magnetic alloys appears to be less
viable than earlier investigations indicated, there is less incentive
to pursue processing methods that produce strain-free particles or to

pursue comminuted particle annealing studies.

Work is continuing on direct reduction of rare earth salts metal-
lothermically using hydrided calcium to produce an alloy sponge with
suitable magnetic properties. This is a potentially less expensive
method for producing RECo5 alloys than the conventional sequence of rare

earth metal purification followed by vacuum arc melting of the alloy.

The method was outlined in the previous semiannual technical report
and is similar to the General Electric method15 except that cobalt in
powder form is included with the rare earth oxide/calcium hydride mix-
ture prior to metallothermic reduction so that the rare earth-cobalt
gllgl is produced a2s a sponge simultancously with the thermal reduction

step.

Ball-milled SmCo5 sponge has magnetic properties identical to those
of the arc-melted alloy, including intrinsic coercivities in excess of

20,000 Oe.

Several ternary alloys were produced by metallothermic reduction
of the mixed rare earth oxides (see Tables IV and V). However, X-ray
diffraction indicated that minor amounts of Re20017 (5 to 30%) were

present in the specimens. This was confirmed by chemical analysis.
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VIII FUTURE WORK

The work planned for the next quarter will emphasize (1) completion
ol the initial stage oxidation Kinetic studies on RECO5 alloys, (2)
solid phase sintering as a function of stoichiometry, and (3) develop-
ment of a model of oversintering of RECOS. Metallothermic reduction
and sintering of mixed RECo5 alloys will also be continued along with
SEM microstiructure studies of sintered magnets and magnetic evaluation

of all sintered magnets.
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APPENDIX

The following program is used to determine phase compositions from chemical

analyses:

PANGRAM AWMRECO ( TNPUTNUTPUT«TAPESSINPUIT, TAPEGSOUTPYT )

THIS PROARAM CALCULATES THE COMPOSITION NF TERNARY COBALTw
SAMART!IMaGECOND RARE EARTH AL NYS THAT ALSO MAY CONTAIN
OXYGEN, INPUT DATA ARE THE MILLILITERS OF STANNARD EOTA
TITRATION SOLUTINNS FOR (1) CORALT AND (2) TOTAL RARF EARTH
ANDs 1¢ AVAILABLEs THE WEIGHT PERCENT OXYGEN FROM NFUTRON
ACTIVATINN ANALYSIS,

NEFINITIAN OF TERMSGE

REML s MILLILITERS OF RARE EARTH FDTA FRAUIVALENT TITRATING
SOLUTTON

COML s MILLILITERS OF CORALT ENTA TITRATING SOL!TION

WTTOT = TOTAL SAMPLE WETGHT TITRATED IN GRAMS

PCTOXY = WEIGHT PERCFNT OF OXYGEN BY NEUTRON ACTIVATTON
ANALYSIGy D,N IF NO ANALYSIS AVAILARLE

[ola L1 s ATOMIC WETGHT OF CORALT

SuMW s ATOMIC WETGHT OF SAMARIUM

b4V s ATOMIC WEIGHT OF THE SECOND RARF EARTH

weMm s ARAMS OF SAMARTIIM METAL USED IN NRIGINAL ALLAY
OREPARATINN ..

wy = GRAMS OF SFCNOND RARF FARTHM METAL USEN IN NDRTAINAL

ALLOY PREPARATINNS
FATAK = gNTA TITRATINN FACTOR
SamMP s GAMPLE ALPHANUMERIC NFSIGNATION

NIMENSTINN PHASE(?)y PHLO(2)y RAREX(2)
10 RFAD (Se)) REMLe CNOMLe WTTNTe PCTOXYe WSMe WX,y XMW
1 FOPMAT ( 7F1N0.0 )
IF (FOFe5) 200415

R*REX IS THF SECONN RARE EARTH FLEMFNT

1§ AFAD (542) ( RARFX(I)elm142 )
2 FARMAT ( 2Aln )

READ (§42) §AUP

oMW = 5,933

SMMW = 16N ,43

FNATAK = /,Nn999(07

PHASE (1) = PHASF(?) = 10

PHILO(Y) « PHLO(?) = 104

FAMOL A'in RFEMOL ARF THE MILLIMOLFS OF CNHALLT AND TNTAL RARF FARTH

eNMO), = FNTAK & COML
AFMOIL 2 FATAK & QFM|
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APETCO 1§ THF APPARENMT aTOMIC PERCENTAGE OF CORALT WITHOUT
CONSINERING NXYGFN

APCTCO = 19N.0 @ COMNL / ( COMOL » REMOL )

GMK ANN Xx ARE THE ESTIMATED MOLF PORTIONS JF THF CONTAINZD
RARE FARTH ATTRTAUTEN TO SaMaRTUM AND THF SECOND RARFE FAUTH,
AFESPFATIVELY

Q8" & WSM / SMMW

X = WX / XMW

SMK s ASM / ( QSM + QX )
XK 8 1, = SMK

SMMOL ANP XMNL ARE THE TNTAL MTLLIMOLES OF SAMARTUM AND SECOND
RAPE FARTHy INCLUDTNG OXTDIZFN RARE FARTH, IN THF SAMBLE

SMMOL = SuK & REMOL
XMOL = Y & REMOL

JTVET 1S THE WEIAHT AF ALL THRFE METALS TN THF SAMPLF TN
MILLIARDAME

WIMET = £OMOL @ COMW o SMMOL & SMMW & XMOL & XMV

EWTOXY ANN EPCTOXY ARE THE EGTIMATED WEIGHTS AND PERCFNTAGE
NF OXYREN CALCULATFD RY NIFFFRFNCE FROM THF JEIGHT TOTAL

EWTOXY s WTTNT = WTMFY / 1000,0
EPCTNXY = EWTDXY / WYTOT # 1ng

THXY = PrTOXY

1€ ( PRTAXY LEQs 0o ) TNXY = FPrTUXY

CALCULATF FFFECTTIVE PARE EARTH LNSS AS OXINE, RE203s AND THFE
ANJUSTFD ATOMIC PERCFNT FORALTY FNR THE HNDXINTZEN PORTION
NF THE A1 NYs AAPCTCO

QFLOSS = TOXY / 2.4 & WYTOT

NIV = ¢ £OMOI. ¢ REMOL = RFLOSS ) / 100.0
AAPCTCO = COMOL /7 NIV

AAPCTSM = SMK @ ( REMOL = RELNSS ) / A1V
AAPCTXY = YK # ( WFMOL = QELOSS ) / N1V

CALCULATF WEIGHT PFRCENTAGES 0OF METALS PRESENT AS TINTER
METALLTC rOMPOUNNS AND AS NXINFS

TWITAT = 1A,n @ WTTOT

PATCO = £AMQO). & rOMW / TwTTOT
OCTSM = MMl @ QMM / TWTTOT
PATX = Yunl & XMW / TWTITNT
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CALCULATF EAUILIRRTIUM PHASES FOR RARE EARTH / COBALT aLLOYS

AT 1120 ¢, ( QUENCHED FROM SINTERING TEMPERATURF )

IF ( AAPETCO +LT. 77,8 ) 6O YO 20 )
IF ( AAPATCO oGE. 77.8 +AND. AAPCTCO LT, 82,3 ) 80 Tn 30
1F AﬂP_CTCO oBE, R2,3 (AND, AAPCTCO ,LLT, 85,3 ) GO Tn ‘9
IF ( AAPATCO +GE. AS5.3 +AND. AAPCTCO .LT. A7.5 ) GO 70 50
1F ( AAPCTCO oGE. A7.5 +AND. AAPCTCO oLT. R3.4 ) 60 Tn 55

PHASE (1) = 10HRE2CO17 AN
PHASE(?2) = 10HD CO
60 To &0

55 PHASE (1) = 10HRE?CO17
60 TO &0

20 PHASE (1) = 1nHRECCQ AND
PHASE(2) s 10HREPCO™
Gn TO &n

3n PHASE (1) = 104REPCNT AND
PHASF (?) = 1nH RECNS )
ONFIV = ( AAPCTCO = 78,0 ) / 0,045
60 To 70
4n PHASE (1) = 10HRECOS
ONFIV = Y00.0
a7 Tn 79
50 PHASE (1) = 1pHRECOS AND
PHASE (?) = 10HRE?CO17
ONFIV = ( A7,5 = AAPCTCO ) / 0,072
6n To 7n
60 ONFIV = A0

CALCULATE EOUILIRRIUM PHASES FOR ALLOYS AT 300 C,

70 IF ( AAPATCNH LT, 77,8 ) GO Tn 80 . .
TF ( AGPETCO oGE. T7T7.B +ANDs AAPCTCO +LTe 83,1 ) A0 Tn 90
1IF { AAPPTCO oGE, R3,1 .AND, AAPCTCO LT, 94,2 ) GO Tn 100
IF ( AAPCTCO oGE, R4,? oAND. AAPCTCO (LT. A9.4 ) A0 TH 110
PHLO(Y) = YOHRE2CMIT AN

PHLO(?) = 1049 CN
50 TN 124
R0 PHLN (1) = 1AHRECA3 AND
PHLO(?) = 10HRE?CAT
6n Tn 124 _
90 PHLO(1) = 1QHRE?CO7 AND
PHL0(2Y = 10H RECOS
OMFIF = ( AAPCTCO = T77,R ) / 0,083
_ 6N TN 133
180 PHLO (1) = 10HSMENS
ONFIF = 14040
60 TO 13n
110 PHLO(1) = 1nHRECNS AND
PHLO(?) = 10HRE2¢N1T
ONFIF = { R9,4 = AAPATCO ) / n.052
60 Tn 13n
120 ONFIF = f,0
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NJYTPUT

130 WRITE (6.3) ( RAREX(1)elxle2 ) SAMP .
3 FNRMAT ( 1H1.2SHTHF SECONMD RARE FARTH IS 224109 1X,
1GHSAMPLE = 4410 )
WRITE (644) AAPCTCNDs AAPCTSM, AAPCTX
4 FORMAT ( //4TW ATOMIC PEPCENT CORALT ADJUSTEN FOR NXINATION 17X
T1HReF1R 446H ATPCT/ ) _
255H ATOMTc PERCFMT SAMARTUM METAL ADJUSTED FOR OXTNATION +9X9elHme
IFIN,446H ATPET/
465H ATOAMIC PERCENT SFCONN RARE EARTH METAL aDJUSTEN FAR oxinaTION
S meF13,4,86H ATPCT )
1F ( PETAXY LEQe 0,0 ) 1404150
140 WRITE (6,%) )
S FORMAT ( 45H WEIRHT PERCENT OXYGEN BY NEUTRON ACTIVATION +19Xs
1174 NOT NETERMINFN )
60 TO 160
150 WRITE (6,6) PCTOXY
6 FORMAT ( 45H WETIAWT PERCFNT OXYGEN RY NEUTRON ACTIVATION +19XelHme

1F1NeG4ehH WTPCT )

160 WRTTE (6.7) EPCTOXY, SMK, XKo APCTCOs PCTCOy PCTSMy PATX
7 FORMAT (GEH ESTIMATEN WETGHT PERCENT OXYGEN FROM FNTA TITRATIONS
1AXe1H=eFINebe6H WTPCT/ _ X
245H SAJARTUM AS A FRACTINN OF TOTAL RARE FARTH «19Xe1H=sF10,4/
3544 SEROND RARE FARTH AS A FRACTINN OF TOTAL RARF FARTH s10Xe1H=y
AF1N, 4/
4624 APPAPENT ATOMIC PCT GORALT WITHOUT ADJHSTMENT FOR OXINATION o
E2X o HReF 1N GebH ATDCT/
624H WETGHT PFRCENT CNRALT  +40Xe1H=eF10,6464 WTPAT/
7264 WETGHT PERCFNT SAMARTUM  ¢3BXelH=F1n,646H WTPCT/
8354 WFTGHT PFRCFNT SFCONA RARE EARTH +20Xe1HEIFIN, 60K wTPeT )
WRITE (6,R) WTTOT, RFML, COM_
R FORMAT (52H TOTAl SAMPLE WEIGHT 142X 0 LHEWF 10,8044 GRAMS/
141H RAPF FARTH TITRATION (EQUIVALENT ENTA) 223N THRIFIN493H ML/
224H CORM T ENTA TITRATINN  44nXeHEoF10,8434 ML // )
WRTTE (649) ( PHASF(T)elm1e2)s ONFIVe ( PHLI(T) v 1m142)9 ONFIF
9 FNAMAT (4kMW THE FAUTLIBRTUM AL LOY PHASES AT 1120 C. ARE 2810/
1494 THF MALE PERCENT OF THE SMA0S PHASE AT 1120 Co =eF10.60
PAN MOLFPrT/ .
5H THF FALITLTIRATUM alLny PHAGFS AT 900 C, ARE +2A10/
¢4RH THF MALE PERCENT OF THE SMFNG PHASE AT 300 C, =eF10.4,
5AH MOLFPAT )
60 TN 19
200 STOP
EMD
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THE SFCOMD RARE FARTH I€ CERIUM SAMPLE = TH4A=1]

ATOMIC PFRCENT CNRALT AnJUSTED FOR OXINATION

ATOMIC PERCENT SAMARI'M METAL ANJUSTED FOR NXIDATION

ATOMIC PFRCEMT SECOND RARE FARTH METAL ADJUSTED FOR OXINAaTION
WFIGHT PFRCENT OXYGEN Ry NEUTRON ALCTIVATION

ESTTMATEN WEIGHT PERCENT OXYGEN FROM ENTA TITRATIONS
SAMARTUM AS A FRACTINM Or TOTAL RARE EARTH

SFCOND RARE EARTH AS A FRACTION OF TATA) RAPE EARTH
APPARENT ATOMIC PCT CNRALT WITHAUT anJUSTMENT FOR OXTOATION
JF 1AHT PFRCENT CNBALT

WF1AKT PFRCENT SAMART!IM

WF]AKT PFRCENT SECOND RAQE EARTH

TATAL SAMPLE WEIGHT

RARF EARTW TITRATION (ENUIVALENT FDTA)

CNRALT ENTA TITRATION

THE ENUILTARIUM aLLNY PHASES AT 112n C,_ARE REPCM7

THE MOLF PERCENT NF THE SsMCO5 PHWASE AT 1120 €. = 0000 MOLEPCY

THF ENUTLIBRIUM ALLAY PHASES AT 900 C. aRE RECNS AND RE2CO17

THF MOLF PERCENT OF THE SMC0S PHASE AT onpo C, = ?T.1663 MOLEPCT
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L BN BN NN _BE-BN B I NN BN BB B BN AN

R7,9874
94115
17,6011
1.7800
1.2428

«7002
+2998

A1,0802

64,12%0

21,3205
9.3036
o1037

_2.3000

11,3000

ATPCT
ATPCT
ATPCT
wTPCY
wTPCY

ATPCY
wTPCT
wTeCY
WTPCT
GRAMS
ML

ML



