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13     ABSTRACT 

The initial sintering kinetics of stoichiometric SmCo powder containing a 

samarium-rich sintering addition (60% Sm plus 40 wt% Co) have been investigated as 

a functiom 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 

sintering, i.e., rearrangement, solution-precipitation, and solid phase. 

The rate-controlling step during the solution-precipitation stage corresponds to 

a phase boundary (solid/liquid) reaction leading to dissolution.  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 the 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 rate control 

by diffusion in the liquid phase. 

-1 -4/3 
The rate of sintering follows an r  particle size dependence instead of an r 

dependence, again suggestion that the solution-precipitation stage of sintering of 

SmCo  is controlleri by a phase boundary reaction leading to dissolution. 
5 
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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 g-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 anlon transport within the oxide is the 

rate-determining process. 
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ABSTRACT 

The initial sintering kinetics of stoichiomeLric SmCo powder 
5 

containing a samarium-rich sintering addition (60 wt% Sm plus 40 wtl,c 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 sintering, i.e., 

rearrangement, solution-precipitation, and solid phase. 

The rate-controlling step during the solution-precipitation stage 

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 the 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 rate 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 suggesting that the solution- 

precipitation stage of sintering of SmCo  is controlled by a phase 
5 

boundary reaction leading to dissolution. 

Oxidation of SmCo and PrCo  in air produces a thin scale of cobalt 
5        5 

oxide and samarium oxide and a much thicker subscale containing ß-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 

in 



14 kcal/mole.  The unique subscale microstructure consists of thin 

parallel plate.le+s 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, 

and other RECo compounds as permanent magnets.  The primary problem 
5 

is achieving high magnetic coercivity. 

Previously, a variety of unconventional processes for generating 

RECo powders were investigated but none was found to be more effective 
5 

in obtaining high coercivity materials than properly conducted comminu- 

tion processes, e.g., 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 during this 

research period. 

Oxidation invariably accompanies magnet powder processing.  Because 

of the possible connection between oxidation and reduced magnetic 

coercivity a study of the oxidation kinetics of SmCo ' was 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. 



II   LIQUID PHASE SINTERING OF SmCo 
5 

The sintering of SmCo  magnets is usually accomplished by adding 
5 

a  samarium-rich  phase   (60 wtTc Sm +  40 wtrc Co)   to SmCo    powder.     The 
5 

mixed powders are then aligned in a magnetic field, pressed to achieve 

o 
a maximum green density, and then heated to approximately 1125 C 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 arc expected to control 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) coalescence or solid-phase 

sintering 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 SmCo . 
5 

1 
Kingery 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, 

AL/L 

6K !. D C Y  
v 

2     o  LV  o 

., 1/3 

K  RT 
1 

-4/3 1/3 
r    t (1) 
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where K and K are constants approximately equal to 0,5 and 1, respective- 

Ij'i 6 is the thickness between particle-particle contact points; D is the 

diffusion coefficient of the slowest diffusing species in the liquid phase; 

and C  is the solubility at infinite radius of curvature; v   is the 
o '  LV 

liquid-vapor surface energy; V  is the molecular volume; r is the particle 
o 

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, 

r2k' K  v    c  v -i1/2 

2  LV  o  o 

AL/L 

K RT 

lj 
r  t (2) 

where k' is the appropriate rate constant. 

Understanding the sintering mechanism and the parameters that affect 

sintering, 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 

SmCo powders were made for this study by arc melting the elements. 

The resulting alloy was ground in an alumina ball mill using sodium- 

gettered hexane as the milling fluid.  The samarium and cobalt concen- 

trations of the alloy were determined, following milling, by the titration 
2 

process described previously.   The alloy composition was then adjusted 

to 37 wt'; samarium and 63 wtr; cobalt by adding the appropriate amount of 

the 60 wtr; samarium + 40 wt% cobalt alloy.  Slightly different arc alloy 

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

from 1.5 wtr; to 13.8 wtrr 

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 

o 0 

and 1165 C.  A typical shrinkage isotherm obtained at 1123 C 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 1100OC because of the small amounts of shrinkage, and therefore 
o        o 

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

3 
Prill et al.  have r.hown 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 firsi 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 replotted as AL/l^, versus corrected time. 

Shrinkage data obtained for sampler contaii.ing a liquid phase equal 

to 1.5 wtfc 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 SmCo powders with an average particle diameter of 12.6 ^m. 
5 

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 
4 

1.5 times the average distance between the intercepts. 
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Shrinkage data were also obtained on SmCo,. powders with average 

particle sizes of 7.4 and 19.6 ^m.  The 7.4^m shrinkage data are shown 

in Figure 5, and the 19.6 ^m 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 point 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 Results 

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 controlled 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 SmCo,. during the solution- 

precipitation stage of sintering were analyzed using a least-squares 

fit to determine the slope of the logarithm shrinkage versus logarithm 

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

The correlation coefficient at the higher temperatures ranged 

between 0.92 and 0.98 while the data obtained at temperatures below 

1100OC had correlation coefficients as low as 0.54.  The exponents pre- 

sented in Table I clearly indicate that a dissolution type process is 

rate limiting rather than diffusion in the liquid phase.  The data pre- 

sented in Figures 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 

(0C) 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 

Data obtained  at  temperatures  below  approximately  1100 C  exhibited 

considerable  experimental  scatter primarily  hecauso of   the small   differ- 

ences in shrinkage between the 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  sintering controlled  by dissolution.     The apparent  activa- 

tion energy determined  from  the slope of   the Arrhenius  plot,  Figure  8, 

is  57.6   kcal/mole.      In Equation   (2)   the  rate  constant  k'  and   the  solu- 

bility C    vary exponentially with  temperature.     The enthalpy  associated 
o 
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with C was determined from data tuken from the samarium-cobalt phase 
o 

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 C  and D that vary expo- 

nentially with temperature.  Thus, liquid diffusion-controlled sintering 

would require a liquid diffusion coefficient D with an activation energy- 

greater than 50 kcal/mole, which is about an order of magnitude greater 

than the diffusion activation energies normally observed in liquid alloys. 

This fact 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 diffeiont 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 II 

SINTERING MODEL PARTICLE SIZE DEPENDENCE 

Liquid-Phase Sintering 

Dissolution process 

Diffusion in liquid 

phase 

Solid-State Sintering 

Volume diffusion 

Grain boundary 

diffusion 

Particle Size Dependence 

-4/3 

3/2 

■4/3 
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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 SmCo  for the solution- 
5 

precipitation stage is plotted in Figure 9 versus the grain size of the 

SmCo 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 SmCo .  Figure 8 shows the 
5 

difference in rate of sintering between 12.6-;im and 19,6-y,m particles 

as a function of temperature. 

The rate of sintering can be calculated if reasonable values are 

assigned to the constants in Equation (2).  Let k' equal  e    e 

t h 

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: X = 3^, ^S = 2.0 E.U., 
2 

Q = 52.S kcal/molc, k  = 0.5, k = 1, C  = 0.42, v   = 300 erg/cm", 
^1        2      o i,v 3 o 

V = 51.7 cm /mole,   T = 1123 C, and r = 12.6 ^m, we obtain a sintering 

rate equal to 4.85 x 10  min  based on the assumption that every sur- 

face site is active.  Experimentally we observe a sintering rate equal 
-3    -1 

to 8.0 x 10  min  .  If we assign the difference between these two values 

to inactive surface sites, we obtain a ratio o! 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 

from a consideration of the rate-controlling step and the resulting kinetic 

equations.  The amount of liquid phase does, however, influence the total 

17 
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amount of shrinkage obtained in the rearrangement stage of a liquid-phase 

sintering process. 

Conclusions 

The initial sintering of SmCo  in the presence of a 60 wt« Sm 
5 

additive can be described as a liquid-phase sintering process involving 

rearrangement followed by a solution-precipitation st£,ge.  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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Ill   MAGNETIC MEASUREMENTS 

During this research period a 106 kG superconducting magnet has 

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 coercivity magnetic SmCo powders formed by ball milling in 

sodium-gettered hexane.  Hysteresis loops measured on magnets fabricated 

from these powders were asymmetric when subjected to a magnetizing field 

of 64 kG.  A 100 kG magnetizing field appears to saturate these samples 

and the hysteresis loops have become symmetrical.  A typical hysteresis 

loop is shown in Figure 10.  For this particular specimen the intrinsic 

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

SmCo magnet using ball-milled powders is an intrinsic coercive force of 
5 

43,200 Oe.  The powders prior to liquid-phase sintering have intrinsic 

coercive forces typically between 20,000 and 25,000 Oe.  The temperature 

was not measured, however repetition of the measuring procedures gave 

temperatures between 220 and 250 K. 

The alternative alignment procedures used on these powders have been: 

(1) alignment in a die at 5 to 10 kOe; (2) alignment in a 10-kOe field 

using inflated surgical tubing, followed by release of pressure and sub- 

sequent isostatic pressing; and (3) alignment in a 100-kG field, followed 

by evacuation and isostatic pressing.  The highest alignments (square 

M-H loops) have been achieved using the second method.  Values of the 

alignment index M /M,^ between 0.94 and 0.96, whore M^ is the magnetic 

mome nt at 100 kOe, are easily achieved by this method, 
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IV  OXIDATION OF SmCo AND PrCo 
5        5 

Indirect evidence 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 SmCo and praseodymium in 
5 

PrCo .  These alloys were exposed to air at one atmosphere at tempera- 
5 

tures from 300 to 1125 C.  The role of oxygen pressure on the rate of 

internal oxidation will be reporter! after work presently underway is 

completed.  The second task involves the determination of the initial 

oxidation kinetics on the SmCo surface at luv oxygen pressures and 
5 

o 
temperatures down to 100 C, 

The third task involves a calculation of the extent and type of 

oxidation likely to occur on SmCo  and PrCo surfaces during storage at 
5        o 

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 PrCo^ 
 ö 5 

An extensive kinetic and structural study of the internal oxidation 

of samarium in SmCo has been made.  Although PrCo^ has been less oxten- 
5 5 

sively studied, the results indicate that the oxidation mechanism and 

oxidation kinetics of this material are identical to that of SmCo .  When 
5 

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

compounds oxidize to produce 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 of 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 ß-cobalt.  The microstructure 

is very similar to that of a eutectoid microstructure, and the oxide 

platelets in the subscale may be sources for easy nucleation of magnetic 

domains in the adjacent SmCo5 phase.  Micrographs of a polished section 

under bright field illumination and under polarized light are shown in 

Figure 11.  This particular specimen resulted iron, oxidation at 700 C. 

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- 

ferently from that of a neighboring grain which has a different platelet 

orientation. 

Internally oxidized SmCo,. 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 reactive 

solute metal in the less reactive metal matrix.  Typically the reactive 

sol- 3 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 interlace results in 

the formation 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 to an appreciable degree, thus allowing internal oxida- 

tion to occur.  However, the rare earth content of the RECo alloy is 

extremely high, of the order of 33 to 37 wtri, depending on the particular 

rare earth element involved.  Consequently, internal oxidation produces 

a subscale with very large volume tractions of oxide.  For example, the 

internal oxidation of SmCo at high temperatures produces C-type Sm^, 

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 "ill 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 

SmCo and PrCo , the solubilities of oxygen in ß-cobalt are too low 
5        5 

in relation to the observed rapid rates of internal oxidation.  Diffusion 

coefficients of oxygen in ß-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 fuJly 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 oxidation of these alloys.  However, the 

oxide morphology is consistent with this model.  The boundary between the 

sutascale and the unoxidized SmCo alloy is shown in Figure 12.  This 
5 

particular sample was oxidized at 1125 C for two minutes and subsequently 

etched three seconds in 50% HNO , 30% H SO . 20% HO.  The oxide particles 
3       A  4      ^ 

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 approximately 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 3-cobalt. 

Accordingly, the 0-cobalt/SmCor interlace is represented by the furtherest 
o 

penetration of the oxide platelets , 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 HNO -H, SO acid mixture followed by a "cleaning" 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 direction of oxygen transport to the reactive interface (3-cobalt/ 

SmCo ), the platelets do cluster into parallel groups comprising a grain. 
5 

This is illustrated by the subscale/SmCo  micrograph shown in Figures 
5 

o 
15 and 16.  This particular specimen was oxidized for two hours at 700 C. 

When platelet microstructures result from eutoctoid decomposition, the 

grain of commonly oriented platelets often corresponds to preexisting 

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

27 



FIGURE 12 SCANNING ELECTRON MICROGHAPH OF THE 
SUBSCALE/SmCOg INTERFACE; OXIDIZED 112! 
2 min; ETCHED 50 HNOg, 30 H2S04, 20 H20 
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FIGURE  14      OXIDE PLATELETS IN THE SUBSCALE; 
ETCHED FOLLOWED BY  REETCHING 
IN 5% 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/SmCo5  INTERFACE AND INTERSECTING 
"GRAINS" WITHIN THE SUBSCALE STRUCTURE 
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in this case tlr, grains in the subscale, which arc outlined by polarized 

light, do not correspond with the original SmCo5 grain in the ingot.  The 

subscale grain structure is fine, than the original cast SmCo5 grain size. 

There is no evidence for pore generation (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/ 

SmCo  interface and are swept by the interface as shown in Figure 17. 
5 

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 cobalt across the subscale. 

The results of a typical concurrent analysis are presented in Table III. 

Median chemical compositions and statistical confidence limits (2G) are 

given.  Standard matrix corrections were made.  Reference standards were 

Sm 0, for oxygen and a sample of SmCo of known chemical composition 
2 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 Sm^ corresponding with the 

original alloy.  However, the cobalt/samarium mole ratio in the oxide 

scale was somewhat greater than 3.0 and not very uniform.  There is also 

considerable porosity in the oxide 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 cobalt 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 

6 
ion vacancies. 

Although most of the vacancies are annihilated 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 SmCc^ 
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Table III 

ELECTRON BEAM MICROPROBE ANALYSIS OF 

AN OXIDIZED {750oC) SmCo 
0 
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 

0 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 H 1,02 14.11 + 0.43 4.77 

Co 61,95 + 1.70 67.21 + 1.84 

0 4,67 + 0,35 18.68 + 1.41 

Total = 99,81 

Unoxidized All oy 

Element Weight Percent Atomic Percent Co/Sin 

Smla 34.71 17.07 4.81 

CoKcy 66.08 82.91 
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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 

7 
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 stoichiometric Sm 0 .  X-ray diffraction patterns 

taken at sintering temperatures, 1125 C, indicate that the oxide in the 

subscale has the structure of C-type Sm 0 .  X-ray diffraction patterns 

taken at 750 C and lower temperatures indicate that the oxide in the 

subscale has the NaCl structure that has been observed for SmO N   . 
X J. —x 

Heat treating the subscale containing the latter structure at the 

higher temperatures converts the oxide to Sm 0 .  However, there is no 

evidence that nitrogen is actually present in the subscale and the 

appearance of the oxynitride structure may result because of strain and 

a low oxygen chemical potential or both within the subscale.  At least, 

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

deficient in oxygen with respect to fully stoichiometric Sm 0 . 

Oxygen also penetrates cracks and possibly grain boundaries in 

polycrystalllne SmCo  and PrCo .  The result is a subscale on either 

side of the crack.  The penetration of internal oxidation starting 

within a crack is usually as extensive as the internally oxidized zone 

adjacent to open surfaces.  This is illustrated in Figure 19, which 

shows the same section before and after etching. 
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B,   Kinetics of Internal Oxidation 

A kinetic study of the oxidation process has shown that growth of 

the internally oxidized zone follows a parabolic rate law, as expected 

for both classical internal oxidation to produce a discontinuous dis- 

tribution of oxide particles and for continuous suboxide scale growth. 

The results of runs at several temperatures are shown in Figure 20. 

The thickness of the internally oxidized zone 6 is given by 

6 = k t 
P 

(3) 

and the slopes of isotherms are the parabolic rate constants, k .  Each 
P 

of the data points represents a single isothermal oxidation/diffusion 

experiment.  A flat surface was polished on each specimen prior to 

oxidation.  Each specimen was sectioned normal to the flat surface 

after oxidation and the subscale thickness was optically determined. 

Although these tests were carried out in air, the equivalent oxygen 

partial pressure at the oxide scale/subscale interface is the oxygen 

pressure in equilibrium with cobalt metal and cobalt oxide, which is 

temperature dependent and considerably lower than the oxygen partial 

pressure in air at one atm.  The parabolic rate constant for selective 

oxidation of samarium increases less rapidly above 750 C.  An Arrhenius 

plot for the selective internal oxidation rate of SmCo  is shown in 
5 

Figure 21.  A few experiments were also conducted using PrCo at 735 C 
5 

and the results are also shown in Figure 21.  The kinetics of internal 

oxidation of PrCo are essentially identical with the Internal oxidation 
5 

kinetics of SniCor .  The apparent activation energy below 750 C is 14,0 

kc a 1 /mo 1 e . 

The internal oxidation kinetics are consistent with internal 

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.  The subscale thickness 6 

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). 

6 = l2-^] l  t* (4) Wp j 

where Wp is the total amount of oxygen per unit volumo 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 samariiw in the 

subscale.  The experimentally determined parabolic rate constant k can 

be used to determine 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 SmCo and PrCo 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 p-cobalt. 

Some limited data on the solubility of oxygen in g-cobalt have been pre- 
9 

viously published by Seybolt and Mathewson.   These data are reproduced 

in Figure 22.  If the Seybolt and Mathewson solubilities for oxygen in 

0-cobalt are accepted and the concentration of oxygen in Q-cohalt   in 

equilibrium with samarium is taken as zero, then i  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 g-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 

-'1     -6  2 
are in the range 10  to 10  cm /sec.  Hence, it does not appear that 

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

rate of internal oxidation. 

Oxygen anion transport through the oxide phase is a more complicated 

process that is presently being investigated.  Oxygen anion diffusion 

in Sm 0 has been determined  and the diffusion coefficient is relatively 
2 3 

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 
11 

the reoxidation of slightly 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 oxidation.  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 ß-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  ^ .—, 5—  
Electrochemical Cell 

Oxidation kinetics at low pressures and relatively low temperatures 
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FIGURE 23      LIMITS ON  DIFFUSION COEFFICIENT OF OXYGEN  IN /3-COBALT TO ATTAIN 
MEASURED INTERNAL OXIDATION RATES 

45 



(100 to 540 C) are being determined for SmCo powders using a calcium- 
5 

stabilized zirconia cell to determine the absorption of oxygen by the 

specimen in a closed system following the instantaneous 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 coefficients for a variety of oxida- 

12 
tion rate models were previously described. 

Data were determined over a wide variety of oxygen pressures.  The 
-10 

reliable range of data covers about 5 orders of magnitude from 10   to 
_5 

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 same 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 (SmCo.) 

surface. 

An Arrhenius plot of the first-order rate constants for the initial 

oxidation of SmCo  is shown in Figure 24.  A large number of experiments 
5 

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 were reasonably constant over the duration of 

each run, which usually includes an oxygen pressure 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 pirtial 

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^  .———^ 5 

A cast piece of SmCo was internally oxidized and subsequently 
5 

packed in a mixture of SmCo powder and 60% Sm/40% Co alloy powder. 
5 

The average composition of the mixed powder was 38% samarium.  The ingot 

with the surrounding powder mixture was cold pressed and subsequently 

o 
sintered at 1125 C for 30 minutes to simulate normal sintering conditions 

for samarium 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 transfer of that oxygen to form 

an Sm 0 network within the adjacent sintered alloy.  The residual 
2 3 

samarium-cobalt sintered alloy and 3-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 Sm 0 . and after etching thr 

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 precise- 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 11250C.  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 SmCto megnets, where the oxidation is 
5 

less extensive than in the present study. 

E.  Expected Oxidation of SmCo and PrCto Powders during Storage 
—E__ .—5 5  
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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more oxygen.  High coercivity SmCo magnets containing 1 wt% oxygen have 
D 

been made using a samarium-rich binder.  The oxygen analyses of sintered 

magnets prepared from powders are generally similar to the analyses of 

powders prior to sintering.  Oxygen analyses of arc-melted alloys are 

usually much louver 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 SmCo powders of various particle sizes. 
5 

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-u, particle with 

100 ppm (0.01 wt%) oxygen would be more severely oxidized than a 3-^ 

particle with 500 ppm oxygen. 

Oxygen analyses of a few commercial SmCo magnets and SmCo magnets 
o o 

produced at SRI indicate that most SmCo 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 y, in diameter and if magnet 

o 
powders of this size are heated to 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.  Initial 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 bo::es.  Further low 

temperature oxidation studies are planned using a thermogravimetric 

method. 
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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 possible 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 Re O 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 an 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 Re„0 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 analysis 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 Re O rather than to 

ReO. However, oxidation to an oxygen-deficient Re 0 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 

ol single crystals of SmCor, Sm,Co , and Sm Co  .  Specifically they 

have reported on the compositional range of SmCo  and the composition of 
5 

the two adjacent phases in equilibrium with SmCo .  Their data are 
5 

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 microprobe 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 ReCo powder magnets it is 
5 

worth emphasizing that the temperatures and times used in sintering 

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 ß-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 SmCo or even to a mixture of nonstoichiometric SmCo 
5 5 

and Sm Co  .  Using the samarium-rich mixture, such as the 37 wt7e 

composition, compensates for the samarium lost by oxidation. 

Two commercial magnets and a magnet produced in our laboratory 

were examined by electron beam microprobe analysis.  Each of these magnets 

was produced by molting, grinding, cold-pressing, magnetic alignment, and 

sintering.  Beam focusing was difficult because of the magnetic field 

from the samples and more work is planned with nonmagnetized sintered 

SmCor.  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 those magnets involved an average composition richer in 

samarium than stoichiomotric SmCo .  Consequently, the primary SmCo 
5 5 

grains are saturated in samarium and precipitates of a samarium-rich 

phase, Sm Co , arc seen in the sintered particles.  The Sm Co pre- 
2     7 2  7 

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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IGURE 30      GENERAL ELECTRIC SAMARIUM-COBALT 
MAGNET (429) 
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FIGURE 31       SRI  SAMARIUM-COBALT MAGNET (SL70) 
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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 Sm Co precipitates occur near the grain boundaries. 

The microprobe traverse, shown in Figure 33, crosses several SmCo 
5 

grains and a region of several small SmiCo 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 SmfCo precipi- 

tates appear to have more oxygen than the SmCo grains.  Also, grain 
o 

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 SmCo sintered magnet containing 
o 

excess samarium ;n the form of a 60 wto; samarium alloy additive are 

compared with the same powder without the 60 wtr; samarium additive in 

Figure 34.  These two samples were mounted in the same mount and micro- 

probed consecutively under identical conditions.  Note that when the 

60r; additive is present the composition of the primary phase is enriched 

in samarium and depicted in cobalt relative to the alloy without the 60r; 

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

into the primary grain at sintering temperatures. 

Several nominal SmCo grains in a variety of sintered magnets, 

including both excess binder and samaiium-deficient compositions, have 

been examined.  Changes in samarium composition of the SmCo phase are 
5 
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matched by proportionally opposite changes in the cobalt composition. 

The change in relative intensity and weight percent ol cobalt is always 

less than the corresponding change in samarium.  The intensities of 

characteristic fluorescent X-rays generated by electron 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 element.  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 SmCo phase involves exchange of cobalt for 
5 

samarium substitutionally rather than either a simple elimination of 

either component and replacement with vacancies, or insertion of samarium 

and cobalt interstitially. 

The substitution of excess cobalt 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 

tion of SmCo  in equilibrium with Sra Co,,, is SmCo   .  Although the 
5 2  17       5.4 

composition range of the SmCo  phase can be determined rather exactly, 
5 

it is difficult to determine the absolute value of the composition in 

equilibrium with adjacent phases.  However, if the value of SmCür 

composition is taken, which appears to bo correct, then it is necessary 

to conclude that approximately Tj   of the samarium sites are occupied 

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 RECo alloys than the conventional sequence of rare 
5 

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

14 
The method was outlined in the previous semiannual technical report 

15 
and is similar to the General Electric method  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 

alloy is produced as a sponge simultaneously with the thermal reduction 

stop. 

Ball-milled SmCo sponge has magnetic properties identical to those 
5 

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 Re Co  (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 RECo  alloys,  (2) 
5 

solid phase sintering ay a function of stoichiometry, and (J) develop- 

ment of a model of oversintering of RECo .  Metallothermic reduction 
5 

and sintering of mixed RECo  alloys will also be continued along with 
5 

SEM microstructure studies of sintered magnets and magnetic evaluation 

of all sintered magnets. 

Prsceding page blank 
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APPENDIX 

The following program is used to determine phase compositions from chemical 

analyses: 

OBOGRäM CHMRECO ( TM«»UTiOUTPUTtTAPE5»INPI)TtTAPE6«0UTPi)T ) 

THIS PROfiPAM CALCULATES THE COMPOSITION Of TERNARY COiALT- 
SAMARTDM-SECOND RARE EARTH ALLOYS THAT ALSO MAY CONTÄfN 
OXYGEN.  INPUT DATA ARE THE MILLILITERS OF STANOARO EOTA 
TITRATION SOLUTIONS FOR (I) COBALT AND (?) TOTAL RARF EARTH 
A^Ot IF «VAlLftBLF. THE «FIGHT PERCENT OXYGEN FROM NFDTRON 
ACTIVATION ANALYSIS. 

OEPlNITION OF TERMS« 

RFML   ■ MILLILITERS OF RARE EARTH FDTA FOUIVALENT TITRATING 
SOLUTION 

COML   ■ MILLILITERS OF COBAl T EOTA TITRATING SOlUTIOw 
WTTOT  ■ TOTAL SAMPLE «EIGHT TTTRATEO IN QRAMS 
PCTOXY • «EIGHT PERCFNT OF OXYGEN BY NEUTRON ACTIVATION 

ANALYSISi 0." IF NO ANALYSIS AVAILABLE 
rn**       m   ATOMIC WEIGHT OF COBAlT 
SMMW   ■ ATOMIC WEIGHT Or SAMARIUM 
XMW    ■ «TOMIC WEIGHT OF THE SECOND RARE EARTH 
W<M   ■ ^RAMS OF SAMARIUM MFTAL USED IN ORIGINAL   ALLOY 

OREPARATTON 
W*     ■ r,PAMS OF SFCONO RARF FARTH MfTAL USEO IN ORTfllNAL 

OLLOY POFPARATIONS 
FOTAK  • EOT* TITRATION FACTOR 
S«MP   ■ ^ftMPLE «LPHANUMFRIC OFSIGNATION 

OTMENSIOy PHASE(?)t PHLO(?1i PAHEX(?) 
10 RFAO CMI) RF.ML« COML« WTTOT. PCTOXY, WSM, «IX, XMW 

1 FORMAT { TFIO.O ) 
IF (FOF.S) 200,IS 

•»'REX TS THF SFCONO RARE EARTH ELEMENT 

IS PFAO (*,,"»)    ( RJPFX (I) ,I«i ,? » 
? FHPMAT ( ?An ) 

OFAO (S»9) SAMP 
COMW ■ Sfl.^ll 
SMMW m 1^1,41 
FOTAK ■ ö,O9«90l 
PHASE»!) • PHASFf?) ■ lOH 
PHLOd ) 4 PH1.0(?) « lOH 

riMOL A'Jn RFMOl. ADF THE "ILLTMOLFS OF CORAI.T ANO TOTAL "ARE FAOTH 

rnuQl   a FOTAK » COML 
HFMOl. « FOTAK • BFML 
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APCTCO l*   THP APPftBEMT ATOMIC PEPCENUGE OF COBALT WITHOUT 
CONSinrRiNG OKYSFN 

»PCTCO « nn.O • COMOL / < COMOL ♦ BEMOL > 

«SMK 4Nn XK 4PE THE ESTIMÄTEO MOLF PORTIONS DF THF CONTAINER 
B«PE F4RTH ATTRIfliJTFn TO SAMftRTUM ANfl THF SECONO P^BF EA'(TH, 
^FSPFrTIwcLY 

ox « wx / tw 
SHK a OSM / ( (iSM ♦ OX ) 
XK ■ 1. - SMK 

SMMOL ÄNn XMOL ARE THF TOTAL MTLLIMOLES OF 5AMARTI)M /VMO SECOND 
RAPE EARTH, INCLUOTNr, OXTOTZFD RA«E FäRTH, !M THF SAMPLE 

SMMOL a SMK • HEMQL 
XMOL a XK • HEHOL 

WTMET IS THE «ElfiHT OF ALL THPFE MFTALS TN THf SAMPLE TN 

I^TLLIR^AMS 

WTMET « rOMOL • COMW ♦ S"H0L • SMMW ♦ XMOL • «MW 

EWTOXY AMD EPCTOXY ARE THE ESTIMATED «(EISHTS ANO PFRCFNTACE 
OF OXYfiEM CALCULATFD BY nlFFFRFMcE FH3M THF WElßHT TOTAL 

B-WTOXY « WTTOT - WTMFT / 1000,0 
FPCTOXY > EWTOXY / WTTOT • irfl 
TOXY s PrTOXY 
ir ( prTnxY .EO. 0.0 ) TOXY r FPrTUXY 

CALCUL^TF FFFEfTTVF PARF EARTH LOSS AS OXTOE, BE'03. ANO THF 
AOJIJSTFO ATOMIC BERCFMT rOflALT FOR THE MMOXIOTZEO POBTI0M 
OF THE at. iiV, AABCTCO 

BFLOSS ■ TOXY / ?.4 • WTTOT 
DTV a ( pOMOL ♦ PE^OL - RFLOSS 1 / l^^.O 
AAPCTCO a COMOL / niw 
AAPCTS" s SMK • ( RE^OL - HELOTS ) / MV 
ftAPCTX a yl< • ( HFMOL - «ELOSS > / 01« 

CAICULATF WEIGHT PFPCENTAGES OF METALS PRESENT AS TNTCB 
«IFTALLTC rOMPOUNOS AMP AS oxinrS 

TwTTOT = in." • WTTOT 
PrTCO r fOMOL * rDMW / TK'TTOT 
PCTSM = SMMOL • SMMW / TwTTOT 
prTX a XM^L ♦ XMW / TWTTOT 
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CALCULOTF EOUlLlflRIUM PHASES FOR BARE EARTH / CORALT ALLOVS 
AT U?" C.  ( QUFNCHEO FROM SINTfRING TEMPERATURF ) 

IF ( AAPCTCO tLT, 77,8 ) 60 70 20 
IF ( AAPrTCO .GE. 77,H ,ANn. AAPCTCO ,LT. 8?,1 
IF ( AAPCTCO ,GE. «2,3 ,ANC. AAPCTCO ,LT, 85.3 
IF ( AAPCTCO .GE. 85,3 ,AND. AAPCTCO .LT, 87.5 
IF ( AAPCTCO .GE. 87.^ .ANO. AAPCTCO .LT, 89.4 

) GO TO 30 
) GO TO 40 
) GO TO 50 
) GO TO 55 

PHASEm 
PHASE (?) 
GO TO ffl 

55 PHASE(1> 
GO TO ftO 

20 PHASE M) 
PHASE«?) 
r,n  TO 6" 

10HRE2CO17 AN 
10HD CO 

inHRE7C017 

inHRECO? AND 
lftHRE?C0' 

30 PHASE(1) = loHRE?Cn7 AND 
PHASFO r 11H RECOS 
ONFIV = ( AAPCTCO - 78.0 ) / 0.045 
GO TO 7!) 

40 PHASEN ) « lOHRErOS 
O^FIV a 100.0 
GO TO 71 

50 PHASE(1) a IOHMEC05 AMD 
PHASE»?» ■ 10HRF?Cni7 
ONFIV s ( 87,5 - AAOCTCO ) / 0."?? 
r,* To TO 

iSO ONFIV = n.P 

7n 

CALCHLflTF FOUILIBRIUM PHASES FOR ALLOYS AT 900 C. 

IF ( AAPrTCO 
TF ( AAPCTCO 
TF ( AAPrTCO 
IF ( AAPCTCO 

BO 

90 

too 

110 

l?n 

.LT. 

.GE. 

.GE. 
,fiE, 

77.8 
77.8 
83,1 
«4.? 

) GO 
.ANO. 
.AND. 
.ANO. 

TO 80 
AAPCTCO 
AAPCTCO 
AAPCTCO 

.L7. 

.LT. 

.LT. 

83.1 
84.? 
89.4 

GO   TO   90 
GO   TO   inh 
^0   TO   110 

PHl.Om a 
PHLO(?) a 
GO TO l?ö 
PMLOM)   = 
PHLO(')   s 
GO   To   i?^ 
PHLO(l) s 
PHL0(?1 m 
OMFIF = ( 
GO TO l^n 
PHLOd) ■ 
ONFIF s TOO 
GO TO I3n 
PHLO(l) s 
PHL0(31 s 
OMFIF s ( 
r,n To I3r 
ONFIF s n 

10HRE?C',17 
10MO CO 

AN 

10HRECS3 ANO 
iOMSiE?ro7 

10HRE2C07 ANO 
ion RECO«; 
AAPCTCO - 77,8 

10HSMC05 
0 

IOHRECOS AMO 
10HRE2CO17 
Bq t . AAPCTCO 

0 

) / 0.053 

) / 0.052 
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.17X. 

OJTPUT 

13Ö WITE (6,3) ( R«REX(T).I"lt? )» SAMP 
3 FOHMftT ( iHl,25HTHr SECOND RftRP EARTH IS »?A10tlX. 
19HSAMPLE ■ IAIO ) 
W01TE <6.4) AAPCTCO» AAPrTSM, AAPCTX 

4 FORMAT ( //47H ATOMIC PERCENT CO^ALT AOJUSTEn FOR OXTOATTON 
MHmtFin.i.ftH ATPrT/ w , „ 
255M ATHMTC PE«CEWT SAMARIUM MpTAL ADJUSTED ^OR OXTHATTON  .qXilH". 

J^H'JTOMTC PERCENT SECONn RARE EARTH METAL «njUSTED FOR OXIDATION 
S ■.Fl^.ftH ATPCT  > 
XF ( prToXY .EQ. 0.0 ) U0,]S0 

145 FORMAT*('fcSH -EI^MT PERCENT OXVQEM BY NEUTRON ACTIVATION ,19X. 
HTM«  NOT DETERMTNFn ) 
r,o TO 16n 

156 FORMAT ('tsH itglnHT PERCENT OXYGEN RY NEUTRON ACTIVATION .nx.lH«. 
lEin.*,f.H WTPCT ) 

ifcn WOTTF (6.7) FPCTOXY» SMK, XK. aPcTCO, PCTCO. PCTSM. PrTX  
7 FORMAT UsH ESTIMATED WETGHT PERCENT OXYGEN FROM FnTA TITRATIONS 
1QX.lHx,Fin.4.6H WTPCT/ .        mtM   ^ 
TtW   SAMARIUM AS A FRACTION OF TOTAL HARE EARTH  . 1 <JX. IH-iEin. 4/ 
354H SECOWI) RARE FARTM AS A FRAPTION OF TOTAL1 RARE EARTH  »lOX.lH». 
AF1^.4/ 
4«,?H APPADCNT ATOMK PCT CORALT ^TTHOUT AOJUSTMENT FOR OXIOATION  . 
S?K,lH«.Fio.4,6H ATOCT/ 
694H WFIGHT PERCENT CORALT  ,4nX • 1 Hs.Fl 0 .4 ,*|H WTPCT/ 
77*,H »/FTGHT PERCENT SAMARIUM  , 38X. IH«|F1 n.4.6H WTPCT/ 
fl3^H ^FTr,MT PERCENT SFCONO RAPE EARTH  tPRX t IH».F1 O. A, *H WTPCT ) 
WRITF (6,fl) rtTTOT, RFML, COML 

n FORMAT (iJPH TOTAI SAMPLE WEIGHT  ,42X, lH»tF\ 0.^t«>* GRAMS/ 
141H RAPE FARTH TITRATION (EQUIVALENT EOTA)  ,?3X.1M«.Fl«.4I3H ML/ 
??4H COR«| T FOTA TITRATION  ,4nX,1H«,F10,*t3H ML //_) 
-PITE (*.,<?) ( PHASF(T).1>1.?). ONFIV. ( PHLOn>.T«1.?)« ONFIF 

9 FORMAT (4(SH THF F^HlLIBRfUM ALLOY PHASES AT 1120 C. »RE  .^»10/ 
149H THF MOLE PERCENT OF THE S^rOS PHASE AT n?0 C. «.FIO^. 
?HH MQLFPrT/ 
^4CJH THF FOUII.IRPlilM ALLOY PHä<;FS AT ^0n 
44PH THF MOLE PERCENT OF THE SM^OS PHASE 
SflH MOLFPCT ) 
r,0 TO 1 0 

?00 STOP 
ENO 

C. 
AT 

ARE 
900 

.?»10/ 
C. «,Fin.4, 
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THF 5FC0Mn R4RE PARTH I«: CERIUM SAMPLE ■ TH4A-1 

»T0M1C PFRCENT COBALT AnjUSTEO FOR OXin«TTON 
ATOMIC PFRCENT SAMARI'IM METAL AOJUSTED FOR OXIDATION 
ATOMIC PERCENT "IECONO RftRE EARTH METAL ADJUSTED EOR OXIDATION 
^FJAHT PFRCENT OXYGEN BY NEUTRON ACTIVATION 
ESTIMATED HEIGHT PERCFNT OXYGEN FROM EDTA TIT^^TION«; 
SAMARIUM AS A ERACTIOM OF TOTAL RARf EARTH 
SFQONn R«RE EARTH AS A FOACTION OF TOTAI RAPf EAWTH 
APPARENT ATOMIC PCT COR«!.T WITHOUT ADJUSTMENT FOR OXIOATIOM 
^FIOHT PERCENT CORALT 
«FIflHT PFRCENT SAMARIUM 
WFJAMT PFRCENT SECOND RaRE EARTH 
TOTAL SAMPLE WEICHT 
RAPE EARTH TITRATION (EOUIVALENT FDTA) 
CORALT EOTA TITRATION 

■   R7 ,9(flT4 ATPCT 
■    ^ • Ml« ATPCT 
■    1 .6011 ATPCT 

»    1 ,7sno WTPCT 
■    1 

,7002 
,2998 

WTPCT 

•  Ri ,08ft2 ATPCT 
•   M ,12S0 WTPCT 
K     ?1 ,3?R5 WTPCT 
m            Q .3Q36 WTPCT 

,1017 GRAMS 
■    ? ,3000 ML 
»     h" ,3000 ML 

THE EOUILTRRIUM ALLOY PHASES AT n?« C, ARE  RE?C017 
THE MOLE PERCENT OF THE SMC05 PHASE AT 11?0 C. «    O.0O00 MQLEPCT 
THF E0UILI3RIUM ALLOY PHASES AT qn6 C. ARE  REC05 AND RE?C317 
THF MOLE PERCENT OF THE SMC05 PHASE AT R00 C. •   ?7.lft63 MOLE^CT 
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