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ABSTRACT

Materials processing of rare earth-cobalt magnets (RECo ) is being

studied, including alternative methods of (1) alloy synthesis, (2) magnetic

particle preparation, and (3) sintering. Evidence presented suggests that

surface oxidation rather than mechanical stress is the cause of degrada-

tion in intrinsic coercivity. Apparatus using a zirconia electrochemical

cell to determine the oxidation kinetics of rare earth cobalt alloys was

constructed, and experiments were started on SmCo . Appreciable oxidation

rates were measured at temperatures down to 105 C.

Several plasma spheroidized and plasma annealed RECo powder samples
5

were sintered and magnetically evaluated. The results were compared with

those from sintered specimens made from ball milled powders. SmCo and
5

PrCo5 a:.loys were produced by metallothermic reduction. Coercivities of

ball milled metallothermic powders were similar to those of the best arc

melted and ball milled alloys. Sintering kinetic studies were made with

SmCo5 using a liquid phase si.itering aid. Present results indicate that

a phase boundary reaction leading to solution is the rate limiting step

in sintering of SmCo

II 5
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M .A

I INTRODUCTION

The objectives of this program are to investigate unconventional

materials processing methods with the goal of achieving optimum properties

of SmCo and other RECo compounds as permanent magnets. The primary5 5

problem is achieving high magnetic coercivity. Plasma spheroidization, and

annealing of previously communuted particles, along with direct reduction

from oxides and salts of the rare earths are being pursued to generate fine

particles that can be magnetically aligned, compacted, and sintered by

conventional techniques of powder metallurgy. The processing methods are

being evaluated by determining the magnetic coercivity, chemical composi-

tion, homogeneity, particle size, and particle morphology of the resulting

materials.

Studies to ga a further knowledge of the liquid phase sintering

process and magnetic evaluation of sintered alloys were begun during this

research period. Because of the probable connection between oxidation

and reduced magnetic coercivity a study of the oxidation kinetics of SmCo_
a

was begun, emphasizing low oxygen pressuresand both low and high tempera-

tures. This is a continuing program and the results presented are essen-

tially a progress report.

r1



II DEGRADATION OF MAGNETIC COERCIVITY

Ball milling is capable of producing SmCo with intrinsic
5

coercivities in excess of 20,000 oersteds with good batch-to-batch

reproducibility. Only one of ten ball mill runs on ten separate alloy

melts yielded powder with an intrinsic coercivity below 20,000 oersteds,

and that was 16,400 oersteds. The results of alloys processed and

evaluated this period are summarized in Table I. It is apparent that

comminuted powders and, therefore, mechanically stressed particles can

have consistently high coercivities. Exposure in air for six days at

room temperature does not degrade the coercivity (see arc melt No. 37

listed in Table I). However, high temperature annealing in air or

under attainable vacuum is deleterious. The only exception observed

in our laboratory, or reported by other investigators, occurred when

the SmCo particle was wetted by a liquid film of either calcium or an5

alloy containing more samarium than the magnetic particle.

Only calcium and thorium have a lower oxide free energy of formation,

and both calcium and a richer samarium alloy have a slightly lower equi-

librium oxygen pressure than SmCo5 and would be able to remove oxygen

from SmCo5 at temperatures above their liquidus. The equilibrium oxygen

pressures are several orders of magnitude below those attainable under

the best vacuum conditions, and residual oxygen in an evacuated enclosure

will react with SmCo5 unless the samarium or calcium protective liquid

film completely envelops the particle. When there is a space between the

samarium or calcium getter and SmCo5 , oxygen transfer cannot occur because

the equilibrium oxygen partial pressure is too low for an adequate gas

phase mass transfer rate. This was experimentally verified when SmCo5

powder with a measured intrinsic coercivity of 21,800 oersteds was heated

3 Preceding page blank
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inside vacuum to 700°C in the presence of calcium chips. The intrinsic

coercivity decreased to 1500 oersteds (see Table I). It is apparent

that either the thermal treatment itself or very small amounts of re-

sidual gashave a drastic effect on the nucleation of new domains or

on domain wall migration that determine coercivity.

Since intrinsic coercivities actually can be improved significantly

by heating a SmCo 5 particle surrounded by a calcium or samarium rich film,

as is done in all of the successful sintering methods, it is concluded

that thermal effects alone are not causing the degradation. It is also

clear from the reduced coercivities resulting from plasma annealing, in

whicY the particle is heated for a few seconds at most and is not melted,

that substantial diffusion of deleterious gases inward from the particle

surface is not necessary to cause the reduction in coercivity. Hence, an

extremely small amount of gas, probably oxygen, reacting at the surface

appears to have a marked effect in initiating the nucleation of new mag-

netic domains at the particle surface. A similar hypothesis has been

1
proposed by Becker.

The effect of particle size on the intrinsic coercivity of ball

milled SmCo and PrCo powders was studied, and the results are summarized5 5

in Table I. Ball milling of SmCo for three hours after crushing to pass5

a 30-mesh screen yields particles having an average particle size of 4 to

5 microns and an average intrinsic coercive force of 22,000 oersteds.

Increasing the milling time to 10 hours denreases the particle size to

2 to 3 microns and raisus the intrinsic coercivity to 26,000 oersteds.

The average sizes were determined using a Fisher subsieve analyzer.

Ball milled PrCo shows a lower intrinsic coercivity when milled5

10 hours (2 to 3 microns) than when milled only three hours (about 5

microns). This overgrinding effect for PrCo5 is substantially in agree-

ment with the results using attritor mi]lling that have been reported -.y

5



2 3
Strnat and coworkers and Becker. However, the reduction in coercivity

may be caused by further surface reaction as grinding proceeds rather

than mechanical stress as har been previously assumed.

A commercial SmCo alloy powder produced by melting and comminution5

was also evaluated, and the results are reported in Table I. This magnet

powder has an intrinsic coercivity of only 7140 oersteds. However, it

should be noted that this material is currently being used to produce SmCo5

magnets for traveling wave tubes with much higher final coercivities than

the starting powder. Again, these higher coercivities result from liquid

phase sintering with a samarium rich alloy that also getters oxygen.

The intrinsic coercivities obtained with conminuted powders may

depend on the care taken to eliminate oxygen during grinding. Sodium-

gettered hexane is being used as the milling fluid in our laboratory.

The ball mills are loaded and sealed while in an argon glove box so that

the hexane and rare earth alloy are not exposed to oxygen during grinding.

Recent oxidation studies with SmCo5 , which will be discussed in a later

section, show that the alloy is very reactive with oxygen even at tempera-

tures near room temperature.

6



III PLASMA TREATED RECo POWDERS

An extensive program of processing samarium and praseodymium alloys

of cobalt by heating dispersed alloy particles in an inert gas plasma

has been underway. Both annealing below the particle melting point and

melting and quenching (spheroidization) have been employed. The apparatus
4

and experimental processing method have been previously described.

A. Evaluation of Particles

The plasma spheroidization process requires large amounts of argon,

and because intrinsic coercivities appeared to be extremely sensitive to

small amounts of surface oxidation, the plasma apparatus was equipped with

a solid state zirconia electrochemical cell to continuously monitor the

oxygen partial pressure in the process gas. The bottled argon had an
-5

oxygen partial pressure of about 3.5 x 10 atm. In early experiments

this gas flowed through a heated bed of calcium chips (4 in. dia. x 20 in.

high). Monitoring with the zirconia oxygen gage indicated that the oxygen

partial pressure was lowered at modest argon flow rates but at the normal

operating flow rates the oxygen level was not appreciably lowered by the

calcium chips. However, operation of the plasma system with injection

and spheroidization of SmCo particles was lowering the effluent oxygen5
-22

pressure to approximately 10 atm. At normal particle and gas feed rates,

this corresponds to an oxygen accumulation by the spheroidized particles

of about 0.1 wt%.

Twvo calcium chip getter furnaces were installed in the plasma

spheroidization feed gas line to decrease the oxygen partial pressure

of the argon plasma. Oxygen partial pressures in the process feed gas
-16

are now maintained below 10 atm, and the oxygen partial pressure is

7
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constantly monitored during each plasma spheroidization or plasma

annealing experiment with the zirconia electrochonical cell. The

effluent gas is monitored before, during, and after injection of the

particles.

Bulk oxidation of the SmCo5 during processing is insignificant.

Surface oxidation cannot be calculated for the plasma spheroidized

material because a considerable fraction of the total surface area is

contributed by the submicron particles of the fume. During plasma

annealing, no fume is formed and, for a 4-micron particle, the oxygen

surface concentration can be no greater than about 2 molecular layers

-16of 0 at an oxygen pressure of 10 atm. This calculation assumes2

that all of the residual oxygen is gettered by the particles.

Magnetic properties of plasma spheroidized and plasma annealed

SmCo 5 and PrCo 5 samples are shown in Table II. Both plasma annealing

and spheroidization substantially lower the intrinsic coercivities of

SmCo . Spheroidization (melting) lowers the coercivity slightly more

than does plasma annealing. The remanent magnetization of the spherical

particles is reduced because some are not single crystals, and, therefore,

perfect alignment cannot be achieved. The data from Table II were com-

pared with previous magnetic results on plasma annealed and plasma sphe-

roldized SmCo conducted at higher residual oxygen pressures.
5

The lowered oxygen pressure of the recent experiments had statis-

tically no effect on the intrinsic coercivities that were achieved. It

is clear from these results that if the surface oxidation hypothesis of

the preceding section is valid, extremely small amounts of oxygen are

sufficient to cause severe reduction of the intrinsic coercivity. Both

plasma annealing and spheroidization also lowered the iitrinsic cocr-

civities measured with PrCo 5 .

8
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The magnetic evaluation of loose powders requires curing an epoxy

binder while in a particle aligning magnetic field. Tests were made

using a uniform sample of plasma annealed SmCo5 to determine if varia-

tions in the curing procedures were affecting the measured coercivity.

Curing time and alignment field were varied but these parameters did

not have an effect on the measured coercivity. The results are summarized

in Table III.

B. Evaluation of Sintered Magnets Made From Plasma Treated Powders

The final evaluation of plasma spheroidization and plasma annealing

must be accomplished by fabricating the treated powders into magnets and

measuring the magnetic properties of the sintered compacts.

The powders were blended with a 60% Sm-40% Co sintering additive and

aligned in a magnetic field of 24 kOe. The samples were contained in

rubber bags inside of perforated nonmagnetic tubes and following alignment

were isostatically pressed at 50,000 psi. Samples were also formed by

uniaxial die pressing in a magnetic field of 50 to 10 kOe.

The sintering was done in a graphite heated vacuum furnace that had

been repeatedly filled with gettered argon and evacuated. The atmosphere

during sintering was oxygen-gettered argon, and the sintering temperature

was 1130 C. A postsintering aging treatment at 900 C for 4 hours was

used to increase Uhe intrinsic coercive force.

The results of sintering the plasma spheroidized and plasma annealed

materials following die pressing in a magnetic field are shown in Table IV.

The magnetizing field for all of the samples was 60 kOc.

Initial plasma spheroidization experiments resulted in spherical

material that contained SmCo5 and Sm 2Co17 phases, as a result of the losses

in samarium during spheroidization. The amount of Sm 2Co17 was small, and

the magnetic remanence was reduced. Sintering these early materials with

10
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an enriched samarium-cobalt alloy as a sintering aid did not result in

magnets witn properties comparable to magnets formed from powders produced

by comminuting arc melted ingots.

Adjustment of the plasma temperature and duration of heating in the

plasma resulted in minimal samarium losses during plasma spheroidization,

and spherical single phase, SmCo 5 , particles were achieved. The magnetic

remanence of these materials (see sample SL-5, Table IV) was low, as a

result of the polycrystalline nature of the spherical particles. On

cooling from the liquid phase, several grains are nucleated within each

droplet, and since these grains are randomly oriented, it is impossible

to achieve good magnetic aligiment and this results in low remanence.

Experiments to achieve improved alignment by heat treating at 820 C for

75 hours to allow grain growth to occur to produce fewer grains in the

spherical particles that can be magnetically aligned have not been success-

ful. A careful examination of sectioned SmCo plasma produced spheres
5

and microstructures of magnets produced from these plasma spheroidized

materials show some single crystalline spheres and many polycrystalline

spheres. The polycrystalline spheres following grain growth heat treat-

ments contain equiaxed grains usually numbering between four and eight

grains per sphere.

Annealing of PrCo5 in a plasma did not produce high coercive force

powder material immediately following plasma annealing. However, when

0
these powders were sintered at 1130 C, using a samarium cobalt sintering

aid, the intrinsic coercive force of the resulting magnet was 19,700

oersteds (see Table IV, sample No. SL-40). The 4,nM value was only 77203 r

Gauss indicating incomplete alignment. This material was composed

primarily of single crystal particles.

By sintering ball milled arc melted SmCo 5 and SmCo5 material both

produced in our laboratory and supplied by a manufacturer of traveling

wave tube magnets, we were able to compare the magnetic properties of

13



sintered compacts obtained using ball milled powders and with plasma

treated powders. The results for ball milled powders after sintering

are presented in the next section.

14
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IV SINTERED MAGNETS FROM BALL MILLED POWDERS

The magnetic results obtained with sintered magnets made from

ball milled powders are shown in Table V. With comminuted material, the

best coercivities axe obtained with relatively coarse powder. Specimen

SL-4 with the highest values of coercivity was milled only 2 hours. This

sample was made by adding the sintering aid as a fine powder, which had

been previously ball milled 6 hours, to -30 mesh SmCo 5 and then grinding

the mixture for 2 additional hours. The sintering aid was a 60% Sm-40%

Co alloy. The oxygen content in this sintered sample (SL-4) was 1.17%,

determined by neutron activation analysis, but much of this is presumed

to be in the nonmagnetic matrix. Evidence that the alignment is unsatis-

factory can be seen in Figure 1, which is a magnetization loop for sample

SL-4. The 4rTM values started falling immediately on entering the second

quadrant, and the loop was asymmetric and unsaturated. The starting

material had an intrinsic coercive force of greater than 20 kOe, and this

high coercivity may be part of the alignment problem. Work during the

next period will include alignment studies and methods for easily achieving

satisfactory alignment.

It is clear that for SmCo 5 at least, high coercivities can be obtained

in sintered magnets using ball milling for particle preparation.
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V ALTERNATIVE POWDER PREPARATION METHODS

Because the strain-induced defect model of nucleation and migration

of domains in rare eaith-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 com-

minuted particle annealing studies.

Work is continuing on direct reduction of rare earth salts metal-

lothermically to produce an .lloy sponge with suitable magnetic properties.

This is a potentially less expensive method for producing RECo alloys
5

than the conven ional seque.,ce of rare earth metal purification followed

by vacuum arc melting of the alloy.

A preliminary thermochemical study was made of potential processes

for metalloth~rmic reduction of o-ides and halides of cobalt and samarium

to form the SmCo alloy. The other rare earths will have similar thermo-
5

dynamic behavior. Particular attention was paid to systems in which the

metallothermic reaction product is a two-ph.se mixture of SmCo 5 particles

and a salt or slag phase that can subsequently be leached, or otherwise

chemically processed, to extract the salt or slag without adversely affect-

ing the SmCo particles.
5

Free energy data for the formation of oxides, fluorides, and chlorides

are presented in Tables VI through VIII, respectively. The data are usually

for 1227 C, and they are arranged in order of ascending free energy of form,-

tion. Hence, any metal in a series shot,!I reduce the salts of the metals

below it in that series at the temperature indicated. For each table, the

most stable compounds have been selected.

Only c'lcium and thorium are possible reductants for the rare earth

oxides and the latter is slightly radioactive. Calcium, barium, and

19
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Table VI

GIBBS FREE ENERGY FORMATION OF

SELECTFD OXIDES AT 1500K

(Cal1
Oxide ~ mole)

CaO -115,500 0 BPc a 1480 C

a2 0 -113,000 2,500 BP = 800 0

jThO 2  -112,500 3,000 2

1/3La 20 3-112,500 3,000

1/3Sm 20 3-112,000 3,500

1/3Pr 20 3-111,500 4,000

1/3Ce 0 3-105,500 10,000

1/Y2 03 -103,700 11,800

MNgO -102,000 13,500

;2ZrO 2  -97,500 18,000

Li2 0-96,500 18,500
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Table VII

GIBBS FREE ENERGY OF SELECTED FLUORIDES AT 1500K

A~G Ca
Fluoride \mole) A(AG)

1CaF -115,500 02

1BaF -115,000 5002

LiF -115,000 500

1/3PrF3  -110,000 5,500

1/3SmF3  -105,000 10,500

Table VIII

GIBBS FREE ENERGY OF SELECTED CHLORIDES AT 1500K

(Cal

Chloride AG mole) A(AG)

LiCi -76,000 0

2 BaCl -74,000 2,0009

ISmCl2  -72,000 4,000

'CaCl2  -72,000 4,000

i/3SmCl 3  -62,000 14,000
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lithium are suitable reductants for the rare earth fluorides.

Rare earth chlorides cannot be reduced by any metal with the exception

of lithium and barium, but the free energy margin, 6(AG), is slight.

The bromides and iodides do not appear to provide any system for

metallothermic reduction of the corresponding rare earth salts.

Metallothermic reduction requires an intimate stoichiometric mixture

of fine powders of (1) the rare earth salt, (2) cobalt or a cobalt salt,

and (3) the reducing metal. The salts are bi..ttle solids that can be

readily ground. Cobalt can be obtained in powder form. Malleable metal

reductants can be converted to brittle hydrides and then ground to yield

fine powders. The alkali and alkaline earth hydrides generally decompose

on heating before or simultaneously with the reduction reaction.

In preliminary experiments, samarium-cobalt alloy particles have

been produced by reduction in a SmF2 /LiF/BaF 2 salt phase but difficulties

were encountered in dissolving the salt uithout damaging the alloy par-

ticles dispersed in it.

The alloys SmCo_, PrCo5, Sm Pr Co 5 , Sm LM Co5, Sm Y Co
5 0.5 0.5 5' 0.5 0.5 5' 0.5 0.5 5'

and Sm La Co_ were produced by calcium reduction of a stoichiometric
0.5 0.5 a

mixture of hydrided calcium, rare earth oxides, and cobalt powders. The

metallothermic reduction reaction uas conducted in an iron retort heated

in argon at various temperatures, depending on the composition, for two

hours. After dilute hydrochloric acid leaching of the charge to remove

CaO, a RECo 5 sponge with a particle size of about 35 mesh remained.

The x-ray diffraction pattern of the SmCo_ sponge exhibited littlea

line broadening and indicated that the alloy was more homogeneous and

less strained than alloys produccd by arc melting and quenching. With

the exception of a trace of Sm 2Co , there was no other phase detected.

However, some of the mixed alloys indicate that considerable RE2Col7 is

present.
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Sieing the SmCo5 sponge before any grinding yielded a trace of -20pm

particles, but these were not magnetic and are probably unleached CaO.

A neutron activation analysis shows the oxygen content to be 0.170% after

grinding, which is similar to arc melted SmCo5 . Part of the oxygen
5'

assay is probably the result of residual CaO.

Ball milled SmCo sponge has magnetic properties similar to arc5

melted SmCo5 after milling. The intrinsic coercivity was 21,400 oersteds.

The remanence of sintered magnets of SmCo5 was reduced because of inade-

quate liberation of fine single crystals during ball milling (two hours)

that prevented ideal magnetic alignment. Polycrystalline SmCo5 grains

are shown among the ground particles in Figure 2.

MetalJothermically reduced PrCo5 and mixed rare earth cobalt alloys

containing samarium will be ball milled and evaluated magnetically. We

are particularly interested in the effect of composition and processing

on intrinsic coercivities. If satisfactory coercivities can be obtained,

attempts will be made to prevent the production of subcritical-sized

crystals during the thermite reduction step and subsequent heat treatments.
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FIGURE 2 BALL MvILLED SmCo 5 ALLOY PARTiICLES REDUCED
BY CALCIUM
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VI SINTERING SHRINKAGE KINETICS

A. Introduction

A sintering study of samarium-cobalt powders was undertaken to

determine the parameters that control the sintering process. The sinter-

ing procedures currently used entail addition of a samarium rich phase

(60% Sm-40% Co). This additive becomes liquid during the sintering

process, and therefore liquid phase sintering kinetics arr to be expected.

A liquid phase to promote sintering in metallic systems has been used
5 6

for many years, and a review of this area was provided by Lenel in 1948.

The liquid phase sintering process may be divided into three stages:

(1) rearrangement on formation of the liquid phase, (2) solution and pre-

cipitation of the solid phase, and (3) coalescence or solid phase sinter-

ing with the formation of a solid skeleton.

When the liquid phase first becomes molten it tends to coat the

solid particles. If complete wetting occurs, the solid-vapor interface

is eliminated. Therefore, the driving force for densification is the

reduction of the liquid-vapor surface area and conseqtiently a decrease

7
in the total surface energy. Kingery has derived equations to describe

liquid phase sintering during the solution-precipitation stage, assuming

spherical particles, complete wetting of the solid by the liquid, solution

of the solid in the liquid phase, and constant grain size. The rate con-

trolling step could be diffusion in the liquid phase or the phase boundary

reaction leading to solution.

The equation that describes diffusion controlled sintering is

o D o v4/3t3
AL/L kR V )/3r t (1)

k RT
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where k1 ane k2 are constants approximately equal to 1/2 and 1,

respectively; 6 is the thickness of liquid film between particle-

particle contact points; D is the diffusion coefficient of the slowest

diffusing solute species in the liquid phase; C is the solubility at
0

infinite radius of curvature; y V is the liquid vapor surface energy;

V is the molecular volume; r is the particle radius; t is time; and0

AL/L is the linear shrinkage.
0

A similar expression describes liquid phase sintering when the

process is controlled by the phase boundary reaction, i.e.,

2 k'k 2 Ylv CVo -l 

AL/L 2 ( k 0 r t2 (2)0 klRT

where k' is the appropriate reaction rate constant. Reaction rates

can be predicated for diffusion controlled sintering, but because of

our lack of knowledge of the reaction raLe constant, k', in equation (2),

it is impossible to predict a quantitative rate if the process is con-

trolled by the rate of dissolution.

Measurement of linear shrinkage as functions of time, temperature,

and particle size provides a means to distinguis' between the two rate

controlling processes. The linear shrinkage of SmnCo 5 containing 20%

additive (60%c Sm-40% 00) has therefore been measured as a function of

time.

B. Experimental Procedure and Results

Cylindrically shaped specimens, 0.32 cm in diameter by 1.0 cm long,

were fabricated by die pressing at 30,000 psi in a magnetic field of

5,000 to 10,000 oersteds. 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,

26
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and the data were taken from the films by means of a Telereadex film

analyzer.

Since the solution-precipitation stage in which we are interested

is preceded by a rearrangement stage, selection of the value for L
0

8
becomes extremely important. Prill et al. have shown that errors of

interpretation can occur if L is not properly determined. That is, the0

exponent on time is reduced when the shrinkage occurring during the

rearrangement process is not considered. in our studies, we found that

a heat-up time of approximately 2 minutes to temperatures near 1100 C

was sufficient to include the major portion of the rearrangement process;

L was then taken and the corresponding time was defined as time zero.
0

A plot of the data obtained at 1125 C is shown in Figure 3, and these

data are typical of data obtained between 1100 and 1200 C.

A superior fit to the initial data, the data supposedly corresponding

to the solution-precipitation stage, is obtained with a line having a

slope o! 1/2 instead of 1/3. Slopes of 1/2 always fit the data better

than slopes of 1/3.

C. Discussion

Equation (2) appears to fit the shrinkage versus time data better

than equation (1), suggesting that the sintering of SmCo is controlled
5

by the phase boundary reaction leading to solution and not by diffusion

0 0
in the liquid phase. Increasing the cemp:rature from 1125 C to 1155 C

did not result in a perceptible increase in the rate of sintering, i.e.,

the intercept values on a logarithm shrinkage versus logarithm time plot

remained unchanged. This behavior is not surprising if we consider

possible values for the energy of activation of the temperature and the

small temperature difference.

The shrinkage corresponding to the plateau in Figure 3 is 4%.
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However, the total shrinkage is greater than 4%, since this figure is

only the shrinkage occurring during the solution-precipitation stage.

Although the coalescence stage is shown as a plateau, solid-state sintering

is occurring in the final stage and small increases in density will occur.

0
If the sintering temperature is below 1075 C, we note a decrease in

the linear shrinkage that is greater than would be expected from the

change in temperature. The Sm-Co phase diagram shows a SmCo 2 compound,

and :ince reaction occurs between the 60% Sm additive and the SmCo2 phase,

the amount of liquid phase is decreasing and may actually disappear during

these low temperature shrinkage measurements. The rate of sintering and

degree of densification generally increase with the amount of liquid

phase, and this could explain the decreased rates that appear to be anoma-

lous with temperature. The amount of liquid phase can also affect grain

growth kinetics in a system that sinters by a liquid phase mechanism.

Further data are therefore requ2red before a definite description can be

made of the sintering of SmCo 5. However, at this point, the data indicate

that a phase boundary reaction is rate controlling through the intermediate

stages rather than a diffusion mechanism, which is not unreasonable when

we consider the fact that samarium oxide is undoubtedly found on the sur-

face of the SmCo particles and this oxide phase must be taken into5

solution before considerable amounts of densification can occur.
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VII OXIDATION KINETICS

Indirect evidence suggests that surface oxidation is detrimental to

4
the magnetic coercivity of rare earth cobalt alloys. At the present

time, there is insufficient information on the surface oxidation of these

alloys or the solubility and diffusion of oxygen within the alloys. Data

are needed at melting and sintering temiperatures and also at lower temper-

atures encountered during the grinding and storage of fine magnetic alloy

particles. Some oxidation may be occurring from low levels of contaminants

in glove boxes, and small amounts of surface oxide formed at modest temper-

atures may be sufficient to lower magnetic coercivity drastically. It is

particularly important to obtain information on surface oxidation at low

oxygen pressures.

A. Thermodynamic Considerations and Possible Oxidation Behavior

The rare earth oxides are extremely stable compounds, but rare earth

metals and alloys are unstable with respect to oxygen at the lowest attain-

able operational oxygen pressures. Foi example, the reaction

K
3 1

2Pr(c) + - 0 (g) = Pr 0 (c) (1)
2 2 23

has an equilibrium oxygen pressure from 10 to 10 atm in the

temperature range from 25 C to 800 C. The alloy reaction is similar but

includes a lower chemical activity of praseodymium

3 K 2
2Pr+ 0 (g) z Pr0 (2)

- 2 2 2 3(2

If it is assumed that the chemical activity of praseodymium in the
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intermetallic compound PrCo is proportional to its mole fraction, the5

equilibrium oxygen partial pressures are only doubled, which is an

insignificant effect for the extremely low equilibrium oxygen pressure
0 0

over the 20 C to 800 C temperature range.

Clearly, any oxygen i. he presence of PrCo or other rare earth

magnetic alloys will be unstable and will tend to form the rare earth

oxide. The extent to which an oxide film is actually formed depends on

the kinetics of the surface oxidation reaction (including nucleation) or

associated transport processes that bring oxygen to the surface.

Oxygen will also dissolve in these alloys to some extent, and the

following equilibrium describes the solubility limit for dissolved oxygen

in equilibrium with the praseodymium component of the alloy:

K3
PrO 2Pr + 30 (3)3 - --

where the maximum solubility is a = K 1/3 -2/3

0 3 Pracivt at tpr sufae Hece th ye
S -- "0

activity at the surface, a0 , is equal to a' and invariant with all experi-
0

mental oxygen pressures, provided that the temperature ii held constant.

The oxygen activity in the interior of the alloy depends on the rate at

which dissolved oxygen will diffuse into the alloy.

Both surface oxidation and internal diffusion will have temperature

dependent rates and both may be occurring to a significant extent simul-

taneously.

B. Experimental Apparatus and Procedure

A novel apparatus has been designed to study oxid-'tion kinetics at

very low pressures over a wide temperature range. This apparatus, shown

in Figure 4, is now being used to study the oxidation of SmCo . The

5
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rate of oxygen consumption by the specimen is determined from the measured

rate of decrease in oxygen pressure. To obtain adequate sensitivity and

cover a large range of oxygen pressures, a zirconia electrochemical cell

is being used as the oxygen sensor. This device has been used by a

number of investigators to determine oxygen partial pressures or equivalent

9
activities in gas mixtures. Recently a detailed study was made of accuracy

limits on a zirconia electrochemical cell measuring oxygen activities in

oxygen gas and a variety of gas mixtures. Accuracies of +11% or better

were reported in all instances over an oxygen partial pressure range from

-18
10 to 1 atm. The zirconia cell used in our oxidation apparatus employs

air as a reference electrode and is being operated at approximately 1000K.

The oxidation apparatus consists of an all-bakeable, ultrahigh vacuum

system that includes a titanium getter ion pump and a molecular sieve

sorption forepump, shown schematically in Figure 5. The specimen, generally

in the form of a thin layer of closely sized coarse particles, is heated

in a small cold wall vacuum furnace. The furnace consists of a small re-

sistance heating coil mounted on a vertical axis with the specimen resting

on a 1-cm dia. platinum p'in located in the center of the coil. A fine wire

platinum-rhodium thermocouple is welded to the bottom of the sample pan.

The heating element, heat shields, and all structural support members of

this furnace are constructed of platinum to eliminate extraneous oxidation.

The furnace is mounted well above the supporting header to prevent the

heating of thermocouple feedthroughs.

A second furnace is being used to verify results obtained with the

cold wall furnace and to provide higher temperature capability. Either

furnace can be removed from the vacuum system if the connecting parts are

flanged shut. The secondary specimen furnace is a vacuum tight recrystal-

lized alumina tube heated by an external resistance heating element. The

specimen rests in a platinum boat within this horizontal tube furnace.
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FIGURE 4 CXYGEN SORPT'1lN APPARATUS
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rate of oxygen consumption by the specimen is determined from the measured

rate of decrease in oxygen pressure. To obtain adequate sensitivity and
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limits on a zirconia electrochemical cell measuring oxygen activities in

oxygen gas and a variety of gas mixtures. Accuracies of +11% or better

were reported in all instances over an oxygen partial pressure range from

-18
10 to 1 atm. The zirconia cell used in our oxidation apparatus employs

air as a reference electrode and is being operated at approximately 1000K.

The oxidation apparatus consists of an all-bakeable, ultrahigh vacuum

system that includes a titanium getter ion pump and a molecular sieve

sorption forepump, shown schematically in Figure 5. The specimen, generally

in the form of a thin layer of closely sized coarse particles, is heated

in a small cold wall vacuum furnace. The furnace consists of a small re-

sistance heating coil mounted on a vertical axis with the specimen resting

on a 1-cm dia. platinum pan located in the center of the coil. A fine wire

platinum-rhodium thermocouple is welded to the bottom of the sample pan.

The heating element, heat shields, and all structural support members of

thib fuinaLt a1i constructed of platinum to eliminate extraneous oxidation.

The furnace is mounted well above the supporting header to prevent the

heating of thcrmocouple feedthroughs.

A second furnace -is being used to verify results obtained with the

cold wall funnace and to provide higner temperature capability. Either

furnace can be removed from the vacuum system Lf the connecting parts are

flanged shut. The secondary specimen furnace is a vacuum tight recrystal-

lized alumina tube heated by an external resistance heating element. The

specimen rests in a platinum boat within this horizontal tube furnace.
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Although this furnace has more heated surfaces for outgassing or gettering

oxygen, it does provide a more uniform thermal environment and better

temperature control.

Before an experiment can be begun, the system must be ieak-free,

outgassed, and free of oxygen gettering contaminants. These conditions

are verified by suitable tests that are conducted before each sample

experiment. Each sample is usually subjected to a series of isothermal

runs without being removed from the apparatus. Before each run the sys-

tem is evacuated, and the ion pump is valved shut so that a closed system

of known constant volume contains the specimen. Each run is an isothermal

batch expe.±ment performed by introducing an aliquot of oxygen through a

microleak valve at the beginning of the run. The instartaneous rise and

subsequent decrease in oxygen pressure produces a corresponding voltage

output from the zirconia cell that is followed with a digital voltmeter

and stripchart recorder.

The zirconia cell temperature is controlled automatically. The

specimen temperature is controlled either automatically or manually and

recorded.

The zirconia cell E.M.F. dig;ital data, V , at different elapsed times0

are collected and read into a computer program that calculates and graphs

oxygen pressure versus time

-4FV/RT

PO  p 0  exp cell (4)

2 2
ref

where the reference pressure, p0  is 0.21 atm; F is 23,061 cal per volt

2
ref

equivalent; Tcell is the absolute zirconia cell temperature; and R is the

gas constant. Input data also include the cell temperature; specimen
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temperature, T ; volume of the system, V ; and Lotal surface area of
s 0

the specimen, AS
°

The oxygen aliquot, Q, is calculated from the initial pressure and

system volume. The primary oxygen pressure versus time data are used to

compute and graph secondary data and coefficients for testing various

hypothesized rate mechanisms. The secondary output data are:

1. Moles oxygen sorbed, Q,, versus time, t.1 1

Qi = Q + T p 1  2) (5)
g- R Ti -0 9 0I i )

where the average gas temperature in the vacuum system, Tg,g

was estimated to be 305K.

2. Moles oxygen sorbed per unit area, (I. , versus time, t1. i

q. = Q./A (6)
1 1 s

3. Oxygen flux, J., versus time, tt 1

V
- p P (7)
i 2RT gA I 09 02g s i-

4. First order rate constant, I O , versus time, t
2

k = J/po . (8)
0 2(i) 

2.
1

5. Monatomic oxygen (one-half order) rate constant, ko, versus

time, t.i

I =j/p2 (9)

--(i) 2
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This rate law assumes that surface adsorption and splitting

of the 0 molecule occurs before chemical reaction.
2

6. Parabolic rate constant, k , versus time, tp i

1

k = q t • (10)P(i) i

This coefficient assumes that quasi-steady state diffusion

through a protective oxide film covering the surface controls

the rate of oxide growth. It would also describe the initial

stages of diffusion into the alloy from a fixed surface oxygen
S 0O

concentration, a0  = aO, since
0 0

qi (11)
0 77n

provided that all of the surface oxide is dissolved so that

qi represents only oxyger absorbed by the internal diffusion

process.

7. Fractional oxygen uptake versus time, t , and square root of

time, t2 , were graphed
1

Qi
F M Q (12)

8. The log parabolic rate constant versus log oxygen pressure was

graphed.

C. Results

Some interesting initial oxidation results have been obtained with

SmCo 5 . However, insufficient experiment data have been accumulated on

which to base final c.onclusions. All of the experiments to date have been
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run on an arc melted SmCo alloy hand ground to -100 mesh. The oxygen5

content of this alloy, including surface oxide, was determined before

any surface oxidation tests were performed, but after the alloy had been

stored in air for several weeks folloving grinding. Neutron activation

analysis showed that the starting oxygen content was 0.198% + 0.016%.

Experiments will continue with the above arc melted alloy, a com-

mercial alloy, and an alloy produced by metallothermic reduction. To

0
date, runs have been made only at temperatures of 105 C or higher, but

the oxidation rate is appreciable at the lowest temperature investigated.
0

Some of the results from a typical run at 200 C are shown in Figure 6.

Note that the oxygen flux decreases with time so it can be concluded that

the rate depends on the oxygen pressure, i.e., it is not a zero order

chemical kinetic process. The one-half order rate constant decreases

with time suggesting that a one-half order rate mechanism is not followed.

The parabolic rate constant shows considerable variation with time, sug-

gesting that the parabolic rate mechanisms are inappropriate.

The first order rate constant shows little variation out to at least

95% of the gas reacted. The variation is usually less than +35%, which is

fairly good uniformity for an experimental rate constant. These data are

fairly typical of the runs at 200 C and higher temperatures and suggest

that the oxidation kinetics are described by a simple irreversible first

order rate process

dN
0
2 = k p

Adt 2 2

The rate constant increases with temperature and appears to behave in

the usual manner for an activated process
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-AH*/RT S /n
k = k'exp exp

O2

t: -ml-l u isThe activation enthalpy, &H , is less than 15 Kcal g-mole but insuf-

ficient data are available to report this more accurately.

A Hertz-Langmuir calculation of the rate was made to determine an

effective rate constant limited only by gas collision theory

kH- L = (2TM 0 RT) -1

2

9
The result was -10 greater than the experimentally observed values of

k0 . Although the target area exposed for molecular collision may be

onfy 1% to 10% of the total particle area, this is insufficient to account

for the large difference in calculated and experimental rate constants.

Therefore, the rate does not appear to be limited by oxygen transport

in the gas phase at the moderately low oxygen pressures used in the

oxidation experiments.

The maximum value of the parabolic rate constant was plotted versus

the Lnitial oxygen aliquot, Q, over several decades of both parameters

and at various temperatures, (see Figure 7). The maximum values of the

parabolic rate constant do not correlate with temperature as would be

expected if this mechanism were rate controlling. They are directly

pl3portional to the oxygen aliquot, which should not occur if the para-

bolic mechanism is rate controlling. Run specimen temperatures (C) are

superimposed on the data points in Figure 7 and these results further

0
confirm that diffusion processes are not rate-controlling above 200 C.

Although we have few data below 200 C, it appears that there may be

a change in me.chanism entailing an initial fast oxidation step followed

by partial oxide film passivation and slower subsequent oxidation. This
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0

phenomenon has been observed in some runs above 200 C but is more clearly

illustrated at low temperatures (see Figure 8). The decrease in the first

order rate constant approaches an order of magnitude but it subsequently

increases.
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FUTURE WORK

The work planned for the following period will emphasize a con-

tinuation of present studies: (1) sintering kinetic studies, (2) magnetic

evaluation of powders and sintered magnets, (3) oxidation kinetics of

SmCo5 and PrCo5, and (4) metallothermic reduction of SmCo and other
5 51 5

RECo alloys.3 5
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