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Self-diffusion of manganese in nonstoichiometric manganous sulphide
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Self-diffusion of manganese in nonstoichiometric manganous sulphide, J8n has been studied as a
function of temperaturé1073—-1373K and sulfur activity (10— 10°) Pa using radioactivé’™Mn isotope as
a tracer. In agreement with the defect model of M$ it has been shown that at very low sulfur pressures,
close to the Mn/MnS phase boundary, self-diffusion of cations in metal excess,Blrproceeds by an
interstitial mechanism, consisting of pushing a cation from its normal lattice site into neighboring interstitial
position. At higher sulfur activities, on the other hand, cation self-diffusion in metal-defigit J#eproceeds
by a simple vacancy mechanism, consisting of?Mions jumping from the lattice sites into neighboring
vacancies. It has been demonstrated that not only the temperature and pressure dependence of cation self-
diffusion in metal-excess and metal-deficit manganous sulphide, but also absolute values of self-diffusion
coefficients of this process are in excellent agreement with those calculated from manganese sulfidation and
evaporation kinetics. This agreement clearly indicates that both these methods can successfully be utilized in
studying the transport properties of transition-metal sulfides and o0Xi86463-18207)07237-9

INTRODUCTION has the rocksalt structure, is a metal-defgeitype semicon-
ductor with the predominant defects being doubly ionized
Physicochemical properties of manganous sulphide haveation vacancies and electron holes (MyS). At very low
been extensively studied by different authors using variousulfur activities, on the other hand, near and at thgNVhs
experimental techniques. In particular, nonstoichiontétry phase boundary, this sulphide has been found to be a metal-
and electrical conductivifiy® were investigated as a function excessn-type semiconductor with doubly ionized interstitial
of temperature and sulfur activity over the whole homogenecations and quasifree electrons as predominant defects
ity range of this compound. Further, the kinetics and mecha(Mnl+yS) 212131 the intermediate part of the phase field, in
nism of man ganese sulfidation was the subject of detaile ;i near and at the stoichiometric composition, the defect
investigation over a large temperature and sulfur pres-g. cture of manganous sulphide is more complex and

sure range. Finally, the rate of manganese evaporation int&rongly dependent on temperature. It has been shown, fi-

vacuum from the surface of MnS scale in equilibrium with ally, that the anion sublattice in the discussed sulphide is

the metallic Ehase has been studied as a function 0\?lrtuall ordered, the concentration of anion vacancies and
temperaturt 3 using Kofstad’s method* y :

Based on nonstoichiometry and electrical conductivity'mersm'al anions being negligibly small as compared to the

data, a defect structure model for MRS has been degree of ca't|on sublattice d|sorcf<?r. -
developed*® Sulfidation and evaporation rate measure- 1hus, all important defect equilibria in MnyS can be
ments, in turn, have been utilized in calculating the self-described by the following quasichemical ~equations

diffusion coefficients of Mn in Mg, ,S over the phase field (Kroger-Vink!® notation of defect is used throughout this pa-

of this compound. It should be noted, however, that the rePep:

sults of these calculations have not been proved experimen-

tally because the self-diffusion measurements in sulfides in Mnyn+Ss= M + 26~ +1/25,(), (1)

equilibrium with sulfur vapor are much more difficult than in

corresponding oxides. In fact, the only sulphide in which the

self-diffusion rates of cations and anions have been studied 1/25(g) = Vi, + 2h +Ss, 2

systematically is the nonstoichiometric ferrous sulpHtie.
The aim of the present paper is an attempt to determine

the self-diffusion coefficient of manganese in manganous My, =M +Vivin (€)
sulphide as a function of temperature and sulfur activity us-

ing the radioactive tracer method, and to compare the ob- “zero”’ —e” +Hh. (4)
tained experimental results with those calculated from man-

ganese sulfidation and evaporation kinetics. As the nonstoichiometry and thereby the defect concentra-

tion in manganous sulphide is very Idwtheir behavior

could have been satisfactorily described in terms of point-
It has been showhf that over the major part of the phase defect thermodynamic$:*® Thus, for metal-deficit

field, corresponding to higher sulfur activities;MnS which ~ (Mn;_,S) and metal-excess (Mn,S) manganous sulphide

GENERAL REMARKS
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FIG. 2. Concentrations of ionic and electronic defects in

As can be seen, the pressure dependence of point-defédn;-,S as a function of sulfur activity.
concentration in the discussed sulphide changes with increas-
ing sulfur activity. In a very narrow range of low sulfur KF:[V‘I‘\/In][Mn.i.]
pressures, close to the MnS phase boundary doubly ion-
ized interstitial cations are the predominant point defects, Eq.
(1), and their concentratiodecreasesvith increasing sulfur
activity, Eq.(5). At higher pressures, in turn, corresponding
to the major part of the M., S phase field, doubly ionized and
cation vacancies constitute the prevailing point defects, Eq.
(2), the concentration of whicimcreaseswith increasing sul- Ke=[h1le]
fur activity, Eq.(6).

In the transient pressure range, where the sulphide com- = 4.02} 107 exp( -
position changes from metal-deficit (Mn,S) to metal-

excess (Mp..,S) the defect situations are strongly deDen'whereKF andK, denote equilibrium constants of defect re-

dent on temperature because the enthalpy of Frenkel defegl:tions described by Eqf3) and (4), respectively. The in-
pair formation, Eq.(3), is considerably lower than that of fluence of temperat){Jreqon defect,situapl)tions lfi[lMﬁ is

intrinsic electronic disorder, Eq4). Consequently, at lower shown in Figs. 1-3

temperatures €1100 K) intrinsic ionic disorder prevails, As the méximtjm deviation from stoichiometry of

being independent of sulfur activity, E€3), and at higher Mn,.,S—even at very high temperatureEst 1473 K)—is

temperatures :éllO(_) K) i”tfi”SiC electrpnic defects pre- verifléw (y<<0.01) it could have been assumed that the mo-

?v?cr)mr:jaetfeécsqs(ﬁﬁazilr?g ‘?rg'n d%fcsr?gé?j 'nt?epﬁ]ldegl'lgv\t‘iis%ility of point defects in this sulphide is independent of their
lationshin 2 y Yconcentration. Thus, the self-diffusion coefficient of Mn in

relationships: Mn; .., S, which is the product of the defect-diffusion coeffi-

Y
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FIG. 1. Concentrations of ionic and electronic defects in FIG. 3. Concentrations of ionic and electronic defects in
Mn,.,S as a function of sulfur activity. Mn,..,S as a function of sulfur activity.
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cients and their concentratidf®should depend in the same
way on sulfur activity as the concentration of defects. Con-
sequently, in agreement with E¢), at very low sulfur pres-
sures, near the MNINS phase boundary, the self-diffusion
coefficient of manganese in metal-excess MyS (D
=Dy, should be the following function of sulfur pressure
and temperature:

107

dissociation pressure

stoichiometric Mn$

Diyp=Di[Mni]
Ep

—(0,—1/6 __b
—Dip52 exp( RT)’

whereD; denotes the defect-diffusion coefficiefiffusion
coefficient of interstitial cationswhich is only temperature
dependent, andE, is the activation energy of Mn self-
diffusion being the sum of the enthalpy of defdcation
interstitialg formation and the activation enthalpy of their
migration in Mn ;.S lattice™>*®

At higher pressures, in turn, in agreement with &j, the
self-diffusion coefficient of manganese in metal-deficit

Mn;_,S (Dyn=D}}) should be described by the following Thus, assuming relationshi@d3) and considering quasiem-
relationship: pirical Egs.(11) and(12), a diagram oD, vs sulfur pres-

sure for several temperatures has been constructed, Fig. 4.
From the comparison of this diagram with those of the defect
structure of Mi..,S constructed for different temperatures
D?,pl/e ex;{ _ _D) (Figs. 1-3 it follows cl_ef’;\rly that there is avery goqd agree-

S; RT/’ ment between the minimum concentration of point defects

- o _ and the lowest diffusion rate of cations in the discussed sul-

where Dy, denotes vacancy diffusion coefficient aB is  phide. This fact may be considered as an indirect proof of the
again the activation energy of Mn self-diffusion, being thecorrect way of the calculations. However, @y, values
sum of the enthalpy of cation vacancy formation and thehave not been determined experimentally and the depen-

©)
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FIG. 4. Calculated dependence of manganese self-diffusion co-
efficient in manganous sulphide upon equilibrium sulfur pressure
for several temperatures.

D =Dy Vil
\Y

(10

activation enthalpy of their migration in the Mn,S lattice.
The self-diffusion coefficient of Mn in Mp_S could be
calculated as a function of temperatwaad sulfur activity

dence of this coefficient on sulfur activity is purely theoret-
ical. In particular, the dependence Bf,, on ps, in the low
sulfur pressure region, where interstitial cations and quasi-

from the parabolic rate constants of manganese sulfidatiofyee electrons predominate, results only from theoretical as-

and in agreement with Eq10), the following empirical re-
lationship was obtainetf

121.0 kJ/mo
Din=9.81X10 °pg? exp( — —j . (11

RT

The self-diffusion coefficient of Mn in metal-excess man-

ganous sulphide (Mn,S) could be calculated only as a
function of temperature from evaporation
measurement$ carried out in equilibrium of Mg, ,S with
manganese metal. Assuming, however, Dgf, in Mn,, S

sumption and not from calculated valuesidf, in Mn,, S,
becauseD,, in this pressure range could have been calcu-
lated from Mn-evaporation kinetics for only onéwes)
sulfur pressure at a given temperature, equal to the dissocia-
tion pressure of the sulphidé!®

Thus, not only the absolute values of the manganese self-
diffusion coefficient in MR..,S but also its dependence on
sulfur activity should be proven experimentally. This is the

rate main purpose of this paper.

MATERIALS AND EXPERIMENTAL PROCEDURE

should decrease with increasing sulfur pressure in agreement

with Eqg. (9) the following quasitheoretical relationship has

been obtained?

269 kJ/mo)

RT (12

vn="1.725."° exp(

The overall self-diffusion coefficient of cations in

The starting materiala-MnS) has been obtained by sul-
fidation of spectrally pure mangane&mhnson & Matthey
Ltd) in an apparatus described elsewh€reRectangular
manganese samples of dimensions>X21(6Xx 0.3 cm have
been sulfidized completely at 1273 K in pure sulfur vapor at
10? Pa. Under these conditions compact, coarse-grained
a-MnS scales have been formed, with grain size ranging

Mn;..,S, Dyn, is at any sulfur pressure equal to the sum offrom 400 up to 1800um. This material was ground and
self-diffusion coefficients due to the presence of both decold-pressed to get compact pellets 2.0 cm in diameter and

fects:
Duin=[Vin]Dy+[Mn;1D;

=D+ Dl - (13)

0.2 cm thick. They were then annealed at 1273 K for 48 h in
sulfur vapor atmosphere at>&10° Pa in order to obtain
dense, coarse-grained samples. The average grain size of
such well sintered, polycrystalline samples, with the density
of 3.79gcm? was about 170um. Subsequently, the
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FIG. 5. The sample mounting unit, where: 1 indicates a metal L E .
tube; 2 indicates the resin; 3 indicates the sample; 4 indicates an % °E *
abrasive disk, and 5 is the steel spheres. o ) i
samples were polished to get the surface flatness within 0 E A . | . L e
+1 um. Finally, all the samples were preannealed at the 0 10 20 30 20
same temperature and sulfur pressure at which the following < (10%cm?).

diffusion experiment was to be carried out. This was done in
order to establish the required defect concentration through- FIG. 6. Penetration depth profile ofMn tracer atoms in
out the sample from the very beginning of subsequent diffumn, .S after 47 h annealing in equilibrium with sulfur vapors.
sional annealing.

As the source of the radioactive manganese isotopeyreater than the penetration depth of the tracer. This allows
>Mn, a carrier-free solution ot*MnCl, in ethyl alcohol was  us to consider the discussed system in terms of the approxi-
used. This isotope emitg radiation with an energy of 0.83 mation to a semi-infinite solid. Thus, the solution of Fick’s
MeV. The surface of the MnS samples, prepared in the waygecond law gives the following simple equatfon:
described above, was coated wititMnCl, solution and
dried under infrared radiation. The activity obtained in the c 2
sample was about 1uCi which corresponded to about c:—oexp(——
1 ng cm 2 of the >*Mn isotope. Such a mass per unit surface 2\mDt 4Dt
area fulfilled the conditions of thin layer geometry. The dif- ) ) _
fusion experiments were performed by annea”ng the Samp'égherec IS the concentration Of the tracer at a d|Stalxce
within evacuated and sealed quartz ampules at several terffom the sample surfac&, is its concentration on the sur-
peratureg1073—1373 K and sulfur pressures (16'—10%) face before diffusional annealingjs the time of the anneal-
Pa. The experimental procedure has been describdfd, andDy is the tracer-diffusion coefficient.
elsewheré® The source of the sulfur vapor in low-pressure ~ From Eq.(14) one obtains the linear relationship between
experiments constituted the FeSeS mixture, and in high- INC andx?:
pressure annealing it was liquid sulfur. After diffusional an-
nealing the ampules were rapidly cooled and sample edges nC—| Co x2 a5
were cut to eliminate the possibility of additional radioactiv- nC=in —— =,
ity, originating from the sides of the specimen. 2\mDst 4Dt

The %*Mn penetration curves were obtained by the serial- . . . o .

o . . which is convenient for graphical interpretation.
sectioning technique. The samples were mounted in poly-
acryline resin together with three steel spheres having well-
known diameter(0.4988 cm as illustrated in Fig. 5 The

, (14

. : T=1172K E
thin layers of the sulphide were then removed from the 5F C10pa
specimen surface by stepwise abrasion. The steel spheres - Ps, = ]

- t = 38340 min 4

were ground together with the specimen. To calculate the
thickness of the removed sulphide layer the diameter of the
cross section of the spheres were measured with the accuracy
of =1 um. The residual activity of a specimen was counted
in a constant geometry following the removal of each sec-
tion. The NadTl) crystal scintillation counter was used. The
statistical error was less then 1%. The counting rates were
corrected for background and counter dead time. In order to
avoid the influence of probable instability of the apparatus
the counts were standardized to the counting raté‘vfn 2
standard source. 10 L L ! L L
0 10 20 30

2 00 2
RESULTS AND DISCUSSION x“(107em”)

LENLERELRRLL) |
£ 2 1aeeel

specific activity (arbitrary units)

The duration of diffusional annealing have been chosen in FIG. 7. Penetration depth profile of*Mn tracer atoms in
such a way that the thickness of the samples was alwaydn;,. S after 639 h annealing in equilibrium with sulfur vapors.
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TABLE I. Diffusion coefficients of Mn in Mi..,S.

8699

Dy (cn? s71)

(measurej Dy (cn? s71)
ps, (P T (K) Dt (cn? s7Y) f=0.7815 (calculatedl
43x10° 1073 (2.26:0.05)x10 10 (2.89+0.07)x 10710 5.03x10 10
43x10° 1173 (1.190.05)x10°° (1.52+0.06)x 10°° 1.60x10°°
43x10° 1173 (7.5-0.05)x10°1° (9.6:0.07)x 10 1°
43x10° 1273 (2.70.10)x10°° (3.5+0.20)x10°° 4.24x10°°
43x10° 1253 (2.23-0.08)x10°° (2.85-0.10)x 10°° 3.53x10°°
43x10° 1323 (4.61-0.08)x10 ° (5.90+0.10)x 10 ° 6.53x10°°
4.3x10° 1373 (7.5%0.05)x10°° (9.66+0.06)x 107° 9.74x10°°
4.3x10° 1373 (7.97-0.05)x10°° (1.02-0.06)x 108
6.2x10° 1273  (1.80.06)x10°° (2.30+0.08)x 10°° 3.07x10°°
53 1273 (1.2%0.05)x 10" ° (1.55+0.07)x10°° 2.04x10°°
53 1253  (1.30.10)x10°° (1.4+0.20)x10°° 1.70x10°°
10 1273 (8.%0.60)x 10 1° (1.11+0.08)x 10~ ° 1.54x10°°

f=0.6666 f=0.970
10710 1253  (2.5:0.12)x1071° (3.75-0.20)x10°° (2.6=0.12)x 10 1© 5.08x10" 10
10710 1210 (1.150.09)x107° (1.7+0.10)x10°%°  (1.19+0.09)x 10" *° 2.20x10° 10
10710 1172 (5.5-0.20)x10° 1 (8.2+0.30)x10° !  (5.7-0.20)x 10" 1.10x10™ 10
10710 1123 (1.42£0.06)x10° ' (2.13+0.09)x10 ' (1.46+0.06)x10 1! 5.28x107 11
101 1253  (3.6:0.25)x10° 1% (5.4+0.40)x10°° (3.7+0.26)x 10 1° 7.42x10° 10
1011 1273  (5.7#0.20)x10°1°  (8.6+0.30)x10°1°  (5.9+0.20)x 10 1° 1.10x10°°

As the concentration of the radioactive tracer is directlyin metal-excess and metal-deficit manganous sulphide to be

proportional to its specific activityC=constgl/dx);, the

calculated from Eq(16). The results of these calculations are

tracer-diffusion coefficient may easily be calculated from thesummarized in Table | and plotted as a function of tempera-

slope of such straight lines, E@l5), using the following

relationship?

DT: -

54 H
the >"Mn tracer in Mn ..,

1
4t

ax?
d In(dl/ox)

I

ture and sulfur pressure in Figs. 8 and 9. It follows clearly

from these plots that in agreement with the defect model of
Mn,.,S the mechanism of Mn self-diffusion at very low
sulfur pressures is different from that observed in the high-

(16) pressure region. At low press

ures, namely, the rate of self-

diffusion decreaseswith increasing sulfur pressure, as pre-

wherel is the counting rate. Figures 6 and 7 illustrate somedicted for metal-excess Mn,S sulphide, Eq/(9), and at
of the obtained penetration depth profiles for the diffusion offigher pressures ihcreasesthat is again in agreement with

S.2L24 A5 can be seen, at all tem- the defect-structure model for metal-deficit MRS, Egs.

peratures and sulfur pressures straight lines have been ott0 and(11). In addition, the activation energy of Mn self-
tained enabling the self-diffusion coefficients of manganese

-8

10

[ Y253K

T(K)

1373 1273

1173 1073

Ps, = 4.310° Pa

E} =142 kd-mol™

D (cmzs")
L] LI ) llllll

T

2F- 1 .1
T3

FIG. 8. Pressure dependence YMn tracer-diffusion coeffi-

Ps, (Pa)

cient in Mn,..,S (double logarithmic plgt

El =260 kd-mol™

o1,

7.0 75 8.0 8.5 9.0
a0k

©
o

FIG. 9. Temperature dependence of tHdn tracer-diffusion

coefficient in Mn .., S for two different sulfur pressures.
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diffusion in Mn, ;S is much higher than that in Mn,S, 107 | I T |

being in excellent agreement with the value calculated from F 3
. . . . . o [ ] tracer method 1273 K 1

evaporation kinetic measurements, EtR). This energy in 5F O tacormethod 1283

the high-pressure region (Mn,S) is also in qualitative i

agreement with that calculated from manganese sulfidation

B e calcufated at 1253 K O 1

kinetics, Eq.(11). Finally, the pressure dependence of the =
self-diffusion coefficient in metal-excess and metal-deficit < .
manganous sulphide determined experimentally is in good L 10
agreement with that calculated from evaporation and sulfida- s

tion kinetics, Egs(11) and(12).

The question then arises, whether not only temperature
and pressure dependence of the self-diffusion rate, but also
absolute values of the manganese self-diffusion coefficient

calculated from kinetic experiments are in agreement with 10 i 1 ! I
) - 1077 L - =
those determined experimentally. In order to make such a 10" 1078 10 1 10
comparison, diffusion coefficients obtained from tracer ex- ps, (Pa)
periments, i.e., tracer-diffusion coefficierdsy must be re-
calculated into “real” self-diffusion coefficient®,,, by tak- FIG. 10. The calculated and measured values of the manganese

ing into account the correlation effect.?’ These two self-diffusion coefficient ine-MnS at 1253 and 1273 K.
diffusion coefficients are interrelated by the correlation fac-
tor: those obtained for noncollinear diffusion mechanisin (
=0.970). These results strongly suggest that the self-
Du,=D+/f, (17) diffusion of cations in metal-excess manganous sulfide pro-
ceeds by the collinear interstitialcy mechanism. The satisfac-
wheref denotes the correlation factor, which values dependory agreement between calculated and experimentally
on mechanisms of diffusion and the crystal structure of ajetermined,, values, and the fact that the pressure depen-
given solid. In the case under discussion the different corredence of the self-diffusion rate in both metal-excess and
lation factors should be applied for vacancy anterstitial ~ metal-deficit manganous sulphide agrees very well with the
mechanisms of diffusiota simple interstitial mechanism of defect model of this sulphide, strongly suggests that at high
diffusion consisting of successive jumps of interstitial cat-temperatures T>1000 K) grain-boundary diffusion does
ions from one initial position to another shoudpriori be  not play an important role in the overall matter transport in
excluded because of purely geometrical rea¥dnén the  this polycrystalline material. Consequently, self-diffusion co-
case of the vacancy mechanism, consisting of ‘flions  efficients of cations reported in the present work describe
jumping from the lattice sites into neighboring cation vacan-volume(lattice) diffusion. In order to support this conclusion
cies, the correlation factor for a face-centered-cubic lattice ohutoradiographs of surfaces normal to the diffusion direction
a-MnS assumes the valué=0.7815?%In the case of in- have been taken from several samples at different penetration
terstitial diffusion, the situation is more complex, because atlepths. If grain-boundary diffusion would prevail, the net-
least two different mechanism of this process are possible. lvork of grain boundaries would be visible on the autoradio-
both of them the elementary act of diffusion consists of disgraphs taken on highly sensitive films. The autoradiographs
placement of a lattice atom by its interstitial neighbor intoshowed uniform blackening of the film, clearly indicating
the interstitial position. However this process may take placehat in agreement with the above conclusion, grain-boundary
in two ways. The displacing and displaced atoms can movéiffusion of cations in Mp..,S can be neglected. In fact, this
along the straight linécollinear interstitialcy and the corre- conclusion follows also from the character efMn-tracer
lation factor for the discussed crystal structure assumes thdistribution in a-MnS samples after diffusional annealing.
value f=0.66667% If, on the other hand, the displaced Fishef? showed that when diffusion along grain boundaries
atom moves to the interstitial position at an angle to thepredominates, the logarithm of tracer concentratidris a
direction of the displacing atortnoncollinear interstitialcy  linear function ofx and not ofx?, as it has been found in our
the correlation factof =0.970°° Using these three correla- experimentgFigs. 6 and V.
tion factors and Eq.(17) tracer-diffusion coefficients of
>Mn in Mn;.,S have been recalculated into self-diffusion
coefficients of cations in this sulphide. The results of these
calculations have been plotted as a function of temperature The results obtained in the present work allow the follow-
and sulfur activity in Fig. 10 on the background of data ob-ing conclusions to be formulated:
tained from sulfidatioft and evaporation kinetid€.As can (1) Self-diffusion of cations in nonstoichiometric manga-
be seen, over the whole phase field of MyS the calculated nous sulphide at temperatures exceeding 1000 K proceeds
values ofDy, in this sulphide are in agreement with those mainly through point defects, i.e., by volume diffusion. In
determined experimentally. It should be stressed howeveagreement with the defect structure model of ;My& two
that Dy, values obtained from tracer data by assuming thelifferent mechanisms of self-diffusion may be distinguished.
collinear interstitialcy mechanismf€0.6666) in metal- In the very narrow part of the phase field, close to the Mn/
excess M, S are in better agreement with calculatg, MnS phase boundary, i.e., at very low sulfur activities, dou-
coefficients from the manganese evaporation kinetics, thahly ionized interstitial cations and quasi-free electrons are the

CONCLUSIONS
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prevailing defects in Mp, ;S and the self-diffusion proceeds evaporation method, on the other hand, developed by
by the collinear interstitialcy mechanism, consisting of push-Kofstad;* enables the self-diffusion coefficiely, to be
ing the cations from their normal lattice sites into neighbor-calculated for equilibrium pressure only, equal to the disso-
ing interstitial positions(both the displacing and displaced ciation pressure of the compound forming the scale. This
ions moving along a straight lineAt higher sulfur activities, method has been used by Kofstaih determining the self-
when doubly ionized cation vacancies and electron holesliffusion coefficient of manganese in manganous oxide and
constitute the predominant disorder in MRS the self- by Danielewski and Mrowée€ in manganous sulphide. How-
diffusion of cations proceeds by simple vacancy mechanisnaver, none of these results have been confirmed experimen-
consisting of MA" ions jumping from the lattice sites into tally by direct-tracer experiments. Thus, the results described
neighboring cation vacancies. in the present paper constitute an experimental verification of
(2) The satisfactory agreement between experimentallkofstad’s diffusion-evaporation method. Excellent agree-
determined self-diffusion coefficients of Mn in Mn,S and  ment of Dy, values calculated from the kinetics of manga-
those calculated from manganese sulfidation and evaporatig{bse evaporation with those determined experimentally in
kinetics clearly indicates that these kinetic methods can SUQvin, , S clearly indicates that this method can successfully

cessfully be utilized in studying the transport properties ofpe ysed in studying the transport properties of transition-
transition-metal sulfides and oxides. The first of these twqnetal sulfides and oxides.

methods, called in the literature the Fueki-Wagner method,
consisting of calculating th®,,. values from parabolic ki-
netics of sulfidation or oxidation of a given metal, has al-
ready been proved on Fe-£§S-S (Ref. 33 and
Co-Cq O (Ref. 39 systems. However, this method cannot  This work was partially supported by the State Committee
be utilized at low oxidant pressures, close to the dissociatiofor Scientific Research and the University of Mining and
pressure of the compound forming the scale. The diffusionMetallurgy, Grants No. 11.220.01, 11.163.1, and 11.160.169.
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