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Transport properties of transition metal sulphides have been discussed in terms of chemical-
and self-diffusion coefficients. It has been shown that in the case of highly
non-stoichiometric sulphides (Co,_-,S) the chemical diffusion coefficient may easily be
obtained from thermogravimetric measurements of re-equilibration kinetics. If the
non-stoichiometry and thereby defect concentration is low (Mn,_,S), the re-equilibration
kinetics is difficult or impossible to follow thermogravimetrically, and the electrical
conductivity method can be applied. If the non-stoichiometry of a given metal sulphide is
known as a function of temperature and sulphur activity, chemical diffusion data may
successfully be utilized for calculation of parabolic rate constants of metal sulphidation and
to obtain better insight into the growth mechanism of the sulphide scale. Using this
procedure it has been shown that the sulphide scales on cobalt and manganese grow by the
outward volume diffusion of cations. The chemical diffusion coefficient may also be used in
the calculation of the self-diffusion coefficient of cations (or anions) if the non-stoichiometry
data of a given sulphide are available. It has been shown that the self-diffusion coefficients of
manganese in Mn,_, S obtained in such a way are in full agreement with those determined

experimentally.

1. Introduction

Transition metal sulphides show generally much
higher deviation from stoichiometry and thereby high-
er defect concentrations than corresponding oxides
[1-3] and this is considered to be the main reason for
the rapid degradation of high-temperature alloys in
sulphur-containing atmospheres [3-5]. However, the
mechanism of sulphide corrosion is still not satisfac-
torily understood. Such a situation results mainly
from much greater experimental difficulties in study-
ing the defect and transport properties of sulphides
than those of oxides. In fact, the only sulphide in
which the self-diffusion rate of cations and anions has
been systematically studied as a function of temper-
ature and sulphur activity, is the non-stoichiometric
ferrous sulphide, Fe;_, S [6]. As a consequence, the
mechanism of iron sulphidation could be explained in
detail [7-9]. It has been shown that the sulphide scale
on iron grows by the outward volume diffusion of
cations at surprisingly low temperatures ( > 400 °C).
These results are in dramatic contrast with those ob-
tained in the case of metal oxidation in which the
grain-boundary diffusion participates in the overall
matter transport through oxide scales up to much
higher temperatures ([4], p. 206, [10]). For instance, in
the case of nickel oxidation, the outward diffusion of
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cations proceeds mainly along the grain boundaries of
NiO-scale up to about 900°C ([4] p. 206, [10-127),
and Cr,Oj; scale on chromium is believed to grow
virtually only as a result of the grain-boundary diffu-
sion of cations at temperatures exceeding 1000 °C.

It should be stressed, however, that transition metal
sulphides are less thermodynamically stable and con-
sequently generally melt at lower temperatures than
the corresponding oxides [1-3]. Thus, Tammann’s
temperature for sulphides, that is, the temperature
where the transition from grain-boundary diffusion to
volume diffusion occurs, is generally lower than those
for oxides. This fact strongly suggests that volume
diffusion may prevail in the matter transport through
the sulphide scales at relatively low temperatures, as in
the case of iron sulphidation. To verify this conclusion
and thereby to obtain more insight into the mecha-
nism of sulphide corrosion, more information on
transport properties of sulphides is urgently needed.

The aim of the present work was to show that rather
simple chemical diffusion measurements may success-
fully be utilized for indirect evaluation of defect mo-
bility and self-diffusion coefficients in non-stoichio-
metric sulphides, two important quantities, the direct
determination of which is very difficult for sulphides.
Three selected examples will be discussed. The first,
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metal-deficient cobaltous sulphide, Co,_,S, repres-
ents the majority of transition metal sulphides with
very high deviations from stoichiometry. In the second
example, metal-excess chromium sesquisulphide,
Cr; 4,53, with moderate nonstoichiometry, will be dis-
cussed. The third limiting case concerns few sulphides
with a very narrow homogeneity range. It will be
represented by metal-deficient manganous sulphide,
Mn; _,S.

As can be seen, the discussion will be restricted to
sulphides with predominant cation sublattice dis-
order, because with only few exceptions this type of
point defect prevails in transition metal sulphides
[1-3]. However, the theory and experimental proced-
ure may equally well be utilized in evaluation of chem-
ical- and self-diffusion coefficients in sulphides (and
oxides) with predominant anion defects.

2. General remarks

If the growth of any compact homogeneous oxide or
sulphide scale on a metal is governed by the volume
(lattice} diffusion of cations, the parabolic rate con-
stant of the reaction is related to the self-diffusion
coefficient of the metal in the compound (Me,X,)
forming the scale by the familiar Wagner’s equation

[13]

i

K, = (112)Z./|2,| J " Dyeding,, )

I
rl,

P

where Z, and Z, denote cation and anion valencies,
respectively (Me** and X”) and k;, is the parabolic
rate constant (cm?s~') according to Tammann’s
parabolic rate law

dx/dt = ki, /x 2

where x is the scale thickness after time ¢, p_ and p¥
denote oxidant pressure (activity) at the metal/scale
and scale/gas interfaces, respectively.

From Equation 1 it follows that if the self-diffusion
coefficient of cations in a compound forming the scale
is known as a function of oxidant activity, the para-
bolic rate constant of the reaction can be calculated
and compared with that determined experimentally.
The quantitative agreement of both these values may
be considered as a direct proof that under given ex-
perimental conditions grain-boundary and disloca-
tion-pipe diffusion virtually does not contribute to the
overall matter transport through the scale. When, on
the other hand, the calculated k, value is lower than
that obtained experimentally, it strongly suggests that
the mechanism of scale growth is more complex and
cannot be described in terms of Wagner’s theory of
metal oxidation, assuming only volume diffusion
through point defects.

This procedure has frequently been used in studying.

the mechanism of metal oxidation, because a number
of self-diffusion data in oxides are available in the
literature. By contrast, very scant information is so far
available on self-diffusion rates in metal sulphides. As
already mentioned, the only well-documented excep-
tion constitutes non-stoichiometric ferrous sulphide,
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Fe;_,S. Predominant point defects in this compound
are cation vacancies, as a result of which Dg, > Dg, and
the sulphide scale on iron is growing by the outward
volume diffusion of cations. An analogous type of
disorder is observed in many other transition metal
sulphides. However, transport propertics of these
compounds remain unclear.

From the theory of diffusion in solids it follows that
the self-diffusion coefficient of cations in a given non-
stoichiometric compound (Me; —, X or Me, ;,X) may
readily be calculated from chemical diffusion data
if the deviation from stoichiometry and thereby
the defect concentration is known as a function of
oxidant activity [14, 15]. In contrast with self-diffu-
sion data, the homogeneity range of many sulphides
has been determined with a sufficient accuracy. Thus,
chemical diffusion coefficients may be utilized for de-
scription of the transport properties of the discussed
materials.

3. Chemical diffusion

Chemical diffusion is the process of migration of de-
fects under their concentration gradient [14, 15]. The
chemical diffusion coefficient, D, is then a direct
measure of the rate of defect migration in a given solid
under non-equilibrium conditions. In the case of non-
stoichiometric sulphides or oxides, the chemical diffu-
sion coefficient can be obtained from thermogravimet-
ric measurements of mass changes of a given sample as
a function of time when going from one thermodyn-
amic equilibrium state to another. If a metal-deficient
Me,; _ X-type compound is equilibrated at a given
temperature and oxidant (X) pressure, the non-
stoichiometry, y, reaches a constant value and the
mass of the sample remains constant. When the
oxidant pressure is suddenly changed to a lower value
the sample gradually begins to lose weight as a result
of the evolution of gaseous oxidant to the environ-
ment, and liberated electrons and cations fill electron
holes and cation vacancies, respectively. The concen-
tration of point defects and thereby the non-
stoichiometry of the compound decreases, until a new
equilibrium is reached. Such a process is called reduc-
tion. When, on the other hand, the oxidant pressure is
raised to a higher value, the oxidant is bonded on the
sample surface, with electrons and cations diffusing
there from the lattice, leaving behind electron holes
and cation vacancies, respectively. Thus, the weight of
the sample, and thereby the concentration of point
defects in the compound, increases. In this case,
the oxidation process takes place and the non-
stoichiometry of the compound increases.

An opposite situation is observed in the case of
metal-excess Me; ;. X-type compounds. That is, if the
oxidant pressure is lowered in a given experiment and
thereby by the reduction process takes place, the non-
stoichiometry of the compound increases because lib-
erated cations and electrons enter interstitial posi-
tions. On the other hand, when the oxidation process
occurs, cations and electrons diffuse from interstitial
positions to the sample surface and the non-
stoichiometry of the compound decreases.



This type of reasoning may equally well be applied
to non-stoichiometric compounds with predominant
anjon defects. In this case, however, during the reduc-
tion of oxidant-excess MeX| . -type compounds, the
non-stoichiometry, and thereby the defect concentra-
tion, decreases as in the case of metal-deficient
Me, _,X compounds. The oxidation process, on the
other hand, results in the increase in non-
stoichiometry. Finally, reduction and oxidation of
oxidant-deficient MeX, _, type compounds result in
an increase and a decrease in non-stoichiometry, re-
spectively, as in the case of M, ,X compounds.

At high temperatures, chemical reactions at the
solid/gas interface proceed usuvally much faster than
the solid-state diffusion because of the higher activa-
tion energy of the chemical process than that of diffu-
sion. Thus, the overall reduction and oxidation rates
of a given non-stoichiometric compound should be
diffusion-controlled, and from the re-equilibration ki-
netics, the chemical diffusion coefficient may be ob-
tained. The most important point in this experimental
procedure is to verify the fundamental assumption
concerning the rate-determining step of the overall
re-equilibration process. There are two such possibili-
ties. The first one consists in repeating the oxidation
and reduction runs under the same experimental con-
ditions. If no hysteresis is observed and the same value
of chemical diffusion coefficient is obtained from both
re-equilibration runs, it may be considered as experi-
mental proof that the slowest step is the diffusion of
defects.

Before discussing the second possibility, the prob-
lem of chemical diffusion (migration of defects)in a flat
rectangular sample should be considered in terms of
Fick’s second law.

Fig. 1 shows schematically defect distribution as
a function of re-equilibration time, t, in the cross-
section of a flat Me; _,X-type specimen of thickness
2a. Predominant defects in this case have been as-
sumed to be doubly ionized cation vacancies and
electron holes, the formation of which is described by
Reaction (i) on this diagram. (Kréger—Vink notation
of defects is used throughout this paper [16].) Dotted
lines in this figure mark point-defect (cation vacancy)
concentrations at a constant temperature and two
different equilibrium states, corresponding to different
oxidant pressures: p! and p™ . In the oxidation experi-
ment (Fig. 1a) the sémple is first equilibrated at low
oxidant pressure, p! , until the defect concentration
and non-stoichiomefry throughout the cross-section
of the specimen reach a corresponding low value,
CV,.. When the oxidant pressure is suddenly raised to
a higher value, p} , the system will gradually approach
a new equilibrium state with a higher defect concen-
tration, C¥ . However, the incorporation of oxidant
atoms into the sample surface (chemical reaction) pro-
ceeds several orders of magnitude faster than the
solid-state diffusion. Thus, the concentration of defects
in the surface layer of the specimen virtually immedi-
ately reaches the higher value, C¥,,, corresponding to
the new equilibrium. Subsequently, as a result of the
concentration gradient, cation vacancies (still being
created at the sample surface) diffuse inwards and
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Figure I Defect distribution (schematic) in the cross-section of an
Me,; -, X-type specimen as a function of re-equilibration time.

their concentration increases in the deeper and deeper
parts of the specimen, until a new equilibrium is estab-
lished. However, in the early stages of re-equilibration,
the defect concentration changes only in the outer
parts of the sample and its interior remains unchanged
(Fig. 1a, t < t3). In the later stage, on the other hand,
the concentration of defects changes over the whole
cross-section of the specimen (Fig. 1a, t > t3). Thus,
in interpretation of re-equilibration kinetic results,
two different solutions of Fick’s second law may be
applied [17].

For short reaction times (t < t;) the sample can
be treated as a semi-infinitive system, where
Dt/a* < 0.25, and the appropriate solution is

(Am/Am)* = 4Dt/na® (3)

where Am, is the weight change of the sample after
time ¢, and Am,, is the total weight change of the
specimen when the new equilibrium is established.

For the final case, ie. long re-equilibration times,
where Dt/a® > 0.15, the following relationship is ob-
tained

[1 — (Amy/Am.,)] = (8/n%)exp( — Dn’t/4a®) (4)

From these two limiting solutions it follows that for
short times the re-equilibration kinetics should be
parabolic and in later stages the logarithmic behav-
iour should be observed

In[1 — (Am,/Am )] = const — (Drn?t/4a?)  (5)
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Figure 2 Defect distribution (schematic) in the cross-section of an
Me, +,X-type specimen as a function of re-equilibration time.

Thus, straight lines should be obtained in parabolic
and semi-logarithmic plots, from the slopes of which
the same value of chemical diffusion coefficient must
be obtained. As can be seen, such an approach offers
the second possibility to verify the main assumption of
the discussed method.

It should be noted that Equations 3-5 are equally
valid for oxidation and reduction runs, because the
boundary conditions in the solutions of Fick’s second
law are identical for both cases. This symmetry follows
directly from the comparison of schematic diagrams
presented in Fig. 1. The only difference results from
the fact that during the oxidation process cation va-
cancies are being created at the sample surface and
diffuse inwards, while during the reduction, the con-
centration gradient of defects is opposite, because the
defects are annihilated at the sample surface and dif-
fuse there from the interior of the lattice (Fig. 1b).

An analogous situation is observed in the case of
metal excess Me; ., X-type compounds, as illustrated
in Fig. 2. However, in this case during oxidation the
concentration of defects decreases, while as a result of
reduction it increases (Reaction (ii)) and consequently,
defect concentration gradients are opposite to those
observed in the case of re-equilibration of Me, _,X-
type compounds.

4. Defect mobility and self-diffusion
coefficient

Before a short discussion of selected experimental

results, the correlations between chemical, self- and
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defect-diffusion coeflicients should be mentioned.
Chemical diffusion is an ambipolar process of the
migration of point defects under their concentration
gradient [ 1, 14, 18, 19]. The mobility of defects, in turn
(the direct measure of which is the defect diffusion
coefficient) characterizes the rate of random walk of
defects in thermodynamic equilibrium. The defect dif-
fusion coefficient, Dy, cannot be determined experi-
mentally, but it can readily be calculated if the chem-
ical diffusion coefficient and defect concentration for
a given non-stoichiometric compound are known as
a function of oxidant activity. These three important
quantities (D, D4 and Cy) are interrelated by the fol-
lowing equation

Dy = 2D(dinCy/dInp,.) (6)

where C4 and p,, denote defect concentration ex-
pressed in mole fraction (site fraction), and oxidant
pressure, respectively. The self-diffusion coefficient of
ions, in turn, is given by

CiDi = CdDd (7)

where C; denotes the mole fraction of ions in the
sublattice predominantly disordered, and D; the self
diffusion coefficient of ions in this sublattice. Intro-
ducing this relation into Equation 6, one obtains the
following relationship between self- and chemical dif-
fusion coefficients

D; = 2(Ca/C;)D(dInC,/dInp,,) )

From these short remarks it follows clearly that
from chemical diffusion data the self-diffusion coeffic-
ient of cations (or anions) may easily be obtained
as a function of temperature and oxidant activity
if only deviations from stoichiometry of a given
compound are known. In addition, these data can
also be utilized for calculations of the defect diffusion
coefficient (Equation 6), being the direct measure of
the defect mobility. Thus, not only the absolute
values of self- and defect-diffusion coefficients may be
obtained but also the activation entropy and en-
thalpy of defect diffusion can be calculated. In order
to illustrate such a procedure of evaluation of trans-
port properties of sulphides, three examples will be
shortly discussed.

4.1. Metal-deficient cobaltous sulphide

Cobalt monosulphide crystallizes in the hexagonal
NiAs structure and exists over a large homogeneity
range (Fig. 3) as a result of the formation of cation
vacancies [20, 217. The anion sublattice, on the other
hand, is considered to be virtually ordered. Thus, the
non-stoichiometry, y, in Co, _,S is a direct measure of
point-defect concentration. This sulphide is a metallic
conductor with little change in electrical conductivity
with varying composition. From Fig. 3 it follows that
Co; -, S is stable above 747 K and its maximum devi-
ation from stoichiometry (at about 1100 K) reaches
the enormous value of y = 0.172 (Cog 525 S). Because
of such a high concentration, strong repulsive interac-
tion between cation vacancies is observed [20, 22],
and consequently, their concentration is not a simple
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Figure 3 Part of the phase diagram Co—S around the composition
of CoS [20] (Reprinted with kind permission from Elsevier Science).
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Figure 4 The dependence of non-stoichiometry in Co, _,S on equi-
librinm sulphur pressure at several temperatures [20, 22]. (——)
[20]; (O, @, A) [22] for samples 1, 2 and 3, respectively; (~-—) phase
boundary Co,85/Coy -,8; (~—-) phase boundary Co, _,S/CoS,.

power function of sulphur activity (Fig. 4) as in the
case of randomly distributed, non-interacting point
defects. These data will be used later in calculation of
the self-diffusion coefficient of cobalt in Co, _,S.

The chemical diffusion coefficient has been studied

as a function of temperature (923-1073 K) and sul-
phur activity (1-10* Pa) using the thermogravimetric
technique [22]. The apparatus and the details of the
experimental procedure have been described else-
where [22]. In order to determine thé possible de-
pendence of the chemical diffusion coefficient on the
sulphur activity, the relaxation curves were obtained
for small steps in sulphur pressure, traversing the
phase field of Co, _,S. In every experiment, the sample

ogot 973K

923 K
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t{min)

Figure 5 (O, A, ¥V, O) Oxidation and (l, A, ¥, @) reduction
relaxation curves for Co;_,S obtained at different temperatures
[22]. Pg, intervals: (L4, A) 14.0-45.0 Pa, (W, O) 2.0-10.0 Pa, (M, A)
45.0-14.0 Pa, (¥, @) 10.0-2.0 Pa.
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Figure 6 (O) Oxidation and (@) reduction runs for Co, -, S plotted
in terms of Equation 3 at different temperatures {22]. Pg, intervals:
(@) 1.0-10.0 Pa, (O) 14.0-45.0.

was first equilibrated at a certain partial pressure of
sulphur vapour and temperature. A step change in
ps, was then made, and the sample weight was re-
corded continuously until no further weight change
was observed and the sample was again in equilibrium
with the new atmosphere. Fig. 5 shows, for illustra-
tion, typical re-equilibration curves obtained in two
different temperature and pressure intervals. As can be
seen, both the oxidation and reduction runs are fully
reproducible, the maximum error not exceeding
+ 5%. In addition, no hysteresis was observed be-
tween oxidation and reduction runs, clearly indicating
that the re-equilibration kinetics of Co,_,S is diffu-
sion controlled. The second important proof of this
fundamental assumption results from the fact that the
chemical diffusion coefficients calculated from early
stages of re-equilibration (Fig. 6) using Equation 3 are
virtually identical with those obtained through Equa-
tion 5 from long-term experiments (Fig. 7). The results
of calculations obtained are summarized in Fig. 8. As
can be seen, within the limits of éxperimental error,
De,s does not depend on sulphide composition (defect
concentration). As a consequence, the temperature
dependence of this coefficient can be presented by
a single straight line in an Arrhenius plot (Fig. 9) and
expressed by the following empirical equation [22]

Deos = 0.29exp[( — 110 + 8.5 kI mol "')/RT ] (9)
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Figure 8 The dependence of the chemical diffusion coefficient in
Coy—,S on its composition at several temperatures.
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Figure 9 The temperature dependence of the chemical diffusion
coefficient in Co;—,S at several sulphur activities [22], Ps, (Pa):
(@) 1.0,(¥) 2.0, (W) 4.0, (A) 10, (A) 14, (0} 45, ( + ) 100, (<) 320, ( +)
500, (V) 1000.

These results, together with those of non-
stoichiometry presented in Fig. 4, may be used for the
calculation of vacancy diffusion coefficient, D,, and
self-diffusion coefficient of cations, D¢,, in Co;—,S as
a function of temperature and sulphur activity (or
sulphide composition).

For the case under discussion, Equation 6 assumes
the following form

D, = 2Dcys(dIny/dlnps,) (10)
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Figure 10 The dependence of the defect-diffusion coefficient in
Co; -, S on its composition at several temperatures.

It follows from the above relationship that if the
defect concentration is a simple power function of
sulphur pressure, the defect-diffusion coecfficient
should depend on sulphur activity in the same manner
as the chemical-diffusion coefficient, i.e. the mobility of
point defects in Co, S would be independent of their
concentration. However, from Fig. 4 it follows that
because of repulsive interactions between defects, the
non-stoichiometry of cobaltous sulphide is a complex
function of sulphur activity. Consequently, the differ-
ential in Equation 10 does not assume a constant
value at a given temperature, and this must reflect
different dependence of D¢,s and D, on sulphide com-
position. In order to evaluate the dependence of D, on
v, the non-stoichiometry curves shown in Fig. 4 were
numerically differentiated, and D, was calculated as
a function of sulphide composition and temperature
by means of Equation 10, assuming that the chemical
diffusion coefficient is pressure independent. The re-
sults of these calculations are shown in Fig. 10. As can
be seen, the defect-diffusion coefficient, and thereby
the mobility of cation vacancies in Co, _,S decreases
as their concentration increases.

As the defect-diffusion coefficient is related to the
jump frequency of defects by [15, 18]

Dy = aadw (11)

where o is a geometric factor, and a, the jump distance
traversed by a cation from one vacancy to another, it
may be concluded that the jump frequency of cation
vacancies in Co; S decreases with their increasing
concentration. This becomes conceivable if one con-
siders the fact that for such a high lattice disorder, the
jump frequency of defects should decrease with their
increasing concentration due to the site-blocking
effect [23].

The temperature dependence of D, is shown in
Fig. 11 as an Arrhenius plot. As can be seen, the
activation energy of vacancy self-diffusion is essen-
tially independent of sulphide composition and there-
by can be described by the following empirical
equation

D, = D%xp[( — 135.0 + 10.3 kJmol~*)/RT] (12)

where D? changes with sulphur activity from 1.25 at
ps, = 10° Pa up to 1.75 at ps, = 10 Pa.
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Figure 11 The temperature dependence of the defect-diffusion co-
efficient in Co, S at different sulphur activities, Ps, (Pa): (@) 10, (A)
100, (O) 1000.

The results described above may be utilized for
calculation of the self-diffusion coefficient of cobalt in
Co;-,S as a function of temperature and sulphide
composition by means of Equation 7 or 8. For the
case under discussion, Equation 7 assumes the follow-
ing form

(1 = y)D¢o = Dyy (13)
Thus
Deo = Dyy/(1 — ) (14)

Using this relationship, the self-diffusion coefficient of
cobalt in the cobaltous sulphide has been calculated as
a function of T and ps,, and the results of these
calculations are shown in Figs 12 and 13 as double
logarithmic and Arrhenius plots, respectively. As can
be seen, the self-diffusion rate of cations in Co;_,S
increases very slightly with increasing sulphur activity
(Fig. 12), much slower than does the non-
stoichiometry (Fig. 4). This is the result of the “com-
pensation effect”: decreasing defect mobility (Fig. 10)
with simultaneous increase of defect concentration.
On the other hand, the activation energy of diffusion is
pressure independent (Fig. 13) and consequently, the
temperature dependence of the self-diffusion rate of
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Figure 12 The dependence of self-diffusion coefficient of cobalt in
Co, -, S on sulphur pressure at several temperatures [22].
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Figure 13 The temperature dependence of the self-diffusion coeffi-
cient of cobalt in Co;_,S at different sulphur activities, Ps, (Pa):
(@} 1, (A) 10, (O) 100, ( + ) 1000.
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Figure 14 The temperature dependence of non-stoichiometry in
Co, _,S at different sulphur activities, Pg, (Pa): (@) 10, ({J) 100, (O)
1000.

cations in cobaltous sulphide can be expressed in the
following empirical equation

D, = 8.9 x 1074 pi/20
xexp[(—93.6 £ 7.5kIJmol™*)/RT] (15)

As can be seen, the activation energy of cobalt self-
diffusion, Ep = 93.6 kJmol 1, is lower than that of the
vacancy diffusion in Co;_,S, which is equal to
135 kI mol ! (Equation 12). This a priori unexpected
behaviour results from the fact that due to repulsive
interactions of cation vacancies, their concentration in
Co, _,S decreases with increasing temperature (Fig. 4)
and consequently, the apparent enthalpy of defect
formation assumes a negative value (Fig. 14) and
equals approximately — 30 kJmol™ 1. As the sclf-dif-
fusion coefficient is given by Equation 7 the activation
energy of self-diffusion at a constant oxidant activity is
the sum of enthalpies of defect formation and migra-
tion in the crystal lattice. Thus, the activation energy
of cobalt self-diffusion in Co;_,S must be lower than
that of vacancy diffusion by the value equal to the
apparent enthalpy of defect formation. The results
obtained are in qualitative agreement with these con-
siderations.
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Figure 15 The pressure dependence of the growth rate of Co, _,S
scale layer on cobalt at different temperatures. (@) Experimentally
determined from the sulphidation kinetics [43], (O) calculated from
De,s and non-stoichiometry, y.

Summing up these remarks, it seems reasonable to
compare the growth rate of the Co, _,S scale layer on
cobalt with that calculated from the chemical diffusion
coefficient. From Wagner’s theory of metal oxidation
[13] it follows that in the case under discussion the
parabolic rate constant of Co; S layer formation is
related to Dc,s by the following simple equation

ki, = Deas(C — CP) (16)

where k;, is expressed in cm?s™?, according to Equa-
tion 1, and C® and C{” denote cation vacancy concen-
trations, expressed in mole fraction, at outer and inner
phase boundaries of the growing Co,_,S layer, ie.
at T>900K and ps, < pSs,, at Coy_,S/S, and
CoySg/Co; -, S interfaces, respectively (p(cd(,)s2 denotes
the dissociation pressure of the CoS, phase). This
vacancy concentration gradient is equal to the differ-
ence in non-stoichiometry across the growing Co, —,S
layer

CY —CY =y® —y¥ =4y (17)
Equation 16 may then be written in the following form
ky = ﬁCoSAy (13)

Ay values can easily be calculated from the diagram
presented in Fig. 4. Using these data and Equation 18,
k,, has been calculated as a function of temperature, 7,
and sulphur activity, ps,, ranges where the double-
layer (CogSg/Coy —,S) scale on cobalt is formed. The
results of these calculations are shown in Fig. 15 on
the background of experimentally determined rates of
Co, -,S formation. The latter k, values have been
obtained from measurements of the thickness of
Co; S layer as a function of time of cobalt sulphida-
tion. As can be seen, the agreement between calculated
and experimentally determined growth rates of
Co, _,S layer is satisfactory, indicating clearly that the
rate-determining step of this process is the volume
diffusion of cations.

4.2. Metal excess chromium sulphide

Chromium sesquisulphide has been found to be
a metal-excess n-type semiconductor with inter-
stitial cations and quasi-free electrons as predomi-
nant defects (Cr;.,S;) [24, 25]. Consequently, the
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Figure 16 The dependence of non-stoichiometry in Cr,.,S; on
sulphur activity at several temperatures [24, 25]. ( ) [24],
- [25].

non-stoichiometry of this sulphide decreases with in-
creasing sulphur activity, as illustrated in Fig. 16.
From this diagram it follows also that this relation-
ship can be described by a simple power function

y = const pg, " (19)

which implies that in spite of rather high concentra-
tion, point defects in the discussed sulphide do not
interact and are randomly distributed in the crystal
lattice. From the slope of straight lines presented in
Fig. 16 it may be inferred that above 1000 K inter-
stitial cations in Cr,.,S; are, in the majority, fully
ionized. This conclusion follows simply from the
application of mass action law to respective defect
equilibria

Cre, + 1.58s 2 Crf + 3/4S, (20)
Crc, 4 1.5Sg2 Cri 4 e~ + 3/4S, 1)
Cre, + 1.5Ss 2 Cry’ + 2e™ + 3/4S, (22)
Cre, + 158 2 Cri” + 3e™ + 3/4S, (23)

Corresponding equilibrium constants assume the
form

K = [Cr{]pg* (24)
K, =[Cr]le” Ips* (25)
Ky =[Cri1[e 1*ps* (26)
Ky =[Cr{"1le" Pps* 27)

Application of the appropriate electroneutrality con-
ditions yields

[Cr] = const pg *** = const pg 1M (28)
[Cr;] = const pg *'® = const pg /> (29)
[Cr;'] = const pg *'? = const pg */* (30)

-3/16

[Cr;"] = const pg 3¢ = const pg /> (31)

As can be seen, the exponent in Equation 31 repres-
enting the pressure dependence of the concentration of
completely ionized interstitial cations is only slightly
lower than 1/5, while in the case of doubly, singly and
non-ionized point defects this exponent equals 1/4,
1/1.67 and 1/1.33, respectively. On the other hand,
from Fig. 16 it follows clearly that the experimentally



determined exponent in empirical Equation 19 is
close to 1/5. It implies that at high temperatures
(T > 1000 K) triply ionized interstitial cations con-
stitute the prevailing disorder in chromium sesqui-
sulphide. This conclusion will be utilized later in
calculation of the self-diffusion coefficient of chro-
mium in Cr,.,S;5 as a function of temperature and
sulphur activity.

As in the case of cobaltous sulphide, chemical-diffu-
sion coefficients in Cr, ;,S; have been obtained from
re-equilibration kinetics determined thermogravimet-
rically in the apparatus described elsewhere [26].
A high-purity chromium sample (99.998% Cr) in the
form of flat rectangular prism, 0.02 cm thick and of the
total surface area of about 3 cm? was sulphidized
completely under the given experimental conditions to
obtain chromium sesquisulphide of a defined com-
position, manifesting itself by the constant mass of the
sample. After the thermodynamic equilibrium had
been reached, the sulphur pressure in the reaction
chamber was suddenly changed and the re-equilibra-
tion kinetics was followed by measuring the mass
change of the specimen as a function of time until
a new equilibrium was attained. In order to prove the
main assumption, concerning the rate-determining
step of the overall re-equilibration kinetics, both oxi-
dation and reduction runs have been measured [27].

All re-equilibration experiments have been carried
out, as in the case of Co; -, S, within the temperature
and pressure ranges corresponding to the phase field
of Cr, 1,53, 1.e. where this sulphide is the only thermo-
dynamically stable compound in the chromium-
sulphur system. As chromium sesquisulphide is the
highest valence compound in this system, the only
restriction in choosing appropriate thermodynamic
conditions resulted from the Cr,S;/Cr;S, phase
boundary. The corresponding part of the chromium-—
sulphur phase diagram is shown in Fig. 17 [27]. Using
these data, suitable pressure intervals were chosen for
every applied temperature between 1073 and 1373 K.

Fig. 18 shows, for illustration, oxidation and reduc-
tion curves of re-equilibration kinetics obtained at
1273 K. As can be seen, both oxidation and reduction
runs were fully reproducible and no hysteresis has

T(K)
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I I | 1 f
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Figure 17 Part of the Cr—S phase diagram [27].
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Figure 18 Oxidation and reduction curves for Cr, 4, S; obtained at
1273 K [27].
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Figure 19 Oxidation and reduction runs for Cr,,,S; plotted in
terms of Equation 5 [27]. (O) 10*-10° Pa, (O) 10°-10* Pa, (A)
10*-10? Pa.

been observed, clearly indicating that the over-all re-
equilibration process was diffusion controlled. In
agreement with this, straight lines were obtained in
semilogarithmic plot for both oxidation and reduction
runs (Fig. 19) and from these data the chemical diffu-
sion coefficient has been calculated as a function of
temperature and sulphur activity using Equation 5.
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Figure 20 The dependence of the chemical diffusion coefficient in
Cr, +,S; on sulphur activity at several temperatures [27].
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Figure 2] The temperature dependence of the chemical diffusion
coefficient in Cr,4,S; at different sulphur activities [27]; Ps, :
(CJ) 10? Pa, (A) 10® Pa, (O) 10* Pa.

The results of these calculations are shown in Figs. 20
and 21 in double logarithmic and Arrhenius plots,
respectively. As can be seen, D¢, g, is pressure indepen-
dent (Fig. 20) and consequently, the activation energy
of chemical diffusion in Cr, ., S; does not change with
sulphide composition (Fig. 21). Thus, the dependence
of chemical-diffusion coefficient on temperature may
be described by the following empirical equation

Ders, = 50.86 exp[( — 163.5kJmol "*)/RT] (32)

In order to calculate defect- and self-diffusion coeffi-
cients from chemical diffusion data, the dependence of
defect concentration on the sulphur activity should be
known. From Fig. 16 it follows that non-stoichiometry
of Cr;+,S; is a linear function of sulphur pressure in
a double logarithmic plot with the slope virtually
independent of temperature. Thus, the dependence of
non-stoichiometry on sulphur pressure and temper-
ature can be approximated by the following empirical
relationship

y=125x10 pg "*Sexp[( — 899 kImol ~1)/RT ] (33)
4810

In order to obtain the defect concentration as
a function of sulphur pressure and temperature this
equation should be rearranged, because in the case of
chromium sesquisulphide the deviation from
stoichiometry is not the direct measure of defect con-
centration expressed in mole fraction. The relation
between these two quantities is given by

[Cri" ] =y/2+y) (34)

Consequently, the concentration of interstitial cations
in Cr,4,S3, as dependent on equilibrium sulphur
pressure and temperature, is given by

[Cr*] = 62.50 pg "*® exp [( — 89.9 kI mol ~!)/RT ]
(35)

The exponent 1/4.8 in this equation is equal to the
differential in Equation 6 relating the defect and
chemical diffusion coefficients. This relationship can
then be reduced to the following empirical form

D; = 0417 D, , (36)

where D; denotes the diffusion coefficient of interstitial
cations in Cr, .+, S; {defect-diffusion coefficient). Intro-
ducing into this equation the right-hand side of Equa-
tion 32 one obtains the empirical relationship for
defect diffusion coefficient

D;=2121exp[( — 1635 kimol"')yRT] (37)

It follows from these calculations that because of
simple defect structure, the mobility of interstitial ca-
tions in chromium sesquisulphide does not depend on
their concentration. In such a simple defect situation
the activation entropy, ASy, and enthalpy, AH,,, of
defect diffusion can be calculated by comparing em-
pirical Equation 37 with theoretical relationship given
by [15, 18]

Dy = aad kv exp(AS,./R)exp( — AH,/RT) (38)

where o is the geometrical factor, ¥ the transmission
coefficient, v the vibration frequency, and a, is the
jump distance. From this comparison it follows dir-
ectly that AH,, = 163.5 kJmol~*. Assuming, in turn,
o and x = 1 and a, = 0.594 nm [28], as well as calcu-
lating the vibration frequency of cations according to
the relation [29]

v = (2/nao)(AH,/M)H? = 190x 1025~ (39)

(where M is the atomic weight of chromium) one
obtains by combining Equations (37) and (38)

AS,, = 67.0Tmol 1K ~!

The self-diffusion coefficient of cations in Cr; 4, S; is
a product of the defect diffusion coefficient and their
concentration (Equation 7). In the case under dis-
cussion, Equation 7 assumes the following form

2 + y)De: = yD; (40)
Considering Equation 34 one obtains

D¢, =[Cr{"1D; (41)



Introducing into this relationship empirical Equa-
tions 35 and 37 yields

Der = 1.32x 10° pg, **Bexp[( — 253.4 kIJmol ™ !)/RT]
(42)

In order to elucidate the physical meaning of
the activation energy of chromium self-diffusion in
the chromium sesquisulphide, the thermodynamics of
point defects should be considered. Assuming that
under the discussed experimental conditions
(T > 1000 K) prevailing disorder in the chromium
sesquisulphide is described by Equation 23 and elim-
inating from Equation 27 the equilibrium constant,
K., gives :

[Cri"]=1/3[e71 = (1.27)"/* p; '/** exp[(1/4)AS¢/R]
xexp[ — (1/4)AH;/RT]  (43)

where AS; and AH; denote entropy and enthalpy
of defect formation. Introducing this relation and
Equation 38 into Equation 41 results in the following
theoretical relationship describing the pressure and
temperature dependence of the self-diffusion coeffic-
ient of chromium in chromium sesquisulphide, assum-
ing that interstitial cations are fully ionized

D¢, = (127)*aad v pg, 1173
x exp [{(1/4)AS; + ASy}/R]
xexpl — {(UHAH, + AH,YRT]  (44)

Comparison of this relationship with empirical Equa-
tion 42 indicates that the activation energy of chro-
mium self-diffusion, Ey, in Crz.,S; is related to the
enthalpies of formation and migration of point defects
by the following equation

Ep = (1/4)AH, + AH,, = 253.4 kJmol (45)

Summing up this short discussion on transport
properties of chromium sulphide it seems reasonable
to compare the results with those obtained for chro-
mium oxide. Because of very low deviations from
stoichiometry and extremely slow self-diffusion, the
defect structure and diffusion mechanism of chro-
mium in chromium sesquioxide remain unclear ([4]
p. 116, [30]). However, the temperature dependence of
the self-diffusion coefficient of cations in single-cry-
stalline Cr,O5 has been determined [30]

Dercroy = 50.1exp[ — (497.8 kI mol "1)/RT ] (46)

As can be seen, the activation energy for chromium
self-diffusion in the oxide is considerably higher than
that in the sulphide. However, the rate of this process
in the oxide is many orders of magnitude lower, as
illustrated in Fig. 22. This dramatic difference results
from both much lower defect concentration and un-
usually lower defect mobility. Greskovich [31]
showed that the defect (vacancy) diffusion coefficient
in chromium oxide at 1373K is of the order of
1072 cm?s ™~ * which is more than six orders of magni-

tude lower than those in majority of transition metal ~

oxides. We will come back to this important problem
later.
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Figure 22 The temperature dependence of the self-diffusion coeffi-
cient of cations in chromium oxide [30] and sulphide.

4.3. Metal-deficient manganous sulphide
The high-temperature form of manganous sulphide,
a-MnS, is the only stable compound in the Mp-S
system above 473 K [32, 33]. Physico-chemical prop-
erties of this sulphide have been extensively studied by
different authors with various experimental tech-
niques. It has been shown that this compound is
a metal-deficient, p-type semiconductor, Mn,_,S,
with the predominant defects being doubly ionized
cation vacancies and electron holes [34, 35]. At very
low sulphur activities only, near and at the Mn/MnS
phase boundary, this sulphide has been suggested to
be a metal-excess n-type semiconductor with inter-
stitial cations and quasi-free electrons as predominant
defects [35, 36]. It has been found also that the sul-
phide scale on manganese grows by the outward diffu-
sion of cations [37]. It may then be assumed that the
anion sublattice in Mn, _,S is virtually ordered, the
concentrations of anion vacancies and interstitial an-
ions being negligibly small in comparison with cation
sublattice disorder.

In contrast with the majority of transition metal
sulphides, manganous sulphide shows very low devi-
ations from stoichiometry, and thereby low defect
concentration, of the order of that in nickel oxide [1,
34, 35]. This strongly suggests that the interaction
between point defects in Mn, _,S should be negligible
and their behaviour at high temperatures can be
treated in terms of point-defect thermodynamics.
Consequently, transport properties of manganous sul-
phide should also follow the rules of solid-state diffu-
sion theory based on a simple point-defect model [15,
18]. This conclusion is in full agreement with non-
stoichiometry data reported by Rau [34]. In very
careful and elegant experiments, Rau [34] has been
able to determine, with a very high accuracy, deviation
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Figure23 The dependence of non-stoichiometry in Mn;-,S on
sulphur activity at several temperatures (replotted from Rau [34]).
(@) 1364 K, (V) 1274 K, (W) 1189 K, (O) 1090 K, (#) 973 K.

from stoichiometry, y, in Mn;_,S as a function of
temperature and sulphur activity over wide T and ps,
ranges. The results of these experiments are sum-
marized in Fig. 23 on a double logarithmic plot. As
can be seen, the non-stoichiometry of Mn;_,S is
a simple power function of sulphur activity with the
slope of 1/6, clearly indicating that cation vacancies in
the discussed sulphide do not interact and are fully
ionized at T > 1000 K. Consequently, the formation
of ionic and electronic defects, dominating the dis-
order over the major part of the phase field of a-MnS,
can be described by the following quasi-chemical
equation

1/2S; = Vi, + 2h" + Sg @7)

Applying to this defect equilibrium the mass action
law and the appropriate electroneutrality condition,
one obtains the following theoretical dependence of
cation vacancy and electron hole concentrations in
Mn, _,S on temperature and sulphur activity

[Via] = 1/2[0'] = 0.63pd/® x exp[ — (1/3)AS¢/R]
x exp[ — (1/3)AH/RT ] 48)

where AS; and AH; are entropy and enthalpy of defect
formation, respectively.

In agreement with this relationship, the experi-
mental results obtained by Rau [34] can analytically
be presented by the following empirical equation

Y = [Vim] = 477x 1072 pl/®
x exp[ — (41.5 kJmol™!)/RT] (49)

Comparison of Equations 48 and 49 indicates
that AS; = —64.4Jmol !K~! and AH; = — 1245
kJmol L,

From this short discussion it follows clearly that the
defect structure in metai-deficient manganous sulphide
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is rather well understood. On the other hand, because
of experimental difficulties in studying the diffusion
processes in sulphides, direct information is still not
available on transport properties of this material. As
the non-stoichiometry data were available (Equa-
tion 49), the chemical-diffusion coefficient determined
as a function of temperature and sulphur activity
could successfully be used in calculation of defect
mobility and self-diffusion coefficient in Mn; _S.

Unfortunately, in the case of manganous sulphide
the application of the thermogravimetric method is
problematic. As illustrated in Fig, 23, the maximum
deviation from stoichiometry of Mn; _, S, even at very
high temperatures (T ~ 1364 K) is still rather low
(v < 1073). Consequently, the determination of the
kinetics of mass changes of a given MnS sample in
sulphur vapour environments is virtually impossible
with sufficient accuracy. However, re-equilibration ki-
netics of manganous sulphide can successfully be
studied using the electrical conductivity method
[38,397]. It has been shown that over the whole p-type
homogeneity range of Mn,; _,S, the concentration of
electron holes changes proportionally with the con-
centration of cation vacancies, and the electrical con-
ductivity, o, at high temperatures (T > 900 K) is the
same power function of sulphur activity as non-
stoichiometry y

o = [h' ]y gp- = const y = const’ péz/ﬁ (50)

where ;- denotes the mobility of electron holes, and
gy their electrical charge. Thus, the mobility of elec-
tronic defects can be considered to be independent of
their concentration, and the electrical conductivity
method may equally well be applied as a thermo-
gravimetric one in determining the chemical diffusion
coefficients in the manganous sulphide.

The solutions of Fick’s second law are identical to
those used in interpretation of thermogravimetric kin-
etic data. The only difference consists in replacing
weight changes of the MnS specimen by those of
electrical conductivity. Consequently, for a semi-infi-
nite case, i.e. short re-equilibration times, the solution
is

(Ao /AG,)? = 4Dt/na? (51)

and for the finite case, i.e. later stage of re-equilibra-
tion

[1 — (Ac/Ao,)] = (8/n)exp(— n*Dt/4a’) (52)

where Ao, and Ac,, denote the change of electrical
conductivity after time t and the total change of elec-
trical conductivity, respectively.

The starting material for electrical conductivity
measurements has been obtained by complete sul-
phidation of spectrally pure manganese plates
{10 mm x 1 mm x 0.1 mm) at 1373 K in pure sulphur
vapour at a pressure of 10° Pa in the apparatus
described elsewhere [26]. The sulphide was then
powdered and cold-pressed (1000 kgcm ~2) to obtain
rectangular specimens (35 mm x 7 mm x 5 mm). These
were subsequently annealed for 150 h at 1373 K in
sulphur vapour (ps, = 10® Pa) in order to obtain the



dense and coarse-grained material. It has been found
that after such a treatment the density of o-MnS
samples was higher than 98% of the X-ray density,
with average grain size of 1 mm.

The electrical conductivity measurements have been
performed using the conventional four-probe a.c.
method in an apparatus described elsewhere [40].
Both oxidation and reduction kinetics were studied.
A new constant sulphur pressure in the reaction cham-
ber was obtained much more rapidly when raising it
to higher value ( ~ 3 min) than lowering it { ~ 9 min).
Thus, the main part of the experiments was restricted
to oxidation runs.

The experiments have been carried out at temper-
atures ranging from 1073-1373 K and sulphur pres-
sures 1072-10% Pa. In order to determine the depend-
ence of the chemical diffusion coefficient on defect
concentration, the conductivity relaxation curves were
obtained for small steps in pg,, traversing the phase
field of Mn, _,S. In every experiment the sample was
first equilibrated at a certain partial pressure of sul-
ohur vapour and temperature. A step change in pg,
was then created and the electrical conductivity was
recorded continuously until no further observable
conductivity changes were registered, i.e. the sample
was again in equilibrium with the new atmosphere.

Fig. 24 shows typical oxidation curves obtained at
1273 K for two different pressure intervals. As can be
seen, the reproducibility of the data was excellent. The
analogous results have been obtained at other temper-
ature and pressure intervals. Figs 25 and 26, in turn,
illustrate re-equilibration kinetic curves for early
stages in the parabolic plot and for later stages in the
semilogarithmic system of coordinates, respectively.
As can be seen, in agreement with Equations 51 and
52, straight lines have been obtained in both cases,
enabling Dy, to be calculated as a function of temper-
ature and sulphur activity. The results of these calcu-
lations are shown in Fig. 27.

Two important conclusions can be drawn from
those results. Firstly, chemical diffusivities calculated
from short- and long-term experiments are virtually
the same, clearly indicating that the rate-determining
step in the overall re-equilibration process is the solid-
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Figure 24 Re-equilibration kinetic curves at two different pressure

intervals and four different samples of Mn; _,S [44]. Pg, interval:
(®, ) 10'-10° Pa, (¢, O) 1072-10! Pa.
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Figure 25 Parabolic plot in the early stage of conductivity change
kinetics for Mn, _,S [44]. P, intervals: (O, @) 1072103 Pa, (A, A)
1072-10" Pa, (O, B) 10*-10° Pa.
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Figure 26 Semi-logarithmic plot in the later stage of conductivity
change kinetics for Mn, _ S [44]. Ps, intervals: (O, @) 10~2-10° Pa,
(A, 4) 1072-10" Pa, (O, W) 10'-10° Pa.
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Figure 27 The temperature dependence of the chemical diffusion
coefficent in Mn, _, S at several temperatures [44]. (@) Long term,
(O) short term.

state diffusion. Thus, the fundamental assumption of
the method is fulfilled, and thereby Dy, values cor-
rectly represent the rate of cation vacancy migration
in Mn,_,S under non-equilibrium conditions. Sec-
ondly, from Fig. 27 it follows that the chemical-diffu-
sion coefficient does not depend on the sulphur activ-
ity and thereby on the defect concentration. Thus, the
temperature dependence of Dy,s constitutes one
straight line in the Arrhenius plot (Fig. 28) for all
sulphur activities enabling the chemical-diffusion coef-
ficient in Mn; _,S to be expressed by the following
empirical equation i
Dutos = 3.9x 10" 2exp [ — (764 + 0.5 kI mol~)/RT ]
(33)
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Figure 28 The temperature dependence of the chemical diffusion
coefficient in Mn, _,S at several sulphur activities (Arrhenius plot)
[44]. P, intervals: ((J) 10'-10° Pa, (A) 1072-10! Pa, (O) 107 2-10° Pa.

In order to calculate the defect (vacancy) diffusion
coefficient, Equation 6 should be used in the following
form

D, = 2Dyns(dIny/dlnps)) (54)

From Equation 49 it follows that the differential in
Equation 54 is constant and equal to 1/6. Thus, Equa-
tion 54 reduces to the following simplified form

Dy = 1/3Dyus (55)

Introducing into this equation the right-hand side
of Equation 53 one obtains the empirical relationship
describing the vacancy diffusion coefficient in Mn, _,S
as a function of temperature

D,=13x10"%exp[ —(76.4 + 0.5 kJmol~!)/RT]
(56)

It follows from these calculations that the mobility
of cation vacancies in manganous sulphide does not
depend on their concentration. This conclusion is not
surprising because the concentration of defects in
Mn, -,S is very low and they do not interact and are
randomly distributed in the crystal lattice.

From the comparison of empirical Equation 56
with theoretical Equation 38 it foliows that the activa-
tion enthalpy of vacancy diffusion AH,,, =76.4 kJmol ..
Assuming, in turn, o and x =1 and aq = 0.530 nm
[32], as well as calculating the vibration frequency of
cations according to the relation [29]

v = (2/nag) (AHu/M)'? = 1.35x 1012571 (57)

(where M is the atomic weight of manganese), one
obtains by combining Equations 56 and 38 AS; =
104 Jmol *K™1.
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The self-diffusion coefficient of manganese in
Mn,; _,S can be calculated by means of Equation 7
which for the case under discussion assumes the form

(1 —y)Dy, = yD, (58)

As the non-stoichiometry of manganous sulphide is
very low (y < 1072) this equation may be approxim-
ated to the following form

DMn = yDv = [VICIn]DV (59)

Introducing into this relationship the empirical Equa-
tions 49 and 56 yields

Dy = 6.2 x 107 4pl/®
x exp[ — (117.9 0.7k mol ~1)/RT]
(60)

On the other hand, by introducing Equations 48 and
38 into Equation 59 one obtains the theoretical rela-
tionship describing the temperature and pressure de-
pendences of the self-diffusion coefficient of manganese
in Mn; _,S

Dy, = 0.63 aad wv pg!®

xexp [{(1/3)AS; + AS,,.}/R]
xexp[ — {(1/3)AH; + AH,,}/RT] (61)

From the comparison of Equations 60 and 61 it fol-
lows that the activation energy of manganese self-
diffusion, Ep, in manganous sulphide is related to the
enthalpies of defect formation and activation of their
migration by

Ep = (1/3)AH; + AH,, = 117.9kImol™!  (62)

As the self-diffusion coefficients of manganese in
Mn, _,S have been obtained from chemical-diffusion
and non-stoichiometry data, it seems reasonable to
compare the results of these calculations with other
data available in the literature. Unfortunately, because
of experimental difficulties, Dy, in Mn;_,S has not
been experimentally determined, so far. However, this
coefficient has been calculated as a function of temper-
ature and sulphur activity from the kinetics of manga-
nese sulphidation' [35, 37, 41]. All these data are
shown in Fig. 29 in a double logarithmic plot on the
background of the results obtained from D and y in
the present paper. It follows clearly from the compari-
son that the data calculated from manganese sul-
phidation kinetics are in fairly good agreement with
those obtained from chemical-diffusion measurements
and deviations from stoichiometry.

During preparation of this paper the first experi-
mentally determined values of Dy, in Mn,_,S were
given by Gilewicz—Wolter who performed radio-
tracer experiments [42]. These few current results
have also been marked on the diagram presented in
Fig. 29. As can be seen, these experimental data are
again in full agreement with those obtained from
Dw.s and y, as well as from parabolic rate constants of
manganese sulphidation. This agreement clearly indi-
cates that at T > 1000 K, the sulphide scale on man-
ganese grows by the outward volume diffusion of
cations.
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Figure 29 The pressure dependence of the self-diffusion coefficient
of manganese in Mn, .S at several temperatures calculated from
Dins and p, as well as determined experimentally using the radio
tracer method [42]. (), 36, (@) [35], (V) [41], (O) [42], (——)
present work.

5. Conclusions
The results described in the present paper allow the
following conclusions to be formulated.

Chemical diffusion coefficients in highly non-
stoichiometric sulphides (Co; _,S, Fe,_,S, Ni;_,S)
may easily be obtained from re-equilibration kinetic
measurements carried out by the thermogravimetric
method. When the non-stoichiometry is small and the
re-equilibration kinetics difficult or impossible to fol-
low thermogravimetrically, the electrical conductivity
method can be applied. However, this method can
only be used when the concentration of predominant
point defects is strictly proportional to electronic ones
(simple defect structure). Such a defect situation is
observed, for instance, in metal-deficient manganous
sulphide (Mn, _,S).

If the non-stoichiometry of a given metal sulphide is
known as a function of temperature and sulphur activ-
ity, chemical-diffusion data may be utilized to calcu-
late the parabolic rate constants of this metal sul-
phidation in order to obtain more insight into the
growth mechanism of the sulphide scale. Using this
procedure it has been shown that as in the case of iron
sulphidation, the sulphide scales on cobalt, chromium
and manganese grow by the outward, volume diffu-
sion of cations.

Chemical diffusion coefficients may also be utilized
for calculation of self-diffusion coefficients of cations
(or anions) if the non-stoichiometry data are available.
It has been shown that the self-diffusion coefficients of
manganese in Mn; _ S obtained in this way are in full
agreement with those determined experimentally.

From the comparison of chemical-diffusion coeffi-
cients in metal sulphides and oxides it follows (Fig. 30)
that, rather surprisingly, the rates of this process, and
thereby the mobilities of point defects, do not differ
significantly. In fact, the rate of chemical diffusion is
generally higher in metal sulphides, but the maximum
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Figure 30 Comparison of the chemical-diffusion coeflicient in some
metal sulphides and oxides.

differences do not exceed one order of magnitude. The
only known exception is chromium oxide with about
six orders of magnitude lower chemical-diffusion coef-
ficient (Fig. 30). It may then be concluded that in the
majority of cases, a significantly higher rate of cation
self-diffusion in metal sulphides, in comparison with
corresponding oxides, results mainly from the higher
defect concentration and not from the greater defect
mobility.
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