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Abstract The influence of aliovalent impurities on the
kinetics and mechanism of manganese and molybdenum
sulfidation has been demonstrated, as a function of
temperature (1,073-1,273 K) and sulfur pressure (1-
10* Pa). The results of these experiments have been
considered in terms of Hauffe-Wagner theory of doping,
which made it possible to explain the different influence of
aliovalent impurities on the sulfidation kinetics of manga-
nese and molybdenum. It has been shown that the same
impurity may play both the positive or negative role in the
corrosion behavior of a given metal and it is not possible to
predict the type of this influence without the detailed
knowledge of point defect structure of sulfide or oxide
scales and, in particular, of the mechanism of impurity
dissolution in the crystallographic structure of oxidation or
sulfidation products.

Keywords Doping effect - Point defect structure -
Sulfidation kinetics - MnS - MoS,

Introduction

It is well known that small amounts of impurities in

metallic materials may in some cases dramatically influence
the rate of high-temperature corrosion in both oxidizing and
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sulfidizing environments [1-3]. Of course, it should be
noted that the impurity effect may play an important role, if
the grain boundary diffusion can be neglected and the
concentration of point defects in the growing scale is very
low. In those cases only, the rate of corrosion, determined
by volume diffusion of cations (or anions) through point
defects, may considerably be influenced by doping effect.
At present, it is generally assumed in the literature that this
influence depends virtually only on the valency of impurity
atoms [4]. It has been found, for instance, that trivalent
chromium ions increase the oxidation rate of nickel [5] or
cobalt [6] and those of lithium decrease oxidation rate of
nickel [7]. However, several experimental results strongly
suggest that additional factors may play analogous or even
more important role. In addition to the concentration and
the valency of impurity, the mode of its dissolution
(incorporation) into the crystal lattice of the growing scale
may decisively influence the rate of corrosion and the
mechanism of scale growth. It must be stressed once again
that the classical interpretation of doping effect in terms of
Hauffe—Wagner theory [4] is possible only if the concen-
tration of defects is very low and the scale is growing by
the volume diffusion, being the slowest step of the overall
corrosion rate (parabolic kinetics). If, on the other hand,
grain boundary diffusion predominates and the impurities
accumulate along grain boundaries, like in the case of
chromium oxidation, their influence may not be considered
in terms of doping in the classical sense of this term.

The present paper is an attempt to demonstrate that,
considering all the restrictions mentioned above, the same
impurity may in some cases accelerate and in others
dramatically decrease the rate of corrosion of a given metal.
These phenomena will be demonstrated by the results of the
influence of aliovalent impurities on the sulfidation rate of
manganese and molybdenum—two metals forming the scales
with very low defect concentrations.
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The influence of chromium and lithium on manganese
sulfidation Kinetics

The kinetics and mechanism of manganese sulfidation, as
well as the defect structure and transport properties of
manganous sulfide have been extensively studied by
different authors, using various experimental techniques
[8-17]. It has been shown that the nonstoichiometry and
thereby defect concentration in «-MnS, showing rock salt
structure, is very low and this is the main reason why the
sulfidation rate of manganese is several orders of magnitude
lower than that of other transition metals [18, 19]. Over the
major part of the phase field, corresponding to higher sulfur
activities, this sulfide is a metal-deficit p-type semiconduc-
tor with the predominant defects being doubly ionized
cation vacancies and electron holes (Mn, -, S) [12, 15, 17].

As the nonstoichiometry and thereby the concentration
of defects in Mn;_,S, even at high temperatures, is very
low (y<107%), they do not interact and are randomly
distributed in crystal lattice. Thus, the formation of these
defects can be described by the following quasichemical
reversible reaction (Kroger—Vink’s notation of defects is
used throughout this paper [20]):

1 7
ESQ = VMn+2h.+SS (1)

Applying to this defect equilibrium the mass action law and
the appropriate electroneutrality condition (2 [V&n] = [h'])
and considering the fact that the nonstoichiometry, y, is
simply equal to defect concentration, expressed in site
fraction, one obtains the following theoretical relationship
[1, 3], describing the concentration of ionic and electronic
defects in Mn, S, as a function of temperature and sulfur
pressure:

N N B 1/6 ASt _ Ay

y = [VM“} =7 1= 0.63pg, 'eXp(3R)'eXp( 3RT)
()
where ASy and AH; are entropy and enthalpy of defect

formation, respectively. The equilibrium constant, Ky, of
this defect situation is given by:

Ky =[] 00 ®

In agreement with Eq. 2, it has been found that the
nonstoichiometry, y, in Mn;_,S is the following function
of temperature and sulfur pressure [21]:

(4)

RT

41.5 kJ /mol
y= 477-10"2 ~p¥6 -exp(—ﬁ)

From the comparison of Eqgs. 2 and 4 it follows that
AS=—64.4 J/mol K and AH=124.5 kJ/mol. On the other
hand, the mobility of these defects, the measure of which
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defect diffusion coefficient, Dy, has been found to be
independent on their concentration and is the following
function of temperature [13]:

AHp 83.4 kJ /mol
Dy = const~exp<—ﬁ> - 197- 10’2~exp<—¢>

RT
(5)
where AH,, is enthalpy of defect migration.

Consequently, the self-diffusion coefficient of cations in
Mn,_,S, which is a product of defect concentration and
their mobility [1, 3], can be calculated as a function of
temperature and sulfur pressure:

. 124.9 kJ /mol
Dy = [VMH] Dy = 94. 10*4-p;/6-exp(—R7T/)

2

(6)

From Wagner’s theory of metal oxidation [22, 23], it
follows, in turn, that in the simple case under discussion of
noninteracting point defects, the parabolic rate constant of
scale formation of a given metal is related to the self-
diffusion coefficient of migrating species, Dy, determining
the overall reaction rate, by the following equation:

K= (1+|p]) - Dy )

where k;, is the parabolic rate constant, expressed in square
centimeter per second and p—the degree of defect
ionization, equals 2 in this case. Thus, using this relation-
ship and empirical Eq. 6, the parabolic rate constant of
manganese sulfidation could have been calculated:

_ 1/6 124.9 k.]/l’l’lOl
K =3 -Dyy = 2.82-107 - py/ ~exp<—RT
(8)
and compared with experimentally determined one:
/ _ 1/6 127 kJ/mol
k,=3.51-107pg -exp<—T (9)

From this comparison, it follows clearly that the
calculated parabolic rate constant of manganese sulfidation,
as dependent on temperature and sulfur pressure, is in
excellent agreement with experimentally determined data.
The second important conclusion from this agreement is
that the sulfide scale on manganese is growing by the
outward volume diffusion of cations and consequently that
the participation of grain boundary diffusion in this process
may be neglected. Thus, the effect of impurities on the
kinetics and mechanism of manganese sulfidation can be
considered in terms of Hauffe—Wagner theory of doping
[4].

From these short remarks, it follows that the activation
energy of manganese sulfidation, Ep, being equal to the
activation energy of cation self-diffusion in Mn,; ,S scale,



J Solid State Electrochem (2009) 13:1701-1708

1703

Ep, is the sum of one third of enthalpy of defect formation,
AH;y, and the enthalpy of their migration, AH,,:
1

Ep = Ep = 3 AH;+AH, = 127kl /mol (10)

Passing now to the influence of aliovalent impurities on
manganese sulfidation kinetics, the effect of trivalent
chromium and monovalent lithium ions will be presented
and explained in terms of doping effect. At the beginning,
the influence of chromium will be discussed. If, namely,
one assumes that trivalent chromium ions are substitution-
ally incorporated into the cation sublattice of Mn, _,S scale,
this process can be presented by the following quasichem-
ical reaction:

C1,S; < 2Crtyy, + Va + 3Ss (11)
and
CEsSs + 21" & 2Criy, + 285 + 352 (12)

It follows from these defect equilibria that the concentration
of cation vacancies in chromium-doped Mn, S is higher
than that in pure manganous sulfide and the concentration
of electron holes is lower. Consequently, the growth rate of
Cr,S3-Mn, S solid solution scale on Mn—Cr alloy must be
higher than that of Mn; ,S scale on pure manganese metal.
The electroneutrality condition for this solid solution is
given by:

[Cotial + 117 =2 Vi) (13)

When the concentration of dopant is much higher than that
of electronic defects ([Cryy,| >> [4°]), as in the discussed
case, the above electroneutrality condition reduces to the
following simplified form:

"

[Criun] = 2[ Vo] (14)

It follows from these considerations that in agreement
with experimental results [24], Figs. 1 and 2, the sulfidation
rate of Mn—Cr alloy should be pressure independent and the
activation energy of this reaction must be lower than that of
pure manganese sulfidation. This last conclusion results
from the fact that the activation energy of Mn—Cr alloy
sulfidation is simply equal only AH,, (Ep=Ep=AH,,, see
Eq. 10) because AH; is equal to zero due to the fixed
concentration of cation vacancies on the constant level by
dopant (see Eq. 14). This conclusion is in excellent
agreement with experimental results, shown in Fig. 2,
confirming the full applicability of Hauffe-Wagner doping
effect in the case under discussion.
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Fig. 1 The pressure dependence of the parabolic rate constant of Mn—
5% Cr alloy sulfidation for several temperatures on the background of
pure manganese sulfidation data

Following this type of reasoning, the influence of
monovalent impurity may also be considered in terms of
this theory. Assuming, namely, that lithium ions are being
substitutionally incorporated into the cation sublattice of the
growing Mn, S scale, this process can be presented by the
following quasireversible reactions:

LiyS + Vi < 2Liy, +Ss (15)
and
Lizs+%Sz & 2Liy, +24° +2Ss (16)

From these equations, it follows that the concentration of
cation vacancies of lithium-doped Mn, S, ie., in Li,S-
Mn, ,S solid solution, should be lower and the concentra-
tion of electron holes higher than that in pure Mn, ,S.
Assuming further that, like in the case of Mn—Cr alloy
sulfidation, the rate-determining step of the overall sulfida-
tion rate of Mn-Li alloy is the diffusional transport of
cations through cation vacancies (parabolic kinetics), the
protective properties of lithium-doped Mn; S scale should
be better than those of pure Mn,;_,S scale. In addition, the
activation energy of reaction should be higher and the rate
of the reaction should increase more rapidly with increasing
sulfur pressure. Both these conclusions result from the
following theoretical considerations.

The electroneutrality condition for the case under
discussion assumes the form:

[Livi] +2 [V = 1] (17)

@ Springer
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Fig. 2 The temperature dependence of the parabolic rate constant of
Mn-5% Cr alloy sulfidation on the background of pure manganese
sulfidation data

Two limiting cases should be again considered. If
{Li;\dn} >> [V, this electroneutrality condition reduces
to the following form:

{Li’Mn] - (18)

Replacing now in the relationship (3) the electron hole
concentration by that of dopant (Eq. 18), one obtains the
following theoretical equation:

o =50 o)

! : p
Mn [LiMn] 2 Sy

From these considerations, it follows that if the concentra-
tion of monovalent lithium dopant is high enough to fix the
concentration of electronic defects in the growing Li,S—
Mn, S scale, the sulfidation rate of Mn-Li alloy should
increase more rapidly with sulfur pressure, with the slope 1/
2 (see Eq. 19) and the activation energy of this process
should be higher than that of pure manganese sulfidation.
This last conclusion follows from the fact that in the case of
pure manganese sulfidation, the concentration of both ionic
and electronic defects increase with increasing temperature
and, consequently, only 1/3 of AH; participates in the
activation energy of cation self-diffusion and thereby in the
activation energy of manganese self-diffusion (Eq. 10). In
lithium-doped Mn,;,S scale, on the other hand, if the
dopant content is sufficiently high, the electron hole
concentration is fixed on the constant level (Eq. 18) and,
consequently, the whole value of AH; participates in the
activation energy of sulfidation. Eliminating, namely, from
Eq. 19, the equilibrium constant, Ky, one obtains the
following dependence of the concentration of cation
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vacancies in Li;S—-Mn, S solid solution on sulfur pressure
and temperature:

11 12 ASy AHp
{VMJ —m‘lps2 - €Xp <R> - €Xp (— RT) (20)
As can be seen, the concentration of cation vacancies in
Li,S-Mn,; ,S scale on Mn-Li alloys must increase with
increasing temperature more rapidly than in pure Mn, S
and, consequently, the activation energy of alloy sulfidation
should be higher:

’

/ 1
E,=E,=AHy +AHy, > Ep = Ep ZEAHf—i‘AHm
(21)

where E;) and E’D denote the activation energy of alloy
sulfidation and that of self-diffusion of cations in Mn, ,S—
Li,S solid solution, respectively. If one assumes that the
enthalpies of defect formation and their migration in pure
and lithium-doped Mn,; ,S are the same, from Egs. 6 and
20, it follows that the activation energy of Mn-Li alloy
sulfidation should be equal to AH:+AH,,,=124.5+83.4=
207.9 kJ/mol, while in the case of pure manganese
sulfidation, the activation energy of the reaction is lower
and equal to 1/3 AHy+AH,,=41.5+83.4=124.9 kJ/mol
(Egs. 4 and 9).

In order to prove this theoretical considerations, the
influence of lithium on the sulfidation rate of manganese
should have been investigated as a function of temperature
and sulfur pressure [25]. However, Mn—Li alloys are very
difficult to be prepared by the conventional metallurgical
procedure and we have been unable to obtain such alloys of
acceptable quality. Considering this difficult situation, the
conclusion was that appropriate concentration of lithium
may be incorporated into the growing MnS scale from
“outside,” following the sulfidation rate of pure manganese
samples in sulfur vapor atmosphere containing Li,S vapor.
In order to apply this experimental procedure to manganese
sulfidation, the following experiments have been carried
out. Quartz crucible with Li,S powder has been located
beneath the manganese sample in the reaction chamber of
microthermogravimetric apparatus and the sulfidation rate
under such conditions has been determined as a function of
temperature (1,073-1,273 K) and sulfur pressure (1-
10* Pa). Some of the results obtained in these experiments
are presented in Figs. 3 and 4 in doubly logarithmic and
Arrhenius plots, respectively. As can be seen, the influence
of lithium on the sulfidation rate of manganese is in full
agreement with theoretical predictions, based on Hauffe—
Wagner theory of doping. The sulfidation rate, being about
two orders of magnitude lower than that of pure manganese
sulfidation, increases, namely, with sulfur pressure with the
slope 1/2 (Fig. 3) and the higher activation energy of the
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sulfidation in pure sulfur vapor (dashed line) and in sulfur vapor
containing Li,S (solid line), for several temperatures

reaction is, as predicted, virtually equal to the sum of
AHq+AH,=205 kJ/mol (Fig. 4).

It follows from these results that in agreement with Hauffe—
Wagner theory [4], the protective properties of the sulfide
scale on manganese may considerably be improved by
appropriate doping effect. In order to visualize the important
role of this effect, the temperature dependence of the
parabolic rate constant of manganese sulfidation in lithium-
containing sulfur vapors is compared in Fig. 5 with parabolic
rate constants of oxidation and sulfidation of several metals.
It follows from this comparison that protective properties of
lithium-doped sulfide scale on manganese are comparable
with those of the oxide scale on chromium and sulfide scales
on niobium and molybdenum—three metals representing the
highest resistance to oxide and sulfide corrosion, respective-
ly. Thus, the final conclusion is that, in those cases when all
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Fig. 4 The temperature dependence of the parabolic rate constant of
Mn sulfidation in pure sulfur vapor (dashed line) and in sulfur vapor
containing Li,S (solid line), for several sulfur vapor pressures

Fig. 5 Comparison of the parabolic rate constant of Mn sulfidation in
pure [13] and Li,S-containing [25] sulfur vapor on the background of
the sulfidation [26-31] (solid lines) and oxidation [32-35] (dotted
lines) rates of several metals as well as Mn—5% Cr alloy sulfidation
data [24]

assumptions of Hauffe-Wagner theory are fulfilled, doping
effect may play an important role in improving the corrosion
resistance of metals to high-temperature oxide and sulfide
corrosion.

The influence of chromium and lithium on molybdenum
sulfidation Kinetics

Due to the very low defect concentration in molybdenum
disulfide, MoS, [36], constituting the main part of sulfide
scale on molybdenum, is one of the most resistant metals to
sulfide corrosion [18, 37]. It has been shown that
predominant defects in MoS, are doubly ionized interstitial
sulfur ions and electron holes [31, 38]. Consequently, the
appropriate chemical formula of molybdenum disulfide
should be written in the following form MoS,,,, indicating
that the extrinsic disorder in this sulfide results from sulfur
excess. It has been shown also that very low growth rate of
sulfide scale on molybdenum is determined by inward
diffusion of sulfur [31, 39] and the parabolic rate constant
of sulfidation, as dependent on temperature and sulfur
pressure, can be described by the following empirical
equation [39]:

(22)

1/2 166 kJ/mol
ky =3.6-10° - pg” - exp (—T

It should be noted, however, that the defect structure of
the discussed sulfide is more complex [31] because the
extrinsic defects resulting from nonstoichiometry is highly
dominated by intrinsic electronic disorder. Thus, in addition
to the formation of interstitial anions and electron holes
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resulting in nonstoichiometry, which may be described by
the following quasichemical reaction:

1 "
7SS/ + 2" (23)

it is necessary to consider the intrinsic electronic disorder:
zero < h* + ¢ (24)

Applying to both those defect equilibria the mass action
law, one obtains the following relationships for corre-
sponding equilibrium constants:

" e

Ky = ST (25)
Ps,

and

K = [€]-[H (26)

General electroneutrality condition in the case under
discussion assumes the form:

"

z[si] ¥ €] = [A] (27)

Considering further the fact that the intrinsic electronic
disorder prevails, general neutrality condition may be
reduced to the following simplified form:

€] = [n°] = VK2

Using this relationship, the Eq. 25 can be transformed into
the following form:

" K3 1/2
s} -
{ i K, P

(28)

(29)

It follows from this equation that the concentration of
interstitial anions increases with increasing sulfur pressure
with the slope 1/2. If one assumes further that the mobility
of ionic defects (interstitial sulfur ions) does not depend on
their concentration, the sulfidation rate of molybdenum
should increase with increasing sulfur pressure in the same
way because the parabolic rate constant of scale growth is
directly proportional to the defect concentration [1, 2]. This
conclusion is in full agreement with experimental results of
molybdenum sulfidation kinetics, described by Eq. 22.

Passing now to the explanation of the influence of
chromium on the sulfidation rate of molybdenum, again
appropriate defect equilibria should be considered. From
such theoretical analysis it follows that if one assumes that
trivalent chromium ions are incorporated substitutionally
into the cation sublattice of MoS, ., scale, as shown by the
following defect reaction:

Cr,S; + S, < 2Cry, + 4Ss (30)

and consequently the sulfidation rate should be decreased.
On the other hand, when chromium ions dissolve intersti-
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tially, the concentration of interstitial sulfur ions will
increase as shown by this defect equilibrium:

CrS; < 2Cr** 438, (31)

the sulfidation rate should increase. It has been found,
however, that the sulfidation rate of Mo—Cr alloys even
containing very high amount of chromium is virtually the
same as that of pure molybdenum, Fig. 6, which implies
that no influence of doping is observed [40]. The tentative
explanation of these rather unexpected behavior is that
chromium sulfide does not form solid solution with
MoS,.,, at all.

As far as the influence of lithium on the sulfidation
kinetics of molybdenum is concerned, again Mo-Li alloys
was impossible to be obtained in conventional metallurgical
procedure. Thus, as in the case of manganese sulfidation,
lithium ions were incorporated from “outside” into the
crystal lattice of MoS,,, scale, growing on molybdenum
[39]. Thus, the sulfidation rate of molybdenum in lithium-
containing sulfur vapor has been studied as a function of
temperature (973-1,273 K) and sulfur pressure (10 *—
10* Pa). Some of these results are presented in Figs. 7
and 8 in doubly logarithmic and Arrhenius plots, respec-
tively. As can be seen, dramatic influence of monovalent
lithium dopant on the sulfidation rate of molybdenum is
clearly visible. In fact, the rate at highest temperatures in
lithium-containing atmosphere is more than four orders of
magnitude higher than that in pure sulfur vapor. In addition,
from Fig. 7, it follows that the sulfidation rate does not
depend on sulfur pressure at all.

In order to explain this peculiar doping effect, appropri-
ate defect equilibria must be considered. If one assumes that
monovalent lithium ions are substitutionally incorporated

T/K
1273 173 1073
0}
<:'_w
£ Sulphidation
b e
N3 ps2_10 a
" ) Mo
10" m Mo2sucr
o Mo-35%Cr
*  Mo-53%Cr
8 9

T 10'/K!
Fig. 6 The temperature dependence of the parabolic rate constant of
Mo—Cr alloys sulfidation for several temperatures on the background
of pure molybdenum sulfidation data [40]
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Fig. 7 The pressure dependence of the parabolic rate constant of Mo
sulfidation in pure sulfur vapor (dashed line) and in sulfur vapor
containing Li,S (solid line), for several temperatures

into the cation sublattice of the MoS,,, scale, the
concentration of interstitial sulfide ions should decrease,
as shown by the following defect equilibrium:

Li,S 4 38| < 2Liy,, + 4Ss (32)

Thus, the sulfidation rate should dramatically be decreased,
which in fact is in obvious contradiction with experimental
results. From Figs. 7 and 8§, it follows, namely, that the
sulfidation rate of molybdenum is dramatically increased
and not decreased by lithium doping. Consequently, the
possibility of the second mode of lithium dissolution in
MoS, ), should be considered, by assuming that lithium
ions dissolve interstitially in the crystal lattice of MoS,,
scale. Assuming such a mechanism of doping, dissolution
of lithium ions in cation sublattice of MoS,,, can be
described by the following quasichemical defect reaction:

Li,S = 2Lif + S, (33)

Applying to this defect equilibrium the mass action law,
one obtains the following equation for equilibrium constant
of this reaction:

Ky = [Lis]* [s} (34)

1

The general electroneutrality condition, in turn, taking into
account intrinsic electronic disorder, is given by:

[Lit] + 7] = [¢] + 2 [8] (35)

Assuming further that the concentration of dopant is higher
than that of electronic defects, the above electroneutrality
condition reduces to the following simplified form:

[Lit] =2 8] (36)

From above considerations, it follows clearly that, if the
concentration of lithium in the growing scale on molybde-
num is sufficiently high, the rate of the reaction in lithium-
containing atmospheres should be higher (see Eq. 33) than
in pure sulfur vapor. In addition, the sulfidation rate should
be pressure independent because the concentration of
ionic defects is fixed by the concentration of dopant in
the MoS,,,~Li,S solid solution, forming the scale. Both
these conclusions are in full agreement with experimental
results presented in Figs. 7 and 8.

It is important to note that the described results of
lithium influence on the sulfidation kinetics of molybde-
num constitutes an excellent example of the importance of
the dissolution mode of dopant in the growing scale. It has
been shown, namely, that the rate of manganese sulfidation
is considerably decreased by monovalent dopant, which
indicates that lithium ions are substitutionally incorporated
in cation sublattice of Mn, _,S scale. The same effect would
be observed in the case of molybdenum sulfidation, if
lithium ions would also incorporate substitutionally into the
cation sublattice of MoS,,,. However, experimental results
strongly suggest that, in this case, monovalent impurity
dissolves interstitially and not substitutionally.

Conclusions

Theoretical considerations and experimental results pre-
sented in this paper allow the following conclusions to be
formulated.

One of the most important but rather pessimistic
conclusion is that it is impossible a priori to predict the
influence of aliovalent impurity on the sulfidation or
oxidation kinetics of a given metal, basing on theoretical
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Fig. 8 The temperature dependence of the parabolic rate constant of
Mo sulfidation in pure sulfur vapor (dashed line) and in sulfur vapor
containing Li,S (solid line), for several sulfur vapor pressures
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considerations in terms of Hauffe-Wagner theory of
doping. On the contrary, this theory may be used in
explaining the experimental results of doping if the defect
structure of the compound, forming the scale, is known. In
particular, the mode of dissolution of impurity may be
explained considering the appropriate defect equilibria of
doping. This type of reasoning has been demonstrated in
the present work on two examples, in studying the
influence of aliovalent impurities on the kinetics and
mechanism of manganese and molybdenum sulfidation.
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