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Influence of the kinetic demixing of cations on ceramic ageing
and alloy corrosion (*)

C. Petot("), G. Petot-Ervas(!), D. Monceau(') and H. Klimczyk(?)

(1) CNRS, LPCM-UPR 211, Université Paris XIII, 93430 Villetaneuse, France
() Inst. of Metallurgy, Academy of Mining and Metallurgy, Krakow, Poland

Abstract. — This paper concerns the kinetic demixing of cations in semiconducting oxides.
From the general equations of matter transport, time-dependent cation redistributions are given
for (Co, Mg)O and (Fe, Cr)O solid solutions for which thermodynamical and kinetic data are
available. The cation kinetic demixing effects on the reaction rates are described. The conclu-
sions are used to analyse the behavior of (Fe, Cr)O solid solutions under a chemical potential
gradient and the effect of Cr on the internal oxidation of Ni-Cr alloys.

1. Introduction.

Wagner [1] was the first to relate the distribution of cations in oxide solid solutions to their
mobility and to describe the growth of oxidation scales on binary alloys. A computer solution
of the Wagner equations has been made by Narita et al. [2]. These authors have estimated
the reaction kinetics and calculated the cation concentration profiles in the oxidation scales
formed on Co-Fe and Co-Ni alloys. Nevertheless, the fitting of the experimental data to the
parabolic kinetics predicted by the model of Wagner is possible only for some particular cases.
This is due to the complexity of the overall corrosion process.

In the present work we have considered only the transport processes within the range
of stability of the oxide, in order to avoid the kinetic factors due to the substrate in alloy
corrosion. The general equations of the matter transport will be given. Kinetic demixing
calculations have been done for transition metal oxides. The conclusions will be used to
analyse experimental results.

2. Statement of the problem.

For a quantitative description of the transport processes, the dominant defects have to be
specified. As an example, we have reported in figure 1 the various defect concentrations
as a function of the oxygen partial pressure (ao = Po,*/?), for CoO pure and doped with
chromium. These results show that isolated doubly-ionized cationic vacancies (simple de-
fect model) are possible only at very low Po, (< 107 atm) . In this analysis the interactions
among defects have been assumed to lead to the 4:1 clusters [3-4] formed by the tetrahedral
aggregate of four vacancies with a cobalt (C*') or a chromium (T®') in interstitial position.

(*) Invited paper.
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One may point out that the interactions among defects may also be analysed on the basis
of the Debye-Hiickel model considering only cationic vacancies doubly ionized in interac-
tion with the surrounding environment [4]. The exact description of the defects is still an
open problem. Nevertheless, from a thermodynamical point of view the two approaches are
equivalent [4]. Consequently, to have a description of the transport processes under ther-
modynamical potential gradients [5-7], we have considered a semi-conducting oxide solid
solution (AO, BO+) in which diffusion is mainly controlled by cationic vacancies with an av-
erage charge o These vacancies (V*') can be isolated defects or vacancies in interaction with
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Fig. 1. — Calculated concentrations of the various defects in CoO pure and doped with Cr (zcr =
3.86 x 1073) as a function of Po,, at 1000 °C [3].
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the surrounding environment (atoms or defects). Taking into account the equation of forma-
tion of the defects ( 1/205 5 V¥ + ah® + OO) , it is possible to express their concentrations
as a function of the thermodynamical equilibrium parameters, T and Fo,:

K = [V¥][h°]% / Po,'/? (1)

After an abrupt change of the thermodynamical equilibrium conditions, a defect relaxation
occurs in the material. This leads to an irreversible low of vacancies through the end surfaces,
accompanied by a flow of cations in the sample and by the creation or annihilation of lattice
sites on the end surfaces. A shift of the crystal occurs then with respect to the laboratory
reference frame and the drift velocity of the end surfaces is directly related to the flux of

vacancies [1, 5-9] (when [V®'] << 1) :
v=—Jv/cm (2)

Simultaneously, a flux of vacancies (Jy) coupled to an opposite flux of cations (J;) occurs in
the bulk of the material:

J+Sh=0 (3)

In previous papers [5-7] we have shown that the driving force of diffusion (F') can be related
to the vacancy concentration gradient (6 In[Ve] /59:) i.e. either to the gradient of oxygen
activity or to the gradient of temperature [7]:

F=RT(1+a) (5 In[V®] /6:1:)T = RT § lnao/6z (4)

F = RT(1 + a) (5 In[V®] /593)P = AHe(8 InT/6) (5)
Og
Assuming that the fluxes are independent, we have obtained:
J = D (—60;/6:1: + ¢ 7(1 + )6 In[V*] /6m) (6)

where ¢; is the concentration of cations A2t or B7/2+ and é¢; /dz is the cation concentration
gradient which develops in the material if the exchange frequencies between the vacancies
and the neighbouring cations A2* or B?/2* are different [1, 5-9].

3. Kinetic demixing calculations.

3.1 CONSTANT THERMODYNAMICAL POTENTIAL GRADIENT. — One can recall that the time
needed by a vacancy to percolate through the entire length of the crystal (¢,) is short com-
pared to that needed by a cation. As an example, for a (Co,Mg)O sample of 1 mm length, £,
has been found lower than half an hour at 1439 °C, while the time needed to reach the steady
state condition for the cations (Fig. 2) is higher than 300 h. Calculations have then been done
assuming that the vacancy concentration has reached the steady state. This corresponds to
the condition ¥ = ct.
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As an example, we have reported in figure 2 calculated cation distribution profiles in an ini-
tially homogeneous (Co,Mg)O sample (where m = 0.49 is the molar concentration of MgO)
exposed under a constant oxygen potential gradient. These results show that it takes more
than 300 h to reach the steady state. A good agreement has been observed with the exper-
imental data of Schmalzried et al. [5-8] obtained after an annealing time of 136 h. We have
done the same calculations under a constant temperature gradient. The agreement with the
experimental results is good excepted near the side exposed to the higher temperature. This
is probably due to a CoO evaporation [9].

3.2 THERMODYNAMICAL POTENTIAL GRADIENT FUNCTION OF TIME. — In oxidation layers, or
in the first stage of the oxidation (or reduction) process of an oxide within its range of stability,
the vacancy concentration is locally a function of time. Calculations have then been done
taking into account that the driving force of diffusion is not constant [7, 9] (F = f(z,t)). As
an example, we have reported in figure 3 the results we have obtained with a wustite sample
of 3 mm length doped with chromium [10]. The sample previously in thermodynamical
equilibrium under an oxygen partial pressure of 6.04 x 10~!3 atm. has been reduced under
an oxygen partial pressure equal to 8.5 x 10714 atm.

4. Cation demixing effect on the reaction kinetics.

From the previous equations it is possible to estimate the shift velocity of the reaction front
in the material. Neglecting the small changes of volume due to the solute and vacancy con-
centration variations, we have obtained [5-7):

v=—(yDp— D) (méblnao/bx — ém/éx) + Dp(1 —~)ém/bx — Dy élnac/éz  (7)

It follows from this equation that the reaction rate (v) depends on the kinetic demixing of the
solute cations B7/?* (dm/dz). As an example, for an oxide in which yDg < Dj (with v < 1),
an enrichment of the cations B”/?* must be observed near the side exposed to the lower P,
if the correlation effects can be neglected. Taking into account that the last term in equation
(7) represents the shift velocity of the reaction front in the pure oxide, this equation shows
that the cation redistributions must lead to a decrease of the oxidation or reduction kinetics
of the oxide.

5. Experimental results.

5.1 KINETIC DEMIXING OF FeO DOPED WITH Cr. — Figure 4 shows the chromium segrega-
tion profile near the metal/oxide interface and the morphology of the partially reduced doped
wustite sample (1000 ppm in weigth) after 2 h of reduction at 1113 °C. The partial reduction
experiments have been performed on single crystals previously annealed in a 50% CO / 50%
CO; mixture [3]. We have observed that once formed the thickness of the iron scale seems not
to increase with time. The scale seems to form an impervious shell around the oxide whose
reduction occurs then within its range of stability. In agreement with our formal treatment
and with the cation diffusion coefficient values in FeO [3] (D¢; < Dge), an increase of the
chromium concentration is observed near the metal/oxide interface. According to equation
(7), a decrease of the reactions kinetics must then be observed when wustite is doped with Cr.
This conclusion is confirmed by the experimental results of Levin et al. [11].
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Fig. 2. — Time evolution of the kinetics demixing in a (Co, Mg)O sample annealed in an oxygen po-
tential gradient included between 0.07 and 0.21 bar.
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Fig. 4. — Chromium segregation profile near the metal/oxide interface and morphology of the iron
layer.

5.2 INFLUENCE OF THE KINETIC DEMIXING OF Cr IN THE SCALE ON THE DEPTH OF PENETRATION
OF THE INTERNAL OXIDATION FRONT IN Ni/Cr ALLOYS. — In this analysis any assumption has
been made on the thickening of the oxide scale (parabolic or linear) contrary to the previous
works (reported in [12]). We have consider only the influence of the kinetic demixing of the
solute cations in the scale on the rate of advancement of the oxidation front in the scale and
therefore in the alloy [3, 4, 10].

An extensive study of the oxidation of Ni/Cr alloys (1 to 5 wt% Cr) has been performed by
Stott et al. [13]. During the oxidation process a NiO layer develops at the surface of the alloy
while small precipitates of chromium oxide form in the subjacent alloy. These authors have
observed that the depth of penetration of the internal oxidation front decreases when the Cr
concentration increases in the alloy. This observation is consistent both with the experimental
results of Nowotny et al. [14], who have observed a decrease of the redox kinetics in presence
of Cr in the stability range of NiO, and with our formal treatment [6], who suggests a decrease
of the shift velocity of the oxidation front (Eq. (7)) when the Cr concentration increases due
to the relative diffusion coefficient values of Ni and Cr in NiO (D¢ < Dyi) [3, 4, 10].
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