Influence of the cation force diffusion on thermal oxidation of metals
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Abstract

The crucial role of transport processes through oxide layers has long been acknowledged in the study of
metal oxidation, but the experimental results are generally analyzed taking into account observations
performed at room temperatures. In the present work, we present a formal treatment, derived by use of
equations of irreversible thermodynamic as a general basis, to describe the kinetics of oxide layer growth.
This has allowed us to show the influence of both the cation diffusion driving force and the cation kinetic
demixing within the oxidation layer.

I-Introduction

The purpose of this paper is to review the current state of understanding the growth of oxidation layers, by
thermal oxidation, in terms of transport processes taking place within the growing oxide film. The term
understanding may be sought at both phenomenological and atomistic level. At the phenomenological level,
it means to relate the rate of growth to measurable transport properties, such as diffusion coefficients and
electronic conductivity. At atomistic level, it means identify the way of which ions move in the lattice.

This survey concerns the rate of growth of p-type semiconducting oxide on coated-metal substrates, such as
nickel which occupies a crucial position as a model material in studies of thermal oxidation of metals. The
experimental results concern CeO, and CaO -coated nickel, at T <1200°C.

II- General treatment of oxide film growth

To simplify the analysis, we consider p-type semiconducting oxides (AO-BOpg) in equilibrium with a given
oxygen partial pressure, within their range of stability. The prevailing defects in these oxides are electron
holes (h") and « time ionized cationic vacancies (V**), whose concentrations depend on both temperature (T)
and oxygen partial pressure (Po) [1-4]:
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where Ky is the equilibrium constant of formation of defects (1/202<:>OO+V°"+och°), Oo an oxygen

ion on a normal lattice site, A=a.***? and square brackets indicate molar fractions.

When one substitutes in a nickel site an impurity B**, with §>2, the defect (BEI'i) will have an effective

positive charge (B=5-2). This impurity then increases the concentration of nickel vacancies, through the
electroneutrality condition :
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with, in the extrinsic range: B[ B%i] = oc[Va’], (2b)
and the nickel diffusion coefficient (Dy;) ] xyDy =xni Dni 3)



In the considered oxides, the diffusivity of anions is much lower than that of cations, on may then take the
anion sublattice as frame of reference for motions of cations and defects. When these oxides are exposed to
an oxygen chemical potential gradient, fluxes of cations (J;) and cationic vacancies (Jy) appear in the
material, coupled through the condition:

Jy + 2J=0. (4)
If the correlation effects are disregarded, these fluxes in the “z” direction can be written [3,6]:
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where dni /dz is the electrochemical potential gradient of the charged species, related to the chemical

potential gradient (dpi/dx) by the relation:
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In addition, F is the Faraday constant, C;=x;Cy the concentration of cations“i” per unit volume (mol/cm’), zi
their valence, Cy the concentration of cationic sites in the lattice (mol/cm®) and d®/dz the internal electric

field, due to the difference of mobilities of cationic vacancies and electron holes..

Since the electronic conductivity (o,=e p, p) greatly exceeds the ionic conductivity in the considered oxides
(uh2103uv), the zero current condition in the oxide layer (I=FJ,=0) allows expressing the internal electric
field, by the relation:
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where p is the electron hole concentration per cm® (p=[h]JdN, /M), N, the Avogadro number, d the density

and M the molar mass of the oxide.

Therefore, substituting Eq.7 in Eq.6, and in view of the virtual chemical equilibrium between ions, electron
holes and neutral atoms (A+2h’<=>A*", B+8h’<=>B®"), one obtains [11]:

dna**/dz = dua/dz=RT dln ax/dz and dng®"/dz = dug/dz = RT dln ap/dz (8)

where, na and ppare the chemical potential gradient of electrically neutral species related to the
thermodynamic activities (a;).

In order to be able to compare the fluxes of cations A and B in the solid solution AO,BO,, it is expedient to
express them as a function of measurable variables, the oxygen potential gradient across the oxide scale for
instance. In the following, we have assumed that the concentration of BO, in the layer (xgo,=m<< xa0) is low
enough that the Raoult law may be applied (aao=xa0o=1-m). Consequently, in view of the local chemical
equilibrium between the different species in each element of volume (y/20,+B<=>BO,, 1/20,+A<=>A0),
one can show that the flux of cations A and B (Eq.6), which appears in a material under non equilibrium

conditions can be written, with respect to the oxygen sublattice [5]:
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where § (=R/T) is the reduced driving force of diffusion, related (Eq.1) to the gradient of oxygen activity

(ao- Pcl)/2 2) or to the vacancy concentration gradient (XV:[Va 1) [5,8]:

§ =dlnao/dz]= (1+o) dln(xv/dz) (10)

According to Eq.4 Jy =- JA*" +-J BS+), new lattice sites are formed at the outer surface of the oxidation layer
leading to a rate of growth of the scale given by [5,9]:

Voxia = Jv /Cv= - (JA™" + I8%")/Cwu (11)

Consequently, a cation kinetic demixing (dxi/dz) sets up progressively in multi-component oxides if the
cations have different diffusivities.

Finally, substituting Eq.9 in Eq.11 allows to show that the rate of growth of a cation deficient p-type
semiconducting oxide (AO,BOy) on a metal substrate (Eq.8) can be written, in the case of low concentrations
of solute cations B (xg<<xa = 1) [5,9]:

Voxid = (Dg-Da)dm/dz - Da &nio-dop) (12)

while for a pure oxide: Voxig=- JA*/Cwm = - Da Snio) (13)

where m=xg is the mole fraction of the solute cations BF* in the cationic sublattice, Sio-dop) the reduced
driving force in doped NiO and $ioy in the pure oxide.

Consequently, the growth of oxidation layers, when the outward diffusion of cations prevails, depends of
both the driving force of diffusion (&) and the cation kinetic demixing (dm/dz), due to the cation different
diffusivities.

I11- Oxidation of nickel.

We consider in the following the oxidation of coated-nickel substrates, which eliminates the effect of the
reactive elements on the metal diffusion processes. The description of experiments is reported elsewhere
[10],

1 Thermal oxidation of a CeQO;-coated nickel.
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In Fig.1 we have plotted the weight gain as a function of time, between 700° to 1200°C, and determined with
a Setaram thermobalance. At T<1200°C, the CeO, coating leads to a decrease of the oxidation rates. X-ray
analyses show that the scales were Ni; O. The cerium depth profiles through oxide layers were investigated
by EPMA analysis (Fig.2). At 900°C, a high cerium concentration is observed in a localized zone, which
coincides likely with the original metal surface (i.e. the inner/outer boundary). From either sides of this
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maximum, the amount of cerium is higher near the metal interface, in agreement with the lower diffusivity of
cerium [9]:

Dce <Dy ( 1 4)

When the temperature increases, the cerium became progressively more diluted in the thicker films. At
1100°C for instance, cerium shows only a small increase near the metal/oxide interface.
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According to both the foregoing results and Eqs 12 and 13, it follows that the beneficial effect of cerium, at
T<1200°C can be explained:

a-by the decrease of the driving force of diffusion, due to the decrease of the concentration of Ce*" (Eq.2)
from the metal/oxide interface to the metal surface (Fig 2). Thus, one has a decrease of the concentration of
cationic vacancies within the layer (Eq.2) leading to a decrease of the driving force of diffusion & (Eq.10)

and therefore of the oxidation kinetics (Eq.12).

b-by the influence of the cation kinetic demixing across the oxide layer (Fig.2), due to the lower diffusivity of
cerium (Eq.14). Therefore, in view of the average cerium profile within the layer (dm/dz>0) and the relative
values of the diffusion coefficients of the cations (Eq.14), the first term of Eq.12 is positif (Dg-Da)dm/dz>0).
Consequently, in view of the positive value of Snio-ce), the kinetic demixing of cerium in the growing oxide
layer contributes also to the decrease of the oxidation rates of the coated samples.

c- by the decrease of the diffusivity of Ni* ‘with the amount of Ce*" in Ni;.O [9] and the kinetic demixing of
cerium (Fig.2), it follows a decrease of the diffusivity of nickel in the outer layer, which yields a blocking
effect on the diffusion of Ni*" and the formation of new oxide units in the growing oxide scales, as observed
by Atkinson in oxide layers grown on Ni,Cr alloys, for instance [12,13].

2 Thermal oxidation of a CaO-coated nickel.
First, it should be noted that calcium behaves as a reducing cation in Ni; O, leading to the shift of the

Ni/NiO phase boundary to higher Po, and the presence of singly ionized nickel cations (Ni') in the stability
range of Ni;,O [11],
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In Fig.3, we have plotted the weight gain from 800° to 1200°C, as a function of time. It can be seen that
Ni;<O layers grown by the outward diffusion of cations and that CaO coating leads to a decrease of oxidation
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rates at T<1200°C, in agreement with literature results [14], The calcium depth profile through the oxide
layers is reported Fig.4. At 900°C, it shows a high concentration of calcium, in a localized zone. From either
sides of this maximum, the amount of calcium is higher in the outer layer, in agreement with the relative
diffusion coefficients of calcium and nickel in Ca-doped Ni; 4O (Dc,>Dni) [11] .

Figure 4 Calcium concentration—depth profile through oxide
layers formed on CaO-coated nickel, after 18h of oxidation, at
900° and 1100°C.
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Consequently, in view of Eqs 22, 23, it appears that the beneficial effect of CaO coatings on the oxidation
kinetics can be explained:

a-by the decrease of the driving force of diffusion ($wio-dop), Which depends of the oxygen potential gradient

through the oxidation layer (Eq.10), and therefore of the shift of the Ni/NiO phase boundary to higher Py,
effect all the more important that the calcium amount is high [11].

b-by the influence of the cation kinetic demixing through the oxide layer, As previously, due to both the
average calcium profile within the layer (dm/dz>0) and the relative values of the diffusion coefficients of the
cations (Eq.14, D¢,>Dni), the first term of Eq. 12 is positif (Dg-Da)dm/dz>0). Consequently, in view of the
positive value of §nio-ca), the kinetic demixing of calcium in the layer also contributes to the decrease of the
oxidation rates of coated samples.

Remark- One can recall that blocking effects, ascribed to CaO precipitates have been invoked in the literature
[14] to explain the beneficial effect of CaO coatings. Unfortunately, it is not possible to make good estimate
from observations of precipitates at room temperature. This is confirmed in the case of CaO-coated nickel,
whose thickening of oxidation layers is controlled by the outward diffusion of cations. Indeed, in view of the
increase concentration of calcium, from the metal/oxide interface to the external oxide surface (Fig.4), it
follows an increase of diffusion processes across the oxidation layers (Egs.2), which excludes blocking
effects for the diffusion of cations and the formation of precipitates in the oxidation layers.

IV-Conclusion

The foregoing analysis, on the basis of transport equations of irreversible thermodynamic, has made possible
to analyze the results of oxidation of coated nickel samples. It has allowed to show the influence of both the
diffusion driving force of cations and their diffusion coefficients, related to the composition of layers.
Furthermore, it has allowed us to show that analysis of oxidation kinetics, based only on observations done at
room temperature, cannot be retained.
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