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Abstract. Mathematical model of selective and competitive oxidation of multi-component non 
ideal alloys is used for modelling oxidation of Fe-Cr-Ni alloys. The model is based on: a) the 
Danielewski-Holly model of interdiffusion, b) the Wagner model of the Ni-Pt alloy oxidation, c) the 
postulate that the values of fluxes in reacting alloy are limited (the kinetic constraint) and d) the 
thermodynamics of the Fe-Ni-Cr system. In this paper for the first time modelling of oxidation of a 
ternary non-ideal alloy based on Danielewski-Holly model is presented. The model is used to 
predict the evolution of component distributions in the reacting ternary Fe-Cr-Ni alloy. The results 
of the modelling of oxidation of the 316L stainless steel at 1173 K are presented. We compute the 
chromium depletion during the long term oxidation.  The results allows to conclude that the 
oxidation reaction is limited by interdiffusion in reacting alloy. The computations demonstrate that 
the chromium depletion is the key factor affecting the scale stability during the long time 
exposition. 

Introduction 

The formation of the protective oxide scale is a key factor providing corrosion resistance. This 
process involves the selective oxidation of one or more elements and leads to changes in the alloy 
compositions in the subsurface zone [1]. Depending on the temperature and on the gas phase 
composition, the 316L austenitic stainless steel forms different oxides [234-5]. The selective 
oxidation takes place only above a critical concentration of the active alloy component. Wagner [67-
8] has analyzed the conditions necessary for selective oxidation in a binary alloy and has derived an 
appropriate expression. For the industrial applications the formation and stability of the protective 
oxides has primary importance. These phenomena have been extensively studied in alloys 
containing Fe, Ni and Cr [9]. 
During the initial or transient stage, the rate of oxidation is rapid [10]. Once the transient oxide 
layer has been established, it continues to grow under the rate controlled by diffusion of metal ions 
to the scale/gas interface or oxygen to the scale/alloy interface. The rate of thickening is determined 
by the temperature, the oxygen pressure, the amount, the composition and the structure of the initial 
oxide phases [11]. In the case of 316L stainless steel, the thermodynamically favoured oxide is 
Cr2O3, which initially forms a continuous layer on the alloy surface. The rate of oxidation is then 
controlled by transport of reactants across this Cr2O3-rich layer, which is much slower than across 
the initially formed NiO-rich layer. 
The composition of oxides formed during vacuum annealing of 316 and 316L stainless steels at 
600°C was reported [12]. Asteman et al., oxidized 310 stainless steel at 600°C [13], Chevalier et al. 
at 1000°C [14]. The spallation and evolution of the oxide film formed on the stainless steel during 
oxidation is well known [15, 16]. Cho et al. [16] observed the change of the oxide composition 
during the oxidation of stainless steels. The Cr2O3 protective layer on 304 stainless steel cracks 
during exposition at 1173K due to the differences in thermal expansion coefficients of the metallic 
alloy and of the oxide [17]. Oxygen subsequently reaches the bare alloy surface and forms a non-



 
 

 

protective scale. Outward diffusion of the mobile alloy elements (e.g., Mn) results often in the 
formation of the complex spinels and affects scale stability [18].  

In the following sections we demonstrate modelling of oxidation of Cr-Fe-Ni austenitic 
steels. The results of the modelling of oxidation of the 316L stainless steel at 1173 K are presented. 
We compute the chromium depletion during the long term oxidation.  

Modelling of selective oxidation 

The mathematical model of the alloy oxidation base on Danielewski-Holly model of interdiffusion 
[19] and the Wagner model of the Ni-Pt alloy oxidation [6]. Mathematical formulation of the model 
has been already published [20,21]. In this work the new concept that the values of fluxes in 
reacting alloy are limited (the kinetic constraint) [22] is effectively used in calculations. Moreover 
in this paper we show for the first time modelling of oxidation of a ternary non-ideal alloy. This 
model is an attempt to model the oxidation of technologically important austenitic steels.  
Calculation of the diffusion flux for non-ideal system (Nernst-Planck formula) involves 
thermodynamic of the system [23] 
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where iB  is mobility,  molar concentration, ic iµ  chemical potential and  molar fraction of the i-
th element. The thermodynamics of the Fe-Ni-Cr system used in calculations is presented bellow. 

iN

Thermodynamic properties of γ (fcc) Ni-Fe-Cr 

In this section the thermodynamic activities of Cr, Fe and Ni in the γ (fcc) Ni-Fe-Cr system are 
presented using subregular solution model. For a single-phase ternary system the molar Gibbs free 
energy G at a temperature T can be described as a function of the molar fractions of the components 
N1, N2, N3: 
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where  is the Gibbs free energy of pure i-th component and the excess Gibbs free energy of 
mixing. For a subregular solution model  can be expressed by [

0
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where  are the subregular parameters for binary ij systems. These parameters are 
constant at the given temperature. Using Eqs. (2) and (3) one can calculate [
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where iµ  is the chemical potential of i-th element and 1 2 1 2 1 2( , ) ( , ,1 )G G N N G N N N N≡ = − − . The 
second derivatives of the Gibbs molar free energy occurring in the Eq. (4) can be derived using 
expressions (2)-(3): 
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Using expressions (4) and (5) one can calculate the /i N jµ∂ ∂  and consequently the diffusion fluxes 
of the components Eq. (1) for a ternary subregular solid solution. 

Modelling of 316L Stainless Steel Oxidation 

For modelling of 316L steel oxidation the following data were used: 
1. Fe-13Ni-17Cr wt. % composition is used in computations (we neglect Mo – 2.5% and Mn – 

1 wt. %). 
2. The thermodynamic properties of Cr, Fe and Ni in the γ (fcc) Ni-Fe-Cr system using 

subregular solution model are described by the suitable subregular parameters Cij , Jmol-1, 
which are the following functions of the absolute temperature T, K [2627-28] : 
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In the Figure 1 the calculated activity of chromium is shown. 
3. Chromium, iron and nickel tracer diffusion coefficients [29]: * 13.38 10CrD −= ⋅ , 

, * 132.33 10FeD −= ⋅ * 13 2 11.34 10NiD cm s− −= ⋅

-4 -1

 at 1173 K. 
4. The XRD studies of the scale formed on 316L steel have shown that FeCr2O4 is dominating 

scale component. The mass gain data, Figure 2, allow to compute the corresponding 
parabolic rate constant:  at 1173 K. " -13 2

pk = 8.76 10 , g cm s⋅
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Figure 1. The calculated iso-activity lines of Cr, Fe and Ni in the γ (fcc) Ni-Fe-Cr solid 
solution at 1273 K based on subregular solution model. 

 
 



 
 

 

 
 
Figure 2. Mass gain values for 316L steel at 1173 K and parabolic curves calculated on the basis 
of the mass gain data.  " -13 2

pk = 8.76 10 , g cm s⋅ -4 -1

 
We show the calculated chromium concentration profiles for the short times of oxidation of 13Ni-
17Cr alloy, Fig. 3, the calculated chromium depletion zone due to oxidation process for different 
times (up to thousand of hours), Fig. 4, and in the Figure 5 the surface average Cr-concentration 
(for 1µm diameter of the analysis spot) at 1µm depth from the alloy/scale interface of the oxidized 
Fe-13Ni-17Cr alloy as a function of reaction time. 
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Figure 3. Initial stages of oxidation, calculated Cr concentration profiles as a function of time in 
oxidized Fe-13Ni-17Cr alloy. 
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Figure 4. Calculated average Cr-concentration (for 1µm diameter of the analysis spot) at 1µm 
depth from the alloy/scale interface as a function of time in oxidized Fe-13Ni-17Cr alloy. 
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Figure 5. Surface average Cr-concentration (for 1 µm diameter of the analysis spot) at 1 µm depth 
from the alloy/scale interface of the oxidized Fe-13Ni-17Cr alloy as a function of time. 

Summary 

The results of modelling of the oxidation of austenitic 316L stainless steel were presented. The 
thermodynamic properties of the alloy were taken into account. The computed evolution of 
component distributions in the reacting ternary Fe-Cr-Ni alloy was shown. Chromium depletion 
during the short and long term oxidation of 316L steel was calculated as a function of time. 



 
 

 

 

Presented model can be used as a tool for prediction of the scale stability as a function of reaction 
time when the thermodynamics of the Fe-Ni-Cr-O system is known. This model can be applied for 
modelling of oxidation of the austenitic Fe-Cr-Ni steels and for other multi-component systems 
when their thermodynamic and kinetic data are known.  
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