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On the Oxidation of Iron in CO2 + CO Mixtures. III: 
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High-purity iron has been oxidized at 1000-1200~ in C02 and in C02+ CO 
with different compositions and at different total gas pressures (0 .1 -1  atm.). 
The experimental work has comprised thermogravimetric reaction rate measur- 
ements and characterization of the wiistite scales by metallography and x-ray 
diffraction. The overall results have been analyzed in terms of  a classical model 
for coupled linear/parabolic kinetics, where it is assumed that the surface 
of growing wiistite scales has exactly the same defect structure and defect 
concentrations as that of bulk wiistite equilibrated in the same gaseous 
atmospheres. Important discrepancies are found between the predicted and the 
experimentally observed reaction behavior. Thus, both the linear and parabolic 
rate constants are found to be dependent on the partial pressure of C02 and 
the total gas pressure of the C02+ CO gas mixtures, and furthermore, the 
reaction in C02+ CO is slower than in 02 and in H20 + H2 with the same 
oxygen activity. In order to explain the experimental results, it is suggested 
that CO and C02 molecules interact with the wiistite surface and thereby affect 
the defect structure and defect concentrations in a thin surface layer, and that 
this, in turn, affects both the linear and parabolic reaction rates. 

KEY WORDS: iron; oxidation in CO2 + CO mixtures; coupled linear/parabolic kinetics; reac- 
t ion mechanisms. 

INTRODUCTION 

High temperature oxidation of iron in CO2 and CO2 + CO mixtures may in 
gross terms be considered to involve a surface reaction resulting in formation 
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of oxide and outward diffusional transport of iron through the scale. 1-9 
Accordingly, the reaction kinetics have been interpreted in terms of coupled 
linear/parabolic kinetics) '4-6'1~ 

However, detailed examinations of the reaction behavior show that addi- 
tional phenomena are superimposed on ideal linear/parabolic reaction 
behavior.I~ This is reflected in the kinetics of the reaction which may in general 
be described by S-shaped curves. The initial oxidation comprises formation of 
a film or thin scale ofwiistite, and during this stage of the oxidation the texture 
and orientation of the oxide on each metal grain is directly related to that of 
the metal grains. The growth of this first film may, depending on the reaction 
conditions, approach linear kinetics. However, as the scale grows, the reaction 
rate gradually increases and this behavior is associated with a gradual change 
in the overall texture and morphology of the scale to a preferred orientation, 
where the {001 } planes of the entire wfistite scale are parallel to the iron sur- 
face. It is concluded that this increased rate reflects that the preferred {001 } 
texture provides a larger number of reaction sites in the wiistite scale surface. 
With further scale growth, the reaction rate goes through a maximum and then 
decreases with time, as iron diffusion through the scale becomes increasingly 
important as a rate-limiting factor. 

A model for coupled kinetics combining a surface reaction and diffu- 
sional transport through the scale has been advanced by C. Wagner, 12 and 
this model has been used by Pettit and B. Wagner 4 in interpretating experim- 
entally measured reaction rates of the oxidation of iron in CO2 + CO mix- 
tures at high temperatures. The theoretical model seemingly provides a good 
description of the experimental results. However, as will be shown later in 
this paper, Pettit and Wagner did not follow the oxidation for sufficiently 
long time periods to ascertain the detailed applicability of the theoretical 
treatment. 

This work is part of an extended investigation of oxidation of iron in 
CO2 and CO2 + CO mixtures. The studies which cover the initial oxidation 
involving growth of films and thin scales of wiistite have been described 
elsewhere. 9']~ This paper focuses on long-term, parabolic-like oxidation and 
growth of wtistite scales with thicknesses up to several hundred microns with 
the purpose of delineating and studying in more detail the coupled linear/ 
parabolic growth of wiistite scales in CO2 + CO mixtures. As Wagner's class- 
ical treatment of coupled linear/parabolic kinetics is generally accepted to 
be applicable, it is appropriate to review the model and its implications. 

Classical Model for Coupled Linear/Parabolic Kinetics 

In the classical treatment of linear/parabolic kinetics, an important 
basic assumption is that the composition, the defects, and defect structure 
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of the surface of w/istite scales growing in CO 2-Jr CO mixtures are exactly 
the same as that of bulk wiistite equilibrated in the same atmospheres. This 
implies that there are no "surface effects" (i.e., the surface energy does not 
affect the composition and defect structure of the wfistite surface to any 
significant extent), and there are no enrichments in the surface of the con> 
ponents in the gas. Furthermore, and as regards wfistite, no account has 
been taken of the possible presence of defect clusters in growing wfistite 
scales, and the chemical diffusion coefficient in wfistite, /3, is generally 
assumed to be independent of the nonstoichiometry in wfistite. The nonsto- 
ichiometry, defects, and transport properties are assumed to be the same in 
wiistite equilibrated for extended periods at high temperatures as in growing 
wtistite scales. 

On this basis, the outward flux of iron through the growing wfistite 
layer, jw, may be written 

j F e -  g 2 A - ~  
A 

where Mo is the atomic weight of oxygen, V the molar volume of w/istite, 
c~' the iron deficit at the iron/wfistite interface, and a* the instantaneous 
iron deficiency at the scale/gas interface at a weight gain per surface area of 
Am/A. It is implied in the model that the iron deficit at the wfistite/gas 
interface, a*, gradually increases as oxidation proceeds during the coupled 
kinetics. 

The flux of iron is related to the net rate of incorporation of oxygen 
into the wfistite lattice, jo, by 

jFe = (1 -- 8)jo (2) 

where 3 is the average metal deficit in the scale. 
In a previous paper dealing with initial oxidation of iron, different 

models for the surface reaction mechanism have been analyzed, l~ and in 
general the expression for jo may be written 

jo= ff(a~)(1-a*)pco2 (3) 
a o /  

where ag is the instantaneous oxygen activity in the wiistite surface (defined 
as ao-pco2/pco, where P*02 and p~o are the partial pressures of CO2 and 
CO that corresponds to a*), and ao is the oxygen activity of the ambient 
gas (ao =Pcojpco, where pc02 and pco are the partial pressures of CO2 and 
CO in the ambient gas mixture). The rate of dissociation of CO2 is assumed 
to be rate-determining for the surface reaction, and -Jr is the rate constant 
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for the surface reaction, and its value depends on the number of adsorption/ 
reaction sites on the surface. The functionf(a*) depends on the exact nature 
of the mechanism of the surface reaction and the assumed defect structure 
of wiistite. 

The rate of weight gain (uptake of oxygen) is given by 

d Am 
A Mo 

dt - Mojo - (1 - 8) Jv~ (4) 

In further treatment of this expression it is convenient to introduce the 
following variables: 

Am Am* 
- ~ (5)  

A A 

t = t* v (6) 

where 

Am* MoDfi' 
A - ~Pco~V2(1 - 8) (7) 

and 

t* = (8 )  
(XPco=V)2(1 - 8) 

I f / )  and Jd are constants and independent of ag (i.e., the nonstoichiometry 
and defect structure in the surface) and time, then Arn*/A and t* are also 
constants, and the reaction kinetics are given by the variations in ~ and v. 
By comparing Eqs. (2) and (5), it is seen ~ is given by 

~= 
f(ag)(l_a*o I B(ag) 

a o /  

(9) 

In order to further evaluate Eq. (9), it is necessary to relate a* and 6". Such 
relations have in a number of investigations been determined for wfistite 
equilibrated in CO2+CO mixtures) >17 According to Giddings and 
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Gordons, TM who have analyzed these studies, the relations at 1000 and 
1200~ may be expressed by 

11.664 
log a 3 -  12.626 (1000~ (10) 

1-b'* 

12.078 
log a * -  - 13.170 (1200~ (11) 

1-fi* 

Furthermore, a relation between ~ and v may be obtained by differentiating 
and combining Eqs. (5) and (6) and comparing the result with Eq. (4). This 
leads to the expressions 

_ _ A ( ~ )  

dv ~ 
(12) 

o r  

~v=f(a*)(1-a--~) = B(~) 
ao/  

(13) 

where A and B are expressed as functions of 4. 
In order to use this model to predict the weight gain as a function of 

time, it is necessary to know the values of X and/58'. If the reaction follows 
ideal linear/parabolic kinetics, and thus that the linear surface reaction pre- 
dominates during the initial reaction, the value of X may be determined 
from the initial reaction rate providedf(a3) is known [see Eqs. (3) and (4)]. 
However, this approach may not be used for oxidation of iron as the reaction 
rate for the initial scale formation gradually increases due to a change in the 
texture and orientation of the scale under these conditions. 

Previously, it has been assumed that the maximum rates--which are 
only approximately linear over a limited time period--represent the real 
linear rates of oxidation, and that b'* ~ fi' during this time period. This 
assumption implies that the scales are completely reoriented during condi- 
tions of maximum rates, and furthermore, as shown in Ref. (10), this also 
implies that the value of s is much higher than reported from measurements 
on equilibrated wfistite. 
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In order to obtain values of/)6' ,  Eq. (4) may be arranged and combined 
with Eq. (1). This yields the relation 

Am 
d -  

D 6 ' -  . .  -s...tl_o)g2 Am A (14a) 

I f / )  may be assumed to be independent of 6", the values/)6'  can be estim- 
ated from the parabolic rate constants in oxygen, kp,o2, in 
2 ( A m / A ) d ( A m / A )  =kp,o2 dr, and by setting 6* = 6", where 3" is the iron 
deficit in wiistite in equilibrium with magnetite./:58' may then be written 

/ ) 6 ' -  ( 1 -  6)V2 
/5" kp,o~ (14b) 

2M~;-1) 

By combining Eqs. (7) and (14b), A m * / A  may be written 

Am* kp,o2 
- ( 1 5 )  

Furthermore, by combining Eqs. (8) and (14b), t* is given by 

t* - kp, o2 (16) 
/6" 

2( MoJg'Pco2)21~7 - 1) 

Finally, it is seen that the relation between A m * / A  and t* becomes 

Am* 

A 
- MoJlPco2 (17) 

t* 

From these relations it is seen that if kp, o~, ~f-, andf(a3)  are known, it is 
possible to calculate the rates of the reaction during coupled linear/parabolic 
kinetics. 

Previous investigators have used different expressions for the surface 
reaction. Thus, Morris and Smeltzer 6 assumed that f ( a * ) =  1, while Pettit 
and Wagner 4 and Grabke 19 used f ( a* )=  a~ -2/~ based on isotopic exchange 
measurements on wfistite specimens equilibrated in CO2 + CO mixtures. (It 
may be noted that the value of n = 2/3 in a *-" is interpreted to reflect that 
the iron vacancy equilibrium ( �89  + V{~e+2h) predominates in the 
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wfistite surface). In the following the model will be used to calculate reaction 
rates using different values of n in f(a*)= a*-n and to compare these with 
experimentally measured values. 

MATERIALS AND METHODS 

Oxidation rates of high purity iron (99.99+) were measured by thermo- 
gravimetry. The iron specimens were cut from plates with thicknesses ranging 
from 1-2 ram. The total surface areas of the specimens were 2-8 cm 2. Further 
details of the specimen preparation and the experimental methods have been 
described elsewhere. 9 

X-Ray  Diffraction 

The x-ray diffraction measurements on quenched specimens were car- 
ried out on a x-ray difl'ractometer with crystal monochromatized Cu Ka- 
radiation. The monochromator was placed between the specimen and the 
counter to avoid fluorescent radiation from iron in the sample to be recorded. 
Due to high absorption of the x-rays, a surface layer of thickness 1 ~an gives 
rise to about 50% of the diffracted intensity, and a layer of 3/Ira to 90% of 
the recorded scattering. All the diffractograms gave sharp crystalline reflec- 
tions, and there was no sign of an amorphous background. 

Quenching of the specimens was performed by dropping the specimens 
about 45 cm from the hot zone of the furnace onto a brass cup that was 
immersed in a solution of aceton and solid CO2. 

RESULTS AND DISCUSSION 

Thermogravimetric Rate Measurements  

Thermogravimetric studies of oxidation of iron were carried out at 
1000-1200~ in CO2 and CO2+CO mixtures with different compositions 
and at different total gas pressures. Figures 1 and 2 show results of the 
measurements and, as may be seen, the rates and detailed kinetics depend 
both on the composition and total pressure of the gas mixtures. 

A primary aim of this work is to delineate and study the parabolic 
reaction behavior. As the oxidation involves coupled kinetics, it is important 
that the data are treated and plotted so as to obtain as correct values as 
possible of the parabolic rate constants under different experimental condi- 
tions. In this respect, three different approaches have been used. 
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Fig. 1. The weight gain as a function of  time for the oxidation of iron 
at 1000~ in various CO2+ CO gas mixtures with different total gas 
pressures. 
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ent total gas pressures. 



Oxidation of Iron in C02 + CO Mixtures. III 35 

As the integrated form of the parabolic rate equation is given by 

(18) 

where kp is the parabolic rate constant and C the integration constant, it is 
common to evaluate kp from plots of (Am~A) 2 vs. t. Accordingly, values of 
kp were evaluated from this type of plot. 

However, for reactions which involve a significant initial nonparabolic 
stage, this type of plot may give inaccurate values of kp unless the reaction 
is followed for a long period of time. As shown by Pieraggi 2~ plots of Am/ 
A vs. t 1/2 are preferable and give more accurate values of kp. This latter 
procedure was therefore also used, and in all cases this type of plot gave 
higher values of kp than those from the (Am~A) 2 vs. t plots. 

As a third alternative, the results were also plotted according to the 
general linear/parabolic equation, which has the form 21 

A 2 At~ 
(19a) 

or  

Am (t+ z-) 
- - + B = k p  ~ (19b) 
A Am 

A 

where v is a time coordinate which corrects for the presence of an oxide 
layer prior to the linear oxidation. The ratio kp/B equals the linear rate 
constant (i.e., kli, = kp/B). 

Following Eq. (19b), the rate measurements may be analyzed by plot- 
ting Am/A vs. t /Am/A, and for extended exposures (where t >> r) the para- 
bolic rate constant is given by the slope of the straight-line relationship. 
The values of klin may further be evaluated from the intercept obtained by 
extrapolating the straight lines at extended reaction to Am/A = O. 

Figure 3 shows examples of plots by Eq. (19b). In all cases there is 
deviation from straight-line relationship at the smaller values of Am/A. This 
deviation is due to the period with increasing rate of reaction during the 
initial oxidation (see for instance Refs. 9 and 10). 

The values of kp obtained from the Am/A v s .  t 1/2 plots and from Eq. 
(19b) (linear/parabolic equation) were in all cases in good agreement. These 
values of kp are used in the following analysis of the results. 
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Fig. 3. The weight gain as a function of (time/weight gain) for the 
oxidation of iron at 1000 and 1200~ in various CO2 + CO gas mixtures 
with different total gas pressures. 

Linear Oxidation Rate Constants 

The linear oxidation rate constants under different experimental condi- 
tions were evaluated from the plots of the linear/parabolic equation [Eq. 
(19b)] and the values are listed in Table I. The gas pressure dependence of 
the rate constant provides important clues as to the reaction mechanism of 
the linear react ion--and,  interestingly, the results suggest that kli n is depend- 
ent not only on the partial pressure of CO2, but also on the total gas pressure 
of the CO2 + CO mixtures. Both at 1000 and 1200~ the best description of  
the gas pressure dependence appears to be 

klin 0 = klinNco2Pc02 + C (20) 

where Nco2 is the mole fraction of CO2 in the gas mixture, and k0n and C 
are constants. This is illustrated in Fig. 4. It may be noted that the straight 
lines go through the origin of the coordinate axes, and thus the constant C 
in Eq. (20) is small or close to zero. Possible mechanism of the linear reaction 
will be discussed below. 

Parabolic Rate Constants 

The experimental values kp are listed in Table I (column 5). The classical 
model predicts that the parabolic rate constant is only a function of the 
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Gas mixture Ptot Temp. Klin Kp 
(%CO2 + % C O )  (atm) (~ ( g / c m  2 sec) (g2/cm4 sec) 

pure CO2 1 1000 2.1 x 10 -5 4.0 • 10 -7 

9 5 + 5  1 1000 1.6 x 10 -5 4.1 x 10 -v  

9 0 +  10 1 1000 1.3 x 10 -5 3.9 • 1 0  _ 7  

7 5 + 2 5  1 1000 1.0 x 10 -5 3.0 • 10 -7 

6 0 + 4 0  1 1000 6.9 x 10 -6 1.7 x 10 -7 

5 0 + 5 0  1 1000 2.9 • 10 -6 1.8 • 10 -7 

pure CO2 0.5 1000 8.8 x 10 -6 2.9 x 10 -7 

95 + 5 0.5 1000 7.8 x 10 -6 2.9 • 10 -7 

7 5 + 2 5  0.5 1000 5.3 • 10 -6  2.0 • 10 -7 

6 0 + 4 0  0.5 1000 2.8 x 10 -6 1.3 x 10 -7 

5 0 + 5 0  0.5 1000 1.9 x 10 -6 1.1 x 10 -7 

pure CO2 0.1 1000 2.1 x 10 -6 1 .0x  10 -7 

7 5 + 2 5  0,1 1000 1.4 x 10 -6 5.0 x 10 -8 

50 + 50 0.I 1000 3.4 x 10 -7 3.8 x 10 -8 

pure CO2 1 1200 2.6 x 10 -4 3.7 x 10 -6 

9 5 + 5  1 1200 2.3 x 10 _4 3.1 x 10 -6 

9 0 +  10 1 1200 2.1 • 10 -4 3.I x 10 _6 

7 5 + 2 5  l 1200 1 .6x  10 -4 2 , 7 x  10 -6 

5 0 + 5 0  1 1200 8.1 • 10 .5  1.8 • 10 _6 

pure C 0 2  0.5 1200 1.2 x 10 _4 2.7 x 10 _6 

9 0 +  10 0.5 1200 8.3 x 10 _5 2.9 x 10 _6 

7 5 + 2 5  0,5 1200 6.2 x 10 -5 2.7 • 10 _6 

5 0 + 5 0  0,5 1200 2.4 x 10 _5 1.5 x 10 _6 

pure CO2 0.1 1200 2,2 x 10 -5 2.2 x 10 -6 

9 0 +  10 0.1 1200 1.9 x 10 - s  2.1 • 10 _6 

75 + 2 5  0,1 1200 1.4 x 10 - s  2.1 x 10 _6 

5 0 + 5 0  0.1 1200 6.7 x 10 _6 1.4 x 10 -6 

oxygen activity of  the ambient gas under conditions where only wtistite is 
formed, while it should be independent of  the oxygen activity under condi- 
tions where bulk thermodynamic properties of the iron oxides predicts that 
magnetite should be formed as a thin outer layer. However, the experimental 
values of  the parabolic rate constant clearly suggests a more complicated 
gas pressure dependence. This also illustrated in Fig. 5, where the values of 
kp at 1000 and 1200~ are plotted as a function of Pco2/Pco (i,e., as a 
function of the oxygen activity of the ambient gas mixtures). The values of 
kp in oxygen gas and in H20 + H2 (Refs. 22, 23) are also included in the 
figures. A noteworthy feature is that the rate constants in CO2 and CO2 + CO 
are lower than those in oxygen and in H20 + H2 and also decrease with the 
total pressure of the gas mixtures. 

It is difficult from the available results to give an unequivocal expression 
for the dependence of kp on the gas composition and the total gas pressure 
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of  the gas mixtures. But f rom the plots in Fig. 6, the following relations are 
suggested: 

k p  x r  2 / 3  = 1vco2/,co2 1000~ (21) 

k~=N o.1 
co2Pco2 1200~ (22) 

All in all, the results suggest that the classical model does not give a satisfac- 
tory description of the reaction behavior. But before making a final conclu- 
sion, let us also compare the kinetics calculated by the classical model with 
the observed kinetics. 

Comparison of  Predicted and Observed Kinetics 

In order to calculate the weight gain as a function of time from the 
classical model, values of  ~ and i3 must  be known or evaluated. However, 
in a previous paper  on the initial oxidation of iron it has been shown that 
~f  and 13 are interrelated and that separate values of  Y a n d / 3  cannot be 
evaluated f rom studies of  the oxidation kinetics. Thus, in order to make 
calculations of  the weight gain, values must either be assigned to ~ or 13. 
It  appears most  appropriate  to assign a value to 13, as the chemical diffusion 
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coefficient has been studied independently by several investigators and is 
known at least within an order of magnitude. 24-27 

An expression for xf  is obtained by combining and rearranging Eqs. 
(1), (3), and (4), and is given by 

M o b (  - 
d - ( 2 3 )  

Am * ( 1  a*) 
V2(1 - $) ~ -  Pco2f (ao) - ao/ 

Furthermore, the relation between the deviation from stoichiometry in the 
wiistite surface, 3", is through combination of Eqs. (1) and (4) given by 

d Am (1 - 8) V 2 Am 
A A 

3* = 4- ~' (24) 
dt M~5 

These relations have been used to estimate values of f for different values 
of f (a*)  [i.e., for values of n (in a3-~) = 0, 1, 2, and 3], by using the values 
ofd(Am/A)/dt (=kmax, see Ref. 10) and Am/A (see Ref. 9) at the maximum 
rates of reaction. The corresponding values of Am*/A and t* may then be 
calculated for different values of n; and from these one may, in turn, calculate 
the weight gain vs. time for oxidation under different experimental 
conditions. 

Examples of comparisons between calculated and measured values 
under different experimental conditions are shown in Figs. "7 and 8. Table II 
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time of the oxidation of iron at 1000~ in 75%CO2+25%CO at 
1 and 0.1 atm. total gas pressure. 
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Fig. 8. Calculated and experimental curves of weight 
gain vs. time of the oxidation of iron at 1200~ in 
75%CO2+25%CO at 1 and 0A atm. total gas 
pressure. 

shows the values of kmax and weight gain at the maximum rate of reaction 
which have been used to calculate the curves in Figs. 7 and 8. If  the experim- 
ental values ofkp shown in Fig. 5 are used to calculate Arn*/A and t*, from 
Eqs. (15) and (16), instead of the values of Z5 indicated in Table II, the 
calculated curves increase faster than the experimentally determined curves 
for n < 1 at all experimental conditions. 

It may be noted that as the initial reaction rates increase with time, zero 
time for the reactions have been estimated by linearly extrapolating the 
maximum rates of the reaction to zero weight gain. 

Some important aspects are evident from these comparisons between 
calculated and measured reaction rates: 

1. During the initial oxidation, there are only small differences in the 
calculated weight gains for the different models (different values of 
n). This is because the change in a* is small during the initial oxid- 
ation so that the values of n is of less importance for the reaction 

Table 11. 

% P t o t  Temp. k . . . .  " 1 0  6 Am/A / ) -  1 0  6 V 

(CO2) (atm) (~ (g/cm 2sec) (mg/cm 2) (cmZ/sec) (cm3/mol) 6' 

75 1 1000 6.5 5.0 3.0 12.54 0.0457 
75 0.1 1000 0.64 14.5 3.0 12.54 0.0457 
75 1 1200 87.9 4.0 15.0 12.66 0.0468 
75 0.5 1200 48.0 6,0 15.0 12.66 0.0468 
75 0.1 1200 12.6 9,5 15.0 12.66 0.0468 
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behavior (or the shape of the calculated curves). Thus, if the oxid- 
ation is not carried out for a sufficient length of time, all models 
may approximately describe the experimental results, and one may 
erroneously conclude that a particular model is "correct." In this 
respect it may be noted that Pettit and B. Wagner only followed the 
oxidation to weight gains of about 32 mg/cm 2 (see Fig. 7). 

2. For plots of (Am~A) 2 vs. time, as shown in Figs. 7 and 8, the curves 
are according to the classical model expected to have a continuously 
increasing gradient toward a final value. In this respect the experim- 
entally determined curves are basically different since typically, after 
some period of reaction, they show constant gradients as for para- 
bolic oxidation. 

3. As regards the calculated values for extended oxidation it is found 
that the best overall fit is obtained if it is assumed that the values of 
n change with the experimental conditions (i.e., the defect structure 
or mechanism of the surface reaction changes with gas pressure and 
time). By way of example, at 1000~ the best fit is for n between 
1.5-2.0 at 1 and 0.5 atm. total pressure, while at 0.1 atm. n is lower 
than 3. The general tendency is that the best values of n decrease 
with temperature, Pco2 and the total gas pressure. As regards values 
of n equal to 2 or 3, an important question becomes: What type of 
defect structure do these values of n reflect? The authors are not able 
to advance resonable models for such values of n. In this respect it 
may be recalled that Grabke 19 and Riecke and Bohnkamp 28 reported 
values of n _ 1 for equilibrated wfistite specimens. 

Other modifications of the classical model could alternatively be consid- 
ered. Thus, one may speculate if the values o f / )  and oU gradually change 
with time of oxidation and if this may bring the calculated values in better 
accord with the measured values. However, the authors cannot find any 
reasonable interpretation of the results on this basis and provisionally con- 
clude that the experimental results deviate significantly from that predicted 
by the classical model. 

Metallographic and X-Ray Diffraction Analyses of the Scales 

In further studies of the overall reaction behavior, the oxide scales were 
studied by optical metallography, scanning electron microscopy (SEM), and 
x-ray diffraction. 

Metallographic Studies 

Optical metallography and SEM studies of the scales revealed that only 
a single phase, wtistite, was formed as a reaction product. This is, of course, 
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expected for exposures to gas mixtures where only wfistite is thermodynam- 
ically stable. But wiistite was also the only reaction product  observed as long 
as an iron core was present beneath the scale even for reactions in CO2 and 
CO2-rich mixtures of  CO2 + CO, in which the oxygen activities are several 
orders of  magnitude higher than those of  oxygen equilibrium of wfistite/ 
magnetite mixtures. For  parabolic reaction behavior, an outer layer of  mag- 
netite would be expected to be formed. Such a layer could not be detected. 
The absence of an outer magnetite layer has also been reported by Smeltzer 2 
for oxidation of  iron in CO2 at about  1000~ 

X-Ray Diffraction Analysis 

Magnetite was only observed by x-ray diffraction as an orientally related 
precipitated phase within the wfistite phase in scales reacted at 1200~ in 
CO2-rich gas mixtures. In these scales, also, a "stoichiometric" w/istite phase, 
with a high lattice parameter  equal to about  4.330 A, and with the same 

Table HI. 

% P, ot T e m p .  Am/A a(Fel -xo~ a(wo~ Magnetite 
(CO2) (atm) (~ (mg/cm 2) (A) (A) (yes/no) 

pure CO2 1 1000 71.0 4.2920 (20) No No 
pure CO2 0.5 1000 65.6 4.0340 (20) No No 
pure CO2 0.1 1000 82.5 4.3080 (20) No No 
pure CO2 1 1200 78.0 4.2903 (15)  4,3200 (20) Yes 

95 1 1200 65.0 4.2870 (10)  4.3330 (20) Yes 
95 0.5 1200 65.0 4.3020 (20) No No 
90 1 1200 105.0 4.2930 (10)  4.3320 (10) Yes 
75 1 1200 162.7 4.2910 (10)  4,3310 (20) Yes 
75 1 1200 81.6 4.2925 (10) No No 
75 0.5 1200 80.6 4.2950 (10) No No 
75 0.1 1200 83.4 4.3040 (10) No No 

orientation as the wfistite scale, was observed. This feature is illustrated in 
Table III ,  where column 4 shows the weight gain of  the specimens at the 
time of the quench. F rom these results it is concluded that the observed 
magnetite is formed by decomposition of w/istite due to the instability of  
wiistite at temperatures below 570~ The decomposition always resulted in 
"stoichiometric" w/istite and magnetite, without any traces of  an iron phase. 
The results in Table I I I  also suggest that magnetite and stoichiometric w/ist- 
ite are formed in specimens quenched f rom 1200~ only when the lattice 
parameter  is less than about  4.292 A. 

In an at tempt to characterize the nonstoichiometry of the wfistite sur- 
face during oxidation, x-ray diffraction measurements directly on the surface 
of scales quenched during oxidation were performed. A basis for these stud- 
ies is that the lattice parameter  varies with the nonstoichiometry of  wiistite. 
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Fig. 9. The cubic lattice parameter in equilibrated and quenched 
wiistite as a function of the oxygen/iron ratio in wiistite. The 
graph also includes previously reported results by Carel and 
Gavarriy Levin and Wagner, 3~ Jette and Foote, 31 and TouzelinY 

This variation is illustrated in Fig. 9, which shows some literature values of 
quenched wiistite specimens after equilibration in various CO2+CO 
mixtures. 29-32 In the composition region, 1.06 < O/Fe < 1.10, the agreement 
between different investigations is satisfactory. As reference, corresponding 
measurements were made in this work, and as seen in Fig. 9 (the results are 
also listed in Table IV) our values of the lattice parameter are in accord with 
previously reported results. 

The relation between the cubic lattice parameter, a, and the composition 
may (following these results) be expressed by 

a=-0 .40990~+4.7414  (25) 
Fe 

When one combines this relation with that between oxygen activity and the 
O/Fe ratio [see Eqs. (10) and (11)], the following relations are obtained 
between the lattice parameter and the equilibrium oxygen activity of the 
ambient gas: 

11 664( 4"7414-a] loga*= . \ ~ /-12"626 (IO00~ (26a) 
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and 

log a * :  12 078147414-a |  - [  ~ 13.170 
�9 \ 0.4099 / 

(1200~ (26b) 

Measurements of the lattice parameter directly on the surface of quenched 
oxidized specimens may on this basis provide information on the oxygen 
activity within a surface layer of the scales. 

Table IV shows the results of the lattice parameter determinations of 
wfistite on specimens reacted at 1000 and 1200~ in 75%CO2+ 25%CO at 
different total gas pressures. In this table the measured values are also com- 
pared with values that may be estimated using the classical model [i.e., 
parameters have been estimated through Eqs. (26) from the calculated values 
of the oxygen activity in the surface (a3)]. In this connection it should be 
recalled that the calculated values of the oxygen activities depend on the 
functionf(ag) (i.e., on the values of n in a*-n). Corresponding lattice para- 
meters have been calculated for different values of n, and Table IV shows 
the values for n= 2/3, 1.5, 2, and 3, respectively. The comparison between 
the measured and calculated values shows that the best agreement is obtained 
for values ranging from about 1.5 to 2. 

The salient point of these results is that the oxygen activity (deviation 
from stoichiometry) in the surface layer is always lower than that expected 
for a value of n = 2/3 as was deduced by Grabke from measurements on 
equilibrated wfistite specimens. 

All in all, x-ray diffraction studies support the conclusion drawn from 
the rate measurements that the experimental results deviate significantly 
from that predicted by the classical model. Alternative interpretations are 
needed. 

Alternat ive  M o d e l s  

There may be several reasons for the failure of the classical model to 
properly describe oxidation of iron in CO2+CO mixtures at high 
temperatures. 

An important assumption in the classical model is that the predominant 
defects and their concentrations at or close to the wfistite surface during 
oxidation are exactly the same as in the bulk material, and also equal to that 
in bulk wiistite equilibrated in the same atmospheres. Any effect due to slow 
equilibration and surface effects are neglected. It is not unreasonable to 
question such an assumption in view of the large number of studies of 
structures and compositions of surfaces that have been carried out over the 
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years with advanced instrumental techniques. These have clearly demon- 
strated significant differences between properties of surfaces and bulk mater- 
ial and have generally revealed important and significant enrichment and 
segregation phenomena at surfaces of components both from the ambient 
atmosphere and from the bulk. 33~2 

When iron is reacted in CO2 and CO2 + CO mixtures at high temperat- 
ures, the reaction product is w/istite. Following Grabke 43 the equilibrium 
carbon solubility in bulk wiistite is extremely low and on the order of but a 
few ppm. Accordingly, any overall carbon uptake should be insignificant 
relative to the overall weight gain during the reaction. 

But still the question remains if carbon in some form interacts and 
becomes enriched in and near the surface. If so, it may be argued that this 
may significantly affect the defect structure and defect concentrations in or 
near the surface. This may, in turn, change the defect gradient of the diffusing 
defects through the scale and thereby affect the reaction rate compared to 
that in carbon-free environments. 

In this respect it is important to summarize some of the main aspects 
of the experimental results: (i) The oxidation in CO2 and CO2 + CO mixtures 
(with total pressures equal to or less than atmospheric pressure) is slower 
than in oxygen. (ii) The parabolic oxidation and corresponding rate con- 
stants evaluated from our measurements are not only dependent on the 
oxygen activity of the ambient gas as assumed in the classical model, but 
also on the partial pressure of CO2 and the total pressure of the CO2 + CO 
mixture. (iii) The oxidation is slower and the nonstoichiometry of wiistite 
near the outer surface of the scale is smaller than that predicted by the 
classical model when assuming that the properties of equilibrated wfistite is 
equal to that of growing w/istite scales. (iv) As far as can be determined, 
wfistite is the only reaction product even in CO2 and CO2-rich CO2 + CO 
mixtures with oxygen activities several orders of magnitude higher than that 
needed for formation of magnetite. An additional aspect is that the parabolic 
rate constant in H20 + H2 mixtures are higher than in CO2 + CO mixtures 
with the same oxygen activity. These results suggest that one or more addi- 
tional factors must be taken into account in interpreting the reaction 
mechanism. 

Another important aspect is the question of the nature of the defect 
structure and the diffusing species in growing w/istite scales as compared to 
that in equilibrated wfistite. Structural studies on equilibrated (and usually 
quenched) specimens of wiistite have shown that the defects predominantly 
consist of defect clusters containing iron vacancies and interstitials in ratios 
ranging from 3 : 1 to 4: 1. In analogy with formation of extended defects in 
high temperature oxides in general, it would not be unexpected that the 
formation of defect clusters with varying degree of complexity would be 
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slow and that extended time periods would be needed to obtain true defect 
equilibria. 44 In this respect it is, for instance, interesting to examine published 
results on the self-diffusion of iron in wfistite. These show significant discrep- 
ancies; importantly, the self-diffusion of iron has been reported to increase 
and decrease with increasing deviation from stoichiometry in the temperat- 
ure range 800-1000~ 1~ 

In growing wiistite scales the defects, and particularly the complexity 
of the defect clusters, may in these terms be expected to be different from 
that of wiistite, which has been equilibrated for extended time periods. Fur- 
thermore, in growing scales, new defects are being continuously formed at 
the outer scale surface and migrate inward through the scale. 

At this time it is not possible to determine the exact nature of the 
migrating defects in growing scales. But as a general conclusion, it would 
not be unexpected that the defects and defect structures in growing scales 
may differ in complexity from those in equilibrated wfistite. From this it 
follows that defect-dependent properties as measured on equilibrated wiistite 
(e.g., self-diffusion of iron) may not necessarily be applied in transport 
equations, as for instance in the classical Wagnerian theory for parabolic 
oxidation. 

In this connection the question of nonstoichiometry in growing wfistite 
scales may also be raised. In wiistite equilibrated in CO2 + CO mixtures the 
composition is approximately Fe0.950 at the lower end of the wiistite field 
(i.e., at the iron/wfistite boundary). This large deviation from stoichiometry 
may--at  least partially--be related to the stabilizing effect of defect clusters. 
If the concentration of mobile defect clusters or iron vacancies are smaller 
in growing scales than in equilibrated wiistite, the question arises if the 
deviation from stoichiometry at the iron/wiistite boundary of growing scales 
is smaller than in equilibrated wfistite. Such an effect should in case be 
reflected in the parabolic rate constant for growth of wiistite scales. 

Due to these many unanswered questions, it does not appear possible 
to give an unequivocal interpretation of the reaction mechanism of growth 
of wfistite scales. But even so--and particularly on the basis of the observed 
gas pressure dependencies--it is of interest to suggest limiting models for 
the reaction mechanisms. 

Linear  Oxidat ion 

As shown above, the gas pressure dependence of the linear oxidation 
rate constant as evaluated from the general linear/parabolic equation may, 
at both 1000 and 1200~ be expressed as 

0 
klin = klinNco2Pco2 (27) 

where k~ is a constant. 
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The same gas pressure dependence also applies to the maximum rates 
of the reaction, k . . . .  i0 The values of klin are, however, somewhat larger than 
the values of km,x. This is concluded to reflect that the reorientation of the 
initial scales is incomplete at the maximum rates of reaction, while klin, 
which is determined from later stages of the reaction, represents the linear 
reaction for reoriented scales. 

With regard to kli,, it may be noted that the linear/parabolic equation 
[Eq. (19)] implies that the concentration of diffusing species at the oxide/ 
gas interface is constant with time. This is in contrast to the classical model, 
where the concentration of the migrating defects at the scale/gas interface 
is assumed to increase gradually toward the final equilibrium value. 

The fact that k~n is dependent on the mole fraction of CO2 (and thus 
the total gas pressure) indicates that the reaction mechanism of the surface 
reaction depends on the partial pressures of both CO2 and CO in the ambient 
atmosphere. A possible interpretation of the observed gas pressure depend- 
ence is that both CO2 and CO interacts with the wiistite surface to form 
corresponding surface complexes (or adsorbed species) and that the rate- 
determining reaction with CO2 + CO preferentially takes place at the sites of 
the CO2-surface complexes. The formation of the surface complexes may be 
written 

surface site + CO2(g) = C O 2 ( s u r f )  (28) 

surface site + CO(g) = CO(sur0 (29) 

where CO2(~urf) and CO(suro represent the surface complexes of the two gases. 
The total number of surface complexes [assuming for simplicity only 

those given in Eqs. (28) and (29)] is then given by 

CO2(surf) -]- CO(surf) = klPco2 + kzPco (30) 

where kl and k2 are equilibrium constants. The fraction of CO2-surface 
complexes, Oco2 is further given by 

kIPco2 
Oco~ - ( 3 1 )  

klPc02 + kaPco 

If kl is approximately equal to k2, the fraction of CO2-surface complexes is 
then given by NcQ. 

Let us assume that the number of surface complexes are constant with 
time and that the CO2 molecules react preferentially at the CO2-surface 
complexes. The rate of formation of oxide may then be written 

CO2(g)  q- CO2(surf) ~ Oo -}- V~e q- nh + CO2(surf ) q- CO(surf) (32) 
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If  this is the rate-determining reaction, the overall linear reaction may then 
be expressed by 

kiln = k~ (3 3 ) 

where k~ is the rate constant of the part reaction. 
This is the observed gas pressure dependence. It is emphasized that this 

is only advanced as a possible model and that other alternative models may 
be considered. 

Parabolic Oxidation 

Diffusion-controlled parabolic growth of scales implies that the con- 
centration of the diffusing species at the interfaces of the scale is nearly 
constant with time. For wiistite, which is metal-deficient, the migrating defect 
or defects are continually being formed at the wiistite/gas interface, and it 
is the defect concentration at this interface that primarily accounts for the 
gas pressure dependence of the parabolic rate constant. 

In the classical model, it is assumed that the defect concentration at 
the scale/gas interface is only determined by the oxygen activity. This is 
determined by the ratio of Pco2 to Pco [i.e., ao = K(pco2/Pco), where K is 
the equilibrium constant]. Accordingly, the reaction rate and parabolic rate 
constant should only be dependent on the ratios of the partial pressures of 
CO2 and CO, and not on the total pressure of the gas mixture. This is not 
in accord with the experimental results as for instance illustrated in Fig. 5. 
These results indicate that at least one more factor also has to be considered 
in the reaction mechanism. As carbon is the only other component beside 
iron and oxygen in the overall system, it is reasonable to ask if carbon may 
influence the reaction behavior. As carbon only dissolves in minute amounts 
in single crystals of wfistite equilibrated in CO2 + CO mixtures, it should not 
affect the defect concentrations in the wiistite lattice as a dopant. Any major 
effect of carbon on the scale growth of wfistite scales would thus be expected 
to be at the interfaces of the scale, and particularly at the scale/gas interface. 
Let us consider this possibility. 

How and in what form can carbon affect or determine the concentra- 
tions of migrating iron defects at the wfistite/gas interface? As the detailed 
diffusion mechanism and the nature of migrating iron defects (e.g., single 
vacancies, defect clusters, or migration of single vacancies from one cluster 
to another) is not known, it does not appear possible at this stage to make 
any unequivocal interpretation of the reaction mechanism and to describe 
in detail the defect structure situation at or near the surface. But let us 
assume that carbon can dissolve in some form in an extremely thin surface 
layer of the wfistite scale. Such an assumption is not unreasonable in view 
of the results of Freund et  al . ,  33-37 who have shown in extensive studies on 
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MgO that carbon becomes enriched in a surface layer with a thickness of a 
few tens of Angstrom. An enrichment of carbon in the wfistite surface has 
also been indicated in the present study through scanning Auger microscopy 
(SAM),  49 but as carbon is an ever-present impurity under numerous condi- 
tions their latter results cannot be taken as a definite proof of the presence 
of carbon under the reaction conditions. 

Let us assume for the sake of illustration that carbon dissolves as inter- 
stitial ions in a thin surface layer due to a stabilizing effect on the surface 
energy. The carbon ions are probably not present as a single, unassociated 
ion, but are rather associated with an oxygen ion on a normal oxygen site. 37 
However, in terms of defect equations and electroneutrality conditions, these 
alternative models are equivalent; and for the sake of clarity, the interstitial 
carbon ions are described in the following as Ci species rather than as associ- 
ated species with oxygen (e.g., COo). The very same differences in notation 
of defects applies to interstitial hydrogen ions/defects in metal oxides. 5~ 

As an illustration of a limiting model, let us assume that the interstitially 
dissolved carbon ions in the surface layer during parabolic oxidation are 
formed through, and are in equilibrium with, the CO2-surface complexes: 

2h + 2CO(~uro 2. = Ci + CO2(~ur0 (34) 

which gives the equilibrium 

2 r c o  ,2 P [ (surf)] =K35[C2"][CO2(surf)] (35) 

where K35 is the equilibrium constant. 
Let us further assume that oxygen is incorporated and iron vacancies 

formed in the surface layer through the equilibrium with CO2-surface com- 
plexes. If  for the sake of illustration the vacancies are assumed to have one 
negative effective charge, this equilibrium may be written 

CO2(surf ) = VFe -~ h" + COr + Oo (36) 

The corresponding defect equilibrium is given by 

[VFe] p K37[CO2(surf)] (37) 
[CO~s,~r,] 

Let it finally be assumed that the electroneutrality condition in the surface 
layer is 

2[C~'1 = [ V{~el (38) 
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By combining Eqs. (35), (36), and (38), it is seen that the concentration of 
iron vacancies is given by 

g '  13 = K39[CO2(surf)] (39) Fe] 

where K39 is equal to 2K27/K35. 
Let it be assumed that the mass transport takes place via so-called 

(4:1) clusters consisting of four iron vacancies and one interstitial iron. The 
formation of (4:1) clusters may be written 

Fev~ + 3 V~e = (4: 1 )" (40) 

and the corresponding defect equilibrium is given by 

[ V ~ e ]  3 = K41 [(4 : 1)"1 (41) 

where K41 is a constant. Combining Eqs. (41) and (39) gives 

[(4: 1)'] = K42[CO2(sum] (42) 

w h e r e  K42 = 2KZv/K35K41. Finally, assuming that the fraction of CO2 surface 
complexes is equal to Nco2 and that the mole fraction of CO2 describes the 
activity of these species on the surface [see Eq. (31)], the concentration of 
mobile defects is given by 

[(4: 1)"] = K43Nco2 (43) 

where K4~ is a constant. 
The parabolic rate constant may be expressed under simplified condi- 

tions by 

1 ~' '  ] k p = K 4 4  �9 {[(4: 1)'] - [(4: ](Fe/Fel-xO)J} (44) 

where K44 is constant and [(4" 1)("~e/Ve,_xO)] is the defect concentration at the 
metal/scale interface, and [(4: 1)"] at the outer surface. Thus, if the concentr- 
ation of mobile defects at the inner interface is much lower than at the outer 
interface, then kp may according to this model be written 

kp = K44Nco2 (45) 

The experimentally measured parabolic rate constant in CO2 + CO mix- 
tures at 1200~ may be expressed as, following Fig. 6, 

�9 Nco2Pco2 kp=K4, 01 

This is approximately the same as for the model considerations. A few 
comments should be made about the expressions in Eqs. (21) and (22) for 
the measured values of kp. If Nco,_ becomes lower than the value necessary 
to stabilize wfistite with respect to iron, oxidation will not take place. Thus, 
a critical number of surface complexes exist for oxidation to take place. 
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Furthermore, as the partial pressure of CO2 becomes very low, kp approaches 
zero. So, if the number of mobile defects depends on Pco2, this may indicate 
that the concentration of mobile defects at the iron/wiistite interface is 
relatively small, and this may in turn, indicate that the total deviation from 
stoichiometry at this interface is small. If this interpretation is correct, it 
indicates that the defect structure situation in growing layers is different from 
equilibrated wfistite (which has a significant deviation from stoichiometry at 
this interface). 

At this stage we are not able to advance a consistent expression for kp 
including both a dependence of the partial pressure of CO2 and the mole 
ratio of CO2 in the gas mixture. However, just to indicate how an expression 
for [(4:1)"], which depend on Pco2 may be derived, assume that CO2 may 
interact with CO2(surf) [see also Eq. (32)]. 

CO2(g) + CO2(sur0 = (CO2" CO2(surf)) (46) 

where (CO2 �9 CO2(~ur0) is a surface complex. These complexes may produce 
iron defects through the defect reaction 

(CO2- CO2(surf)) = 2 Vbe + 2h + 2CO(~um + 20o (47) 

Furthermore, we also have 

2CO(~um + 2h = C~" + CO2(~um (48) 

In a similar procedure as above, and using the electroneutrality condi- 
tion given by Eq. (38), the following expression may be derived 

r 3 _ _  
[Vve] - K49PcQ (49) 

which gives 

[(4: 1)"] = Ks0pco2 (50) 

where K49 and Ks0 are constants. 
Numerous other modifications or variations of the same type of models 

and mechanisms may be advanced. One may alternatively consider that the 
defects have different effective charges; that coulombic interactions also take 
place between the positively charged interstitial carbon and the negatively 
charged iron vacancies; that iron defect clusters, with or without carbon, 
are formed, etc. However, further modeling at this stage is postponed until 
more detailed results and information on the defect structure situation in 
surfaces of this system have become available. 

A comment should also be made regarding the absence of a thin outer 
layer of magnetite under ambient conditions when bulk thermodynamic 
(equilibrium) properties of wiistite and magnetite predict that magnetite 
should be formed. No unequivocal interpretation can be given, but it is 
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interesting to speculate if this is related to the smaller deviations from stoichi- 
ometry in the outer layer of the wiistite ~cales when exposed to C02 and 
C02 + CO mixtures, and that the defect concentration in growing scales is 
different from that of equilibrated wfistite specimens. 

SUMMARY AND CONCLUDING REMARKS 

In this work, high purity iron has been oxidized in CO2 and CO2 + CO 
mixtures with various total gas pressures ranging from 0.1 to 1 atm. The 
studies have included measurements of the reaction kinetics, and characteriz- 
ation of the resulting wiistite scales by means of metallography, scanning 
electron microscopy, and x-ray diffraction. 

The oxidation comprises coupled linear/parabolic kinetics. The results 
have been analyzed in terms of a classical model for which a basic assump- 
tion is that the surface of the wtistite scales have exactly the same composi- 
tion and defect structure as that of the bulk and that of wiistite equilibrated 
in the same atmospheres. This model implies that the defect concentration 
(nonstoichiometry) in the wfistite surface gradually increases with time until 
a final equilibrium value is reached after extended reaction and when true 
parabolic kinetics are followed. This model predicts that under limiting 
conditions: 

1. Tile linear rate is proportional to the partial pressure of CO:. 
2. The parabolic rate constant is only dependent on the oxygen activity 

of the ambient gas under conditions when only wtistite may be for- 
med and independent of the ambient oxygen activity under condi- 
tions when a thin surface layer of magnetite is expected to be formed. 
The parabolic rate constant is furthermore, expected to be the same 
in oxygen, and in CO2-rich mixtures of CO2 + CO. 

The experimental results are not in accord with these predictions: 

1. Both the linear and parabolic rate constant are found to be depend- 
ent both on the composition and the total gas pressure of the ambient 
CO2 + CO mixtures. Both rate constants decrease with decreasing 
total gas pressure. 

2. The parabolic rate constants are smaller in CO2 and CO2 + CO mix- 
tures (at and below 1 arm. total gas pressure) than in oxygen gas. 
The parabolic rate constant in CO2 + CO mixtures is also smaller 
than in H20 + H2 mixtures with the same oxygen activities. 

3. Wfistite is the only reaction product at 1000-1200~ as long as an 
unoxidized iron core is present beneath the wtistite scale. It has not 
been possible to detect magnetite as a thin outer layer under condi- 
tions when the ambient gas atmospheres have oxygen activities which 
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are orders of magnitude higher than that needed to oxidize wtistite 
to magnetite. 

4. The lattice parameter in an outer layer of the wfistite scales is larger 
and thus the iron deficit is smaller than that predicted from the 
classical model. 

Unequivocal interpretations cannot as yet be made of the real reaction 
mechanisms, but the following aspects are proposed to be important:  

1. Both CO and CO2 molecules interact with the wiistite surface to form 
surface complexes, and the surface reaction involves a preferential 
incorporation of  oxygen from adsorbed CO2 molecules at the CO2- 
surface complexes. 

2. The defect structure in the wfistite surface exposed to CO2 and 
CO2 + CO mixtures is different from that of  wiistite surfaces exposed 
to oxygen gas only, and specifically it is suggested that carbon ions 
interstitially dissolved in a thin surface layer, in turn, affects the 
defect gradient through the scale and thereby the parabolic rate 
constant. 

3. The question is simultaneously raised if the defect structure and 
diffusing species in growing wiistite scales are different from those in 
wfistite equilibrated for extended periods in the same gas mixtures. 

It is interesting to speculate if the same t~,pe of phenomena are import- 
ant for other systems. For  instance, are similar effects important for corro- 
sion of  metals in oxygen-sulfur containing atmospheres, sulfidation of metals 
in $2 and H2 + H2S mixtures, etc. In this respect it is interesting to note that 
for corrosion in oxygen-sulfur-containing gases, transitions from sulfide to 
oxide formation seldom takes place at the values predicted from bulk therm- 
odynamic properties of the corresponding sulfides and oxides. 21 
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