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Model Fe-Cr and Fe-Cr-Ni alloys were reacted in Ar-CO 2 and Ar-CO 2 -H 2 O gas mixtures at 650 • C. Initially protective oxidation, due to Cr 2 O 3 formation, was usually followed by a transition to rapid oxidation, associated with Fe-rich oxide nodule development. Nodule surface coverage and overall weight gains are modelled on the basis of continued nucleation of nodules, and their diffusion-controlled growth. In general, water vapour accelerated nucleation. Alloying with nickel decreased average nucleation rates, but austenitic alloys showed large variations in nucleation susceptibility with grain orientation. Slower nodule growth induced by high chromium and nickel levels counteracted the effects of frequent nucleation.

Introduction

The current development of technologies aimed at reducing carbon dioxide emissions from coal combustion, such as oxyfuel firing, involves handling hot CO 2 -H 2 O gas mixtures, and raises concerns as to the oxidation resistance of steels employed as piping or heat exchanger materials in these environments. While the oxidation of steels in CO 2 -or H 2 O-rich gases has been extensively documented, reaction in gas mixtures containing large amounts of both species has not been well investigated.

Chromium-bearing steels used in these applications are subject to breakaway: the transition from protective oxidation, due to the exclusive formation of a Cr 2 O 3 scale, to fast oxidation, characterised by the rapid growth of iron-rich oxides. The loss of protective properties is known to be accelerated in the presence of CO 2 [START_REF] Giggins | Corrosion of metals and alloys in mixed gas environments at elevated temperatures[END_REF][START_REF] Pirón Abellán | Scale formation mechanisms of martensitic steels in high CO 2 /H 2 O-containing gases simulating oxyfuel environments[END_REF][START_REF] Meier | Effect of alloy composition and exposure conditions on the selective oxidation behavior of ferritic Fe-Cr and Fe-Cr-X alloys[END_REF], H 2 O [START_REF] Kvernes | High temperature oxidation of Fe-13Cr-xAl alloys in air-H 2 O vapour mixtures[END_REF][START_REF] Ikeda | Mechanism of accelerated oxidation of Fe-Cr alloys in water vapor containing atmosphere[END_REF][START_REF] Henry | Abnormal oxidation of stabilized ferritic stainless steels in water vapor[END_REF][START_REF] Ehlers | Enhanced oxidation of the 9%Cr steel P91 in water vapour containing environments[END_REF][START_REF] Essuman | The effect of water vapor on selective oxidation of Fe-Cr alloys[END_REF][START_REF] Othman | Water vapour effects on Fe-Cr alloy oxidation[END_REF], and in CO 2 -H 2 O [START_REF] Pirón Abellán | Scale formation mechanisms of martensitic steels in high CO 2 /H 2 O-containing gases simulating oxyfuel environments[END_REF][START_REF] Meier | Effect of alloy composition and exposure conditions on the selective oxidation behavior of ferritic Fe-Cr and Fe-Cr-X alloys[END_REF] atmospheres, as compared to air or oxygen.

Breakaway is defined as a rapid increase in the oxidation rate. This can be manifested in a variety of reaction morphologies, depending on alloy composition. In the case of steels, and also of Ni-base alloys, the associated morphological evolution is non-uniform, as it involves nucleation, spreading and thickening of oxide nodules on the alloy surface. In some cases, nodule growth is rapid and starts after a well defined incubation time [START_REF] Kvernes | High temperature oxidation of Fe-13Cr-xAl alloys in air-H 2 O vapour mixtures[END_REF][START_REF] Henry | Abnormal oxidation of stabilized ferritic stainless steels in water vapor[END_REF][START_REF] Wood | The mechanism of breakthrough of protective chromium oxide scales on Fe-Cr alloys[END_REF], which may be conveniently used to compare the performance of alloys oxidised in various conditions. However, as the transition in the oxidation kinetics is continuous, it can sometimes be more difficult to define an incubation period. Furthermore, breakaway is very sensitive to the experimental conditions of the exposure, such as specimen geometry [START_REF] Wood | The mechanism of breakthrough of protective chromium oxide scales on Fe-Cr alloys[END_REF], and kinetics have been reported to vary between apparently equivalent specimens reacted in the same conditions [START_REF] Cox | Kinetics of initial oxide growth on Fe-Cr alloys and the role of vacancies in film breakdown[END_REF].

Iron oxide nucleation and growth rates contribute to the loss of oxidation resistance in different manners. Both should be taken into account: it may be preferable for a material to be prone to scale failure but form relatively slow-growing nodules, than to undergo less frequent nucleation events each leading to catastrophic metal loss. However, the characterisation of reaction kinetics accompanying breakaway oxidation has received little attention.

This paper is focused on the kinetic aspects of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet CO 2 atmospheres at 650 • C. The effects of gas and alloy composition on the reaction kinetics are investigated, and alloy oxidation resistance is analysed on the basis of nucleation and growth rates of Fe-rich oxide nodules. The work forms part of a larger investigation, aspects of which have already been reported. Carburisation of Fe-Cr alloys in dry and wet CO 2 was studied in Ref. [START_REF] Gheno | Carburisation of ferritic Fe-Cr alloys by low carbon activity gases[END_REF], while the mechanism of breakaway oxidation, and the interactions between selective oxidation and carburisation were addressed in Ref. [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF].

Materials and experiments

Alloys of compositions Fe-20Cr, Fe-20Cr-10Ni, Fe-20Cr-20Ni, Fe-25Cr, Fe-25Cr-10Ni and Fe-25Cr-20Ni were prepared according to the procedure detailed in Ref. [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF] (all compositions given in weight % unless specified). The phase constitution of the annealed materials was determined by XRD: the binary alloys were ferritic, the ternary alloys containing 20Ni fully austenitic, while the 10Ni ternaries were dual-phase α-γ. Time-lapse isothermal oxidation experiments were carried out in flowing Ar-20CO 2 , Ar-20CO 2 -5H 2 O and Ar-20CO 2 -20H 2 O gas mixtures at a total pressure of about 1 atm using a vertical tube furnace, according to the procedure described in Ref. [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF]. Linear gas flow rates were set at about 2 cm s -1 . Specimens were weighed before and after exposure using a precision balance, with an error of 0.1 mg. Continuous thermogravimetric analysis (TGA) was performed using a Setsys Evolution microbalance equipped with a Wetsys humidifying system, both from Setaram. The drift was measured by running experiments with no specimen in gas flows corresponding to the experimental conditions, and values lower than 3 µg h -1 were obtained.

3 Experimental results

Overview

After exposure to Ar-CO 2 and Ar-CO 2 -H 2 O, large differences in oxide development were clearly evident among the alloys, regardless of gas composition. Ternary alloys containing 25Cr (all alloy compositions given in wt. %) formed a thin, protective oxide scale (Fig. 1a). In contrast, binary alloys were prone to breakaway oxidation, with nodules of thick oxide (Fig. 1b) interrupting the thin, passivating oxide. Ternary alloys containing 20Cr were intermediate in behaviour, passivating some grains, but showing breakaway on others (Fig. 1c). Surface area fractions of nodular oxide, θ, were measured by image analysis of reacted surfaces, using the ImageJ software [START_REF] Collins | ImageJ for microscopy[END_REF]. Values of θ reflect the frequency of nodule formation and the rate at which they spread laterally, while weight gains also include the effects of nodule thickening, protective scaling, partial spallation, and any contribution of internal reaction. Spallation affected the protective scale and part of the thick nodules, both to variable extents. Net weight changes per unit area, m, and θ values measured after 336 h reaction are shown in Fig. 2. The binary alloys, Fe-20Cr and Fe-25Cr, underwent significant breakaway, accumulating relatively high weight gains. The extent of nodular growth on these alloys was larger in wet CO 2 than in dry CO 2 , with nearly complete surface coverage by nodules in Ar-20CO 2 -5H 2 O and Ar-20CO 2 -20H 2 O. Ternary alloys with 20Cr and 10/20Ni showed limited breakaway, while those containing 25Cr evidenced no breakaway oxidation kinetics within the duration of these experiments.

Total weight gain and surface area fraction of Fe-rich oxide

Weight gain kinetics during exposure of Fe-20Cr to dry and wet CO 2 are shown in Fig. 3. Corresponding surface area fractions of nodular oxide, measured after each isothermal exposure, are presented in Fig. 4. The fact that m and θ values did not always increase monotonically with time indicates that the breakaway reaction was poorly reproducible from one specimen to another. This was particularly marked during exposure to the dry gas, where the extent of nodular growth was the lowest. In the gases containing 5 % and 20 % H 2 O, all Fe-20Cr specimens reached high values of θ (> 80 %), even after short exposure times, resulting in higher weight gains than those measured in the dry gas. The extent of nodular growth did not differ significantly between the two wet gases.

In order to obtain self-consistent kinetic information during breakaway of the Fe-20Cr alloy, the time-lapse experiments were complemented by TGA experiments conducted in Ar-20CO 2 and Ar-20CO 2 -5H 2 O. Continuous weight gain curves are plotted together with the time-lapse results in Fig. 3, and θ values measured after these TGA experiments are included in Fig. 4. In the case of dry CO 2 , the TGA Early stage oxidation kinetics measured by TGA are shown in Fig. 5, together with those recorded during oxidation in dry air of an Fe-20Cr specimen taken from the same alloy batch. Short term reaction followed similar kinetics in all three gases. However, the rapid increase in weight gain after 2 h reaction in Ar-20CO 2 -5H 2 O indicates that the presence of H 2 O in the reacting atmosphere accelerated the appearance of breakaway oxidation.

Time-lapse experiments on the Fe-25Cr alloy produced m and θ values qualitatively similar to those presented above for Fe-20Cr. The presence of H 2 O(g) had the same effect, in that the extent of nodular growth was consistently high after reaction in Ar-20CO 2 -5H 2 O and Ar-20CO 2 -20H 2 O, but lower and more variable after exposure to Ar-20CO 2 , as seen in Fig. 6, where each point represents a different specimen. The ternary alloys Fe-20Cr-10Ni and Fe-20Cr-20Ni also formed oxide nodules but m and θ values were lower than those measured on the binary alloys (Fig. 2). The data of Fig. 2 represent a single exposure time. Similar results obtained for a number of different reaction times of the 20Cr ternaries revealed considerable variability in m and θ values for all three gases. Surface area fractions measured on individual specimens after exposures of the Fe-20Cr-20Ni alloy are shown in Fig. 7. Correlations between m and θ values are obscured by the statistical spread of nodule nucleation rates; discussion returns to this point later. The 25Cr ternaries oxidised very slowly in dry and wet CO 2 , at rates which could not be properly measured by the time-lapse technique. The weight uptakes recorded after each exposure did not exceed 0.4 mg cm -2 . These alloys formed some small isolated nodules (too small to be seen in Fig. 1a), covering a very small surface area fraction, which was not measured. 

Iron-rich oxide growth rate

Nodule morphologies developed on the different alloys, described in detail in Ref. [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF], are briefly recapitulated. The nodules formed on Fe-20Cr consisted of an outer part made up of iron oxide layers, and an inner part containing a mixture of Fe-rich and Cr-rich spinel oxide particles. In the nodules formed on Fe-20Cr-10Ni and Fe-20Cr-20Ni, the Fe-rich spinel was replaced by a Ni-containing spinel. The Fe-25Cr alloy produced two types of multilayer oxide: thick nodules like those formed on Fe-20Cr, and thinner, "healed" scales, which contained an inner Cr-rich layer. Intragranular carburisation of the binary alloys was extensive where Fe-rich nodules formed, and limited or absent beneath Cr 2 O 3 and the healed scale. The Fe-20Cr-10Ni alloy formed only scattered intergranular carbides, and Fe-20Cr-20Ni and the 25Cr ternaries did not form any carbide. The gas composition had no significant influence on the carburisation rate measured for Fe-20Cr [START_REF] Gheno | Carburisation of ferritic Fe-Cr alloys by low carbon activity gases[END_REF]. In the case of Fe-25Cr and Fe-20Cr-10Ni, however, the presence of H 2 O(g) caused a decrease in the extent of carburisation.

Nodule thickening kinetics measured for Fe-20Cr were described in Ref.

[13] using the parabolic law

X 2 = 2k p,Fe-ox t ( 1 
)
where X is the maximum nodule thickness and k p,Fe-ox the parabolic rate constant. The gas composition had no significant influence on the rate constant. Values of k p,Fe-ox were estimated using a limited number of specimens of the three other alloys prone to breakaway oxidation. In the case of Fe-25Cr, the kinetics were measured for both types of iron-bearing scale. Values of k p,Fe-ox obtained this way are listed in Table 1, reproduced from Ref. [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF].

Since nodules grown on a given specimen have varying sizes (Fig. 1), measuring the maximum thickness observed on a cross-section would produce nonrepresentative results. In the case of Fe-20Cr, these results were for this reason compared with rate constants obtained from weight gain measurements. Considering the fact that extensive carburisation did not occur below Cr 2 O 3 , the total weight gain per unit area m may be expressed so as to reflect the contribution of Fe-rich 

m = θ(m Fe-ox + m MCν ) + (1 -θ)m Cr 2 O 3 (2) 
where m i is the average weight uptake per unit area of the indicated phase. In the present experiments, orders of magnitude of the weight uptakes are calculated to be 10, 1 and 0.1 mg cm -2 for Fe-rich oxide, carbides and Cr 2 O 3 , respectively. Consequently, the contribution of the carbides and Cr 2 O 3 to the total weight gain may be neglected, and Eq. ( 2) approximated as

m Fe-ox = m θ (3) 
Assuming that nucleation of Fe-rich oxide occurs initially, at t = 0, and not subsequently, the values of m and θ measured after time-lapse exposures may be used to estimate nodule growth kinetics. The variety of nodule sizes found on a given specimen (Fig. 1) shows that the hypothesis of exclusive initial nucleation is not valid. However, it allows a very simple quantitative treatment of weight gain kinetics, justified in Section 4.2 using a model which takes into account continued nucleation throughout the exposure. The values of m Fe-ox calculated from Eq. ( 3) are plotted in Fig. 8, and confirm that nodule growth on Fe-20Cr followed approximately parabolic kinetics. The variability associated with breakaway prevents the influence of gas H 2 O content from being clearly identified. For uniformly thick and dense oxide, gravimetric (k w ) and thickening (k p ) rate constants are related through [START_REF] Birks | Introduction to the High Temperature Oxidation of Metals[END_REF] 

k w = 16b V MaO b 2 k p (4)
where V MaO b is the molar volume of oxide M a O b . Approximating the average oxide as dense Fe 3 O 4 , the average gravimetric rate constant obtained from Fig. 8,

k w,Fe-ox = 1.2 ×10 -4 mg 2 cm -4 s -1
, is converted to a thickening constant k p,Fe-ox = 6.1 ×10 -11 cm 2 s -1 , in reasonable agreement with the values given in Table 1 for Fe-20Cr. A difference between these values must emerge from the fact that nodules are ellipsoid, and not flat-topped. The error is maximum for small individual nodules, and decreases as nodules coalesce and form uniformly thick scales. Offsetting this error is the systematic underestimation of nodule thickness resulting from the fact that random cross-sections do not on average pass through nodule centres.

Iron-rich oxide growth kinetics on Fe-20Cr were estimated in a third independent way. The local fitting procedure described in Ref. [START_REF] Monceau | Determination of parabolic rate constants from a local analysis of mass-gain curves[END_REF] was applied to the TGA 

where a and b are constants, and c = 1 2kw . This procedure allows a correct determination of k w during a parabolic regime which follows a transient regime with different kinetics [START_REF] Monceau | Determination of parabolic rate constants from a local analysis of mass-gain curves[END_REF]. The resulting curve k w = f (t), shown in Fig. 9, is divided into three regions. Initially, as θ is low, the weight gain reflects Cr 2 O 3 growth, and accordingly k w is very small. After a first inflection in the weight gain curve (visible at t ≈ 2 h in Fig. 5), and as θ and m rapidly increase, k w is not defined (parabolic rate constants do not apply to convex weight gain functions). After a second inflection point, a second stage of parabolic kinetics is reached, and k w attains a constant, high value. Using the molar volume of Fe 3 O 4 , the gravimetric constant obtained this way is converted to k p = 1.9 ×10 -10 cm 2 s -1 , a value consistent with that given in Table 1 for the directly measured rate constant of Fe-rich oxide grown on Fe-20Cr.

Kinetics modelling

The effects of alloy and gas compositions on breakaway oxidation are usefully considered within the framework of a reaction mechanism. As is clear from the present results and those already presented [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF], the mechanism of breakaway is qualitatively similar for all alloys investigated: nucleation and growth of iron-rich oxide nodules, as a result of local failure of the initially formed Cr 2 O 3 scale. As the nodule thickening and spreading rates are related [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF], only one growth process needs to be considered.

Questions of importance in a kinetic description therefore concern the relative contributions of nucleation and growth, the uniformity or otherwise of these processes over a specimen surface, and their reproducibility from specimen to specimen. To be useful, any kinetic description needs to encompass the way in which each of the nucleation and growth processes is affected by alloy chromium and nickel levels, and water vapor.

A starting point is provided by the assumption that nucleation is a random event, occurring with equal probability on any alloy surface where a chromia scale is still present. This simplifying assumption allows the application of classical phase transformation kinetic theory in developing an expression for surface coverage as a function of exposure time. A numerical model is then developed for the purpose of summing the weight uptake contributions of all nodules, and arriving at the overall kinetics of weight uptake.

Model for nucleation-spreading of Fe-rich nodules

The surface area fraction of Fe-rich oxide, θ, reflects both the frequency of nodule nucleation, and the rate at which they spread laterally. Evans [START_REF] Evans | The laws of expanding circles and spheres in relation to the lateral growth of surface films and the grain-size of metals[END_REF] proposed a simple mathematical treatment of the problem of a surface covered by films spreading out as expanding circles. In the present case, individual nodules were approximately circular in plan (Fig. 1). As nodules observed on a given specimen surface had varying sizes, it is assumed that nucleation occurs continuously until complete surface coverage is reached. In the case of the 20Cr ternary alloys, surface coverage varied greatly according to grain orientation (Fig. 1c). However, since available experimental data reflect nodule development on entire specimens, nucleation-growth kinetics can only be described in an overall way, reflecting average behaviour. Similarly, the influence of specimen edges and suspension holes is disregarded. It is thus assumed that nucleation events, which occur on the still uncovered portion, are independent in time and position. In earlier work [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF], nodule lateral growth kinetics were described as

r 2 = 2k l t ( 6 
)
where r is the nodule radius, k l the lateral growth rate constant (k l = 0.73 k p,Fe-ox for all alloys and gases), and t is the time elapsed since an individual nodule nucleated.

Taking this rate law into account, Evans' analysis [START_REF] Evans | The laws of expanding circles and spheres in relation to the lateral growth of surface films and the grain-size of metals[END_REF] is adapted to yield

θ = 1 -exp -πΩk l t 2 (7)
where Ω is the number of nuclei formed per unit of surface area and time, or nucleation rate. It is noted that Eq. ( 7) is a particular case of Avrami (or Kolmogorov-Johnson-Mehl-Avrami) kinetics [START_REF] Christian | The theory of transformation in metals and alloys[END_REF]. In particular, the fact that expanding nodules eventually overlap is accounted for. Applicability of the uniform nucleation hypothesis, where Ω is constant in time and space, to nodule development kinetics is first assessed by examining the evolution of θ with reaction time. As seen in Fig. 4, the evolution of θ values measured after reaction of Fe-20Cr in Ar-20CO 2 cannot be represented using a single monotonic function of time. This reflects of lack of reproducibility between different specimens of the same composition, a problem discussed in Section 5.1. Similarly, surface area fractions recorded after exposure of the Fe-25Cr alloy in Ar-20CO 2 (Fig. 6), and of the 20Cr ternary alloys in all gases (see Fig. 7 for Fe-20Cr-20Ni), cannot be described using a single nucleation rate.

Reaction of the binary alloys in wet CO 2 , however, led to consistently high θ values (Figs. 4 and6). The general form of Eq. ( 7) is then examined by representing ln 1 -θ as a function of t 2 , as shown in Fig. 10. Cases for which θ = 1 cannot be taken into account, and are omitted. In this semi-log representation, Eq. ( 7) corresponds to a straight line passing through the origin of coordinates (0, 0), with a slope proportional to Ω. Although the small number of experimental data points limits the precision of this analysis, θ values measured after reaction of the binary alloys in wet CO 2 are seen in Fig. 10 to be compatible with Eq. ( 7) for short reaction times. However, data recorded after longer reaction times deviate from the trend seen in early reaction: long term θ values seem to correspond to lower nucleation rates than those typical of shorter-term data. This deviation might be rationalised by considering the possibility that after a stage of relatively rapid nodule development, complete surface coverage is not reached as fast as predicted in the situation of uniform nucleation depicted by Eq. [START_REF] Ehlers | Enhanced oxidation of the 9%Cr steel P91 in water vapour containing environments[END_REF]. As seen in Figs. 4 and6, the last 5 % or so of the specimen surfaces would thus appear to resist nodule coverage to an unexpected degree. However, whether any systematic delay in achieving complete surface coverage actually existed is obscured by the significant variability of the data. In order to circumvent the lack of reproducibility between different specimens, continuous weight gains measured by TGA during exposure of Fe-20Cr (Fig. 3) are now used to evaluate θ throughout the reaction of a single specimen.

Model for nucleation-spreading-thickening of nodules

Weight gain kinetics arising from nucleation and growth of oxide nodules during breakaway oxidation were analysed by Cox et al. [START_REF] Cox | Kinetics of initial oxide growth on Fe-Cr alloys and the role of vacancies in film breakdown[END_REF] using a relation equivalent to Eq. (2). However, weight gain and nodule surface coverage kinetics can only be related through Eq. ( 2) if nucleation occurs initially, at t = 0, and not subsequently. In the present situation, the observation of nodules of significantly different sizes at a given time shows that nucleation continues throughout the reaction until surface coverage is complete. As represented schematically in Fig. 11, the total weight uptake at any given time then depends on the nodule "age" (or size) distribution, and not solely on the total surface area fraction θ. The Fe-rich oxide thickness at Figure 11: Scheme representing an alloy cross-section during a continuous nucleationgrowth process. A nodule reached P 1 between t and t + ∆t, while P 3 was covered between t + ∆t and t + 2∆t, and P 2 between t + 2∆t and t + 3∆t. The relation h 2 i = 2k p,Fe-ox (t -t i ) applies to all three points, and at any given time

h 1 > h 3 > h 2 .
any given point on the surface is determined by the time elapsed since an expanding nodule reached this point. In order to model weight gain kinetics, a statistical approach is presented, based on the probability that any given point is covered by Fe-rich oxide in a given time interval. This analysis is constructed on the basis of the statistical model for oxide scale spallation during thermal cycling presented in Ref. [START_REF] Poquillon | Application of a simple statistical spalling model for the analysis of high-temperature, cyclic-oxidation kinetics data[END_REF].

Weight gain kinetics for uniform Fe-rich oxide growth are described using a simple parabolic law:

m 2 Fe-ox = 2k w,Fe-ox t (8) 
Time is then described as a discrete quantity: t = n∆t, where n is a positive integer and ∆t a fixed time step. Thus the weight gain accumulated by a uniform scale from step 1 to step n, M n = m(t = n∆t), is written

M n = M 1 √ n (9) 
with M 1 = 2k w,Fe-ox ∆t. The weight gain due to carbides and Cr 2 O 3 is neglected at this stage. If a point P on the surface is covered by a nodule at the beginning of the high temperature exposure, i.e. during the first time step, the "local" weight uptake at point P during the n th time step is

∆M 1n = M 1 √ n - √ n -1 for n ≥ 1 ( 10 
)
The surface area fraction of Fe-rich oxide, θ(t), is the cumulative distribution function for surface coverage. Hence the probability that point P is reached by a nodule before time step i is θ(i∆t), denoted by θ i . Therefore, the probability that point P is covered during time step i, that is between t = (i -1)∆t and t = i∆t, is θ i -θ i-1 , for i ≥ 1. If a nodule reached P during time step i, the weight uptake at point P during the n th time step is

∆M in = M 1 √ n -i + 1 - √ n -i for n ≥ i (11) 
The total weight uptake during time step n, ∆M n , is then calculated by adding, for every step i, the product of the probability that P was reached by a nodule during step i and the associated weight gain:

∆M n = θ 1 M 1 √ n - √ n -1 + (θ 2 -θ 1 ) M 1 √ n -1 - √ n -2 + . . . + (θ i -θ i-1 ) M 1 √ n -i + 1 - √ n -i + . . . + (θ n -θ n-1 ) M 1 for n ≥ 1 (12) 
The first term is related to areas covered by nodules during the first time step, leading to a minimum weight uptake during time step n; the last term represents areas covered by nodules during time step n. The probability that point P has not yet been covered by any nodule at time step n is 1 -θ n . The corresponding weight gain is zero, as the contribution of Cr 2 O 3 is neglected at this stage. Thus, provided that θ 0 = 0, the fact that

n i=1 (θ i -θ i-1 ) + 1 -θ n = 1 for n ≥ 1 ( 13 
)
proves that all possible events have been taken into account in Eq. ( 12). Chromia is assumed to grow according to parabolic kinetics:

m 2 Cr 2 O 3 = 2k w,Cr 2 O 3 t ( 14 
)
The hypothesis is reasonable in view of the early stage kinetics results presented in Fig. 5. The relative contribution of Cr 2 O 3 to the total weight gain is significant in early reaction times, where the surface covered by nodules is relatively small. Since relevant k w,Fe-ox values are four orders of magnitude larger than k w,Cr 2 O 3 , this contribution becomes negligible quite rapidly after breakaway has started. Thus, the accumulated weight gain at time step N , which is the quantity measured experimentally, may be approximated as

m N = 2k w,Cr 2 O 3 N ∆t + N n=1 ∆M n for N ≥ 1 ( 15 
)
which in combination with Eq. ( 12) yields 16)

m N = 2k w,Cr 2 O 3 N ∆t + N n=1 n i=1 ∆θ i 2k w,Fe-ox ∆t √ n -i + 1 - √ n -i for N ≥ 1 (
with ∆θ i = θ i -θ i-1 .
Here the surface area fraction associated with chromia scale is omitted: the term is dominant when θ ≈ 0, but quickly becomes negligible as θ increases.

Although no assumption was made as to the distribution of nucleation events in time or space, that is, on the way in which θ evolves with time, the general form Eq. ( 16) relates total weight uptake to nodule coverage, provided only that k w,Cr 2 O 3 and k w,Fe-ox are known. The equation is then used to determine θ from weight gains recorded by TGA during exposure of Fe-20Cr to Ar-20CO 2 -5H 2 O, according to the following procedure. Since the weight gain at any given time depends on the nodule size distribution, and consequently on all past θ values, Eq. ( 16) was solved for ∆θ numerically: step by step, ∆θ i was evaluated so that the calculated weight gain matched the experimental weight gain, using all previously determined ∆θ i values. The computation was performed with Mathematica version 8.0 [START_REF]Mathematica, version 8[END_REF]. A time step ∆t = 1 h was used; this value was verified to be sufficiently small to have no effect on the results. The rate constant for Cr 2 O 3 growth was determined from the early stage reaction kinetics measured by TGA (Fig. 5), which yielded k w,Cr 2 O 3 = 5.4 ×10 -9 mg 2 cm -4 s -1 .

The procedure yielded a series of ∆θ i values, used to obtain θ i values with the assumption that θ 0 = 0. The rate constant k w,Fe-ox was adjusted so that the value of θ calculated for t = 135 h, the duration of the TGA experiment, matched the value measured experimentally at the end of the reaction. This yielded k w,Fe-ox = 3.4 ×10 -4 mg 2 cm -4 s -1 or, again using the molar volume of Fe 3 O 4 , k p,Fe-ox = 1.7 ×10 -10 cm 2 s -1 , in reasonable agreement with the value determined from thickness measurements (Table 1).

Values of θ resulting from the application of Eq. ( 16), plotted in Fig. 12, follow an S-shaped curve, as expected for a nucleation-growth phenomenon. It is desirable to compare this curve to that obtained within the uniform nucleation rate hypothesis, Eq. ( 7), using nucleation and growth rates corresponding to the measured weight gains. This is done by replacing θ i in Eq. ( 16) by the expression

θ i = 1 -exp -0.73πΩk p,Fe-ox i 2 ∆t 2 (17) 
where the observed [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF] relationship k l = 0.73k p,Fe-ox has been used. With the general shape of θ now set by Eq. ( 17), Eq. ( 16) was fitted to the TGA data recorded during exposure of Fe-20Cr to Ar-20CO 2 -5H 2 O by adjusting the product Ωk p,Fe-ox and k w,Fe-ox . A wide range of adjustable parameter combinations 16) (no hypothesis on the distribution of nucleation events), and from combined use of Eqs. ( 16) and ( 7) (uniform nucleation hypothesis). Details given in text.

Table 2: Nodule nucleation and growth rates from modelling TGA data for reaction of Fe-20Cr in Ar-20CO 2 -5H 2 O (k p obtained from k w,Fe-ox values via Eq. ( 4), using molar volume of Fe 3 O 4 ).

Numerical model Approximate analytical model Eqs. ( 16) and [START_REF] Evans | The laws of expanding circles and spheres in relation to the lateral growth of surface films and the grain-size of metals[END_REF] Eqs. ( 18) and ( 19) k w,Fe-ox (mg 2 cm -4 s -1 ) 2.7 ×10 -4 1.9 ×10 -4 k p,Fe-ox (cm 2 s -1 )

1.3 ×10 -10 9.4 ×10 -11 Ω (cm -2 s -1 ) 1.7 ×10 -1 1.3 ×10 -1

was explored in order to ensure that a global optimum in the fit was arrived at. The nucleation rate Ω was then obtained using the adjusted k w,Fe-ox value, converted to a k p,Fe-ox value via Eq. (4). Again, a time step ∆t = 1 h and the value k w,Cr 2 O 3 = 5.4 ×10 -9 mg 2 cm -4 s -1 were used. The value of k p,Fe-ox obtained from this optimisation procedure is seen in Table 2 to be in reasonable agreement with that determined from time-lapse experiments for Fe-20Cr in Ar-20CO 2 -5H 2 O (Table 1). Furthermore, the agreement between the optimised and experimental weight gains is excellent (Fig. 13). Substitution of the adjusted values of Ω and k w,Fe-ox in Eq. ( 7) yields the curve plotted in Fig. 12, where it is compared with that obtained from Eq. ( 16) alone. It is seen that θ values derived from TGA data via Eq. ( 16), where no constraint was placed on the distribution of nucleation events, deviate from uniform nucleationspreading kinetics (Eq. ( 7)). Toward the end of the experiment, θ reaches a nearly constant level, despite the fact that coverage is not complete. However, the general shape of this θ curve is quite similar to that expected from the uniform nucleation hypothesis. This is an important observation, the consequences of which are discussed in Section 5.1. 16) and ( 17)) and approximate analytical model (Eqs. ( 18) and ( 19)).

Simplified modelling

Although the two numerical optimisation procedures presented above proved successful in simulating weight gain kinetics arising from continuous nucleation and growth of Fe-rich oxide, their scope of application is restricted by the non-algebraic form of Eq. ( 16). A simpler model is readily obtained by estimating weight uptake with the approximation that nodules nucleate at time zero and spread as flat-topped islands:

m(t) = (1 -θ(t)) 2k w,Cr 2 O 3 t + θ(t) 2k w,Fe-ox t (18) 
However, the form of θ(t) is found by retaining the hypothesis of continuous nucleation, and rephrasing Eq. ( 17) as a continuous function:

θ(t) = 1 -exp -0.73πΩk p,Fe-ox t 2 (19) 
Again the growth of both Cr 2 O 3 and Fe-rich oxide is described with a simple parabolic law, and the contribution of carburisation to weight change is neglected. The approximate analytical expressions, Eqs. ( 18) and ( 19), were fitted to the TGA data recorded during oxidation of Fe-20Cr in Ar-20CO 2 -5H 2 O according to the procedure described above for the numerical model of Eqs. ( 16) and [START_REF] Evans | The laws of expanding circles and spheres in relation to the lateral growth of surface films and the grain-size of metals[END_REF]. The corresponding weight gains are plotted as a dashed line in Fig. 13. Values of the optimised parameters Ω and k w,Fe-ox are seen in Table 2 to be in reasonable agreement with those obtained from the numerical model.

It is recognised that the hypotheses underlying Eqs. ( 18) and ( 19), initial and continuous nucleation, respectively, are mutually exclusive. The relative success of the approximate analytical model, which combines Eqs. ( 18) and [START_REF] Poquillon | Application of a simple statistical spalling model for the analysis of high-temperature, cyclic-oxidation kinetics data[END_REF], in simulating weight gain kinetics in a situation of continuous nucleation (Fig. 13 and Table 2), is related to the parabolic nature of nodule growth kinetics. As growth rates continually decrease, the contribution of smaller, newer nodules to the total weight uptake tends to catch up with that of larger, older nodules. Furthermore, as the reaction proceeds and θ increases, less surface is available for new nucleation events. It is also acknowledged that simultaneous lateral growth and thickening of flat topped nodules is not realistic. Again, this contradiction is rationalised by considering the fact that nodules which grow according to parabolic kinetics and coalesce tend to form uniformly thick scales.

Comparison of the simulated weight gains in Fig. 13 indicates that the numerical model is better adapted than the approximate analytical model. It allows a more accurate fitting of the experimental data, while using the same number of adjustable parameters. The error made when applying the approximate model is now evaluated. Both models use the same expression to define the evolution of θ with time (Eq. ( 17) or the equivalent Eq. ( 19)), but they inevitably yield different values of the nucleation and growth parameters. Thus, the relative difference in the time needed to reach any given θ value is found from Eq. ( 19) to be

∆t t = t approx -t num t num = (k w,Fe-ox Ω) num (k w,Fe-ox Ω) approx -1 ( 20 
)
where the subscripts num and approx refer to the numerical and approximate model, respectively. The optimised values of Ω and k w,Fe-ox (Table 2) yield ∆t/t =35 %. Although it is not, strictly speaking, applicable to a situation of continuous nucleation, the analytical expression Eq. ( 18) provides a reasonable approximation to the experimental data. This provides an empirical basis for the use of the simple Eq. ( 3) for evaluating Fe-rich oxide growth kinetics from total weight gains.

Discussion

Nodule development on specimens of the same composition reacted in a given gas was seen in Section 3.2 to be subject to considerable variability, in agreement with previous investigators [START_REF] Wood | The mechanism of breakthrough of protective chromium oxide scales on Fe-Cr alloys[END_REF][START_REF] Cox | Kinetics of initial oxide growth on Fe-Cr alloys and the role of vacancies in film breakdown[END_REF]. The use of models to describe θ and m kinetics allows the variability associated with breakaway oxidation to be analysed, and the effect of gas and alloy composition on nodule nucleation to be evaluated. The applicability of ideal nucleation-growth kinetics to TGA data, for which weight uptake information is available throughout the exposure, is discussed first.

Variability of nucleation

The constant nucleation rate numerical model used for optimisation of weight gain kinetics in Section 4.2 is based on two equations: Eq. ( 16) to relate weight gains to surface area fractions, with no constraint on the distribution of nucleation events, and Eq. ( 17) or its equivalent Eq. ( 7), which specifies the form of θ(t) resulting from the uniform nucleation hypothesis. When fitted to the weight gains recorded during exposure of Fe-20Cr to Ar-20CO 2 -5H 2 O, this model is in error in that it predicts a θ value approaching 1 at the end of the TGA experiment, whereas θ(t = 135h) was measured to be 0.9 (Fig. 12). Nevertheless, application of Eq. ( 16) alone to the TGA data yields a surface coverage evolution that conforms rather well to the general form of Eq. ( 7), that is, to uniform nucleation-growth kinetics. Examination of the data presented in Fig. 12 reveals that the θ curve obtained from Eq. ( 7) can be scaled down to match that corresponding to Eq. ( 16). From the point of view of kinetic modelling, this explains why weight gains optimised on the basis of a constant nucleation rate fit experimental data very well (Fig. 13). An explanation for this observation could be that nucleation was indeed uniform, but on only 90 % of the specimen surface. The implied ability of the remaining 10 % to resist nodule formation requires explanation. The alternative possibility of a lower nucleation rate can be rejected, because it would fail to match the form of the θ(t) curve. Differences in nodule nucleation behaviour on a specimen surface must reflect inhomogeneities, such as the presence of grain boundaries or other defects, or of grains with particular crystallographic orientations. Accelerated chromium supply at the alloy grain boundaries is to be expected for austenitic materials at low temperatures, and has been observed to prevent (or at least delay) breakaway in the case of a 304 steel reacted at 600 • C [START_REF] Halvarsson | Microstructural investigation of the breakdown of the protective oxide scale on a 304 steel in the presence of oxygen and water vapour at 600 • C[END_REF]. It is questionable whether such an effect would be important for higher diffusivity ferritic alloys reacted at 650 • C, and it was not observed in the present study.

Grain orientation has been shown to affect the nature of the oxide formed on Fe-Cr alloys reacted in CO 2 -1%CO at 600 • C [START_REF] Cox | Phase interactions in the growth of thin oxide films on iron-chromium alloys[END_REF]. During reaction of Fe-10Cr and Fe-20Cr single crystals in low pressure O 2 at 627 • C [START_REF] Leygraf | Initial oxidation stages on Fe-Cr(100) and Fe-Cr(110) surfaces[END_REF], (110) surfaces formed Cr-rich α-Fe x Cr 2-x O 3 , whereas (100) surfaces formed spinel oxides, for both alloy compositions. In both Refs. [START_REF] Cox | Phase interactions in the growth of thin oxide films on iron-chromium alloys[END_REF][START_REF] Leygraf | Initial oxidation stages on Fe-Cr(100) and Fe-Cr(110) surfaces[END_REF], epitaxial relationships were invoked by the authors to explain the stabilisation of either rhombohedral or cubic oxide during the initial stage of oxidation. If substrate-oxide orientation relationships can determine the nature of the oxide initially formed, they might also affect the growth rate of the protective scale, or its propensity to suffer mechanical failure. However, nodule-free areas on the surface of the Fe-20Cr specimen used for the TGA experiment in Ar-20CO 2 -5H 2 O did not seem, by visual inspection, to coincide with individual grains. Other sources of inhomogeneity, such as impurities or inclusions non-uniformly distributed on the metal surface, might have affected nodule nucleation.

Likewise, θ and m values measured after time-lapse experiments (Section 3.2) reflect differences in the surfaces of several specimens of the same composition, exposed to a given gas. In the case of the ternary austenitic alloys, the prevalence of a correlation between grain orientation and nodule density is clear, as seen in Fig. 1c. Grains still covered by Cr 2 O 3 exhibit varying interference colours, which reflect differences in oxide thickness. While the reasons for varying oxide growth rate with grain orientation cannot be identified from the present work, the consequences in terms of protective oxide failure, and consequently nodule nucleation, are readily anticipated: growth rates affect the strain energy, which affects the propensity for mechanical failure, and the amplitude of chromium depletion, which controls the alloy ability to maintain and reform a protective scale.

It must be noted that the alloys used in the present work had large grains (∼ 500 µm), and thus a small number of grains per specimen. In the case of the 20Cr ternary alloys, the strong correlation between grain orientation and nodule nucleation therefore resulted in a lack of statistical weight for θ and m measurements, and accounts for the large scatter in these variables after time-lapse experiments (see for example Fig. 7).

In the case of the binary alloys, the nodule distribution was more or less uniform. Variations of the nodule density according to grain orientation were sometimes observed to a small extent, but the large variability in θ and m recorded after reaction in dry CO 2 (Figs. 4 and6) must have had some other source. Reaction of Fe-20Cr and Fe-25Cr in wet CO 2 , however, yielded θ values which consistently approached 1 (Figs. 4 and6). Variability in nodule development might have been obscured by the rather high propensity for nucleation due to the combined presence of CO 2 and H 2 O in the gas. Alternatively, the deviation from uniform nucleation-growth kinetics identified for the TGA experiment may also have applied, to some extent, to the time-lapse exposures. The fact that θ values recorded after reaction of Fe-20Cr and Fe-25Cr in wet CO 2 are not perfectly represented by Eq. ( 7) (Fig. 10) could thus be related to the existence of areas exhibiting enhanced resistance to nodule development, in addition to variations in the nucleation rate.

Influence of alloy and gas composition on nucleation rate

The analysis of nodule surface coverage from continuous weight gain measurements was carried out using one set of TGA data (Fe-20Cr in Ar-20CO 2 -5H 2 O), that is, one single specimen. Values of θ and m measured after reaction of several specimens of the same composition in a given gas indicated that nodule development was subject to considerable variability (Section 3.2). It is recognised that this variability must emerge from differences in specimen surfaces, in turn causing heterogeneities in nucleation rate. However, on the basis of the analysis of TGA data, nucleationgrowth kinetics may, for comparison purposes, be approximated as uniform for each specimen. Application of Eq. ( 7) to θ values measured after time-lapse exposures thus allow, for a given alloy-gas combination, an average nucleation rate to be calculated, and the variability of breakaway to be evaluated in terms of varying nucleation rate, that is, in terms of the rate at which the overall reaction accelerates.

Nucleation rates Ω are calculated in the following manner. For the binary alloy reactions in wet CO 2 , the product k l Ω is obtained from the slope of the line of best fit in Fig. 10. Data points corresponding to long term (240 and 336 h) exposure of Fe-25Cr, likely representative of locally enhanced resistance to nucleation rather than globally low nucleation rates, are omitted. In the case of the binary alloy reactions in dry CO 2 and of the ternary alloy reactions in all gases (omitted from Fig. 10), it is recognised that the nucleation rate varied considerably from one specimen to another. The product k l Ω is then determined as the arithmetic average of values obtained from Eq. ( 7), using θ measured after the different reaction times. For each alloy, k l is derived from the relationship [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF] k l = 0.73k p,Fe-ox , using k p,Fe-ox values obtained from thickness measurements (Table 1). In the case of the Fe-25Cr alloy, θ values reflect the sum of two sorts of nucleation events, corresponding to the two types of scale formed after Cr 2 O 3 failure. These components cannot be distinguished when measuring θ on the specimen surfaces. However, metallographic observations on cross-sections showed that the thinner type of scale (healed scale) represented a major proportion of the post-failure oxide products. The contribution of the thick nodules was neglected, and healed scale growth rates were used to determine nucleation rates.

Average nucleation rates for all alloys and gases are shown in Fig. 14, where the error bars indicate minimum and maximum values, and the poor reproducibility of breakaway oxidation is clear. For all alloys except Fe-20Cr-20Ni, water vapour is seen to increase average nucleation rates. Thus, while no significant effect was seen in terms of nodule growth rate (Table 1), the fact that H 2 O(g) accelerates breakaway oxidation is related to the more frequent nucleation of Fe-rich oxide nodules. Chromia scales are known to grow faster in the presence of H 2 O [START_REF] Hultquist | Hydrogen in chromium: Influence on the high-temperature oxidation kinetics in H 2 O, oxide-growth mechanisms, and scale adherence[END_REF][START_REF] Henry | Characterization of chromia scales grown on pure chromium in different oxidizing atmospheres[END_REF][START_REF] Michalik | Effect of water vapour on growth and adherence of chromia scales formed on Cr in high and low p O 2 -environments at 1000 and 1050[END_REF]. A higher The Fe-25Cr alloy is seen in Fig. 14 to evidence higher nucleation rates than the 20Cr alloys. Thus, while the higher chromium content allowed a temporary stage of relative protection to be reached after Cr 2 O 3 failure, through the formation of a slow-growing, healed scale [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF], it also led to more frequent Cr 2 O 3 failure. No effect of alloy composition on Cr 2 O 3 growth kinetics could be identified in the present study, because Cr 2 O 3 thicknesses varied on a given specimen as much as they did among specimens of different compositions. However, studies conducted by previous investigators [START_REF] Footner | Oxidation of iron-chromium binary alloys[END_REF][START_REF] Wood | A comparison of the oxidation of Fe-Cr, Ni-Cr and Co-Cr alloys in oxygen and water vapour[END_REF][START_REF] Webber | Oxidation of FeCr alloys in O 2 /3% H 2 O[END_REF] on series of Fe-Cr alloys in dry or wet O 2 indicated that a minimum in Cr 2 O 3 growth rate occurred for alloys containing about 15-20 wt. % Cr. This composition range was apparently valid for all temperatures tested, between 650 and 1000 • C. According to these data, Cr 2 O 3 growth would thus be faster on Fe-25Cr than on Fe-20Cr. This is expected to result in higher scale failure frequency, and would account for the higher nucleation rates obtained for Fe-25Cr.

Nucleation rates calculated for the 20Cr ternary alloys were lower than those obtained for Fe-20Cr. However, this average result encompasses values which varied greatly with grain orientation. A complete range of oxidation behaviour was observed depending on grain orientation (Fig. 1c), from seemingly exclusive Cr 2 O 3 formation to complete coverage by Fe-rich oxide. The fact that the influence of grain orientation was drastically enhanced for the Ni-bearing austenitic alloys is of interest, but could not be investigated from the present experimental results. In a situation where grain orientation is critical to nodule nucleation, analysing reaction kinetics in terms of an average nucleation rate provides no insight into the reaction mechanism. From a practical standpoint, nickel additions slowed both average nucleation rates and nodule growth rates (Table 1), and thereby proved beneficial, as is evident from the lower weight gains (Fig. 2).

Nucleation rates determined for Fe-25Cr reaction in dry and wet CO 2 were significantly higher than those measured for Fe-20Cr (Fig. 14), but the higher chromium content allowed a relatively protective, "healed" type of scale to be formed after Cr 2 O 3 failure on most of the surface. Local formation of thick Fe-rich oxide nodules was not avoided. However, as complete surface coverage by thick Fe-rich oxide was delayed by the availability of additional chromium, and its growth rate was lower for Fe-25Cr than for Fe-20Cr (Table 1), the overall effect of the higher chromium content was beneficial. This is also reflected in the total weight gains (Fig. 2).

Exclusive Cr 2 O 3 growth was largely, but not fully, maintained in the case of the 25Cr ternaries, and small, scattered nodules did form. No measurements of nodule development were carried out. However, as discussed in Ref. [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF], the nodule growth rate was certainly lower than those measured for the other alloys, as a result of combined chromium and nickel additions. Whatever the nucleation rate might have been, limited nodule growth allowed the total weight gains to remain typical of exclusive Cr 2 O 3 formation (Fig. 2).

Chromia resistance to failure thus appears to be less critical than nodule growth rate in maintaining protective oxidation of the 25Cr ternary alloys at this relatively low temperature, 650 • C. As discussed in Ref. [START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF], the kinetic stability of Cr 2 O 3 scales is intimately related to the outward flux of chromium to the metal/oxide interface. Although chromium lattice diffusion is faster in ferritic alloys than in austenitic alloys, short-circuit (grain boundary and dislocation) diffusion is likely to prevail in the slow diffusing γ phase at the low temperature of 650 • C [START_REF] Young | High Temperature Oxidation and Corrosion of Metals[END_REF]. The 10Ni alloys employed in the present study possess a fine α + γ structure, and in the fully austenitic 20Ni alloys, the effects of cold working in the subscale region are likely to be still present at 650 • C [START_REF] Holm | The resistance of 20Cr/25Ni steels to carbon deposition. III. Cold work and selective pre-oxidation[END_REF]. Short-circuit diffusion would then allow the chromium flux in the ternary alloys to approach that achieved in the binary alloys. This possibly explains why no great advantage was gained by the ferritic alloys in terms of nodule nucleation. However, the relative importance of the differing iron activies in the ferritic and austenitic alloys has not been established, and the question remains open.

Conclusions

While Cr 2 O 3 scales formed on Fe-Cr and Fe-Cr-Ni alloys provide oxidation resistance, this protective behaviour can be disrupted by the development of Fe-rich oxide, which leads to rapid oxidation rates. During reaction in Ar-CO 2 and Ar-CO 2 -H 2 O at 650 • C, breakaway was observed to occur via nucleation and growth of Fe-rich oxide nodules.

The hypothesis of uniform nucleation was found to conform to measured nodule surface coverage kinetics only for short exposures of Fe-20Cr and Fe-25Cr in wet CO 2 . Nodule development on Fe-20Cr-10Ni and Fe-20Cr-20Ni in all gases, and on the binary alloys in dry CO 2 , was highly non-reproducible, to the extent that kinetics obtained from several specimens of a given composition could not be described using a single nucleation rate.

A numerical procedure was developed to relate weight gains to surface area fractions of nodules. Application of this procedure to TGA data recorded during the exposure of Fe-20Cr to Ar-20CO 2 -5H 2 O allowed the evolution of θ during reaction to be determined. A deviation from uniform nucleation-growth kinetics was thus identified, and attributed to enhanced resistance to nucleation of part of the specimen surface.

Approximating nucleation as uniform, θ values recorded after time-lapse experiments were used to determine nucleation rates, allowing the extent and variability of breakaway to be evaluated.

Accelerated breakaway oxidation of binary alloys in wet CO 2 was shown to be due to more frequent nucleation of Fe-rich oxide, i.e. reduced resistance of Cr 2 O 3 to failure, in the presence of H 2 O(g), while nodule growth rates were insensitive to gas composition. Nucleation rates determined for Fe-25Cr were higher than those arrived at for Fe-20Cr, which was related to faster Cr 2 O 3 growth on the Fe-25Cr alloy. However, increasing the chromium content also promoted the formation of low-diffusivity spinel oxides after Cr 2 O 3 failure, which reduced nodule growth rates, and overall oxidation rates.

Nickel additions to Fe-20Cr had a complex effect, as they drastically enhanced the effect of grain orientation on nodule nucleation. This strong orientation effect, together with the large grain size of the alloys used, led to inadequate statistical sampling, preventing identification of gas composition and nickel concentration effects. However, reductions in both average nucleation rates and nodule growth rates provide a phenomenological explanation for the enhanced oxidation resistance of the Ni-bearing alloys.

Although nodules were formed on the 25Cr ternaries, their slow development yielded no marked acceleration in the reaction kinetics. The ability to sustain Cr 2 O 3 formation was therefore less decisive than nodule growth rate in maintaining protective oxidation of these alloys. Oxidation resistance thus benefited from both chromium and nickel additions, which slowed nodule growth.

Figure 1 :

 1 Figure 1: Surface view of samples after 120 h reaction. (a) Fe-25Cr-20Ni in Ar-20CO 2 -20H 2 O; (b) Fe-20Cr in Ar-20CO 2 ; (c) Fe-20Cr-20Ni in Ar-20CO 2 -20H 2 O.

Figure 2 :

 2 Figure 2: Weight gain per unit area and associated nodule surface area fraction (bracketed numbers, expressed in percent of the surface area) after 336 h reaction.

Figure 3 :

 3 Figure 3: Weight change kinetics measured during reaction of Fe-20Cr. Markers: timelapse experiments (each point represents a different specimen); solid lines: TGA experiments.

Figure 4 :

 4 Figure 4: Surface area fractions of Fe-rich oxide for reaction of Fe-20Cr. Filled symbols: time-lapse experiments (each point represents a different specimen); open symbols: TGA experiments; solid lines: calculated from Eq. (7).

Figure 5 :

 5 Figure 5: Early stage weight gain kinetics during oxidation of Fe-20Cr in dry and wet CO 2 and in dry air.

Figure 6 :

 6 Figure 6: Surface area fraction of Fe-rich oxide measured for Fe-25Cr (time-lapse experiments; each point represents a different specimen).

Figure 7 :

 7 Figure 7: Surface area fraction of Fe-rich oxide measured for Fe-20Cr-10Ni (time-lapse experiments; each point represents a different specimen).

Figure 8 :

 8 Figure 8: Iron-rich oxide growth kinetics for Fe-20Cr (time-lapse experiments; each point represents a different specimen), expressed in terms of corrected weight gains defined in Eq. (3).

Figure 9 :

 9 Figure 9: Weight gain measured by TGA during oxidation of Fe-20Cr in Ar-20CO 2 -5H 2 O and local gravimetric rate constant, determined after method in Ref. [16].

Figure 10 :

 10 Figure 10: Semilog representation of the surface area fractions of Fe-rich oxide measured after reaction of the Fe-20Cr and Fe-25Cr alloys in wet CO 2 (time-lapse experiments; each point represents a different specimen).

Figure 12 :

 12 Figure 12: Surface are fraction of nodules during exposure of Fe-20Cr to Ar-20CO 2 -5H 2 O, obtained from TGA data and Eq. (16) (no hypothesis on the distribution of nucleation events), and from combined use of Eqs. (16) and (7) (uniform nucleation hypothesis). Details given in text.

Figure 13 :

 13 Figure 13: Experimental (TGA) and fitted weight gains for oxidation of Fe-20Cr in Ar-20CO 2 -5H 2 O. Fitted values obtained from optimisation of numerical model (Eqs. (16) and (17)) and approximate analytical model (Eqs. (18) and (19)).

Figure 14 :

 14 Figure14: Nucleation rates resulting from the nucleation-spreading analysis (Eq. (7) applied to θ values measured after time-lapse experiments).

Table 1 :

 1 Fe-rich oxide thickening rate constant, k p,Fe-ox (10 -11 cm 2 s -1 ) (reproduced from[START_REF] Gheno | Mechanism of breakaway oxidation of Fe-Cr and Fe-Cr-Ni alloys in dry and wet carbon dioxide[END_REF]).

		Ar-20CO 2 Ar-20CO 2 -5H 2 O Ar-20CO 2 -20H 2 O
	Fe-20Cr	12	12	8.5
	Fe-20Cr-10Ni	3.1		
	Fe-20Cr-20Ni			1.0
	Fe-25Cr (thick nodules)	6.7		5.1
	Fe-25Cr (healed scale)	0.069		0.069
	oxide, carbides and Cr 2 O 3 :			
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