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A B S T R A C T

To provide clarity on the poorly-understood mechanism of breakaway oxidation, corrosion of Fe9Cr1Mo steel
in pressurised CO2 is quantified and modelled. The temperature range 400–640 ◦C, relevant to nuclear power
plants, is emphasised. Attack is in the form of combined oxide scale growth and internal carburisation of
the metal. Carbon activity in the metal at its surface exhibits a strong time dependence consistent with the
kinetically-limited transport of carbon due to the slow Boudouard reaction. Breakaway is associated with the
approach to saturation of the steel with respect to carbon. Diffusion modelling agrees well with steel carbide
precipitation observations.
1. Introduction

Corrosion of 9Cr steels in high-pressure CO2-rich gaseous environ-
ments causes both carburisation and oxidation to occur in a coupled
manner [1]. This situation makes the prediction of degradation – which
is important for the assessment of component failure – very challenging.
Currently, there is a growing worldwide interest in such chemical at-
tacks, because of the recognition of the advantages of using pressurised
CO2 in advanced thermodynamic plant being designed and constructed
based upon the Brayton or Allam power cycles [2]. There is also an
urgent need for studies of alloy stability for CO2 gas sequestration and
for applications involving concentrated solar power [3–5]. CO2 is also
used as a coolant in some breeds of nuclear plant [6], such as the
advanced gas-cooled reactors (AGRs, Fig. 1) which have been running
in the United Kingdom since the 1980s, making the behaviour of 9Cr
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steels in such environments of significant practical importance [7–
9]. Moreover, CO2 is assuming importance for space exploration, for
example to Mars or Venus, since it is often the prevailing gaseous
species on planetary systems other than Earth [10–12].

What are the important characteristics of corrosive attack by CO2?
On the one hand, one observes the rapid formation of oxide species
in a manner broadly similar to that observed in low oxygen content
environments such as H2O [13–15] or CO2. For example, for the
Fe9Cr1Mo ferritic steels used in the AGR nuclear reactors which are
studied here, outward and inward growing scales of magnetite and Cr-
rich spinel are found [8,16]. But the underlying metal is also carburised
as evidenced by the extensive formation of carbide phases which then
subsequently experience oxidation [8,17]. The balance of attack due
to oxidation and carburisation depends upon the temperature and
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Fig. 1. Schematic Advanced Gas-cooled Reactor (AGR).

presumably also the CO2 pressure, although experimental data are
sparse. Of prime importance is the mechanism of carbon transport
across the oxide scale, for which there is no consensus at present [18],
short of an acknowledgement that the catalysis of a rather sluggish
Boudouard reaction is needed, particularly as the temperature falls
below 500 ◦C [19]. Therefore, it is the quantification of the carbon
activity, particularly at the metal/scale interface which is one of the
overarching and outstanding scientific challenges [8,20].

In this paper, the corrosion of Fe9Cr1Mo ferritic steel in high-
pressure CO2 is considered, under conditions relevant to the AGR
reactors in use in the UK. The paper is constructed in the following
way. First, the behaviour of this steel in the temperature range of 400
to 640 ◦C is considered; in this range, the balance of attack due to
oxidation and carburisation is studied, particularly in the context of so-
called breakaway oxidation. Next, mathematical modelling is carried
out with an emphasis on the carburisation step and the variation of
the carbon activity at the metal/scale interface; it is shown that there
is a strong time dependence to this which needs to be accounted for if
accurate predictions are to be made. The effects of component geometry
and metal loss due to oxidation are considered and rationalised. The
Robin-type boundary condition then needs to be modified to account
for the moving oxide/metal scale interface. In the final part of the
paper, the implications of our findings are considered, particularly in
relation to the use of Fe9Cr1Mo steel for these applications, and the
risk of breakaway attack occurring in the lower temperature regime,
which is pertinent to AGR reactor conditions.

The context of the work reported here relates to the phenomenon
of so-called breakaway oxidation of Fe9Cr1Mo steel which causes a
departure from parabolic oxidation kinetics towards a more aggressive
linear attack. Whilst this effect has been known for some years, details
of the mechanism remain controversial. On the one hand, breakaway
oxidation has never been observed at temperatures close to the con-
ditions of the AGR reactors; nonetheless, it is seen under accelerated
testing conditions which typically involves the use of temperatures
higher by at least 100 ◦C. Statistical approaches based upon weight
gain data are currently employed to assess breakaway oxidation, but
this can be criticised because of its blind empiricism. An alternative
approach – which is followed in this paper – is to focus on the damage
caused by carburisation (rather than oxidation) since carburisation
2

could act as a precursor to breakaway oxidation and also potentially
would alter the mechanical response of the structural component. It is
noted that as the degree of carburisation increases at the alloy surface
the concentration of chromium available in the ferrite phase for scale
formation is decreased, until a protective scale cannot be maintained.

2. Experimental procedures and results

2.1. Gas exposure experiments

An extensive programme of experimental work has been made
available for the present work by EDF Energy (formerly British En-
ergy) to study the mechanisms of breakaway oxidation for experimen-
tal 9Cr steels under various exposure conditions [21]. Three distinct
sets of experiments are selected in this study which employed care-
fully controlled experimental conditions over the temperature range of
400–600 ◦C with exposure to CO2 environment up to 114 kh.

The first set consists of Fe9Cr1Mo ferritic steel finned samples (see
material HRA1542 in Table 3) exposed to high pressure CO2 (at a gauge
pressure of ∼41.4 bar) at temperatures between 580 and 640 ◦C. These
are referred to here as Group I. This part of the experimental dataset
– and the sample preparation and exposure procedures – has also been
considered in Gong et al. [8]. Details of gas compositions, exposure
duration and temperatures for a subset of these samples are listed in
Table 1 (samples 11–18). Autoclaves (inner volume of ∼22.5L) were
used. The gas compositions are listed in Table 2 as Gas 3 and 4. A
gas flow rate of 20mL∕min at standard temperature and pressure (STP)
was used. Readers are referred to Gong et al. [8] for more details. The
time-to-breakaway (ttb) is estimated as a time interval between the
last visual inspection with no breakaway (TTB) and the next inspection
(TafterB). The mass gain data (of the full dataset) is summarised in
Fig. 3: higher temperatures give larger weight gains and lower ttb;
samples exposed to the higher moisture content (gas 4) show slightly
larger weight gains. The probability distribution of TTB/TafterB, for
all 98 samples with observed breakaways, can be found in Appendix A
Supplementary data.

A second set of Fe9Cr1Mo finned samples is considered here, see
materials 256 and 277 in Table 3. Data acquired for these samples is
referred to as Group II, which were exposed at the low end of the
temperature range of interest, i.e. ∼400 to 520 ◦C (see Table 1) [23].
The 2D/3D geometry of the component considered is illustrated in
Fig. 2. These were sectioned with 4 or 6 fins along the length, with
surfaces wet-ground to 180 grit SiC, before being degreased in hot Gen-
klene (inhibited 1.1.1 trichloroethane) in an ultrasonic bath, followed
by an acetone wash. Specimens of material 256 were contained in
annular stainless steel or silver trays mounted on the normal specimen
support assemblies in the British Nuclear Design and Construction
(B.N.D.C.) small autoclaves, while specimens of material 277 were
located in rectangular stainless steel or Inconel 600 containers which
were in turn situated in perforated stainless steel or nickel cages (larger
autoclaves). A gas mixture with the gas 2 composition listed in Table 2
was employed in tests. The gas flow rate through the autoclaves was
controlled at 25mL∕min (measured at laboratory pressure). The gas
was pre-mixed to the desired composition, except moisture which was
regulated by means of a saturated molecular sieve humidifier [23].

The third set of experimental data is for Fe9Cr1Mo steels in a plain
tube geometry. These are referred to as Group III. They were also
exposed at low temperatures [24]. The material has a slightly higher
lower limit of silicon content, see material 283 in Table 3. Samples were
cold-finished, normalised and annealed at 850 to 875 ◦C for one hour
followed by furnace cooling at a rate slower than 43K h−1 to 680 ◦C.
Both heat treatments were carried out in a protective atmosphere. The
final finishing of the outer surface was by grit blasting with 60–80 mesh
alumina grit. Samples were dry-machined before being ultrasonically
degreased in Genklene, contained in recrystallised alumina crucibles
and weighed until a constant weight was achieved. Exposure was
carried out in the large autoclaves used for Group II samples, using the
gas 3 composition listed in Table 2. Detailed exposure duration and the

conditions for each sample are listed in Table 1 (samples 6–10).
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Fig. 2. (a): Illustration of the experimental finned and plain tube sample geometry; (b): dimensions of the finned tube and plain tube samples with illustrative carbon concentration
fields; samples are profiled across the fin tip and the tube base as illustrated in dashed brown lines.
Table 1
Summary of samples for microstructural characterisations.

Group Sample Sample Materials Geometry Duration Temperature Gas Protective/
ID name code [kh] [◦C] composition Breakaway

II 1 HRA2825 277 Finned 97.02 450 1 Protective
II 2 HRA4689 256 Finned 90.1 400 1 Protective
II 3 HRA2803 277 Finned 113.598 485 1 Protective
II 4 HRA2270 256 Finned 132 520 1 Protective
II 5 HRA2837 277 Finned 115 520 1 Protective
III 6 HRA4693 283 Plain Tube 90.1 400 2 Protective
III 7 HRA3857 283 Plain Tube 94.02 450 2 Protective
III 8 HRA3890 283 Plain Tube 110.598 485 2 Protective
III 9 HRA3868 283 Plain Tube 112 520 2 Protective
III 10 HRA3879 283 Plain Tube 98.605 550 2 Protective
I 11 HRA8525 HRA1542 Finned 5.845 600 3 Protective
I 12 HRA8185 HRA1542 Finned 1.715 640 4 Breakawaya

I 13 HRA8185 HRA1542 Finned 0.76 640 4 Protective
I 14 HRA8185 HRA1542 Finned 0.504 640 4 Protective
I 15 HRA8183 HRA1542 Finned 0.76 640 3 Protective
I 16 HRA8183 HRA1542 Finned 0.504 640 3 Protective
I 17 HRA8526 HRA1542 Finned 10.865 600 3 Breakawayb

aAll three fins are close to breakaway.
bLeft fin is protective while the middle and right fins are close to breakaway.
Table 2
Summary of exposed gas compositions.

Gas number H2O [ppmv] H2 [ppmv] CH4 [ppmv] CO [vol%] CO2

1 625 300 700 1 Bal.
2 625 200 700 1 Bal.
3 300 100 300 1 Bal.
4 700 100 300 1 Bal.
5 1100 100 300 1 Bal.
3

2.2. Dimensional metrology of oxide layers

Typical duplex oxide microstructure developed in these samples
has been reported in our previous paper [8]. Here further addition,
careful measurements of oxide dimensions have been conducted for
all selected samples following the procedures in Ref. [25]: optical
microscopic images across the whole oxidised surface have been taken
for each sectioned sample, with relative positions obtained from an 𝑥–𝑦
calibrated microscope stage; collected images were then automatically
analysed, allowing the statistical distribution of thickness for each
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Fig. 3. Weight gains of material HRA1542 exposed to (a) gas composition 3 [8] and (b) gas composition 4 [22], at 580 ◦C (black), 600 ◦C (red), 620 ◦C (blue) and 640 ◦C (green);
one standard deviation from repeated tests is used to evaluate uncertainties. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Table 3
Compositions (wt.%) and area fraction of carbides measured for samples before the exposure (virgin conditions); compositions are measured by
inductively coupled plasma optical emission spectrometry (ICP-OES) analysis or combined with the combustion method.

Group Materials code C Si Mn P S Cr Mo Ni N Cu Co Fe Carbide area fraction

I HRA1542 0.093 0.67 0.47 0.011 0.008 9.2 1.04 0.21 – 0.16 0.02 Bal. 2.5±0.4
II 256 0.11 0.63 0.48 0.01 0.004 9.44 0.95 0.15 0.026 – – Bal. 2.7±0.5
II 277 0.1 0.61 0.52 0.013 0.005 8.92 1.05 0.17 0.016 – – Bal. 2.5±0.3
III 283 0.11 0.69 0.4 0.016 0.01 9.34 0.98 0.23 0.015 – – Bal. 2.5±0.4
oxide layer to be analysed. Features such as oxide spallation can be
well characterised by such analysis. Additionally, a set of data from
British Nuclear Design and Construction (now Jacobs), where the oxide
thicknesses are measured either by incremental surveys or by random
measurements, is included in the current assessment; increments for
the surveys were between 100 and 250 μm [26]. All measured data are
ummarised in Fig. 4.

.3. Microstructure of the substrate and quantifications of carbon uptake

Fig. 5 summarises the typical microstructure of the substrate close
o the spinel/substrate interface across the range of exposure times
nd temperatures (at the protective stage) being studied. The carbide
recipitates due to carbon uptake are revealed as dark regions in the
igure, imaged by ion-induced secondary electron signals. Selected area
iffraction (SAD) by transmission electron microscope (TEM) suggests
hese particles consist of M23C6, M7C3 and M2C carbides [8,27,28].
ne can see an increased amount of carbide precipitates with longer
xposure times and/or higher temperatures.

To quantitatively evaluate the carbon uptake in the substrate, the
patial distribution of the area fraction of carbide was measured for
ach sample. Because system errors are inevitable, exposure condi-
ions (including temperature and time) have been chosen such that
he expected variance of carbon content distribution (within a single
pecimen) is maximised and the relative error of measurements within
single specimen is minimised. All selected samples were first pol-

shed to 0.04 μm surface finish (colloidal silica was used as the final
olishing solution), followed by careful surface cleaning using both
ater and methanol, then air drying. To achieve a high contrast dif-

erential between the carbide and the matrix, a reactive gas-enhanced
4

ion beam-induced secondary electrons imaging method (carried out
on the Thermo Fisher (formerly FEI) Nova 600 NanoLab Dual Beam
(FIB-FEGSEM) system) was used. The procedure involved collecting an
image with the reactive gas valve closed and then a second image with
the valve open, this second image was used for analysis. A XeF2 reactive
gas was used with a probe current of 0.5 nA (30 kV) and a frame time
of 47.6 s. A horizontal field width of 50 μm was chosen for each image
and the stage was moved in 50 μm increments perpendicular to the
scale/alloy interface so that a continuous line of images containing
the particles was collected. The particles in the images were quantified
using a threshold-based binarisation method using the ImageJ software.
All images were manually thresholded and checked; artefacts such as
pores were excluded from the analysis. Readers are referred to [29]
for more details on the quantitative analysis of carbide particles. The
measured fraction of carbide precipitates has been converted to carbon
concentration (or molar fraction) assuming that local phase assemblage
comes to local equilibrium. This is done by using the CalPhaD approach
with all possible phases included in the Thermo-Calc steel and Fe-alloys
database (TCFE8). Readers are referred to Appendix A Supplementary
data for all measured carbon profiles.

It should be emphasised that the upper limit of the vertical axis
in Fig. 5, corresponding to long-term exposures (more than 20 years),
is currently inaccessible by experiments; thus the exact amount of
carbon uptake corresponding to the breakaway condition in the low-
temperature regions (right-hand side of the figure) is not available from
experiments.

3. Description of modelling approach

The above experimental observations motivate the proposed kinetic
model for lifetime assessment. On exposure to a CO/CO gaseous
2
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Fig. 4. Comparisons of measured total oxide thickness (solid symbols by this work and hollow symbols from [26]) against analytical fittings (parabolic) and numerical simulations
(dashed lines); finned tube samples (solid circles) and plain tube samples (solid star) are exposed at temperatures of 400 ◦C (olive), 450 ◦C (orange), 485 ◦C (pink), 520 ◦C (green),
550 ◦C (black), 580 ◦C (purple), 600 ◦C (blue), 620 ◦C (wine) and 640 ◦C (red); samples above 550 ◦C are exposed to gas 3 (solid squire), gas 4 (solid diamond) and gas 5 (solid
triangle) while samples below 580 ◦C are exposed to gas 1 (finned samples) and gas 2 (plain tube samples). The median of oxide thickness from measurements is considered here.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Typical ion-induced secondary electron images collected at the spinel/substrate interface, for samples exposed at different combinations of temperature and time; the bottom
left image shows the virgin condition (prior to CO2 exposure). To guide the eye, predicted time of carbon saturation with 𝜂critC = 0.2 and 𝜂critC = 0.9 (using the Arrhenius fit of both
𝛼𝑎∕𝑉𝑚 and 𝜁 for a 1D domain corresponding to the fin width, considering oxidation kinetics, see Section 4) are shown as the dashed dot line and the dashed line, respectively.
environment, steels develop a duplex scale consisting of magnetite
and Cr-rich spinel layers, accompanied by precipitation of Cr-rich
carbides within the underlying substrate, see the illustration of phase
transformations in Fig. 6. The boundary condition applied at the
spinel/substrate interface, the modelling of carbon diffusion in the
substrate, and their coupling with oxidation kinetics are described
in this section. Compared with the previous modelling works by the
authors [8,30], the method adopted here is more robust and more
efficient; this is particularly useful for lifing purposes where the model
needs to be trained and calibrated against a large amount of experi-
mental data.
5

Time integration of the system of equations which results is per-
formed numerically, using non-linear General Partial differential equa-
tion (PDE) solvers implemented in the COMSOL® v. 5.4 software
package.

3.1. The interface reaction at the spinel/substrate interface

No attempt has been made to account for the transport of carbon
through the oxide scale, for which inadequate information is avail-
able; instead boundary conditions for carbon describing the chemical
(Boudouard) reaction at the spinel/substrate interface [19] (or across
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Fig. 6. Illustrations of phase transformations in CO2 oxidation of 9Cr1Mo steel. The distribution of the chemical potential of carbon is shown at the bottom right.

Fig. 7. Calculated effective diffusion coefficient of carbon as a function of total fraction of carbon up to 𝑎C = 1; calculations were done either by considering all possible phases
(solid lines) or only including the M23C6 type of carbide (dashed lines), with the composition of alloy 277 (blue), 283 (red), 256 (green), HRA1542 (orange) and Fe-9Cr1Mo
(purple); the weight fraction of carbon is converted from the molar fraction of carbon based on the Fe-9Cr-1Mo alloy composition. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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𝐽𝐽
Fig. 8. Illustration of coupling between oxidation with carburisation kinetics. The internal oxidation zone (IOZ, shown in Fig. 6) is omitted here because carbon diffuses through
the Cr-depleted matrix of the IOZ rapidly and without reaction; its activity at the IOZ/carburisation zone interface is therefore very little changed from the value at the scale/metal
interface.
Fig. 9. Derived 𝛼𝑎∕𝑉𝑚 (a) and 𝜁 (b) for each sample by allowing 𝜁 to be adjusted for each fitting of profiles; black lines show the (inverse) Arrhenius fit of 𝛼𝑎∕𝑉𝑚 and 𝜁 over the
temperature. Calculations were done without taking into account oxidation kinetics.
the whole oxide layers):

CO2 = CO + 1∕2O2 2CO = CO2 + C (1)

is assumed where the inward flux of carbon 𝐽𝐽𝐽⋆
C has the functional form

consistent with [30]:

𝐽⋆
C𝑉𝑚 = 𝛼𝑎 {𝑇 }

(

𝑎eq
C − 𝑎⋆C

)

(2)

Here 𝑉𝑚 denotes the alloy molar volume; 𝛼𝑎 [ms−1] the interface re-
action coefficient of carbon which is assumed to follow an Arrhenius
law; 𝑎eq

C and 𝑎⋆C are the carbon activity at equilibrium (determined by
the Boudouard reaction) and instantaneously at the spinel/substrate
interface respectively. A schematic chemical potential profile for carbon
is shown at the bottom right of Fig. 6. A detailed justification of
Eq. (2) by applying absolute reaction rate theory is provided in Gong
et al. [30].

3.2. The diffusion of carbon in the substrate

The diffusion of substitutional elements such as chromium is slug-
gish compared with that of carbon. This gives rise to significant (long-
range) chemical inhomogeneity within the substrate only with respect
7

to carbon. The diffusion problem can therefore be simplified by con-
sidering only the diffusion of carbon. The flux of carbon is driven by
the gradient of the carbon concentration within the ferrite matrix, 𝐶𝛼

C.
It proves convenient, however, to express the diffusion equation in
terms of the total carbon concentration 𝐶C (i.e. that in solution in the
ferrite matrix, plus the carbon tied-up in the precipitates, whose volume
fraction evolves with time). We assume that the precipitation kinetics
is sufficiently rapid such that a state of local equilibrium is achieved.
The rate of evolution of the carbon concentration 𝐶C is then given by

𝐶̇C = 𝛁 ⋅
(

𝐷eff
C 𝛁𝐶C

)

(3)

where 𝐷eff
C is an effective diffusion coefficient, expressed by

𝐷eff
C = 𝑓 𝛼

𝑣 𝐷
𝛼
C

d𝐶𝛼
C

d𝐶C
(4)

where 𝑓 𝛼
𝑣 is the volume fraction of ferrite and 𝐷𝛼

C is the chemical
diffusion coefficient of carbon in ferrite. For a given alloy composition
and total carbon concentration, 𝑓 𝛼

𝑣 and 𝐷𝛼
C can be determined using the

thermodynamic database. This allows the gradient
d𝐶𝛼

C
d𝐶C

and therefore
𝐷eff to be calculated. Fig. 7 shows calculated values of 𝐷eff as a
C C
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Fig. 10. Predicted maximum degree of carbon uptake of the 9Cr-1Mo alloy taking into account oxidation kinetics with 𝑃C = 1 (red) and 𝑃C = 0 (blue), and without taking into
ccount oxidation kinetics (black); calculations have been done in both 1D (solid lines) and 2D (planar: dashed lines; axisymmetric: short dot lines), with geometry defined in
ig. 12. Values of 𝛼𝑎∕𝑉m and 𝜁 follow the best fit of for each temperature as outlined in Section 4. The yellow and blue regions cover the range of measured ttb for samples listed
n Table 1 and Fig. 3 respectively. The green rectangle shows the range of 𝜂critC predicted by the 2D axisymmetric model (with 𝑃C = 1) in the ttb zone (for the larger dataset).
easured carbon mole fraction at the spinel/substrate interface (converted to the degree of carbon uptake) at 0 (□), 0.5 (×), 1 (+) and 1.5mm (▽) away from the fin tip are

ncluded, compared to predictions at 0.5 (green dot lines), 1 (purple dot lines) and 1.5mm (orange dot lines) away from the fin tip. (For interpretation of the references to colour
n this figure legend, the reader is referred to the web version of this article.)
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unction of total molar fraction of carbon 𝑋C, at 485 and 640 ◦C,
or different alloys. Discrepancies of 𝐷eff

C have been found between
hose calculated from Eq. (4) and those derived from carbon uptake
easurements, particularly at low temperatures. A possible reason

nvolving precipitation-induced strain in the ferrite has been proposed
n previous work [30,31]. Due to a lack of relevant measurements, a
emperature-dependent correction factor 𝜁 {𝑇 } (fitted to carbon profile
easurements) is thus introduced here, giving the corrected effective
iffusion coefficient of carbon as:
eff ,corr
C = 𝜁 {𝑇 }𝐷eff

C (5)

The above models have been coupled with the Thermo-Calc ther-
odynamic database TCFE8 and the mobility database MOBFE4. The
umerical implementation has been tested against the homogenisation
odel [32–35] as implemented in the DiCTra software package where
iffusion of multi-components in multi-phases is explicitly solved in a
attice-fixed-frame of reference. For temperatures ranging from 400 to
40 ◦C and 𝛼𝑎∕𝑉𝑚 from 10−14 to 1 × 10−6 molm−2 s−1, predictions using
q. (3) and DiCTra are within ±5% for the concentration profile and
8

10% for the time for carbon saturation (TCS, defined in Section 5).
eaders are referred to Appendix A Supplementary data for detailed

mplementation of DiCTra and its comparisons with the present work.

.3. The coupling with oxidation kinetics

The duplex scale consists of a Fe-rich magnetite/spinel and a Cr-rich
pinel phase region; the former contains very little Cr and grows out-
ards while the latter contains a Cr concentration similar to the metal-

ic substrate and grows inwards [16,36–38]. The position of the mag-
etite/spinel interface remains the same as the original gas/substrate
nterface, and both oxide layers have approximately equal thicknesses
8], as illustrated in Fig. 6. To account for the influence of (inward)
rowth of the spinel phase on the carburisation kinetics, a moving
nterface boundary condition is applied at the spinel/substrate interface
ith its velocity depending on the local concentration gradient of ‘an
xygen-containing species’ in the oxide at the oxide/alloy interface [39,
0]; this is to model the consumption of the substrate, as illustrated in
ig. 8. One should note that the internal oxidation zone (IOZ) is omitted
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𝐽𝐽
Fig. 11. Comparison of the molar fraction of carbon at the spinel/substrate interface by measurements and predictions; the Arrhenius fit of both 𝛼𝑎∕𝑉𝑚 and 𝜁 are used in the
carbon uptake model, with oxidation kinetics considered; the grey region is outlined by predictions considering a 1D geometry corresponding to the fin width or the thickness of
the plain tube, for different virgin alloys at around 1 × 105 h; the error of measurement at 485 and 520 ◦C is estimated based on measurements at the spinel/substrate interface
across the plain tube specimen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 12. Geometry of component assumed in the carbon uptake model; oxidation kinetics have been considered for all cases, with the outmost surface (grey) denoting the original
gas/substrate interface; the rotational twist representing spiral fins is considered in the 3D case.
here because carbon diffuses through the Cr-depleted matrix of the
IOZ rapidly and without reaction; its activity at the IOZ/carburisation
zone interface is therefore very little changed from the value at the
scale/metal interface. Furthermore, the description of the inward flux
of carbon at the spinel/substrate interface (Eq. (2)) is modified by
adding an extra ‘snow plowing’ term which is dependent on the moving
velocity of the interface 𝑣𝑣𝑣⋆ and the carbon partition coefficient 𝑃C,
consistent with:

𝐽⋆
C𝑉𝑚 = 𝛼𝑎 {𝑇 }

(

𝑎eq
C − 𝑎⋆C

)

+ 𝑃C𝐶
⋆
C𝑉𝑚𝑣𝑣𝑣

⋆ {𝑡} (6)

where 𝑃C = 0 means that the spinel retains all the carbon as it
grows while 𝑃C = 1 means all carbon is piled-up in the substrate
ahead of the spinel. Currently, in all assessments, it is assumed that
𝑃C = 1, giving rather more aggressive predictions of carbon up-
take and thus more conservative lifetime projections. The position of
the spinel/substrate interface 𝑧⋆𝑥 , which gives 𝑣𝑣𝑣⋆ = d𝑧⋆𝑥 ∕d𝑡, has the
following time-dependent analytical form:

𝑧⋆𝑥 {𝑡} = 𝛽
√

𝐷O𝑡 +
(

𝑧⋆,◦𝑥 ∕𝛽
)2 (7)

where 𝑧⋆,◦𝑥 is its initial position, 𝐷O is the chemical diffusion coefficient
of oxygen in the scale and 𝛽 is a constant derived from the similarity
9

method. Both 𝑧⋆,◦𝑥 and 𝐷O are fitted to measured oxidation rate data
(see Section 2.2). Readers are referred to Appendix A Supplemen-
tary data for a mathematical derivation of Eq. (7). Such a general
treatment of coupling the diffusion of carbon with oxidation kinetics
is particularly useful as it allows the simulations to be extended to
arbitrary geometries, where the velocity of the moving spinel/substrate
interface depends on the local concentration gradient (of ‘oxygen’) at
the interface.

4. Application of models for data analysis

To rationalise the kinetic model for the carbon uptake measure-
ments, a sensitivity analysis has been undertaken to evaluate the as-
sumptions made in determining the carbon diffusion coefficient; the
effect of taking into account oxidation kinetics; and the precise ge-
ometry of the calculation domain. The fitting (of physical parameters)
procedure (to measured carbon profiles) was implemented by using
the trust-region nonlinear least square method [41] and the bisquare
weights robust least squares method [42].

First, the interface reaction kinetics 𝛼𝑎∕𝑉𝑚 is estimated by using the
effective carbon diffusion coefficient derived from CalPhaD databases
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c

Fig. 13. Calibrated critical 𝑋C, 𝜂C, 𝑎C and 𝜇C at the spinel/substrate interface; calculations were done taking into account oxidation kinetics.
i

(following Eq. (4), see values in Fig. 7 for different alloys). An opti-
mum value of 𝛼𝑎∕𝑉𝑚 is derived for each measured profile by applying
Eqs. (2)–(5). Then, both 𝛼𝑎∕𝑉𝑚 and the carbon diffusion coefficient
orrection factor 𝜁 are adjusted to fit each profile. This gives a better fit

to measured profiles at low temperatures where a larger 𝜁 is suggested,
see derived values of 𝛼𝑎∕𝑉𝑚 and 𝜁 for each sample plotted in Fig. 9.
A very good Arrhenius fit of 𝛼𝑎∕𝑉𝑚 over the temperature range of
485–640 ◦C is obtained, as shown in Fig. 9, which is consistent with
a thermally-activated Boudouard reaction as proposed theoretically
in [30]. Next, the data is fit by assuming 𝜁 to be constant (3, 10 or
50) or to follow the inverse-Arrhenius law represented by the solid
line in Fig. 9(b). This allows the influence of chosen value of 𝜁 , which
is described empirically in this work, to be analysed. The activation
energy 𝑄𝛼 & pre-factor obtained from the Arrhenius fit of Fig. 9(a) for
𝛼𝑎∕𝑉𝑚, and the coefficient of determination values are listed in Table 4
(no oxidation, by fixing the position of scale/alloy interface). One can
see that allowing 𝜁 either to be selected at each temperature or to
follow the inverse-Arrhenius law gives the better fits. The sequence of
calculation has been repeated by also considering the metal loss due
to spinel growth. By calibrating Eq. (7) based on the dataset of mea-
sured oxide thickness (Fig. 4), the following temperature-dependent
expressions for 𝐷O and 𝑧⋆,◦𝑥 are derived.

𝐷O {𝑇 } = 2.65616 × 10−5 exp
{

−193.3 × 103[Jmol−1]
𝑅𝑇

}

m2 s−1 (8)

𝑧⋆,◦𝑥 {𝑇 } = 9.72946 × 10−10
√

exp
{

2.32922 × 10−2 𝑇 [K]
}

m (9)
10
Table 4
Summary of activation energy [kJ/mol] and pre-factor [mol⋅m−2⋅s−1] for derived
nterface reaction parameter 𝛼𝑎∕𝑉𝑚.
Oxidation Assumption of 𝜁 Activation energy Pre-factor R2

Yes

𝜁 adjusted 221.4 7.87 × 105 0.927
Inverse Arrhenius law 220.3 6.69 × 105 0.922
𝜁 = 1 250.8 3.80 × 107 0.917
𝜁 = 3 236.4 6.08 × 106 −0.091
𝜁 = 10 232.0 3.62 × 106 −0.083
𝜁 = 50 217.3 4.64 × 105 −0.111

No

𝜁 adjusted 219.6 6.30 × 105 0.929
Inverse Arrhenius law 218.4 5.23 × 105 0.925
𝜁 = 1 240.4 9.63 × 106 −0.077
𝜁 = 3 226.0 1.52 × 106 0.937
𝜁 = 10 224.2 1.27 × 106 −0.083
𝜁 = 50 214.7 3.33 × 105 −0.111

Here no significant effects on the observed oxidation kinetics have
been found by changing the gas moisture content; a unified expression
describing oxidation is thus used for all exposure gas compositions.

As listed in Table 4 (with oxidation, by allowing the Cr-rich scale to
grow inwards), the derived activation energy for the interface reaction
𝑄𝛼 obtained by taking into account oxidation kinetics is approximate
220 kJmol−1, slightly larger than that without considering oxidation
kinetics. Changes in the predicted maximum carbon concentration in
the alloy (or degree of carbon uptake, see definition in Eq. (10)) when
oxidation kinetics are taken into account are illustrated in Fig. 10;
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Fig. 14. Predicted time to carbon saturation with different 𝜂crit assumed; calculations were done by using the Arrhenius fit of 𝛼𝑎∕𝑉𝑚 and inverse-Arrhenius fit of 𝜁 taking into
account oxidation kinetics; a 2D axisymmetric geometry is used. Average ttb (taken as half between TTB and TafterB) measured for samples exposed to gas 3 and gas 4 are
represented by black and red circles respectively; The error bar indicates the range of measurements between the minimum TTB and the maximum TafterB. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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oxidation is found to accelerate the carburisation kinetics. The cali-
brated 1D model has been compared with measured carbon content at
the spinel/substrate interface (at 𝑡 = (1 ± 0.3)×1 × 105 h) as shown in
ig. 11. Good agreement is found at temperatures of interest to reactor
onditions between 480 and 520 ◦C.

Finally, we consider the effect of geometry. A 1D geometry (for
itting purposes), 2D (planar) and 2D (axisymmetric) geometries are
tudied, as shown in Fig. 12. Predictions (Fig. 10) suggest more rapid
arbon uptake (at the fin edge) in 2D; this is consistent with experi-
ental observations that breakaway initiations generally occur first at

in edges.

. On the implications for lifetime failure analysis by kinetic
odelling

The modelling work reported here has allowed a quantified law for
arbon ingress to be proposed on the basis of chemical reaction rate
heory backed up by experimental measurements of carbon uptake. The
aw has been shown to apply across the temperature interval relevant
o reactor operation and the higher temperatures used for accelerated
orrosion tests on finned samples.

Moreover, it has been demonstrated that some degree of car-
on uptake occurs across the full range of temperatures considered.
his observation is highly pertinent to modelling the degradation of
he Fe9Cr1Mo steel since the carbon concentration field represents a
hysically-based state variable which can be used to characterise the
egree to which the steel has been attacked. When considering the
tate of degradation of the material, one can argue [8,30] that the
egree of carbon uptake by a steel component is critical. It represents
rogressive loss of the steel’s ability to absorb more carbon released by
he Boudouard reaction taking place at its surface.

Carbon is produced in reaction (1) at the oxide/metal interface
nd drained away by diffusion into the steel and carbide precipitation
11

herein. The rates of both carbon generation at the surface (Eq. (2)) and a
ts removal according to Eqs. (3) and (4) slow with time, but according
o different rate laws. When diffusion into the partially carburised
teel becomes too slow, excess carbon generated by reaction (1) can
eposit onto the metal surface, that is to say, within the spinel scale
ayer. The consequent volume expansion disrupts the scale, destroying
ts semi-protective character. Because the steel is by then carburised,
nsufficient chromium remains in the ferrite to heal the scale, and
reakaway ensues. This concept is explored using a degree of carbon
ptake relative to saturation at the steel/scale interface, 𝜂C, defined as

𝜂C = 𝑋C∕𝑋
eq
C (10)

here 𝑋C is the local value for total carbon concentration and 𝑋eq
C

s the equilibrium carbon mole fraction. Note that 𝜂C has the char-
cteristics of a state variable; one can calculate a critical value 𝜂critC
orresponding to the measured time at which breakaway occurs, at any
iven temperature.

For each measured ttb and associated exposure conditions at high
emperature, 𝜂critC = 𝑋ttb

C ∕𝑋eq
C can be predicted from the kinetic model.

ig. 13 shows calculated values of 𝜂critC as a function of temperature;
elated quantities such as the critical carbon activity 𝑎critC = 𝑎ttbC ∕𝑎eqC ,
he critical carbon mole fraction 𝑋crit

C = 𝑋ttb
C and the critical chemical

otential of carbon relative to graphite 𝜇crit
C = 𝜇ttb

C − 𝜇eq
C are also

ncluded. The data underlying the calculation is scattered, and lines
orresponding to the mean, −𝜎, −2𝜎 and −3𝜎, where 𝜎 is the standard
eviation, are provided for guidance.

Experimentally measured values of 𝑋crit
C are also included in Fig. 13,

long with the other critical quantities calculated from them. Scatter in
he measured 𝑋crit

C values is significant, but almost all measurements
all within one standard deviation of the model predictions. As is seen,
he kinetic model also succeeds in describing the temperature depen-
ence of 𝑋crit

C . Values of 𝜂critC are at or close to unity, corresponding to
arbon saturation of the steel subsurface region when breakaway occurs

◦
t 580 and 600 C. However, this is not the case at higher temperatures,
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v
t

where 𝜂critC < 1. Nonetheless, breakaway at higher temperatures is
accompanied by graphite formation within the spinel layer in contact
with the steel surface.

There are two potential explanations for this apparent anomaly.
First, the value of 𝑎C outside the steel surface exceeds the boundary
alue within the steel (Fig. 6, bottom right). In the early stages of
he reaction when 𝜂C is small, supersaturation is prevented by carbon

dissolution into the metal. Later, as 𝜂C rises, this process is slowed
and supersaturation could result in graphite precipitation. Second, and
perhaps more importantly, at higher temperatures the rate of steel oxi-
dation also increases. The rapid advance of the scale-alloy interface can
engulf Cr-rich carbides into the scale, where they slowly oxidise, releas-
ing carbon [8,43,44]. Both carbide oxidation and carbon precipitation
are accompanied by volume expansion, promoting breakaway.

Fig. 14 shows predicted times to reach specified values of carbon
uptake at different temperatures, in comparison with measured ttb at
high temperatures. As is seen in the inset Arrhenius plot, measured ttb
values at high temperatures correspond to low values of 𝜂critC whereas
at 580 ◦C, carbon saturation (𝜂critC = 1) and breakaway occur together.

An empirical extrapolation of the measured ttb data is shown as a
continuous line on Fig. 14 and its inset. Whilst it appears to predict
very long steel lifetimes for realistic reactor temperatures, it also corre-
sponds to remarkably high values of 𝜂critC . Such large degrees of carbon
supersaturation are physically unrealistic, given the limited supply of
chromium in the steel and low solubility of carbon in ferrite. If instead
the criterion of 𝜂critC = 1 is adopted for breakaway, more realistic
lifetime predictions are arrived at.

It is clear that the predicted times at low temperatures are much
shorter than empirical extrapolations made on the basis of an inverse
Arrhenius extrapolation of the measured ttb data. This implies a change
in mechanistic regime, consistent with the observation [8,43,44] that
Cr-rich carbides are incorporated into the oxide scale as a result of
its rapid inward growth [45] at high temperatures, whereas at low
temperatures, the carbides are oxidised within the steel to produce an
IOZ and release carbon back into the ferrite.

The apparent activation energy for breakaway (as estimated from
the solid line on the inset of Fig. 13) is higher than that in the carbon
ingress model – by about a factor of two. This too reflects the diffi-
culties in predicting the breakaway onset at lower (actual operating)
temperatures from high-temperature data. No measured ttb data are
available for the low temperatures of interest, but carburisation profiles
have been obtained for this regime. As shown here and previously [30],
the carbon uptake kinetic model succeeds in predicting carbon profiles
over the entire temperature range examined.

It is seen from Fig. 14 that lowering the gas exposure temperature
(e.g. from 520 to 500 ◦C), for the simulations modelled, the predicted
effect is to increase the time for carburisation by many decades. For
the particular geometry modelled in that figure, reducing the oper-
ating temperature doubles the component lifetime. Relatively small
temperature changes thus can potentially extend the lifetime of reactor
components significantly.

6. Summary and conclusions

The following specific conclusions can be drawn from this work:

• It is shown that breakaway oxidation is associated with exten-
sive precipitation at the metal/scale interface of chromium-rich
carbides and an associated carbon activity close to unity —
consistent with carbon saturation of the underlying substrate.
The associated ferritic matrix is severely depleted with respect to
chromium, destroying the semi-protective nature of the scale and
leaving it disrupted, unable to heal and thus prone to breakaway
12

oxidation.
• Based on the above, a kinetic model is proposed to describe the
carbon uptake in the substrate. The interface at the metal/scale
region is treated in a physically realistic way consistent with
the Boudouard reaction assuming interface reaction control – the
so-called Robin condition – at the moving boundary.

• The interface reaction rate parameter varies by 5 orders of magni-
tude across the temperature regime considered, consistent with a
thermally-activated Boudouard reaction as proposed theoretically
in the literature.

• The degree of carbon uptake at breakaway is found to increase
towards that needed to support graphitisation at the scale/alloy
interface as the temperature is decreased. The apparent activa-
tion energy for time-to-breakaway (∼400 kJmol−1) is appreciably
greater than that estimated for carbon uptake (∼230 kJmol−1). It
is postulated that this may be due to the higher carbon content
in the scale caused by the rapid advance of the scale-alloy in-
terface at higher temperatures; volume expansions due to both
carbide oxidation and carbon precipitation may be accelerating
the kinetics of breakaway.

• Although the breakaway effect has never been observed at tem-
peratures associated with nuclear reactor conditions, carbon up-
take is observed across the entire temperature regime of interest.
On this basis it is concluded that the degree of carbon uptake is
a reasonable physical measure of damage. The models presented
here allow this to be determined, and their application may be
suitable for remnant lifetime analysis to support nuclear plant
lifetime extension strategies.
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