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Abstract

The formation of protective Cr.Oz layer on Ni-Cr alloys depends on (i) the chromium
concentration at the alloy/oxide interface and (ii) the chromium diffusion in the alloy from the
core towards the surface. A sufficient interfacial chromium content and chromium gradient
are necessary to sustain the selective external oxidation of chromium. Ni-30Cr samples have
been oxidised at 1150 °C in 10 up to 10~ atm O.. Analytical methods are used to model the
diffusion in steady-state conditions and to predict the lifetime of the alloy. The interdiffusion

coefficient is found equal to 1.2 x 10™° cm? s,

Keywords: A. alloy; B. EPMA; B. modelling studies; C. high temperature corrosion; C.

selective oxidation.

List of symbols

X position in the alloy with respect to the alloy/oxide interface (cm)

t oxidation time (s)

Xpores pores formation depth (um)

Xer chromium depletion depth (um)

We' weight chromium content in the alloy at the alloy/oxide interface (wt.%)
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Nei' atomic chromium fraction in the alloy at the alloy/oxide interface (-)

Ner atomic chromium fraction in the as-prepared alloy (-)

Nerx.t) atomic chromium fraction in the alloy at the position x after time t (-)
Jv vacancy flux

Jor / Ini chromium / nickel flux

Kpe parabolic rate constant for oxidation (cm? s?)

Ke parabolic rate constant for the alloy/oxide interface recession (cm? s™)
D Interdiffusion coefficient (cm? s™)

v Molar volume (cm® mol™)

R Ideal gas constant (J mol™* K1)

T Temperature (K)

g critical oxide fraction in the alloy for internal/external oxidation transition (-)
v stoichiometric coefficient of MO, oxide (-)

No® atomic oxygen fraction in the alloy (-)

Do oxygen diffusion coefficient in the alloy (cm? s™)

Introduction

One of the major high temperature industrial concerns for materials engineering is to predict
the lifetime of the process components. These latter are generally submitted to harsh thermal
and mechanical stresses during service, in addition to environmentally induced corrosion.
Corrosion phenomenon can cause the end of life of the alloy by excessive consumption of
protective elements (i.e. which can form slow-growing oxides when oxidised, for instance Cr,
Si and Al). Therefore the alloy is not able to form protective oxide anymore but only rapidly
growing oxides (e.g. Ni, Fe oxides...) leading to breakaway oxidation [1,2]. Moreover,
mechanical failure of the oxide can occur due to thermal and/or growth stresses [3,4].
Compressive stresses arise during oxide growth since the volume of oxide formed is generally
higher than the volume of consumed metal, i.e. a Pilling and Bedworth ratio superior to the
unity. Thermal stresses are originated from the mismatch of the thermal expansion
coefficients between the oxide and the alloy. These stresses can result in oxide spallation and
then in accelerated oxidation above desquamated sites. For example, in cyclic oxidation
conditions both thermal and growth stresses are encountered [5,6]. Lifetime limitations can
also arise from failure of the alloy itself, e.g. creep rupture under mechanical loading [7].
Chromia-forming Ni-based superalloys are generally used since they meet prerequisite for
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such extreme applications. Indeed, chromium oxide, Cr20s, is a slow-growing protective
oxide that can withstand the degradation by molten salts or glasses as well as the corrosion by
aggressive atmospheres (metal dusting, gas burners, etc...). In addition, the mechanical

properties of these alloys can be improved, for instance, by addition of carbides [8].

When selective oxidation of chromium occurs in chromia-forming alloys, a chromium
depleted zone is created underneath the surface with a concentration gradient. Selective
external oxidation of chromium is then maintained as long as the flux of chromium towards
the alloy/scale interface is high enough to counterbalance the metal loss supplying the oxide
growth. Therefore, the study of chromium depletion profiles in alloys oxidised at high
temperature has received a great interest from several authors. Analytical solutions coming
from Wagner’s equations [9,10] have been used to model depletion profiles [11-13]. More
recently, numerical methods have been developed for the same purpose [13-18]. Most of the
authors have given solutions for steady-state conditions with a moving alloy/scale interface
(in cases where metal consumption or vacancies annihilation lead to an alloy/scale interface
recession) [11,13-16]. However, Gesmundo et al. have given an analytical solution for the
case of transient oxidation with a fixed alloy/scale interface [12]. Moreover, a numerical
model has been develop to calculate concentration profiles of both elements and vacancies in
the alloy depending on quantity of annihilated vacancies at the alloy/scale interface and in the
alloy [19].

This paper is the second part of a global study of the oxidation of a model binary Ni-30Cr
alloy. Oxidation tests have been performed in several intermediate oxygen partial pressures
ranging from 1073 up to 10 atm O, at 1150 °C. Protective oxidation behaviour is observed
with the formation of a Cr.Oz layer. The first part of this study dealt with the oxidation
kinetics and the diffusional mechanisms in the oxide layer [20]. In this part, the attention is
focused on the diffusion phenomena in the alloy. The aim of this paper is to propose a method
to estimate the chemical lifetime of alloys submitted to high temperature corrosion. This
method is based on the establishment of Wagner's and Bastow's [ref] criterions for the
selective and continuous formation of the protective oxide, Cr.Os. These criterions are based
on calculation of critical chromium contents at the alloy/oxide interface and in the core of the
alloy. In order to evaluate these critical concentrations, the chromium depletion profiles in the
alloy are analysed and the interdiffusion coefficient is calculated. Eventually, an overview of
the oxidation-induced phenomena is made based on the results from this paper and the first
part of this work [20].



Materials and methods

The same Ni-30Cr alloy as in part I of this study has been used [20]. An ingot was synthesised
from pure chromium (99.99% purity, Alfa Aesar) and pure nickel (99.95% purity, Alfa Aesar)
by high frequency induction melting under argon atmosphere. The composition of the alloy
was verified by EDX analyses and the chromium content was found to be equal to 30.5 £ 1.2
wt.%. For such a composition and at temperatures superior to 800 K, this alloy is a single
phased, austenitic (f.c.c.), solid solution of chromium in nickel [21]. Before oxidation tests,
samples were cut from the ingot with dimensions around 8 x 8 x 1.5 mm and ground with
P1200 SiC paper. In order to reveal its microstructure, the alloy was chemically etched in
aqua regia for 60 seconds. It was then washed in deionized water and ethanol before
observation. The microstructure of the as-prepared alloy is coarse with a grain size of several

hundreds of micrometres (Fig. 1).

Oxidation experiments have been performed in Rhines packs in different oxygen
atmospheres: 5.9 x 1073 4.2 x 10%% 5.8 x 102 and 2.8 x 10'% atm. More details about the
experimental device for oxidation are given in [20]. After the oxidation tests, samples were
cut in cross sections and embedded in epoxy resin. Resins were ground by using SiC paper
from grit P400 to P1200, then diamond polishing was applied with grit size from 9 um down

to 1 um. Final mirror polishing was made with colloidal silica.

Microscopic characterisations have been performed with a field-effect SEM, Schottky
emission JEOL J7600F. Chemical analyses of the elementary profiles in the alloy have been
performed with an acceleration voltage of 20 kV and an EDS detector (Silicon Drift Detector)
by SEM or with a WDS detector with an SX100 EPMA. Pure chromium and nickel metals

were used as standards.

Results

The oxidation kinetics of Ni-30Cr alloy at 1150 °C in oxygen pressures comprised between
1012 and 10 atm have been investigated in part | of this study [20]. The parabolic rate
constant for oxidation has been found to be independent on the oxygen pressure with an
average value of 5.0 x 102 cm? s, In addition, the oxide growth mechanism has been



identified as an outward diffusion of chromium interstitials, mainly along the oxide grain

boundaries.

The cross-section backscattered electrons (BSE) image in Fig. 2 shows the typical feature of
the oxidised alloy. A protective, homogeneous, compact and adherent chromium oxide layer
has grown at the surface of the alloy. Numerous pores are clearly visible in the subsurface of
the alloy. These pores were not initially present in the alloy, so they have emerged during the
oxidation treatment. It is noteworthy that the depth of the pores formation (Xpores) increases
with the oxidation duration in all studied atmospheres (Table 1). The pores formation depth is
evaluated as the approximate maximum depth where pores are observed (Fig. 2). In addition,
pores generally appears at about 10 pum from the alloy/scale interface and the extent of pores

presence is comprised between the half and the whole chromium depletion depth (Xcr).

The chromium depletion profiles in the alloy after oxidation have been obtained from EDX
and WDX analyses (Fig. 3a to d). In every tested atmosphere, the evolution of the chromium
depletion profiles exhibits the same feature. First, the chromium depletion depth logically
increases with time, as chromium diffuses from the bulk alloy towards the alloy/scale
interface during oxidation. The depletion depth Xcr (Table 1) reaches about 500 pm after 289
h of oxidation. Secondly, the chromium content Wc,' at the alloy/scale interface reaches a
quite low value between 12 and 15 wt.% after only 1 h of oxidation. This content then
increases until stabilization around 23 wt.% after about 49 h of oxidation. For longer
durations, the system is then in steady-state regime. Values for chromium content at the
interface (Wcr'), chromium depletion depth (Xcr) and pores formation depth (Xpores) are
compiled in Table 1. It must be pointed out that the chromium interfacial content values are
obtained by fitting profiles with Eq. 6 and not by direct reading on the profiles (see

discussion).

A comparison of chromium depletion profiles after 100 h of oxidation in different oxygen
partial pressures is given in Fig. 4. From Fig. 3 and 4, it clearly appears that the depletion

profiles are very similar whatever the oxygen pressure is.

Discussion

1. Pores formation



The presence of pores in the alloy after oxidation of Ni-Cr alloys has been previously reported
by other authors [22,23]. The formation of voids in metal or alloys is known to arise after the
accumulation of metal vacancies on sinks such as grain boundaries or dislocation loops [19].
Two possible sources of metal vacancies can be encountered during high temperature
oxidation of alloys. First, in the case of oxides growing by cationic diffusion, when a metal
atom enters the oxide, a metal vacancy is created at the alloy/scale interface and can thus be
injected in the alloy if not directly annihilated at this interface. Second, the selective oxidation
of chromium leads to chromium depletion in the alloy, leading to a chromium flux (Jcr) from
the core of the alloy towards the alloy/scale interface. In addition, a symmetric nickel profile
is consequently obtained and the resulting flux of nickel (Jcr) is oriented towards the core of
the alloy. If a mismatch between the intrinsic diffusion coefficients of the constituents of the
alloy exists, an unbalance is created between the matter fluxes. In order to balance these
fluxes, a vacancies flux (Jv) is then created and oriented in the opposite direction of the fastest
diffusing element. This phenomenon is known as the Kirkendall effect [24]. In f.c.c. Ni-Cr
alloys, chromium diffuses faster than nickel [25,26], vacancies are thus diffusing towards the
core of the alloy, with Jv = -Jcr - JIni (Fig.5). This is consistent with the increase of the

observed pores formation depth with time (Table 1).

2. Interdiffusion coefficient

Since the protection against oxidation is ensured as long as enough chromium is brought from
the alloy to its surface for selective external oxidation, the calculation of the interdiffusion
coefficient Dyi-socr is Of great importance. For this purpose, the following equations given by
Wagner [10] can be used.

. B

= i o )

Ner *"':_'f:r _ F( _ ke ) Equation 1
1— Ng,. 2D yi-30Cr

Ncr is the atomic fraction of chromium in the core of the alloy, while N¢/' is the atomic
fraction of chromium at the alloy/scale interface and kc is the parabolic rate constant for the

alloy/scale interface recession in cm? s,

Moreover,



Flu) = ?11“;214',{1 — erfu)exp(?) Equation 2

with

Flu) = 72y Equation 3

when u << 1.

The validity of Eq. 1 is verified when the following conditions are fulfilled:

i) The system is in steady-state regime: the chromium contents in the core of the alloy

and at the alloy/oxide interface must remain constant. As shown by Fig. 3 and Table 1,
these requirements are valid for oxidation durations superior to 49 h in all tested
atmospheres. This duration is consistent with the one deduced from oxidation kinetics
in the first part of this work [20].

ii) A recession of the alloy/scale interface is considered. If all vacancies created at the

interface by the incorporation of chromium into the scale are annihilated [19], this
recession is directly linked to the growth rate of the oxide and the volume ratio of the

oxide and the alloy by Eq. 4.

Vi : ,
(2 w) Kpe Equation 4
Cra0;

where Vni-socr and Ver,0, are the molar volumes of the alloy and the oxide respectively
equal to 6.8 and 29.2 cm® mol™. kpe is the parabolic rate constant for oxidation of the
alloy and is equal to 5.0 x 102 cm? s [20]. The value obtained for k. is therefore 1.1 x

1012 cm? s,

iii) The interdiffusion coefficient is assumed to be independent on the alloy composition.

This condition, even being little realistic, is mandatory for the use of analytical

solutions derived from Fick’s equation.

For calculations, Nc: is taken equal to 0.331 i.e. the atomic fraction of chromium in the as-

prepared alloy and Nc/' equal to 0.242, the average atomic fraction of chromium at the

alloy/scale interface for oxidation durations superior to 49 h (Table 1). Then, calculations with

Eq. 1, 3 and 4 give a value for Dyi-socr equal to 1.2 x 10°° cm? st at 1150 °C.
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This value is reported in an Arrhenius diagram on Fig. 6 with other values of interdiffusion
coefficient in Ni-based alloys from other authors [14,17,18,27-29]. A good agreement is
found between the present result and the data available in literature, considering the following

Arrhenius fit for austenitic binary Ni-Cr alloys:

240000 .
) Equation 5

ﬁ;"-’f—lf.'f‘ =01 EeXp (T

with the activation energy expressed in J mol™ and the pre-exponential factor in cm? s,

Based on the same assumptions as above, Eq. 6 describes the depletion profile of chromium in
the case of a moving alloy/scale interface, where x is the position from the alloy/scale
interface at time t [9,11].

erf H— l'Zk{"t —Erf( mkﬁ' )
quﬁm-f:rf v2Pwi-cr

Neron = NE‘T‘I‘(NE'T_ NL'E."J") F—
erl-'c( ke )
N

Equation 6

2Dyi—cr

Fig. 7 shows the comparison between the fitted profiles, calculated with Eq. 6, and the
experimental chromium profiles in the alloy, at steady-state, after different oxidation
durations in 2.8 x 1023 atm O, Fitted profiles are in good agreement with the experiment even
though small deviations can be observed. These deviations may either be explained by the
presence of vacancies affecting the activity of metallic elements [30] or most probably by the
fact that the interdiffusion coefficient is dependent on the alloy composition. Wulf et al. [31]
have used a numerical model in order to take into consideration the variation of the
interdiffusion coefficient in a Fe-48Cr model alloy. By comparing their calculated profiles
with others obtained by analytical or numerical methods without variation of the
interdiffusion coefficient, differences in the shape of the profile are visible. Particularly near
the alloy/scale interface, where the decrease of the chromium content is less sharp when the
variation of the interdiffusion coefficient is considered. This is in accordance with the fact that
the interdiffusion coefficient increases with decreasing chromium content in the composition
range from 20 to 50 wt.% Cr in the Fe-Cr system [31]. Same features are visible in Fig. 7 as
they can logically be expected in Ni-30Cr alloys since the interdiffusion coefficient also

increases with decreasing chromium content in f.c.c. Ni-Cr lattice [14,32].



3. Lifetime estimation

The chemical lifetime of the alloy is related to its ability to develop continuous chromia scale.
This consideration is particularly justified, for instance, in the case of corrosion by molten
glasses. Indeed the protection of alloys against corrosion by molten glass is provided by a
Cr203 layer since it has the lower solubility in molten glasses amongst refractory oxides [33-
35]. The conditions for selective formation of external Cr.O3 are fulfilled when two criterions
are satisfied. First, the chromium content at the alloy/scale interface must be high enough to
allow the selective external oxidation of chromium. Second, the diffusion of chromium in the
alloy must be rapid enough to compensate at least the amount of chromium that is

incorporated in the oxide scale.

The first criterion given by Wagner [10,36] is, in the case of Ni-Cr alloys:

1,
Nt = | NS Do-Vnicr ] - Equation 7
| 2v Dyi_cr-Vero,

g* is the fraction of internal oxides in the alloy from which the transition from internal to
external oxidation occurs. Its value is generally taken equal to 0.3 from [37]. Vcroy IS the
molar volume of CrO, (here v = 1.5) and is equal to 14.6 cm® mol™. No® is the oxygen
solubility in the alloy and is approximated from measurements in pure nickel [38] and taken
equal to 800 ppm. Do is the oxygen diffusion coefficient in the alloy, approximated to that in
pure nickel, which is equal to 4.7 x 10® cm? s [38]. The product of these two parameters is in
good agreement with the values of oxygen permeability in Ni-Cr alloys, No®Do, determined
by Guo et al. at 1100 °C [39].

According to Eg. 7, the minimum chromium content at the alloy/scale interface for the
selective oxidation of chromium in Ni-30Cr at 1150 °C is about 21.4 at.% (= 19.4 wt.%). This
value is compatible with the interfacial chromium content at steady-state obtained in this work
(Fig. 3 and Table 1). For shorter oxidation duration (< 49 h), i.e. during transitory regime, the
value for interdiffusion coefficient Dni.cr near the alloy/scale interface may be higher than the
one used for calculation because of the composition variation in the depleted alloy [14,32].
Therefore according to Eq. 7, a higher interdiffusion coefficient would lead to a lower critical
value for N¢/' as it is observed (Fig. 3 and Table 1). For example, for the minimum observed

interfacial chromium content (12 wt.% (= 13.3 at.%)), the interdiffusion coefficient calculated



from Eq. 7 is equal to 3.1 x 10°2% cm? s, This value is 2.5 times higher than the interdiffusion

coefficient obtained in steady-state conditions.

Regarding the second criterion, for a system with fixed alloy/scale interface, Wagner [9] gave
an expression for the minimum chromium content difference through the alloy to satisfy this
second criterion. However, in the case of a moving alloy/scale interface, Wagner’s equation in
[9] has been developed by Bastow et al. and the second criterion is given by the following

equation [11]:

Vi_er | Thpe

i i | kc kc .
Ner— Ngp = (1 - NCT).erfc —— |exp| ——— | Equation 8

| 2D pi—cr 2Dyi—cr

VC‘J"I Oz - 25;.;5_ cr N

Eq. 8 reduces to Wagner’s expression in [9] when N¢/' << 1 and k¢ = 0.

According to Eq. 8, the necessary chromium content difference to sustain the chromium
consumption is about 4.3 at.%.

Thus, protection of the alloy (external Cr.O3 growth) is ensured as long as the chromium
content is at least 21.4 at.% at the interface and 25.7 at.% in the core of the alloy. Therefore,
the end of life of the alloy arise when the chromium depletion reaches 25.7 at.% in the core of

the alloy.

Then, the chemical lifetime of the alloy t (in s), can be estimated with Eq. 6 (with N¢/' = 0.214
and Ncrxty = 0.257). In EQ. 6, X represents the position in the alloy with respect to the mobile
alloy/oxide interface, whereas the product V(2kct) represents the recession of this interface.
Therefore the sum of these two terms represents the position in the alloy with respect to the
initial alloy/gas interface(in cm). For the purpose of illustration, a 0.5 mm thick sample

submitted to a continuous one-side oxidation at 1150 °C would have a lifetime of 1 year.

It is noteworthy that the use of Eq. 6 in order to estimate the chemical lifetime of alloys is
applicable to various types of high temperature corrosion (atmospheric oxidation, corrosion
by molten glasses or salts, etc...) as long as a protective oxide is covering the surface of the
alloy. Indeed, Eqg. 6 is based on the diffusion phenomena in the alloy. Therefore, since the
diffusion through the oxide is much slower than in the alloy, depletion profiles would remain
unaffected by the presence of corrosive phases as long as a protective oxide layer is present.

In the case of corrosion by a surrounding phase, the integrity of the protective layer is
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dependent, on the competition between its formation and its destruction by reaction or
dissolution in the media [34,35].

The chemical lifetime would obviously be lowered when considering oxide spallation that can
occur in the case of cyclic oxidation or oxidation under mechanical strain for instance. Indeed,
every oxide fracture event will lead to a local acceleration of the oxidation Kkinetics [5,6]. In
the case of cyclic oxidation, taking into account the spallation phenomenon, in order to
modify the k. parameter in Eq. 6, requires the knowledge of several parameters such as (i) the
location and the extent of spallation sites (in the case of external oxide growth, spallation is
favoured above the alloy grain boundaries and is enhanced in high oxygen pressure [20]), (ii)
the frequency of oxidation cycles (since a sufficient time is required to reach steady-state

regime [20]) and (iii) the cooling and heating rates (which affect thermal stresses in the scale).

4. Modelling of the oxidation of Ni-30Cr alloy

A summary of the phenomena encountered in Ni-30Cr system oxidised at 1150 °C in oxygen
atmospheres in proposed here. Results from part | [20] and Il (present paper) of this work are

gathered in this section.

(i) In the oxide phase [20], only pure Cr203 is formed during steady-state regime by reaction
between chromium from the alloy and oxygen from the atmosphere. The oxide grows by
outward diffusion of chromium interstitials. Furthermore, the high value of the calculated
self-diffusion coefficient of chromium in the oxide (5.0 x 102 cm? s) gives evidence of

rapid diffusion of chromium along grain boundaries.

With the aim of establishing a predictive model to calculate the lifetime of the alloy, the
oxidation kinetics and mechanism must be known. For austenitic chromia-forming alloys, the
oxidation kinetics is generally described with the parabolic rate constant. This latter can be
obtained experimentally or estimated from appropriate data on the defects concentration and

their diffusion coefficients.

(i) In the metallic phase, a chromium depletion profile is created, consecutively to the
incorporation of chromium from the alloy into the oxide. At steady-state regime, the
chromium content at the alloy/scale interface stabilises when the chromium fluxes in the alloy
and in the scale equilibrate. Regarding the depletion profile, it becomes deeper with
increasing time. Besides, the fitting of depletion profiles with Eq. 6 provides a good matching
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with the experimental results (Fig. 7). In addition, this profile leads to a counter-diffusion of
chromium (towards the oxide) and nickel (towards the core of the alloy). As chromium
diffuses faster, a vacancies flux is created in order to equilibrate the flux balance and pores

formation can arise after their condensation.

A schematic representation of the oxidation processes of Ni-30Cr alloy at 1150 °C in
intermediate oxygen atmospheres is then presented in Fig. 8. The ordinate qualitatively
represents the chemical potential of chromium in the alloy and in the oxide layer; and the
abscissa qualitatively represents the position in the alloy-oxide-atmosphere system. zo is the
position of the alloy/scale interface, taken as the referential position (x = 0) in Eq. 6. Zoxide IS
the position of the oxide/atmosphere interface, which also corresponds to the oxide thickness

with respect to the referential position zo.

Eventually, the long-term behaviour of the alloy can be predicted with Eq. 6 to 8, provided

that parameters Ncr', Dni-cr, kpe, Do, No® and g* are known or can be approximated.

Conclusions

Chromium depletion in chromia-forming Ni-30Cr alloy has been apprehended in this paper.
Samples have been oxidised at 1150 °C up to 289 h in oxygen partial pressures between 1023
and 107 atm. After oxidation, the presence of Kirkendall pores and a chromium depleted zone

under the oxide scale have been observed in the alloy matrix.

The analysis of depletion profiles led to the calculation of the interdiffusion coefficient of
chromium in the alloy, Dni-3ocr, Which is equal to 1.2 x 107*° cm? s™ at 1150 °C. Furthermore,
analytical solutions for a stationary system with alloy/scale interface recession have been used
to fit the depletion profiles with good accuracy. Eventually, a predictive chemical lifetime
model for the oxidation of austenitic chromia-forming Ni-Cr alloys is provided, based on the
criterion that the end of life of the alloy occurs when the chromium depletion in the alloy
becomes overly significant (in terms of critical interfacial chromium content and critical
chromium concentration gradient). In that case, the alloy is not able to form a protective pure
Cr203 layer anymore. For this model, the oxidation mechanisms and kinetics, as well as the
chromium interdiffusion coefficient and the chromium concentration at the alloy/scale

interface must be known.
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Tables

Table 1: Interfacial chromium content Wc/ (determined from profiles fit with Eq. 6),
chromium depletion depth Xcr (read on experimental profiles) and pores formation depth
Xpores i the alloy for every tested times and atmospheres at 1150 °C.

féf’rrfg 1h  4h  9h 16h 25h  49h 100h 289h
Wer (Wt.%) 15 16 18 19 21 21 22 225
28x108  Xer(um) >70 80 100 >110 >140 >170 300 500
Xpores (M) 40 50 90 100 120 120 - -
Wer Wt.%)  17% 17 18 19 195 20 22 21
58x10%  Xcr(um) >50* >70 >100 >130 >140 >160 300 460
Xpores (M)  30* 80 110 120 130 140 180 250
Wer' (Wt.%) 12 14 - 19 19 20 - -
42x101°  Xcr (Um) 70 70 - >130 >160 >200 - -
Xpores (um) - 60 - 110 - 130 - -
Wer (Wt.%) 12 16 18 19 21 22 22 23
59x10°  Xcr (um) 80 100 120 130 >180 >200 300 500
Xpores (M) - 70 - - 160 170 180 250
*1h30
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Figure 1: BSE image of the microstructure of the as-prepared Ni-30Cr alloy after chemical

etching in aqua regia.
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Figure 2: BSE cross-section image of Ni-30Cr oxidised for 49 h in 2.8 x 103 atm O, at 1150

°C showing the formation of pores in the alloy.
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Figure 3: Chromium depletion profiles in Ni-30Cr alloy after oxidations at 1150 °C a) in 5.9 x
107 atm Og; b) in 4.2 x 101% atm Oy; ¢) 5.8 x 10712 atm O; d) 2.8 x 10 atm O,.
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Figure 4: Chromium depletion profiles in Ni-30Cr after oxidations of 100h in different
oxygen partial pressures at 1150 °C.

23



Figure 5: Schematic representation of Kirkendall fluxes in NiCr alloy.
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Figure 6: Arrhenius plot of interdiffusion coefficients in nickel-based alloys. Filled symbols
represent data for pure austenitic binary Ni-Cr alloys. Dashed line is a fit of data from pure

binary austenitic alloys (with pre-exponential factor equal to 0.1 cm? s and activation energy

equal to 240 kJ mol™).
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Figure 7. Comparison between experimentally determined chromium depletion profiles (in
Ni-30Cr alloy oxidised in 2.8 x 10 atm O, at 1150 °C) and analytical fits obtained with Eq.

6.
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Figure 8: Schematic representation of the oxidation processes of Ni-30Cr alloy at 1150 °C in

intermediate oxygen atmospheres.
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