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In the present study we have analysed the thermal oxidation of Ni and dilute (b1wt%) Ni-Al and Ni-Cr alloys be-
tween 700° and 1200 °C, taking into account the transport properties of pure and Al or Cr-doped Ni1 − xO single
crystals. In the temperature range 900°–1200 °C, Al3+ or Cr3+ additions decrease the oxidation rates of Ni1 − xO
single crystals in their stability range, due to the kinetic demixing of cations. At T b 1000 °C, Ni-Al alloys also ox-
idize slower than high-purity nickel, but faster above 1000 °C, while on Ni-Cr alloys the oxide scales grow faster
from 700 °C. The higher oxidation kinetics of the alloys is explained by the presence of oxygen molecules, which
penetrate along cracks or fissures through the oxide scales. The mechanism whereby these short-circuit path-
ways have been formed is associated with the growth of nickel oxide particles within the scale, leading to local
tensile strengths. The way inwhich these particles develop is explained by a blocking effect of outward diffusion
of nickel ions, due both to an extensive depletion of Al3+ and Cr3+ in the outer layer and to the decrease of the
mobility of Ni2+ when the amount of Cr3+ or Al3+ decreases in Ni1 − xO.

© 2016 Published by Elsevier B.V.
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1. Introduction

Many authors were interested in thermal oxidation of nickel [1–10],
which is considered as amodel material. In high-purity nickel and in di-
lute alloys (b5% in weight), it was found that the rate controlling the
transport process is the outward diffusion of cations through the
Ni1 − xO scale. However, many important gaps in understanding the ox-
idation mechanism are apparent. In particular, the role played by small
amounts of addition elements has not been properly resolved. This im-
plies some clarifications at both the phenomenological and atomic level.
At the phenomenological level, this requires to be able to relate the rate
of scale growth to the transport properties of the oxide. At the atomic
level, this implies identifying the way in which the ions and atoms
move in the scale.

The purpose of this work was to investigate the influence of small
amounts of Al or Cr (b1wt%) on the thermal oxidation of polycrystalline
nickel. To get a better insight regarding the influence of solute cations
during oxide layer growth, the results have been analysed taking into
account the transport processes of pure and Al (0.11 at.%) or Cr
(0.04 at.% and 0.14 at.%)-doped Ni1-xO single crystals, at equilibrium
and under non equilibrium conditions.
vas).
2. Statement of the problem

The oxidation process of nickel is governed by the outward diffusion
of Ni2+ in Ni1-xO scales, by exchange with cationic vacancies whose
concentrations depend on both temperature (T) and oxygen partial
pressure (PO2) in equilibrium with the sample [9–15]:

h°
h i

¼ α Vα′
h i

¼ A KV
1=αþ1 PO2ð Þ1=2 αþ1ð Þ ð1Þ

where KV is the equilibrium constant of formation of defects in Ni1 − xO
(½O2 b=N OO+Vα′+αh°), OO an oxygen ion on its normal lattice site,
h° an electronic hole, Vα′ an α times ionized cationic vacancy, A =
α1 / (α + 1), the square brackets (or xi) denote concentrations in mole
fractions, aO = (PO2)1/2 and xV = [Vα′] ≤10−3 in undoped Ni1xO.

When one substitutes on aNi site a trivalent impurity T3+, the defect
(TiNi °) has an effective single positive charge. This impurity then influ-
ences the concentration of nickel vacancies, through the electroneutral-
ity condition:

h°
h i

þ TNi
°

h i
¼ α Vα′

h i
ð2Þ

In the extrinsic range, Eq. (2) can be simplified:

TNi
°

h i
≈ α Vα′

h i
ð3Þ
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and the concentration of electron holes (Eq. (1)) is given by:

h °½ � ¼ A KVð Þ1=α PO2ð Þ1=2α ð4Þ

To our knowledge, the only available data concerning the influence
of trivalent impurities on the diffusion of nickel in Ni1-xO have been ob-
tained by Atkinson et al. [15]. The authors havemeasured the self-diffu-
sion of Ni in undoped and Al (0.17 wt%)-doped Ni1 − xO single crystals,
at an oxygen partial pressure of 1 atm, between 700° and 1700 °C. This
impurity influences the concentration of nickel vacancies (xV) through
the electroneutrality condition (Eq. (2)), as well as the self-diffusion co-
efficient of nickel, described by [14,15]:

xNiD
�
Ni ¼ f xVDv; ð5Þ

where f is the correlation factor, D*Ni (=f DNi) the self-diffusion coeffi-
cient of Ni2+, DNi its diffusion coefficient, Dv the vacancy diffusion coef-
ficient and xi the mole fraction of Ni2+, with xi = [Ni2+] ≈ 1.

The results determined for the undoped and Al-doped Ni1-xO single
crystals by Atkinson et al. (Fig. 1), show that the presence of Al3+ leads
to an increase of D*Ni:

D�
Nið ÞdopedN D�

Nið Þundoped ð6Þ

At T = 1200 °C, a break is observed (Fig. 1) on the Arrhenius plot of
(D*Ni)doped indicating that the degree of doping was determined by the
saturation solubility (0.17 wt% or 0.47 at.%) of Al in Ni1 − xO, at
T b 1200 °C. Furthermore, at T= 1400 °C, the dependence of D*Ni on ox-
ygen partial pressure has allowed them to show that D*Ni is nearly inde-
pendent of PO2 and then controlled by the amount of Al3+ (Eq. (3)),
xV = [Vα′] = 4.7 × 10−3).

3. Experimental results

3.1. Thermodynamic and transport properties of undoped and Al3+ or
Cr3+- doped Ni1 − xO single crystals.

3.1.1- Cation kinetic demixing.
Kinetic demixing processes occur in multi-component oxides, such

as BOγ-doped Ni1 − xO, in the presence of an external driving force
Fig. 1. Arrhenius plot of the self-diffusion coefficient of Ni2+ in undoped and
Al3+(0.17 wt%)-doped Ni1 − xO single crystals [15].
(R=RT F), due to an applied electricalfield (F=qiE/kT) or to anoxygen
chemical potential gradient (F = dlnaO/dz), for instance [11,12,16–21].
In the case of p-type electronic conductor oxides, the flux of cations (Ji),
coupled to an opposite flux of cationic vacancies (JV=−ΣJi), can be de-
scribed by the following equation, if one neglects in a first approxima-
tion the correlation effects [11,18–21]:

Ji ¼ CMDi − dxi=dzð Þ þ xi F½ � ð7Þ

with

F ¼ 1þαð Þ dlnxV=dz: ð8Þ

In these expressions CM is the overall concentration (in mol/cm3) of
cationic sites in the lattice, xi the mole fraction of cations A2+ and Bβ+,
dxi/dx their concentration gradient, Di their diffusion coefficient, aO =
(PO2)1/2 and dlnxV/dz the vacancy concentration gradient.

The driving force R leads to a displacement of the cations with re-
spect to the laboratory reference frame, with a shift velocity given by
[16,17,19]:

vi¼ Ji=Ci ð9Þ

Consequently, a cation kinetic demixing process (dxi/dz), sets up
progressively in multi-component oxides (AO, BOγ) if the diffusion co-
efficients of the cations A2+ and Bβ+ are different.

From a practical point of view, it is easier to perform experiments in
presence of an applied electrical field (E). A cationic vacancy flux occurs
then in direction of the anode (Fig. 2), which acts as a sink for these de-
fects. This surface is destroyed, while the crystal is reconstructed near
the cathode, with the arrival of cations [11]. The experiments were per-
formed with parallelepipedic single crystals of 3 mm long. Electrical
connections with the voltage source [9,11]. were made with platinum
wires and a thin layer of porous platinum applied at the electrode
level (two opposite lower surfaces). EPMA analyses at the end of exper-
iments on a sample polished cross section show an enrichment of alu-
minium or chromium near the anode (Fig. 2). Therefore, if follows
from Eqs. (7)–(9), with F = qiE/kT:

DAl or Crð ÞbDNi ð10Þ

3.1.1. Electrical conductivity at thermodynamical equilibrium

3.1.1.1. Experiments. The experimental arrangement is shown in Fig. 3.
The results have been obtained with single crystals, prepared in an
arc image furnace, from high purity powders, and annealed at
1300 °C, for 2 or 3 weeks, under air. The electrical conductivity mea-
surements were performed by the four probe method at 1.5 kHz fre-
quency, using a double Kelvin bridge, whose equilibrium was
checked by a fast detection amplifier [22]. A thin layer of porous plat-
inum was applied at the two opposite lower surfaces of the
parallelepipedic single crystals, which were connected to the voltage
source, to ensure an uniform repartition of the current lines through
the sample. Platinumwires were used as electrical junctions. The ox-
ygen partial pressure was measured near the sample with an yttria-
stabilized zirconia gauge (Fig. 3).

3.1.1.2. Experimental results. One can recall [13,14,22] that the electrical
conductivity (σ) of Ni1-xO is mainly controlled by electronic holes
[Eqs. (1)–(4)], due to the high mobility of these defects (~104 time
higher than that of Vα′):

σ ¼ e μ p ¼ σo PO2ð Þ1=2 αþ1ð Þ exp −ΔHσð Þ=RTÞ ð11Þ

where e is the charge of the electron, p the hole concentration per cm3, μ
the hole mobility regarded generally as a thermally activated hopping



Fig. 2. Kinetic demixing profile of Al3+ or Cr3+-doped Ni1 − xO single crystals, maintained under 0.2 V/mm, for 60 days, in air, at 1200 °C.
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process (μ = μo exp − ΔHμ/RT), ΔHσ the enthalpy of conductivity with
ΔHσ = ΔHμ + ΔHV/(1 + α), ΔHV the enthalpy of formation of the de-
fects, ΔHμ the hole enthalpy of mobility and α the mean charge of the
defects, which can be determined from the slopes (Eqs. (1) and (11)):

dlnσ=dlnPO2ð ÞT ¼ 1=2 αþ 1ð Þ ð13Þ

The electrical conductivity values obtainedwith Al3+ or Cr3+-doped
Ni1-xO single crystals are reported in Fig. 4 as a function of log PO2. These
data are lower than those obtained with undoped Ni1 − xO [22], in
agreement with Eqs. (2) and (3). Nevertheless, the difference decreases
when the temperature increases due to higher concentration of intrinsic
defects (Eqs. (1) and (2)). Furthermore, the values of the mean charge
of the defects (Eq. (13)) of the undoped and doped samples do not
change significantly. For PO2 N 10−1 atm, one obtains α ≈ 1.17 ±
0.03, for instance. This value shows that the concentration of holes is
controlled by different type of point defects (isolated or associated va-
cancies), in agreement with theory [13,14,22] and experimental results
for Al or Cr doped-CoO single crystals [23,24].

3.1.2. Electrical conductivity in transient state-Chemical diffusion

3.1.2.1. General equations. The chemical diffusion coefficient was deter-
mined from experiments in which the electrical conductivity was mea-
sured as a function of time, after a sudden change in external PO2, at
constant temperature [9,13,14,22]. Just after this change, the point de-
fect concentration corresponds to the new imposed equilibrium condi-
tions at the solid/gas interface (Eq. (1)). A defect concentration gradient
(dxV/dz) appears then near this interface, leading to aflux of cationic va-
cancies, JV, to or from the surface, coupled to an opposite flux of cations
Ji:

JVþΣJi ¼ 0 ð14Þ
Fig. 3. Experimental arrangement for measuring ele
These fluxes progress in the bulk and decrease then until the new
equilibrium conditions are reached.

One can recall that the flux of defects which appears in a crystal
under the influence of a defect concentration gradient in the z direction
may be written, according to Fick's law [13,14]:

JV ¼ −~D � dCV=dz ¼ −~D � CMdxV=dz ð15Þ

where ~D
�
is the general expression of the chemical diffusion coefficient.

The knowledge of ~D
�
allows the determination of both the time to

reach the new equilibrium conditions and the mean penetration
depth (Δz) of the oxidation (or reduction) front in the oxide, after a
time t [13,14,22]:

Δz ¼
ffiffiffiffiffiffiffiffiffiffi
~D � t

p
ð16Þ

In the case of solid solutions (AO, BOγ), inserting Eqs. (7), (8), and
(15) in the coupled flux condition (Eq. (14)) yields:

~D � dxV=dz ¼ −DA
dxA
dz

−DB
dxB
dz

þ 1þαð Þ xADA þ xBDB

xV
dxV=dz ð17Þ

When the kinetic demixing processes can be neglected and if xA≫ xB
(xADA + xBDB ≈ xADA), this relation can be simplified. According to Eq.
(5) (xA DA = xV Dv), one can then show that the chemical diffusion co-
efficient is proportional to the diffusion coefficient of the cationic vacan-
cies, as in a pure oxide [13,14,22]:

~D ≈ 1þαð ÞDV ð18Þ

where ~D represents the chemical diffusion coefficient when the kinetic
demixing processes can be neglected.
ctrical conductivity of semiconducting oxides.



Fig. 4. Electrical conductivity of pure and doped Al or Cr-doped Ni1-xO single crystals.

Fig. 6. Chemical diffusion coefficient of undoped and Cr-doped Ni1 − xO single crystals as a
function of the amount of chromium.

16 Z. Halem et al. / Solid State Ionics 297 (2016) 13–19
3.1.2.2. Experimental results. According to the long time approximation,
the electrical conductivity (σ(t)) during the new thermodynamical
equilibrium approach of a brick shaped sample, is related to the chem-
ical diffusion coefficient ~D, by the relation [22]:

σ tð Þ−σ∞

σ0−σ∞
¼ 8

π2

� �3

exp−π2 1

L2
þ 1

l2
þ 1

h2

� �
~Dt ð19Þ

where H, h, L are the dimensions of the sample, σo and σ∞ the electrical
conductivity when PO2 is changed and the conductivity when the new
equilibrium is reached, respectively.

The experimental plots of log (σ(t)-σ∞) versus time are linear. The
cation kinetic demixing processes being all the more negligible that
the sample is near its equilibrium condition, these results allow then
to determine the chemical diffusion coefficient ~D (Eq. (18)). The Arrhe-
nius plot of the values of ~D obtained with Al or Cr-doped Ni1 − xO single
crystals are reported in Fig. 5, together with data determined both for
undoped Ni1 − xO [22] and by Nowotny et al. [25]. This figure shows
that Cr3+ and Al3+ additions increase the values of ~D, as observed for
Al3+ or Cr3+-doped CoO single crystals [23,24]. Furthermore, the good
agreement of our results with those obtained by Nowotny et al. [25]
for Cr-doped Ni1 − xO, at 1000° and 1200 °C (Fig. 6), confirms the
trend of ~D to increase with the concentration of chromium.

Consequently, according to the small change of the mean charge, α,
of the defects (Eq. (18)) when Ni1 − xO is doped (Fig. 4), these results
indicate that the diffusion coefficient of the vacancies is higher in the
Al3+ or Cr3+ doped samples, as well as the diffusion coefficient of
Fig. 5. Arrhenius plot of the chemical diffusion coefficient in pure and Al3+ or Cr3-doped
Ni1-xO single crystals.
Ni2+ (Eq. (5)), in agreementwith the increase of the self-diffusion coef-
ficient of Ni2+ in Al3+-doped Ni1-xO single crystals (Fig. 1).

DVð ÞdopedN DVð Þundoped and DNið Þdoped N DNið Þundoped ð20Þ

3.1.3. Oxidation kinetics of pure and Al3+ or Cr3+-doped Ni1 − xO single
crystals in their stability range

3.1.3.1. General equations. As shown previously, just after a change in ex-
ternal PO2 in equilibrium with a multi-component oxide, a flux of cat-
ionic vacancies appears near the oxide/gas interface. This oxidation (or
reduction) flux progresses then in the oxide, until the new equilibrium
conditions are reached. According to Eqs. (7), (8) and (14), the shift ve-
locity of the oxidation (or reduction) front can then be formulated from
the vacancy and cation fluxes:

Vox ¼ −
JV

CM 1−xVð Þ ¼
JNi þ JB

CM xNi þ xBð Þ
¼ DNi−DBð ÞdxB

dz
þ DNi

dxV
dz

þ 1þαð Þ DVð ÞdxV
dz

ð21Þ

Regrouping the terms, with xNi ~ 1 and DNi≈ xV Dv (Eq. (5)), yields:

Vox ≈ DNi−DBð Þ dxB
dz

þ Dv 1þαð Þ dxV
dz

ð22Þ

where

v ¼ DVð Þ 1þαð ÞdxV
dz

ð23Þ

is the shift velocity of the oxidation (or reduction) front in undoped
Ni1-xO.

3.1.3.2. Experimental results. When the oxidation experiments are
performed in the stability range of the oxide, cation kinetic demixing
appearsfirst at thenear surfaces of the sample. It develops thenprogres-
sively in the oxide, passes by a maximum after a time t, and finally
disappears when the sample has reached its new thermodynamic equi-
librium. Consequently, the cation kinetic demixing processes should in-
fluence the oxidation kinetics (Eq. (22)) mainly during the first steps
following the change in PO2. In the present study, the results reported
in Fig. 2, show an enrichment of Al3+ or Cr3+ near the side of lower va-
cancy concentrations. Therefore, according to Eq. (10), the two terms of
Eq. (22) have opposite sign, which predicts a decrease of the oxidation
kinetics when Ni1 − xO is doped with Al3+ or Cr3+ (Eqs. (22) and
(23)). This conclusion is confirmed by the oxidation kinetics results re-
ported in Fig. 7, and followed by electrical conductivity measurements,
after an abrupt increase of the oxygen partial pressure in equilibrium
with the single crystals.



Fig. 7.Re-equilibration of pure and Al3+ or Cr3+ [25]-dopedNi1 − xO single crystals after an abrupt change of PO2, (from10−2 to 1 atm), followed by electrical conductivitymeasurements.
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3.2. Influence of Al or Cr on nickel oxidation

Oxidation experiments were performed with nickel and Ni-Al
(0.5 wt%) polycrystals (d = 97%), sintered from high purity powders
(Ni 99.99%, Al 99.50%), at 1100 °C, under a secondary dynamic vacuum.
A description of the experiments is reported elsewhere [4]. For theNi-Cr
alloys we have taken into account literature results [3,26].

3.2.1. Oxidation of pure Ni and Ni-Al polycrystalline alloys
In Fig. 8we have plotted theweight gain values vs time, from700° to

1200 °C. At T b 1000 °C, the presence of Al leads to a decrease of oxida-
tion rates, in agreement with literature results [1,2] and those obtained
Fig. 8. Isothermal weight gain versus time fo

Fig. 9. a Cross-section of pure Ni oxidized at T=1200 °C (OM), showing internal oxidation zone
1200 °C (SEM) and EDAX analysis of the inner oxide layer, near the alloy/oxide interface.
with single crystals (Fig. 7) or predicted from Eqs. (22) and (23).
However, at T ≥ 1000 °C, Al leads to an increase of oxidation rates and
the increment in weight gain increases with increasing oxidation
temperature, in agreement with earlier works [1,2].

X-ray diffraction analyses show that the scales developed in every
case were Ni1-xO and they present a duplex structure when they grow
on the alloy. Cross section observations by scanning electron microsco-
py highlight an irregular nickel/oxide interface (Fig. 9a) and internal ox-
idation, which pins the oxide to nickel. In contrast, optical microscopy
examinations (Fig. 9b) show that the alloy/oxide interface is not convo-
luted at all and the oxide layer does not adhere really to the metal, in
agreement with examinations performed by Stott et al. [1]. EDAX
r Ni and Ni-Al alloys, under PO2 = 1 atm.

s that pin the oxide into themetal matrix. b Cross-section of Ni-(0.5%)Al after oxidation at



Fig. 10. Isothermal weight gain versus time for Ni and Ni-(3wt%) Cr alloys, at T=1000 °C
[26] and oxide scale thickness for Ni and Ni-(0.1 wt%) Cr alloys, at 700 °C. [3].
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micro-analysis of the doped samples (Fig. 9b) revealed a higher concen-
tration of Al3+ in the inner layer, in agreement with both the analysis
performed by Stott et al. [1], after oxidation studies of Ni-(0.5 up to
4wt%) Al alloys, and the kinetic demixing results of Al-dopedNi1-xO sin-
gle crystals (Fig. 2), which show an enrichment of Al3+ near the side of
lower cationic vacancy concentrations.

3.2.2. Oxidation of pure Ni and Ni-Cr alloys
As illustrated in Fig. 10, the results deduced from weight-gains [26]

and oxide scale thicknesses [3], show that small amounts of chromium
to nickel cause an increase of oxidation rates, from 700 °C. In agreement
with the kinetic demixing results obtained with Cr-doped Ni1 − xO sin-
gle crystals (Fig. 2), the chromium depth profile determined by
Atkinson et al. [3], through a cross section of a nickel oxide layer
grown on a Ni-(0.1 wt%) Cr alloy (Fig. 11), passes by a maximum in
the inner layer and then decreases, in the outer layer.

4. Discussion

The presentwork has allowed us showing that dilute Ni-Al alloys ox-
idize more slowly than nickel at T b 1000 °C, in agreement with the ox-
idation kinetics of pure and Al-doped Ni1-xO single crystals, in their
stability range. A formal analysis of oxide scales grown by outward dif-
fusion of metal ions has allowed us to show that the decrease of the ox-
idation rates can be explained by cation kinetic demixing processes
occurring in dilute Ni1 − xO solid solutions, under non equilibrium
conditions.
Fig. 11. SIMS depth profile of chromium through a Ni1 − xO layer growth on a Ni-(0.1%) Cr
alloy, at 700 °C [3].
Consequently, the main emphasis has been placed on the oxidation
mechanism of Ni-Al alloys, at T N 1000 °C (Fig. 8), and of Ni-Cr alloys,
whose oxidation rates are in discrepancy, from 700 °C (Fig. 10), with
the results obtained with Cr (or Al)-doped Ni1-xO single crystals
(Fig. 7), but also with a formal oxidation analysis of dilute Al (or Cr)-
Ni alloys (Eqs. (22) and (23)). First, it was found that the amount
of Al3+ and Cr3+ increases in the inner layer (Figs. 9b and 11), in
agreement with the cation kinetic demixing processes in Al (or Cr)-
doped Ni1 − xO single crystals (Fig. 2). On the other hand, Atkinson
et al. [3,8] have found, from sequential oxidations of dilute Ni-Cr alloys
in 16O and 18O and secondary ion mass spectroscopy (SIMS) analyses,
a large 18O peak in the inner oxide layer, showing an extensive penetra-
tion of the film by the oxygen isotope. Since the oxygen grain boundary
diffusion is too slow to account for the observed penetration of 18O in
the scales, these authors [3,8] have considered that the oxygen trans-
port occurs by a much faster mechanism, involving the transport of O2

molecules along open channels, likely generated by compressive stress-
es present in NiO films grown on Ni alloys, at room temperature.
Atkinson et al. [3,8] explain the mechanism whereby these stresses
have been generated by a localized oxide growth, associated with
grain boundaries, and observed within the scale at room temperature.
This assumption is confirmed by our results, which predict that these
oxide units appear during layer growth. Indeed, from chemical diffusion
coefficientmeasurements, we have shown that the diffusivity of Ni2+ in
Ni1 − xO increases with the amount of Al3+ or Cr3+ (Section 3.1.3
(Eq. (20)), in agreementwith the influence of Al3+ on the self-diffusion
coefficient of nickel in Ni1-xO (Fig. 1). Therefore, it follows, from the ex-
tensive depletion of Al3+ and Cr3+ in the outer layer (Figs. 9b, 11), a
blocking effect on the diffusion of nickel ions through the oxidation
film, leading to a local excess of Ni2+ and the formation of new oxide
units in the growing oxide scales.

On the other hand, cross section examinations of oxidized scales de-
veloped on both pure Ni and a Ni,Al alloy, at 1200 °C (Fig. 9), show that
the metal/oxide interfaces have different morphologies. According to
the previous analysis, these changes can be explained by the higher ox-
idation rates of the alloy. Indeed, the diffusion of the cationic vacancies
across the layer being slow compared to the arrival of oxygen near the
metal/oxide interface, theO2molecules have then a greater opportunity
to form new oxide units on the alloy surface. This growth prevents the
metal interface to accommodate easily the arrival of vacancy fluxes,
but also generates local compressive stresses resulting from this oxide
units growth. These coupled effects may then promote the generation
of voids and the formation of fissures at the metal/oxide interface.

5. Conclusion

In the present work, the thermal oxidation of Ni and dilute Ni-Al or
Ni-Cr polycrystals was investigated taking into account the transport
properties of pure andAl (or Cr)-dopedNi1-xO single crystals, at equilib-
rium and under non-equilibrium conditions. At T b 1000 °C, it was
shown that dilute Ni,Al alloys oxidize slower than nickel, in agreement
with oxidation experiments performed in the stability range of undoped
and Al-doped Ni1 − xO single crystals. A formal treatment, has allowed
us to show that the beneficial effect of Al can be explained by the kinetic
demixing of cations in the oxide scale. However, at T ≥ 1000 °C and for
dilute Ni, Cr alloys, from 700 °C, the oxide films grow faster than on
pure nickel. An additional transport mechanism, i.e. the transport of ox-
ygen molecules along cracks or fissures, was then suggested in earlier
works to explain this increase of oxidation rates. It was supposed that
the formation of these open channels was induced by compressive
and non-uniform stresses, attributed to the localized nickel oxide
growthwithin the film observed at room temperature. This assumption
is confirmed by our results, which predict that these oxide units appear
during layer growth. Indeed, the key features for their formation are
both the decreasing diffusion coefficient values of nickel, DNi, when
the concentration of Al3+ or Cr3+ decreases in nickel oxide, and the
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kinetic demixing of these cations in the growing oxide layer, leading to
an extensive depletion of Al3+ or Cr3+ in the outer layer, behind the
inner layer. Consequently, it follows from these two coupled effects a
blocking effect on the outward diffusion of nickel ions, which causes a
local excess of Ni2+ and the formation of new oxide units within the
growing oxide scale. On the other hand, the rapid penetration of the
scales by oxygen molecules also allows explaining the morphology of
the Ni-Al/oxide interface, which does not adhere really with the
substrate.
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