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A complete chromium depletion profile with its depth resolution in the nanometre range was obtained on a Ni–16Cr–9Fe model alloy
after a 10 h oxidation at 950 �C in air. Auger electron spectroscopy coupled to ion sputtering and energy-dispersive X-ray spec-
troscopy were used to measure the chromium depletion profile. The chromium content at the oxide/alloy interface is below 0.5 wt.%.
This exceptionally low Cr content is in agreement with Wagner’s model for binary alloys.
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High-temperature oxidation of industrially rele-
vant alloys, containing typically between 16 and
30 wt.% Cr, results in the formation of a protective chro-
mium-rich oxide scale. One of the major types of dam-
age induced in the substrate by the growth of
chromium-rich oxides is chromium depletion, which
was theoretically assessed by Wagner [1]. This depletion
is known to be high in all face-centred cubic (fcc) alloys
[2,3] due to the relatively low Cr diffusion coefficient.
Mechanisms of such depletion have been extensively
studied in the 800–1000 �C temperature range using
model binary Ni–Cr alloys [4–9] and energy-dispersive
X-ray spectrometry (EDX) on polished cross-sections
at a micrometre scale. These results have allowed exper-
imental Cr depletion profiles to be established and the
chromium diffusion coefficient to consequently be deter-
mined. The Cr concentration at the oxide/alloy interface
has been shown to be frequently close to half of the bulk
Cr content of the alloy and never lower than 5 wt.%. At-
tempts to extrapolate a Cr concentration profile between
the area of EDX validity and the exact oxide/alloy inter-
face position have also resulted in an interfacial chro-
mium concentration in the range of 10 wt.% [10].
Consequently, the spatial resolution of EDX performed

on polished cross-sections appears to be a limitation,
and the real chromium content close to the oxide/alloy
interface cannot be assessed by this widely used spec-
trometry, in particular in the range between 0 and
1.5 lm for a typical 15 keV accelerating voltage.

In this paper, we report a complete chromium deple-
tion profile obtained in a Ni–16Cr–9Fe model alloy after
a 10 h oxidation at 950 �C in air with special emphasis
on the first tens/hundreds of nanometres beneath the
oxide/alloy interface, as analysed by auger electron spec-
troscopy (AES) coupled with ion sputtering. We discuss
this result in the frame of a classical Wagner’s analytical
solution for binary alloys [1].

Experiments were performed on cylindrical platelets
(u = 18 mm, h = 2 mm) of Ni–16Cr–9Fe model alloy
with impurity concentrations lower than 10 ppm (LECO
analysis of C, S, O and N). Sample surfaces were
mechanically polished using SiC papers down to grade
1200 and diamond paste down to 0.25 lm. No chemical
attack was performed.

High-temperature oxidations were performed at
950 �C for either 10 or 100 h. Three different oxidation
procedures were used (Table 1): first, an oxidation in a
standard furnace with a very slow cooling rate
(EDX01); second, a controlled oxidation in a thermo-
gravimetric system (TGA02); and finally, an oxidation
followed by a liquid nitrogen quenching (AES03). The⇑Corresponding author. Tel.: +33 4 77 42 66 18; e-mail:

wolski@emse.fr
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sample EDX01 was analyzed by scanning electron
microscopy (SEM) and EDX on its cross-section
(Fig. 1a), oxidation kinetics was measured on the
TGA02 sample by thermo-gravimetric analysis (TGA)
and the AES03 sample was specifically prepared for
two types of AES analyses (Fig. 1b and c).

SEM/EDX observations were performed using a
JEOL JSM 6400 microscope equipped with a PGT ana-
lyser at 15 keV, with a 0.3 nA beam current. AES was
performed with a Thermo VG Thetaprobe spectrometer
using a field emission electron gun operating at 10 kV
accelerating voltage, with a 5 nA beam current and a
45� tilt, resulting in a 150 nm effective spot size. Spectra
were recorded on a hemispherical analyser in fixed re-
tard ratio mode. Quantitative analysis by AES was per-
formed measuring in direct spectra the ratio of te Auger
peak height to its background close to the peak for the
transitions Cr L3M2,3V at 529 eV, Fe L3M2,3M2,3 at
598 eV and Ni L3VV at 848 eV. Analyses were carried
out on the both AES03 sample and pure metal stan-
dards. Concentrations were calculated from intensities
using the method described by Shimizu [11], which takes
into account the variation in the backscattering coeffi-
cient and the mean free path of the Auger electrons as
a function of composition [12]. Depth profiles were

performed, using either combined steps of Ar+ sputtering
and AES analyses or AES spectra recorded directly on
the cross-section of the sample. For the ion sputter
depth profile, sputtering sequences were carried out
using 3 keV argon ions onto a 1 mm2 rastered area with
a 19 lA cm�2 current density and an incidence angle of
45�. Under these conditions, the conversion of sputter-
ing time scale into depth scale was done considering a
constant sputtering rate of 1.65 nm min�1, as experi-
mentally measured on an Ni–5Cr model alloy and sup-
posed to be three times lower in the oxide, i.e. during
the first 1200 s of sputtering. It is worth noting that
the AES signal comes from a depth of the order of
5 nm and that the sputtering procedure allows removal
of the alloy by layers of approximately one nanometre
close to the interface up to dozens or hundreds of nano-
metres far from the interface.

A complete chromium concentration profile was ob-
tained by assembling an SEM/EDX profile in the area
of its validity and an AES depth profile acquired from
the oxide/alloy interface down to 2 lm from the oxide/
alloy interface. The quality of the assembly procedure
was validated by AES analysis of the cross-section, i.e.
with 150 nm lateral resolution.

SEM/EDX concentration profiles were measured on
an EDX01 specimen cross-section starting from the
external oxide, through the chromium-depleted layer to-
wards the bulk. The SEM micrograph (Fig. 1a) shows a
representative cross-section of Ni–Cr–Fe alloy after a
10 h oxidation at 950 �C with a 3.5 lm thick chro-
mium-rich oxide. The white arrow indicates the position
where the EDX elemental Cr, Fe and Ni profiles were
measured. The results of the EDX analyses (Fig. 2a)
cover a distance that is longer than that represented by
the white arrow in Figure 1a in order to reach the bulk
chromium concentration. The chromium profile indi-
cates strong chromium depletion down to a depth of
approximately 15 lm, with an apparent minimum of
5 wt.% at a depth of 1.8 lm beneath the oxide/alloy
interface. The presence of the chromium-rich oxide layer
in fact induces an apparent increase in chromium con-
tent between 0 and 1.8 lm. The chromium detected in
this part of the EDX profile comes from both the alloy
and the oxide because of the size of the EDX interaction
volume and interface irregularities.

In order to obtain a real Cr concentration profile on
the first 2 lm close to the oxide/alloy interface, AES
depth profiling was thought up. The main difficulty to
be overcome is the presence of the thick oxide layer in
the surface, which must be removed in order to use
AES analysis coupled with ion sputtering (sputtering
of this thick oxide would otherwise result in extremely
high roughness, typically of the order of 1/10 of the
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Figure 1. Description of the experimental analysis. (a) SEM/EDX

analysis of the cross-section of EDX01. (b) Depth profiling by AES

analysis coupled with ion sputtering of AES03 and the top view of the

alloy surface after quenching showing the position of Auger point

analysis. (c) AES analysis of the AES03 cross-section.

Table 1. Experimental conditions of oxidation and type of analysis performed.

Sample Oxidation conditions Cooling Analyses

EDX01 10 h, 950 �C, synthetic air with 20% O2 Very slow cooling, �10 h, thermal inertia of furnace SEM/EDX on the transverse

cross-section

TGA02 100 h, 950 �C, He-20% O2 Controlled cooling, 4 �C min–1 TGA

AES03 10 h, 950 �C, synthetic air with 20% O2 Quenching in liquid nitrogen, some seconds AES coupled with Ar+ ion

sputtering and AES on the

transverse polished section
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depth, i.e. approximately 350 nm). The possibility of
removing the oxide layer and performing such an unu-
sual AES analysis was demonstrated by careful TGA,
which was initially performed to characterize the oxida-
tion kinetics [2] and is briefly recalled below. This anal-
ysis was done on the TGA02 sample, which was oxidised
at 950 �C for 100 h. The TGA results showed almost
parabolic kinetics with an oxidation constant of
3.7 � 10�13 cm2 s�1 (as defined by Wagner [1], i.e. the
displacement between the initial position of metal and
the actual oxide/alloy interface: kc ¼ Dx2

metal
=2t). The

observation of major interest for the present work was
that, during the cooling phase, a sudden drop in mass
was detected on TGA curves at approximately 400 �C.
The origin of this drop was interpreted as a spallation
of the oxide layer. The spallation deduced from the
TGA curves was confirmed for a shorter period of oxi-
dation and enhanced by quenching in liquid nitrogen

after 10 h of oxidation at 950 �C (AES03). The SEM
micrograph included into Figure 1b shows that the
spallation occurs at the oxide/alloy interface. Conse-
quently, a depth profile analysis using AES combined
with ion sputtering of this surface after quenching in li-
quid nitrogen allows the alloy composition in the first
2 lm to be obtained with the initial depth resolution in
the nanometre range.

The AES depth profiles was obtained on the AES03
sample in two steps: (i) the first step (Fig. 2b), with an
initial sputtering time of 2000 s, corresponding to a
depth of approximately 30 nm, was performed with a
standard detection limit of AES analyser, estimated to
be 1 wt.%; (ii) the second step (Fig. 2c), with an addi-
tional sputtering time of 75,000 s, corresponding to a
depth of slightly more than 2 lm, was performed with
an optimised detection limit, estimated to be 0.2 wt.%
of Cr. Both detection limits were measured using binary
model alloys: Ni–0.2 wt.% Cr, Ni–1 wt.% Cr and Ni–
5 wt.% Cr.

The first step profile (Fig. 2b) indicates the presence of
a thin oxide film. This oxide film is assumed to form dur-
ing quenching in liquid nitrogen, just after the spallation
of a 3.5 lm thick oxide that occurs at around 400 �C, as
deduced from the TGA curve.However, themost striking
result is the absence of a chromium Auger peak, both in
this thin oxide film and in the underlying alloy. It is clear
from Figure 2b that a mixed Fe–Ni oxide was formed on
the surface of the alloy during the cooling from 400 down
to �196 �C in only a few seconds. This film was com-
pletely removed after 1200 s of sputtering. The remaining
800 s of sputtering removed a layer of approximately
20 nm. It is important to underline again that no chro-
miumwas detected either in the oxide or in the underlying
alloy (with the standard detection limit of 1 wt.%).

The second step profile (Fig. 2c) started after a previ-
ous sequence of 2000 s, which completely removed the
thin oxide layer together with approximately 20 nm of
the alloy. The evolution of the chromium concentration
in the chromium depleted underlayer, performed with a
detection limit of 0.2 wt.%, indicates that the chromium
content is clearly below 0.5 wt.% close to the oxide/alloy
interface.

The results from Figure 2a and c enable the construc-
tion of a complete chromium depletion profile in the al-
loy. In fact, knowing the range of validity of the EDX
profile and the sputtering rate during AES analysis en-
ables these two profiles to be represented in the same fig-
ure (Fig. 3). Complementary AES analyses on the
AES03 cross-section (cf. Fig. 1c), with a lateral resolu-
tion of 150 nm, were performed to validate this complete
profile (grey circles in Fig. 3). This latter analysis con-
firms that the conversion from the sputtering time to
the depth was correctly performed.

Consequently, AES measurements indicate a gradual
decrease in the chromium content while approaching the
oxide/alloy interface. The chromium concentration at
the interface drops close to the detection limit. Under
the conditions used in the present AES-based investiga-
tion, the chromium concentration at the interface does
not exceed 0.5 wt.%.

Wagner’s analytical solution for binary alloys [1] en-
ables the chromium content at the oxide/alloy interface
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Figure 2. (a) Concentrations of chromium, iron and nickel by SEM/

EDX as a function of distance from the oxide/alloy interface (sample

EDX01). (b) AES depth profiles of analysis of the initial 30 nm of the

AES03 sample (the “first step”), represented as weight concentrations
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to be calculated, providing the oxidation constant of
pure chromium is known. Taking this value to be
4.2 � 10�13 cm2 s�1 [4] and the chromium diffusion coef-
ficient to be in the range 1.10�12–2.10�11 cm2 s�1 [13–
16], the chromium content at the oxide/alloy interface
has been calculated to be below 0.5 wt.%, even for the
highest diffusion coefficient. Once the interface concen-
tration is determined, Wagner’s analytical approach [1]
also gives the complete concentration profile of the oxi-
dized element in the alloy. An estimation of the chro-
mium diffusion coefficient was obtained from the best
fit between Wagner’s solution and the experimental pro-
file, as shown in Figure 3, and resulted in a value of
5 � 10�12 cm2 s�1. This value corresponds to the aver-
age of the data reported in the literature [13–16].

It must be stressed that the results obtained in the
present study concern a relatively short oxidation period
of 10 h at 950 �C, where Wagner assumptions were
satisfied. As far as we know, this is the first experimental
demonstration of the validity of Wagner’s solution for
fcc alloys with such a low chromium interfacial
concentration.

A complete chromium concentration profile was mea-
sured by AES and EDX on a high-purity Ni–16Cr–9Fe
model alloy oxidized in air for 10 h at 950 �C. The chro-
mium content in the immediate vicinity (i.e. within
20 nm) of the oxide/alloy interface is below 0.5 wt.%,
as determined by AES with a detection limit of
0.2 wt.%. This value is confirmed by Wagner’s analytical
model for binary alloys, with the chromium diffusion
coefficient determined to be 5 � 10�12 cm2 s�1.

We acknowledge M. Philippe Gilles from
AREVA for financial support for this study.
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Figure 3. Complete chromium depletion profile obtained for an Ni–16Cr–9Fe alloy after 10 h of oxidation at 950 �C with 20% O2. It shows a

chromium content at the oxide/alloy interface of less than 0.5 wt.%. Black triangles correspond to AES measurements coupled with Ar+ sputtering
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