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Abstract
The γ -Al65Cr27Fe8 phase is a complex metallic alloy with interesting
electrochemical properties. Here we present a detailed study of the surface
ageing of this alloy when exposed to ambient conditions for a long time. A
combination of x-ray reflectivity, photoemission spectroscopy and secondary
neutral mass spectroscopy measurements is used to provide a model of the
modification of the surface structure and its composition as functions of ageing
time. The near surface structure is described by the stacking of three layers.
The first layer on top of the substrate corresponds to a mixed metal oxide and is
amorphous. The intermediate layer consists of pure aluminum oxy-hydroxide
while the outermost layer corresponds to carbonated contaminations. The total
thickness of this near-surface region evolves with ageing time, reaching a stable
state only after several days.

1. Introduction

Quasicrystals were disclosed in the literature in 1984 by Shechtman et al [1] and are typically
binary, ternary or quaternary intermetallic compounds, often containing 60–70 atomic per
cent of aluminum. This new class of materials has unusual crystallographic structure. Long-
range order without translation periodicity is observed together with rotational symmetries that
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are forbidden by classical laws of crystallography (for example fivefold axis or tenfold axis).
Quasicrystals usually form for specific chemical compositions. Surrounding this small spot in
the phase diagram, one often finds crystalline phases with atomic structure very similar to that
of the quasicrystalline phase. These periodic crystals are called approximant phases. The unit
cell of approximants can be very large, often containing several hundreds of atoms and a local
atomic order similar to that found in quasicrystalline phases. Interesting physical properties
can result from this structural complexity, which potentially make them useful for a number of
technological applications. Quasicrystalline materials would be used in the form of coatings or
thin films [2–4]. This allows circumventing their inherent brittleness and taking advantage of
their very interesting surface properties such as low surface energy, low friction coefficient and
good resistance to oxidation and corrosion [5].

Aluminum being the major component, knowledge of the native oxidized surface on pure
Al is a prerequisite for a comprehensive understanding of oxidation occurring by exposure
to ambient atmosphere of the surface of quasicrystalline alloys and other complex Al-based
crystals. We provide below a short summary of the literature on this subject.

It is well known that aluminum is always covered by a thin protective oxidized film
that forms instantaneously in contact with air. The chemistry of such an overlayer has
been characterized extensively in the past using a variety of techniques, including x-
ray photoemission spectroscopy (XPS), vibrational spectroscopies (IR and Raman) [6] or
secondary ion mass spectroscopy (SIMS) [7]. Actually, slight modifications of the chemistry
occur in the topmost layers on a much larger time scale for continued air exposure and this
‘surface ageing’ can affect some properties like wetting. Surface ageing of aluminum was
recently studied by Alexander et al using XPS [8, 9]. They proposed that the air exposed
aluminum surface actually consists of the stacking of three different layers, whose thickness
evolves with time. Going from the bulk to the surface, one first finds an amorphous alumina
layer with constant thickness, then a second layer containing amorphous aluminum oxy-
hydroxides and finally a topmost layer identified as a contamination layer with high C content.
The two topmost layers thicken with ageing time. This detailed description of the surface of
pure Al is actually quite recent, which is surprising regarding the technological importance of
this metal.

Investigations of the air oxidized surfaces of Al-based quasicrystalline and approximant
phases were reported in several occasions for different systems. It was found that the thin
native oxide layer is mainly composed of alumina [10–14]. In the Al–Cr–Fe system, special
attention was paid to the role of chromium [15]. It was shown that chromium also oxidizes
under humid conditions and the experiments suggest that the chromium oxide develops below
the aluminum oxide layer, forming a double barrier against further oxidation.

Here we extend these studies and focus on the surface ageing of the γ -Al65Cr27Fe8 phase.
This complex metallic alloy has a γ -brass structure and is isostructural to cubic Al9Cr4 (lattice
parameters a = 9.4 Å), which can be considered as an approximant of both icosahedral and
decagonal quasicrystalline alloys [16, 17]. In this paper, we provide evidence that the air
exposed surface can be described by the stacking of three different layers whose thickness and
structure evolve upon ageing. Several characterization techniques have been used, including
x-ray reflectivity, XPS, angle-resolved photoemission spectroscopy (ARXPS) and secondary
neutral mass spectroscopy.

2. Experimental details

Polycrystalline samples were prepared by solid state sintering. First, high purity elements were
melted in a water-cooled copper crucible in an induction furnace under a helium atmosphere to
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obtain an ingot whose nominal composition was Al65Cr27Fe8. Then the ingot was reduced
into powders with particle size in the range 25–50 μm. A solid bulk sample (20–30 mm
in diameter) was produced by sintering the powders at high temperature (about 1080 ◦C) in
a carbon matrix under an axial pressure (14 MPa) and in helium atmosphere. The sample
surfaces were prepared by mechanical polishing using SiC paper in water lubricant (from 320
grit down to 4000 grit) followed by diamond paste (from 6 μm down to 1

4 μm) and cleaned
with acetone and methanol in an ultrasonic tank. This process leads to a surface presenting
mirror-like appearance. Experiments were then performed either directly after polishing or
after ageing in ambient conditions for different times (up to 15 days). The relative humidity of
the atmosphere ranged from 54% to 67% and the samples were protected from dust.

X-ray specular intensities were collected on an INEL CPS 120 diffractometer equipped
with a germanium crystal monochromator. An anode with a Co (λ = 1.788 97 Å) target served
as the source. A freshly polished sample was mounted on the diffractometer and its position
was carefully adjusted. The height of the sample was adjusted so as to reduce by 50% the
intensity of the direct beam and the parallelism of the sample with the direct beam was ensured
by rotating the sample about its axis and monitoring the intensity of the direct beam. Then, the
grazing incidence angle α was varied between 0◦ and 4◦, with a step of 0.01◦ or 0.02◦. For
each angle, the specular reflection peak was recorded and integrated with an acquisition time
ranging from 30 s to 15 min, depending on the counting rate (which was directly related to
the incidence angle α). The front slits were chosen such that the sample intercepted the whole
beam before the critical angle αc. For low angles, the beam was attenuated with an iron foil in
order to avoid saturation of the detector. The maximum counting rate allowed by the detector
was 5000 cts s−1 and the range of reflectivity measured was 10−6, thus it was not possible to
collect the whole pattern with one set of operating conditions. The results were gathered on a
curve that represents x-ray reflectivity (the ratio between the measured specular intensity and
the maximum specular intensity reached) versus Qc (Qc = 4π sin α/λ). The sample stayed
on the diffractometer for 15 days and the measurements were repeated regularly during this
period of time. Moreover the temperature of the x-ray room was controlled and regulated so
that there was no change of ageing conditions. Modelling of the experimental x-ray reflectivity
signal was performed using the software Reflex [18].

Elemental depth profiles were measured by secondary ion mass spectrometry (VG SIMS-
Lab), using a scanned Ar+ ion primary beam (8 keV, 300 nA), detecting simultaneously one
metallic ion (27Al+, 52Cr+ or 56Fe+) and 16O+ with a quadrupole mass spectrometer.

XPS surface analysis was performed using a VG Microtech CLAM 4 MCD spectrometer
employing a Mg Kα (1253.6 eV) x-ray source operated at 15 kV and 150 W. Typical operating
pressures were approximately 1 × 10−7 Pa. Survey (wide-scan) spectra were obtained with a
pass energy of 100 eV. Multiplex (narrow-scan) spectra were obtained with a pass energy of
10 eV for C 1s and O 1s lines and a pass energy of 20 eV for Al 2p, Cr 2p and Fe 2p lines.
The take-off angle was generally 30◦ (measured with respect to the surface of the sample).
However, one set of angle ARXPS experiments was performed using variable angle XPS in
which the take-off angle was varied from 10◦ to 90◦. In this case, only Al 2p and Cr 2p were
acquired with a 50 eV pass energy. Data analysis was carried out using CASA XPS software
package. In most of the cases, integrated Shirley backgrounds were employed [19] and the
peaks were fitted using a 30% mix of Gaussian and Lorentzian line shapes. However, a Shirley
background was found inappropriate in the case of the Cr 2p lines and a linear background was
employed instead. In addition, an asymmetry parameter was introduced to fit the Cr 2p and
Fe 2p lines to account for the asymmetric tail of these metallic components line shapes. The
inelastic mean free path of the photoelectrons were calculated assuming an oxide layer [20, 21]
and are 15 Å for O 1s and Cr 2p and 26 Å for Al 2p and Cr 3s levels.
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3. Results and discussion

3.1. Reflectivity

The oscillations of the x-ray reflectivity signal are due to interference effects of the incident
beam resulting from the presence of a film (or different stacked layers) with different
material constants on a substrate. The characteristics of these oscillations depend on several
parameters [22], as sketched in figure 1. The x-ray reflectivity signal is calculated for a model
system consisting of a thin crystallized alumina film on a pure aluminum substrate, a situation
close to our experimental system. Figure 1(a) shows that thicker films results in larger periods
of the oscillations. Figure 1(b) compares x-ray reflectivity signals obtained from an alumina
film and an aluminum oxy-hydroxide film (whose electronic density is closer to that of pure
aluminum): small differences in the electronic densities of the film and substrate results in a fast
signal decrease with Qc. Roughness at the interfaces introduced in figure 1(c) as a fit parameter
affects directly the magnitude of the oscillations. When two layers are stacked on the substrate
as shown in figure 1(d), the x-ray reflectivity signal is non-periodic. These different parameters
must be taken into account during the fitting of the experimental curves.

Figure 2(a) shows the x-ray reflectivity signal collected on a freshly polished surface
and after ageing under ambient atmosphere for 300 h. Experiments show that the signal
actually slowly evolves—from curve A to curve B—indicating that the surface slowly evolves
as well, reaching a stable state only after several days. The x-ray reflectivity can be simulated
theoretically, starting from a model of the surface including the number of layers stacked on
the substrate, their thickness, their electronic density and the roughness of the interfaces. We
first point out that if only one homogeneous layer was stacked on the substrate, oscillations of
the curves would be periodic, in contradiction with experiment. Therefore at least two layers
must be taken into account. The initial parameters for the oxidized layer are chosen based on
the literature for Al [8, 9] and the electronic density of the substrate is constraint to be that
of γ -Al65Cr27Fe8. The best fit obtained assuming either two or three layers stacked on the
substrate are shown in figures 2(b) and (c), respectively. It shows that a minimum of three
different layers must be taken into account in order to obtain a good fit of the experimental
data. Table 1 gives the refined parameters of the three layers for various ageing times. Note
that the number of electrons per atom relevant to calculate the electronic density parameter is
just the atomic number of the elements. Error bars are not calculated by the software, but can
be estimated approximately by varying manually the various parameters and observing their
influence on the refinement quality. Estimated errors are 0.01 e− Å

−3
for the electronic density,

1 Å for the roughness, 2 Å for the thickness of the topmost layer and 0.5 Å for the thickness of
the other layers.

Table 2 provides a list of several aluminum and chromium oxides, hydroxides and oxy-
hydroxides and their calculated electronic densities. These values may be compared to the
experimental ones in order to make some hypothesis on the constitution of each layer stacked
over the metal. The outermost surface layer has a very low electronic density and may
correspond to a thin contamination layer, similar to what is known for pure aluminum [8, 9].
The thickness of the first layer, directly on top of the substrate, is small and constant with
ageing time. Its electronic density is higher than that of the substrate and seems to increase
with ageing. The electronic density of the second layer is close to that of the substrate. Its
thickness increases with ageing time.

3.2. SNMS

SNMS analyses were performed on both a freshly polished sample and a sample aged for
15 days (about 300 h). The results are shown in figure 3. Depth profiles are plotted as
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Figure 1. Simulations of x-ray reflectivity versus Qc for an oxidized film on an aluminum substrate.
The black curves on each graph correspond to a homogeneous crystallized 50 Å thick alumina film
with smooth interfaces taken as a reference system. Modifications of this reference system are
introduced in (a), (b), (c) and (d) to illustrate the influence of several parameters on x-ray reflectivity
line shapes (in grey): (a) influence of the thickness of the film; (b) influence of the electronic density
of the film (AlO(OH) film has a lower electronic density than Al2O3); (c) influence of interface
roughness (roughness amplitudes are 3 Å at the film/air interface and 5 Å at the film/substrate
interface); (d) influence of the number of surface layers stacked on the substrate: one overlayer
(black curve), two stacked overlayers (grey curve).
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Figure 2. (a) X-ray reflectivity versus Qc measured for the Al65Cr27Fe8 sample on a freshly
polished surface (A: grey) and after ageing for 300 h (B: black). ((b), (c)) Fit of the x-ray reflectivity
signal of the surface aged for 300 h (empty circles: experimental signal; black curves: calculated
signal) using a two-layer model (b) or a three-layer model (c).

a function of sputtering time, where 100 s roughly correspond to a depth of 10 nm. The
depth profiles measured for chromium and iron in figures 3(a) and (b), respectively, are very
similar. Going from surface to bulk, we first find a region containing almost no chromium nor
iron (no signal detected); then an intermediate region where a linear increase of the signal is
observed; and finally a plateau where constant values corresponding to the bulk composition
are reached. We note that the onset of the signal is shifted towards higher sputtering times upon
ageing, indicating that the thickness of the outermost surface layer containing no transition
metal increases. This is confirmed in figure 3(d) by oxygen depth profiles. An outermost
surface layer with high oxygen content is followed by an inner layer associated with a linear
decrease of the intensity. The onset of this linear decrease is also shifted upon ageing. This
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Figure 3. SNMS depth profiles recorded on the surface of an Al65Cr27Fe8 alloy using Ar+ primary
ions (8 keV, 300 nA). Empty circles correspond to a freshly polished surface and black circles to
a surface aged for 15 days. (a) 52Cr+ measured simultaneously with 16O+; (b) 56Fe+ measured
simultaneously with 16O+; (c) 27Al+ measured simultaneously with 16O+; (d) 16O+ measured
separately with each one of the other elements; (e) 12C+ measured simultaneously with 16O+. A
sputtering time of 100 s corresponds approximately to a depth of 10 nm.

outermost surface region is also Al rich as pointed out by the Al depth profile in figure 3(c) that
should thus correspond to an oxidized layer thickening with ageing time. The carbon content
is hardly measured with this experimental set-up (figure 3(e)) and therefore an possible carbon
contamination layer may not be detected.

3.3. XPS

The main core level lines (Al 2p, Cr 2p, Fe 2p and O 1s) were recorded as a function of ageing
time of the surface. We also performed angle-resolved XPS on either a freshly polished surface
or a surface exposed to air for 15 days in order to reveal some details about elemental depth
profiles, thickness and uniformity of the oxidized region.

3.3.1. Al 2p, Cr 2p, Fe 2p and O 1s core levels. Figure 4 shows the different core level lines
recorded for an aged surface at a take-off angle of 30◦. The spectra are fitted according to the
method described above. The binding energies (BE), the full width at half-maximum (FWHM)
and relative proportions of each component as deduced from these fits are collected in table 3.
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Figure 4. XPS core level lines and their fit acquired on the surface of Al65Cr27Fe8 after ageing for
15 days. (a) Al 2p; (b) Cr 2p; (c) Fe 2p; (d) O 1s. All spectra were recorded at a take-off angle of
30◦ relative to the surface plane.

(This figure is in colour only in the electronic version)

The O 1s core level (figure 4(d)) is clearly well fitted by two components. The low BE
peak can be attributed to an oxide component (O–M) [36, 37] whereas the peak at higher BE
can be considered as a hydroxide component (M–OH) [38, 39] (the C 1s core level containing
mostly adventitious carbon, an eventual contamination component C–O can be neglected). The
Cr 2p (figure 4(b)) and Fe 2p (figure 4(c)) core levels also contain two components: a metallic
one (Cr–M [40] and Fe–M [38]) and an oxide one (Cr–O [39] and Fe–O [38]).

Al 2p core level contains also a metallic component (Al–M) [38] and an oxide component
(Al–O) [41, 42]. However, the Cr 3s core level also appears in the same energy range: Cr(3s)–
M line is located at 74.4 eV whereas the Cr(3s)–O line occurs at 75.1 eV [43]. Because these
two components are broad and close in energy, we have taken into account only one global Cr
3s component. The intensity of this component is very low and its area cannot be estimated
directly through decomposition of the global Cr 3s/Al 2p peak. However, a good estimation of
the area of the Cr 3s line can be obtained through the total area of the Cr 2p3/2 line according
to the relation:

ACr3s = ACr2p3/2

σCr3sλCr3s

σCr2p3/2λCr2p3/2

(1)

where ACr3s and ACr2p3/2 are the areas of Cr 3s and Cr 2p3/2 lines, respectively, σCr3s and σCr2p3/2
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Figure 5. XPS core level lines recorded at a take-off angle of 30◦ on a freshly polished (grey lines)
and after ageing for 15 days (black lines) Al65Cr27Fe8 sample: (a) Al 2p; (b) Cr 2p; (c) Fe 2p; (d)
O 1s.

Table 1. Refined electronic density (ρ), thickness (t) and interface roughness (R) deduced from the
fit of the x-ray reflectivity signal measured for various ageing times. All the values were obtained
using three different surface layers excepted in the last column in which only two surface layers
were taken into account.

1 h 5 h 19 h 22 h 25 h 66 h 138 h 148 h 164 h 265 h 300 h 300 ha

3rd layer R (Å) 3.5 3.5 3.5 3.5 3.5 3 1.8 1.8 1.8 1.8 1.8

ρ (e− Å
−1

) 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48
t (Å) 8.8 8.8 8.8 8.8 8.8 8.8 10 10.5 10.5 10.5 10.5

2nd layer R (Å) 4.2 4.2 4.2 4.2 4.2 3.5 1.6 1.6 1.6 1.6 1.6 6.0

ρ (e− Å
−1

) 1.08 1.08 1.08 1.08 1.08 1.08 1.03 1.03 1.03 1.03 1.03 1.03
t (Å) 31.5 31.1 32 32 32 33 33.5 34 34.5 35.5 36.3 38.0

1st layer R (Å) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1.9

ρ (e− Å
−1

) 1.19 1.21 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.28 1.29 1.28
t (Å) 14 14 14 14 14 14 14 14 14 14 14 19.7

Substrate R (Å) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.0

ρ (e− Å
−1

) 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11

a Corresponds to an adjustment with a two-stacked-layer model (cf figure 3(a)).

are the photoionization cross sections and λCr3s and λCr2p3/2 are the corresponding inelastic
mean free paths. Then, the position of Al–M (about 72.5 eV [38]) and the FWHM of Al–O
(1.9 eV [41, 42]) are fixed and the position of the Cr 3s component is manually adjusted in
order to obtain the best possible fit of the Al 2p curve.

Figure 5 shows the spectra acquired for a freshly polished surface and for the same sample
exposed to ambient conditions for 15 days. The area under the Al 2p line increases upon ageing
(figure 5(a)), due to the growth of the oxide peak, while the metallic component is constant.
The relative intensity of the chromium oxide peak also increases with ageing time (figure 5(b))
but the total chromium content detected is lower for the aged sample. The Fe oxide peak is
absent just after polishing (figure 5(c)) and grows upon ageing, whereas the intensity of the
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Table 2. List of oxides, oxy-hydroxides and hydroxides of Al and Cr and their electronic density
calculated from atomic structure and number of electrons per atom (the number of electrons per
atom relevant in this case is just the atomic number of the elements).

Formula Type Name ρ (e− Å
−3

) Source

α-Al2O3 Oxide Corindon 1.19 [23]
(Al2O3)5(H2O) Hydrated oxide 1.10 [24]
AlO(OH) Oxy-hydroxide Diaspore 1.02 [25]
AlO(OH) Oxy-hydroxide Boehmite 0.93 [26]
Al(OH)3 Hydroxide Bayerite 0.77 [27]
Al(OH)3 Hydroxide Nordstrandite 0.75 [28]
Al(OH)3 Hydroxide Gibbsite 0.75 [29]
Cr3O Oxide 1.71 [30]
Cr2O3 Oxide 1.50 [31]
CrO2 Oxide 1.40 [32]
CrO3 Oxide 0.82 [33]
α-CrO(OH) Oxy-hydroxide Grimaldiite 1.20 [34]
β-CrO(OH) Oxy-hydroxide Gyanaite 1.33 [35]

Table 3. Binding energies (BE), full width at half-maximum (FWHM) and ratio (%) of the different
components of the XPS lines shown in figure 4.

B.E. (eV) FWHM (eV) Ratio (%)

Al–M 72.6 1.2 17.7
Al–O 74.9 1.9 48.1
Cr 3s 75.2 2.3 34.2

Cr–M (2p3/2) 573.4 1.5 19.6
Cr–O (2p3/2) 576.7 3.4 47.0
Cr–M (2p1/2) 582.6 2.4 9.8
Cr–O (2p1/2) 586.5 3.1 23.5

Fe–M (2p3/2) 706.0 1.2 74.5
Fe–O (2p3/2) 709.4 2.5 25.5

O–M 530.5 1.7 27.8
O–H 532.0 2.0 72.2

metallic peak decreases. However, the oxide component remains very weak even for the aged
sample. Therefore, iron will not be taken into account in the determination of the oxide layer
thickness. The evolution of the O 1s line upon ageing is small (figure 5(d)) and a slight increase
of the oxide contribution is observed.

3.3.2. Thickness of the oxidized layer. The thickness of the total oxidized layer, containing
an oxide part and an oxy-hydroxide part, can be estimated from the area ratio of the oxide and
metallic components recorded at different take-off angles.

Assuming a uniform oxide overlayer of thickness t on a metal substrate, the intensity ratio
(Io/Im) between the oxide and metallic components in the XPS lines may be related to the
take-off angle θ by [44–46]:

(Io/Im) = (Doλo/Dmλm)[1 − exp[−(t/λo sin θ)]]/ exp[−(t/λo sin θ)] (2)

where Do and Dm are the atomic densities of metal atoms in the oxide and in the underlying
metal substrate, respectively, λo and λm are the corresponding inelastic mean free paths of
emitted electrons and θ is the take-off angle.

10
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Table 4. Thickness of the oxide layer (t), covering rate (γ ) and relative mean deviation (rmd)
deduced from adjustment by the least square procedure of the experimental data using Strohmeier
model [44–46] and Fadley model [47].

Al Cr

t (Å) γ rmd (%) t (Å) γ rmd (%)

Strohmeier model Polished 9.8 — 83 3.8 — 57
Aged 11.4 — 62 5.5 — 68

Fadley model Polished 25.9 0.87 72 6.5 0.87 41
Aged 42.0 0.87 35 20.7 0.87 23

However, a surface coverage parameter γ is sometimes introduced in order to take into
account the non-uniformity of the oxide layer (non-uniform inelastic mean free paths, non-
uniform atomic densities). In this case, equation (2) becomes [47]:

(Io/Im) = (Doλo/Dmλm)(γ [1 − exp[−(t/λo sin θ)]])/([1 − γ ] + γ exp[−(t/λo sin θ)]).
(3)

The values of the photoelectron inelastic mean free paths in the oxidized region are calculated
using the hypothesis that this oxidized region can be approximated by a crystallized alumina
(λoCr = 15 Å and λoAl = 26 Å) [42, 43]. In the bulk metal, these values become λmCr = 16 Å
and λmAl = 24 Å [42, 43]. Atomic densities of Al and Cr in the Al65Cr27Fe8 alloy are those
provided by Demange et al [48]: DmAl = 0.0442 at.Al Å

−3
and DmCr = 0.0184 at.Cr Å

−3
.

Atomic densities in the oxide layer are more difficult to estimate because the composition and
the structure of this oxide are not known. For a crystallized aluminum oxide layer, the Al
density would be D′

oAl = 0.043 at.Al Å
−3

[49]. In our case, we assume that the oxide layer

contains identical amounts of Al and Cr atoms and therefore DoAl = DoCr ≈ 0.02 at.Al Å
−3

.
Considering these uncertainties on the atomic densities and inelastic mean free paths, we will
argue in a first approximation that the ratio (Doλo/Dmλm) in our system is 1 for Al and 0.5
for Cr. Then equations (2) and (3) become respectively (4) and (5) for the aluminum element
and (4′) and (5′) for the chromium element.

(Io/Im) = [1 − exp[−(t/λo sin θ)]]/ exp[−(t/λo sin θ)] (4)

(Io/Im) = (γ [1 − exp[−(t/λo sin θ)]])/([1 − γ ] + γ exp[−(t/λo sin θ)]) (5)

(Io/Im) = 0.5[1 − exp[−(t/λo sin θ)]]/ exp[−(t/λo sin θ)] (4′)

(Io/Im) = 0.5(γ [1 − exp[−(t/λo sin θ)]])/([1 − γ ] + γ exp[−(t/λo sin θ)]). (5′)

In the following, equations (4) and (4′) will be referred to as the Strohmeier model (uniform
oxide layer) and equations (5) and (5′) as the Fadley model (non-uniform oxide layer).

Intensities of the oxide and metal components are deduced from fits of the XPS spectra
for each take-off angle using line shape parameters provided in table 3. The results are shown
for Al and Cr elements in the case of an aged surface in figures 6(a) and (b), respectively (full
squares). Both Strohmeier and Fadley models have been used to fit the variation of (Io/Im) as a
function of θ by a least square procedure. For the Strohmeier model, the thickness of the oxide
layer is the only free parameter of the refinement. For the Fadley model, both the thickness
and the surface coverage are free parameters. The (Io/Im) values calculated according to these
two models are compared to experimental ones in figure 6 and parameters deduced from fit are
listed in table 4.
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Figure 6. Ratio between oxide and metallic components versus take-off angle for a surface aged for
15 days: (a) Al 2p core level, (b) Cr 2p3/2 core level. Black squares correspond to experimental data,
empty circles correspond to fitted data using Strohmeier model [44–46], empty triangles correspond
to fitted data using Fadley model [47].

The Strohmeier model has been used to calculate the thickness of oxide layers on pure
aluminum [8, 9], aluminum-based alloys [50], or even stainless steel [51]. But recent studies
found that the thickness calculated from Stohmeier model is underestimated [9]. In our case
also, the Fadley model provides a better fit of the experimental results and the thicknesses
deduced from the fit are two to four times higher than those given by the Strohmeier model.
Despite the approximations inherent to these models, the oxide thicknesses listed in table 4
are in good agreement with SNMS and x-ray reflectivity measurements. The conclusions are
that the oxide layer gets thicker with increasing ageing time and that the thickness of the oxide
calculated from the Fadley model for Al 2p is consistent with values found previously, i.e. about
40 Å. However, the thickness of the oxide layer calculated from the Cr 2p level seems too small.
This could confirm that the extreme surface is Cr depleted and that Cr oxide is essentially buried
below the Al hydroxide layer directly on top of the substrate.

3.3.3. Thickness of the hydroxide layer. Simmons and Beard [52] have described the oxide
film (with a thickness t as described above) grown at the surface of metallic materials as
a stacking of three layers. Going from the bulk to the surface, one first finds an oxide
layer (thickness tMO), then a hydroxylated layer (thickness thydrox) and finally a top layer of
chemisorbed water (thickness tH2O). A carbon contamination layer covers this oxide film. In
this part, we will focus on the hydroxylated layer.

McCafferty and Wightman have proposed a method to estimate the density of the OH
groups at the surface of a metal, based on the deconvolution of O 1s line [53]. The density of
OH groups is given by:

nOH = DO

0.357
× [1 − exp(−d/λ0 sin θ)](IOH/IO2− )

[1 − exp(−thydrox/λ0 sin θ)][1 + (IOH/IO2− )] (6)

where nOH is the density of OH groups at the surface (Å
−2

), DO is the density of O atoms in
the oxide film (Å

−3
), t and thydrox are respectively the total thickness of the oxide film and the

thickness of the hydroxylated layer, λo is the inelastic mean free path of O 1s photoelectrons
in the oxide film, θ is the take-off angle and (IOH/IO2− ) is the ratio between the hydroxide and
oxide component in the O 1s line.

Equation (6) can be rearranged according to

IOH

IO2−
= nOH[1 − exp(−thydrox/λ0 sin θ)]

[ DO
0.357(1 − exp(−d/λ0 sin θ)) − nOH(1 − exp(−thydrox/λ0 sin θ))

] . (7)
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Figure 7. Ratio between O–H and O–M components of O 1s line as a function of take-off angle for a
surface aged for 15 days. Black squares correspond to experimental data, empty circles correspond
to fit data using McCafferty model [53].

Table 5. Surface densities of OH groups (nOH), thickness of the oxy-hydroxide layer (thydrox)
and relative mean deviation (rmd) deduced from adjustment by the least square procedure of the
experimental data using McCafferty model [53].

nOH (Å
−2

) thydrox (Å) rmd (%)

Freshly polished 0.16 13.9 23
Aged 15 days 0.16 17.5 23

Then, we propose to estimate simultaneously the thickness of the hydroxylated layer thydrox

and the density of OH groups at the surface by a least mean square procedure, using our
experimental fits of O 1s lines as a function of take-off angle. The fixed parameters of
equation (7) are DO = 0.065 at.Å

−3
(average value between crystallized Al oxide 0.069 at.Å−3

and Cr oxide 0.062 at.Å
−3

[53]), λo = 15 Å and t is the thickness of the oxide film estimated
in the previous section using Fadley model.

The ratios (IOH/IO2− ) determined from the fit of the experimental spectra for the aged
surface are plotted in figure 7 as a function of the take-off angle. Calculated ratios (IOH/IO2− )

using equation (7) are also shown and fitting parameters thydrox and nOH are listed in
table 5. The quality of the fit using this model is quite good. Furthermore, the density
of OH groups at the surface of the Al65Cr27Fe8 sample compares well with values given
by McCafferty and Wightman for pure aluminum (nOH ≈ 0.15 OH.Å

−2
) and chromium

(nOH ≈ 0.13 OH.Å
−2

) [53]. Absolute values of the thickness of the hydroxide layer deduced
from XPS analysis are lower than those deduced from x-ray reflectivity. This discrepancy may
come from an overestimation of the total contribution of the oxide component to O 1s peak
(the C–O contribution to O 1s peak being not taken into account) and from the uncertainties
about the inelastic mean free paths and atomic densities. However, both techniques converge
regarding the trend in the thickening of the hydroxide layer upon ageing.

3.4. Surface model of Al65Cr27Fe8

A surface model valid for pure Al was used as a starting point and we have adjusted this
model to the case of our Al65Cr27Fe8 sample by combining all the results described previously.
Figure 8 summarizes these results. The surface structure consists in a stacking of three different
layers. The first one, directly on top of the substrate, is a mixed amorphous oxide layer of Al,
Cr and Fe of constant thickness. The second layer is an oxidized layer, containing only Al and
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Figure 8. Structure model of the surface of the Al65Cr27Fe8 alloy and its modification upon ageing
in ambient atmosphere.

oxygen. This oxy-hydroxide of Al is most likely amorphous and its thickness increases upon
ageing time over a period of several weeks. The third layer is the usual contamination layer.

4. Conclusion

By combining three different surface techniques, we managed to propose a consistent detailed
model of the native oxidized surface on an Al–Cr–Fe approximant phase. Reflectivity
experiments revealed a three-stacked-layer structure; the thickness and electronic density of
each layer could be estimated. SNMS results confirmed the multilayer structure and gave some
information about the elementary composition of each region of the oxide film. Angle-resolved
XPS was used as an alternative way to estimate the thickness of the total oxidized film thickness
and the thickness of the hydroxylated layer.

We pointed out the time evolution of thickness and composition of the oxidized layer when
then sample is subjected to ageing for weeks in ambient atmosphere.
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