N

N

The native oxide film on a model aluminium-copper
alloy studied by XPS and ToF-SIMS

P. Cornette, S. Zanna, A. Seyeux, Dominique Costa, P. Marcus

» To cite this version:

P. Cornette, S. Zanna, A. Seyeux, Dominique Costa, P. Marcus. The native oxide film on a model
aluminium-copper alloy studied by XPS and ToF-SIMS. Corrosion Science, 2020, 174, pp.108837.
10.1016/j.corsci.2020.108837 . hal-03095030

HAL Id: hal-03095030
https://hal.science/hal-03095030

Submitted on 7 Jan 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03095030
https://hal.archives-ouvertes.fr

The native oxide film on a model aluminium-copper alloy studied by XPS
and ToF-SIMS
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Chimie ParisTech, PSL University, CNRS, Institut de Recherche de Chimie Paris, Physical
Chemistry of Surfaces Group, 11 rue P et M Curie, 75005 Paris, France
Abstract:

Surface analytical techniques were used to characterize the chemical composition and
the thickness of the surface oxide on an AlCu2.2%at alloy sample.

ToF-SIMS analyses show that the oxide layer is thinner on the intermetallic particles (IMPs) as
compared to the Al matrix. Combined with XPS, analyses reveal that IMPs are covered by
aluminium and copper(l) oxide whereas the Al matrix is covered by aluminium oxide.

Moreover, metallic copper segregates at the oxide/metal interface on both matrix and IMPs.

The heterogeneities at the metal/oxide interfaces suggest that complex galvanic effects could
occur between IMP and matrix substrate, and within the IMPs.
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1. Introduction

Aluminium alloys are widely used in aeronautics and aerospace applications.[1-3]
Different alloying elements are used in order to improve mechanical properties. One of the most
common alloying elements is copper and a variety of Al-Cu alloys have been developed (2000
serie). The addition of Cu alloyed elements leads to the formation of intermetallic Cu-rich
particles (IMPs).[3,4] These IMPs are known to be at the origin of lower corrosion resistance

of the aluminium alloys in aqueous chloride environments (pitting corrosion).[3,5-7]

On the Al rich-Cu alloys, the Al,Cu IMPs are more noble than the surrounding matrix.
Zhou et al.[8] report a corrosion potential of pure Al>Cu of -473 mV//SCE whereas the one of
Al is -507 mV/SCE in 0.1M Na2SOg4. In 0.1M NaCl solution, Buchheit et al.[9] compiled
different corrosion potentials and showed a potential at -665mV//SCE for Al,Cu and -
750mV//SCE for pure Al. Several publications[10-12] indicate that the corrosion potential is
higher on Al>Cu IMP than on pure Al before and after immersion in aqueous solution. Thus a
galvanic cell can be formed between the matrix and the particles.[5] The AlCu 6-phase
particles act as cathode, providing more cathodic current for the reduction of oxygen, promoting
the surrounding anodic matrix dissolution.[13—-16] This can explain the localization of the pit
initiation next to the particles, resulting in circumferential dissolution of the Al matrix
(trenching). [5,6,17-19]

Inhomogeneities in the passive layers on Al and intermetallic particles are thought to
enhance the susceptibility to pitting corrosion. Some studies report that the intermetallic
particles have an impact on the thickness of the passive layer on the aluminium alloys.[20] It
was reported that the copper containing particles oxidized at reduced rates relative to the Al
matrix.[21]

It is known that both the matrix and the Al>Cu intermetallic particles are covered by an
aluminium oxide layer.[22-25] Whereas the oxide surface on pure Al has been largely
characterized by surface analysis tools, the oxide covering the Al.Cu phases has not been
characterized to the same extent. Son et al.[26] observe a pure Al.Os film on Al>Cu substrate,
without evidence of Cu oxidation as other authors[27]. Additional X-ray reflectivity and
current-voltage measurements were conducted to characterize the electronic properties of the
oxide on these A1,03/Al>Cu thin films. The electron density and conductivity are both much

higher than expected for pure A1,03, suggesting that a small amount of a conductive impurity,
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such as metallic Cu, may reside in the oxide layer. Other authors[28] suggest that the oxide
formed on AlCu is enriched in metallic Cu. Different studies[25,29] also demonstrated that the
oxide layer on the IMP is thinner than on the matrix and composed of aluminium and copper

oxide. Li et al.[25] also suggested that there was Cu enrichment at the metal/oxide interface.

The structure and composition of passive films is a key issue in corrosion science,
including on Al alloys. In addition, for Al alloys containing Cu, the initiation of localized
corrosion is often associated to the cathodic nature of the intermetallic particles, but the
presence of an oxide layer at the IMP surfaces is largely ignored in the initiation mechanisms.
A better knowledge of specific features of this oxide would be useful for understanding
corrosion initiation mechanisms. We report here an experimental study of the oxide formed on
Al-Cu2.2%at alloy. We characterize the local morphology, microstructure and chemical
composition of the Al-Cu alloy surface, i.e. above the matrix and the IMPs. Time-of-Flight
Secondary lons Mass Spectrometry (ToF-SIMS) 3D images were recorded to have access, with
a sufficiently good lateral resolution, to the regions corresponding to the matrix and the IMPs.
Combined with X-ray Photoelectron Spectroscopy (XPS), the nature, composition and
thickness of the oxide layers and the underlying metal layers are characterized. The goal of this
work is to determine the surface composition above Al>Cu particles and Al alloy.

2. Materials and methods

2.1 Sample preparation

A model alloy of aluminium/copper containing 4.87 wt % of copper (i.e. 2.2 at%),
provided by GoodFellow, was cut into 1 cm? and 3 mm thick samples. The alloy sheets were
first mechanically polished up to 2400 grade SiC paper, and then with water-based ESCILe
alumina suspension up to 0.3 um. After polishing, the samples were successively sonicated in
ultrapure water and ethanol for 2 minutes. The samples are then dried under a compressed air
flow and stored overnight under ambient conditions. The samples are analysed the following

day.

2.2 Chemical characterization

The surface chemical characterization was performed by means of XPS, ToF-SIMS and
SEM-EDX, using a Thermo Electron ESCALAB 250 spectrometer, a ToF-SIMS V



spectrometer (ION TOF GmbH) and a ZEISSUItra-55 field emission scanning electron
microscope, respectively.

For the X-ray Photoelectron Spectroscopy (XPS) analysis, the base pressure in the
analysis chamber was ~10~° mbar. Al Ka monochromatized radiation (hv = 1486.6 eV) was
employed as the X-ray source. The spectrometer was calibrated using the reference binding
energies of clean Au 4f72 (84.1 eV) samples. For all analyses, the take-off angle was 90° and
the analysed area was a 500 um diameter disk. High resolution spectra of the C 1s, O 1s, Al 2s,
Cu 2ps12 and Al 2p core level regions were collected with a pass energy of 20 eV at a step size
of 0.1 eV. Data processing (peak fitting and decomposition) was performed with the Avantage
software provided by Thermo Electron Corporation, using an iterative Shirley-type background
subtraction and Gaussian/Lorentzian peak shapes at a fixed ratio of 70/30. The binding energies
are given with a £0.1 eV uncertainty. Symmetrical peaks were used. Inelastic mean free path
values (1) were determined with the Tanuma Powell and Penn formula[30] except for
aluminium values, which were adapted from the Marcus et al. calculation[31]. CasaXPS
software (version 2.3.13) has been used to recombine the Cu Auger peaks using Cu(0), Cu(l)

and Cu(ll) reference Auger lines.

For the ToF-SIMS measurement, the chamber was operated at pressure below ~107°
mbar. The total primary ion flux was less than 102 jons.cm ensuring static conditions. All the
analyses were recorded in the Burst-Alignment image mode (BA-IMAGE) in which the long
primary pulse is burst into 4 shorter pulses to get good mass and lateral resolutions. The
negative polarity (detection of negatively charged ions) has been chosen for a higher sensitivity
to fragments coming from oxide matrices[32—-39]. On the negative images, the characteristic
ions of the surface are: Cu’, CuO, AlO2, and Aly". They represent the metallic copper, the
oxidized (oxide and/or hydroxide) copper, the oxidized (oxide and/or hydroxide) aluminium
and the metallic aluminium, respectively. These ions are conventionally used to characterize
Al-Cu alloy surfaces[29]. 3D chemical images (i.e. images at each sputtering depth) were
recorded by interlacing a pulsed 25 keV Bi* primary ion source delivering 0.25 pA of target
current over a 100 x 100 um? area with sputtering using a 1keV Cs* source beam delivering 20
nA of target current over a 500 x 500 um? area. The Bi* ion beam intensity is greatly reduced
in order to limit the zone disturbed by the ions impact, which allows a good lateral resolution.
With the chosen analysis conditions, the lateral resolution is well below 400 nm, thus good

enough to observe the Al-Cu intermetallic particles present in the studied Al-Cu alloy. Data



acquisition and processing were performed using the lonSpec commercial software. The exact
mass values of at least five known species were used for calibration of the data acquired in the

negative ion mode.

For the SEM-EDX analysis, standard conditions were used to analyse Al-Cu alloy
samples: an electron acceleration voltage of 15 kV, an electron beam current of the order of 180

pA and a pressure inside the chamber less than 10 mbar.
3. Results and discussion
3.1 Characterization of the intermetallic particles by SEM-EDX analyses

To determine the composition of the IMPs, the aluminium/copper model alloy samples,
containing 2.2 at% copper, were analysed by scanning electron microscopy. An SEM image is
shown in Figure 1. Intermetallic particles are uniformly distributed on the surface. Their
diameters vary between 0.5 and 4 um. The EDX analyses carried out on five samples reveal
that the surface is essentially composed of aluminium at more than 99%at. The stoichiometry
of the intermetallic particles is Al>7Cu (average on 15 measurements). The depth of the SEM-
EDX analysis is of the order of one micron. The detection of metallic aluminium coming from
the matrix under the small particles (small diameters) cannot be neglected. Taking into account
particles sufficiently large to limit the measurement uncertainty, a stoichiometry of Al>.>Cu is
found, close to the stoichiometry of the stable phase 6-Al>Cu. It can therefore be deduced that
the intermetallic particles present in this model aluminium/copper alloy are Al.Cu particles.
This result is in agreement with literature which indicates that the 6-Al>Cu phase is the stable

equilibrium phase present in Al-Cu alloys.
3.2 In depth chemical composition of the alloy surface by ToF-SIMS analyses

ToF-SIMS 3D chemical analysis was conducted. This allows to extract, from the same
set of data, a general depth profile ( Figure 2) and 2D images at specific locations corresponding

to (i) the extreme surface, (ii) the oxide film, and (iii) the metal/oxide interface (Figure 3).

On the general ion depth profile ( Figure 2) the intensity of the ion signals (Cu-, CuO,
AlOy, and Aly" recorded simultaneously), are plotted versus Cs* ion sputtering time. lons
intensity is reported in logarithm scale. Intensity changes with the sputtering time on the profile

reflect in-depth concentration variations.



Three main regions can be identified. The first one, corresponding to the first 100s of
sputtering, is characterized by the intense and quasi constant AIO signal whereas Al>” and Cu
, Which are characteristic signals of the metallic substrate, remain low. This region is assigned
to the outer Al oxide layer. The CuO~signal remains weak in this region indicating that the
oxide is mostly composed of aluminium oxide. As soon as one probes deeper into the substrate,
one enters a second region that corresponds to the progressive decrease of the AlO2™ signal
concomitantly with the progressive increase of the Al,"and Cu signals. After 280s of sputtering,
the Cu signal reach a maximum intensity, whereas Al,™ signal continues to increase. This
suggest that the metal/oxide interface, which is enriched in Cu, is located at ~280s of sputtering
(see dash line on the Figure 2). Thus, the region ranging between 100s and 280s of sputtering,
is assigned to an interfacial region that corresponds to both the Al oxide and metallic substrate
due to the metal/oxide interface roughness. Finally, the third region, after 280s of sputtering
(i.e. metal/oxide interface), is assigned to the metallic substrate. Thus, the sample is mainly
composed of metallic aluminium enriched with copper at the metal/oxide interface and covered

with aluminium oxide.

This metallic copper enrichment at the metal/oxide interface has been previously
observed.[29] Moreover, it is interesting to note that the CuO" signal is detected on the depth
profile ( Figure 2 : General ion depth profile recorded on Al-Cu2.2at% alloy, extracted from
the 3D ToF-SIMS measurements (Dash lines show oxide/metal interface). Figure 2 ) in the
surface region and remains quasi constant in the other regions contrary to the Cu- signal. For
further verification, the 2D chemical images, extracted from the 3D analysis, are shown in

Figure 3 and present essentially the same result.

On the 2D chemical images, the intensity of the detected fragments is dependent on the
concentration. Figure 3 shows the 10x10um? chemical images (Cu, CuO, AlO2", and Alz ions)
obtained by summing stacks of 2D images. Thus in (a) the images of the oxide layer correspond
to the sum of the 2D images recorded from 0s to 100s of sputtering, in (b) the images of the
interfacial zone correspond to the sum of 2D images recorded between 100 and 280s of
sputtering, and in (c) the images of the metallic substrate correspond to the sum of the 2D
images recorded from 280s of sputtering to the end. In the oxide layer, as expected, the images
show an intense AlO>" signal whereas no Cu", CuO", and Aly signals are detected. This oxide
film corresponds to an homogenous aluminium native oxide film. Deeper into the substrate, i.e.

in the interfacial region, the AlO signal remains intense and Al>™ low (but more intense than



in the oxide layer), indicating that in this interfacial region both oxide and metallic substrate
are observed as a result of the interface roughness. Locally Cu™ signals are observed. These Cu
rich regions also correspond to regions with weak CuO" intensity (see circled areas on Figure
3b). Moreover, these areas rich in Cuhave approximately the same size as the 8-Al.Cu particles
evidenced by SEM. Thus, the Cu-rich areas are assigned to the copper-containing intermetallic
particles that are located at the metal/oxide interface and protrude into the oxide film as
previously observed.[29] The presence of CuO™ signal, although weak, on these Cu-rich areas
suggests that IMPs are, at least partially, oxidized at their surfaces. In the third region (Figure
3c), the Al ion signal has a high intensity whereas AlO>" intensity is weaker (the AlO>™ signal
remains visible in the metallic substrate due to the possible reoxidation of the surface inside the
ToF-SIMS main chamber). This confirms that this third region corresponds to the metallic
substrate. A Cu" signal is still visible (at the same location at the one observed previously at the
interface (Figure 3b)), but CuO" is no longer detected in the metallic substrate, indicating that

oxidized Cu is only present at the surface of IMPs.

To investigate further the differences between the substrate matrix and IMPs, ToF-SIMS
ion depth profiles on top of each region were reconstructed from the raw data by selecting the
copper-rich zones, assigned to IMPs (see circled areas on Figure 4a), and the Al matrix
(excluding circled areas on Figure 4a). lon depth profiles on matrix region and IMP region are

shown on Figure 4b and Figure 4c, respectively.

The depth profile obtained on the Al matrix (Figure 4b) is globally similar to the one
obtained on the global surface ( Figure 2). However, it is interesting to note that the lcy-/ lai2-
ratio is higher at the metal/oxide interface (~280s of sputtering) than deeper in the bulk,
indicating a copper enrichment of the matrix at the metal/oxide interface. This is assigned to
the preferential oxidation of the Al as already discussed.[29] This Cu enrichment of the matrix
at the metal/oxide interface has been previously predicted by computational work[40], where
the authors concluded that the presence of oxide could favour Cu segregation at the
matrix/oxide interface. Thus, the matrix is mainly composed of metallic aluminium, enriched

with copper at the metal/oxide interface, and is covered by an aluminium oxide layer.

Figure 4c shows an ion depth profile extracted from the IMP zones only. Similarly, the
Cu  signal reaches its maximum at the metal/oxide interface, but a more detailed examination
on the depth profile shows that the Cu signal reaches its maximum intensity after ~250s of

sputtering whereas the metal/oxide interface is located at 280s of sputtering. This confirms that
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IMPs located at the metal/oxide interface protrude into the oxide layer, meaning that a thinner
oxide is formed on top of the IMPs, with respect to the one formed on the matrix. The Cu-
enrichment at the metal/oxide interface and the presence of aluminium oxide over IMPs have
been observed previously on Al-Cu alloys[29]. The CuO" signal in Figure 4c shows a shoulder
at the same position as the Cu™ signal which implies that the IMPs are also covered by some

copper oxide.

The presence of copper oxide covering the IMPs seems contrary to the thermodynamics.
Indeed, as long as the IMP contains sufficiently high metallic aluminium concentration, the
thermodynamic predicts that only an aluminium oxide can grow under the oxide layer (at the
oxide/metal interface). However, the intermetallic particle could be depleted in aluminium due
to its preferential oxidation. Thus, this leads to a copper enrichment on top of the IMPs allowing
the formation of copper oxide on top of the particles. This interpretation seems to be confirmed
by Figure 4c: the increase of Alz signal intensity is shifted to longer sputtering time (i.e. deeper
with respect to the surface) whereas the Cu signal intensity is high. This indicates an Al

depletion and a copper enrichment at the IMP surface. allowing copper oxidation to occur.

The oxide layer thickness above the intermetallic particles can be evaluated by the
detection of the metallic copper on the successive 2D images recorded at different depths
(Figure 3) and the depth profiles obtained on the IMPs and matrix areas (Figure 4b and c). It
appears that the thickness of the oxide layer covering the IMP is approximately 62% of the
thickness of the oxide layer covering the matrix.

The use of ToF-SIMS 3D imaging has allowed us to show that the intermetallic particles
are present at the metal/oxide interface and are protruding into the oxide leading to a thinner
oxide above IMPs. Although an aluminium oxide covers the entire surface of the sample, copper
oxide is detected on top of the IMPs. It is well known that during ToF-SIMS analyses, the
changes in ion intensities with the sputtering time are strongly dependent on the matrix from
which the ions are emitted[41]. ToF-SIMS depth profiles can also be affected by differential
sputtering that can come from the presence of heterogeneities on the surface or the chemical
stability of surface species. However, the composition of the oxide scale is quasi homogeneous
and mainly consists of Al oxide/hydroxide. Thus, no differential sputtering was considered in
the ToF-SIMS depth profiles of the surface oxides. Moreover, the Al oxide/hydroxide is very
stable (AG =—918.4 kJ/mol) and it is assumed that it is not significantly affected by differential

sputtering. It is also noted that the sputter rate changes when passing the oxide-metal interface.
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Thus, quantitative analysis by ToF-SIMS is precluded, and XPS analysis is required to obtain

quantitative information on the chemical composition.

3.3 Quantitative analysis of the surface composition by XPS

3.3.1 Surface chemical composition

XPS spectra recorded on AlCu2.2at% sample are shown in Figure 5. The main elements
on the surface (Figure 5a) are aluminium, carbon, oxygen and copper (weak signal). The Al2p
core level spectrum (Figure 5b) is not used to characterize the surface due to an overlap between
Al2p and Cu3p[42]. The Al2s core level region (Figure 5¢) is decomposed into three peaks at
binding energies of 118.2eV (metallic aluminium) and 121.0eV (aluminium oxi/hydroxide) and
a peak corresponding to Cu3s photoelectrons (at an energy of 123.2eV[43]). The C1s core level
spectrum (Figure 5f) presents four components: at 286.7eVV (C-C bonds), 288.3 eV ( C-O
bonds), 290.5 eV (O-C=0 bonds) and 291.8 eV ( presence of carbonate CO5~ ) .This
decomposition is currently used to describe the contamination layer[44—46]. The O1s core level
presents a large peak (Figure 5g). It is decomposed into two peaks at 533.0eV and 534.0eV
corresponding to oxygen O? and the presence of a hydroxylated component on the surface
and/or oxygen bonded to contamination carbon, respectively.

The Cu2pssz core level spectrum is decomposed into two peaks corresponding to copper
metal Cu® at a binding energy of 932.8eV and a peak at an energy of 934.5eV (Figure
5d).[47,48]. In order to determine the copper chemical environment at high binding energy
(metallic or oxidized), the copper Auger spectrum was recorded (Figure 5e). The peak has a
weak but sufficient intensity to propose a decomposition presented in Figure 6. The CuLMM
Auger spectrum has been decomposed using reference line shapes obtained on standard Cu(0),
Cu(l) and Cu(ll) compounds. The CASA software was used to combine line shapes of the

different standard compounds to reproduce the experimental CULMM Auger spectrum.

The Augers peaks are decomposed as in the Biesinger[49] study and in other works[50—
52]. The experimental Auger line is decomposed using Auger lines associated with metallic
copper and Cu(l). The Auger line shape of the metallic copper corresponds to the shape of the
Auger line recorded on reference metallic copper, and the Auger line shape of the oxidized
copper corresponds to the copper Auger line shape for a Cu20 reference (stable form of Cu(l)).

The low signal intensity makes it difficult to adjust the different peaks to the experimental



Auger spectrum. However, the calculation of the modified Auger parameters for each peak
gives an energy of 1851.1eV for the peak at low binding energy and 1849.8eV for the peak at
high binding energy. The modified Auger parameter value for the low binding energy peak is
in very good agreement with metallic copper (1851.2eV)[48,49] and the Auger parameter of
the high binding energy peak value is in fair agreement with Cu(l) (1849.2eV). This result
indicates that copper is present in metallic form and in oxide form (Cu(l)).

3.3.2 Oxide layer thickness and model of the native oxide

The ToF-SIMS and XPS analyses showed that the Al-Cu alloy surface is covered by an
aluminium oxide/hydroxide layer. Some copper oxide is also present at the surface of the IMPs
which are protruding into the oxide. The oxide present above the IMPs is therefore thinner than
on the matrix. The first step to evaluate the oxide thickness is to determine the coverage (y) of
IMPs on the surface. The data obtained by ToF-SIMS and SEM allow us to calculate a particle
coverage from images by measuring the areas where metallic copper signal is intense. The
coverage vy is evaluated at 3.2% of the surface analysed by ToF-SIMS 2D images and 3.4% by
SEM images. These results are very close, and in good agreement with the literature which
indicates that intermetallic particles typically represent between 2 and 4% of aluminium-copper
alloys[2,6,53].

The low coverage allows us to assume that the surface is mainly composed of aluminium
and to determine an average oxide thickness above the matrix by neglecting copper. Assuming
a simple model consisting of a metallic aluminium substrate covered with uniform and
continuous oxide-hydroxide layer (with a uniform surface contamination layer (c)), the
equivalent thicknesses of the oxide layer (and of the contamination layer) are determined by
XPS analysis. The dox oxide thickness (and dc contamination layer) thicknesses are evaluated
at 3.5nm (and 0.5nm). This value is in good agreement with the literature for a native oxide

whose thickness is usually between 2 and 4 nm on aluminium[54,55].

In order to characterize the oxide present above the IMP, it is necessary to take into
account the Cu2O copper oxide present on top of the IMP, as shown by ToF-SIMS analyses.
Thus the real oxide layer is not homogeneous, and it comprises, on the matrix, an aluminium
oxy-hydroxide layer and, on the IMPs, aluminium oxide and copper oxide (Cu20) islands. The
presence of the copper oxide has already been discussed in the previous section. Copper oxide
can grow on IMPs if IMPs are covered by an aluminium oxide layer sufficiently thick to deplete
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aluminium at the IMP interface. The model based on the above findings is shown in Figure 7.
The ToF-SIMS 2D images have provided an IMP coverage y of 3.2% (in good agreement with
the SEM data). In the same way, by measuring the areas where copper oxide signal is intense
on the ToF-SIMS images, the coverage y’ of copper oxide islands can be evaluated on the
particles. It appears that y’ is about 2.5% of the total image. With y equal to 3.2% of the total
surface, the IMPs are therefore covered by 78% copper oxide. In order to evaluate the
hypothesis of a non-homogeneous oxide layer, the copper oxide thickness is calculated taking
into account the local model on top of IMPs (see Figure 7). This model is based on several
hypotheses. Firstly, all the detected metallic copper signal is assumed to come from the Al>Cu
intermetallic particles and all the Cu2O oxide signal from the islands. Then, the IMPs are
considered thick enough to not detect by XPS the metallic aluminium below. This hypothesis
is justified by the SEM analysis which determined that the particles are bigger than the
maximum XPS depth of analysis (~10 nm). It is also assumed that the contamination layer
present at the surface is homogeneous. Further, the aluminium oxide layer thickness (d’ox) ON
the IMP surface is set at 62% of the total dox oxide layer thickness, as evaluated by ToF-SIMS.
Finally, copper oxide islands are considered as layers of finite thickness d’. The peak intensity
corresponding to copper in the IMPs and the peak intensity corresponding to copper in the oxide
copper can therefore be expressed as follows:

I629 =y KAO)FTeuocu AL “ DA

’ _d,ox ' _d, _(d, - d,) _dc
in@ 1— — 2 )+ - _—_ox -
* s [( v)exp (A‘é{tw3sin9> Y exp (Agﬁzosin0> * exp ( 281203 5ing * eXp(/lEusinQ)

16420 = y KA(0)FTy0c, ASH20 DEX20 singy’ [1 —exp (%)} * exp <%3;:9’)> * exp( Ag;jijl )

with IY the intensity of photoelectrons emitted by the element X (in the considered core level)
in the matrix Y, kA(¢) a constant characteristic of the spectrometer, oy the photoionization
cross-section of the core level of the element X, A% the inelastic mean free path of
photoelectrons emitted by the core level of the element X in the matrix Y, DY the density of the
element X in the matrix Y, Ty the transmission function of the core level of the element X, d
the thickness for the carbon contamination (dc), the oxide layer present on the matrix surface

(dox), the oxide layer present on the IMP surface (d’ox) and the copper oxide layer d” on the
IMP,
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The ratio of these two equations gives the thickness, d’, of the copper oxide islands. The
thickness is evaluated at 0.5nm, knowing the aluminium oxide layer on the intermetallic is
estimated at 2.2 nm (d’ox). This value is consistent with the small amount of copper oxide
detected by XPS and ToF-SIMS on the alloy surface. The model of the native oxide layer on
the Al-Cu alloy, based on XPS and ToF-SIMS analyses, is shown on Figure 7.

These results are consistent with those obtained recently by Li et al.[25], who studied
the differences of initial growth of the passive films between Al matrix and Al.CuMg particles
on an AA2024-T3 aluminium alloy. They found by XPS and AES depth profiles that the oxide
layer on Al.CuMg particles is thinner that the one on the Al matrix (1.4nm versus 2.4 nm), and
not composed only of aluminium oxide but also of copper oxide. The atomic ratio of Cu/Al at
the interface was larger than that in the substrate, which suggested that there was Cu enrichment

at the Al,CuMg/oxide interface.

Others authors, as Frankel et al.[11,56,57] reported lateral heterogeneities within
particles. In particular, Zhu et al.[12] using APT and SKPFM, studied the intermetallic
compounds in AA2070-T8 and showed that intermetallic particles are not homogeneous and
present lateral distribution of the potential implying the segregation of heavy elements (i.e. Cu

in Al>Cu particles).

4. Conclusions

The AICu2.2%at model alloy, containing only one type of intermetallic particles
(Al2Cu), has been characterized by the combination of ToF-SIMS and XPS analyses. The
analyses revealed that these particles are present at the metal/oxide interface with a surface
coverage of 3.2%. The oxide layer, mostly composed of aluminium oxide/hydroxide and a small
amount of Cu(l) oxide, is not homogeneous. Differences in thickness and composition occur
depending on the underlying material composition. An aluminium oxide/hydroxide
approximately 3nm thick covers the aluminium matrix, with copper enrichment at the
metal/oxide interface. The oxide layer is thinner above the IMPs protruding into the oxide layer.
The presence of copper oxide islands on the IMPs was revealed. They are approximately 0.5nm
thick and the surface coverage is approximately 2.5% of the total surface. The oxide thickness
above the IMPs is 2.2nm. A model of the native oxide layer on the Al-Cu alloy surface
incorporating the above features has been proposed. The different types of heterogeneities
identified in the present work can influence the cathodic or anodic character of the surface.[58]
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To rationalize the effect of each parameter (oxide thickness, composition, Cu enrichment) on
the corrosion resistance, DFT-based models of the different zones of the matrix and the IMP

will be built and analysed in our future work.
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Figure:

Figure 1 : SEM image obtained on model Al-Cu2.2 at% alloy. The lighter areas represent the
Al>Cu intermetallic particles.

Figure 2 : General ion depth profile recorded on Al-Cu2.2at% alloy, extracted from the 3D ToF-
SIMS measurements (Dash lines show oxide/metal interface).

Figure 3: ToF-SIMS negative ion images of Cu, CuO", AlO2, and Aly recorded on Al-
Cu2.2at% alloy surface at different depths: (a) oxide layer region corresponding to the 2D
images recorded from Os to 100s of sputtering, (b) interfacial zone corresponding to the 2D
images recorded between 100 and 280s of sputtering, and (c) metallic substrate corresponding
to the 2D images recorded from 280s of sputtering to the end. Areas of Cu™and CuO™ enrichment
are circled for clarity.

Figure 4 : ToF-SIMS negative ions analysis: A) Cu” ion images, 0-Al>Cu particles are indicated
by circled zones. B) depth profiles obtained on the alloy matrix (i.e. by excluding signals from
the circled zones on A). Arrows are reported to indicate the copper enrichment at the
metal/oxide interface compared to bulk. C) depth profiles obtained from the IMPs of AICu
samples (i.e. by selecting signals from the circled zones on A). Dash lines represent metal/oxide
interface.

Figure 5 : XPS spectra recorded on AlCu2.2 at % sample a) Survey spectrum b) Al2p and Cu3p
core level spectrum c) Al2s and Cu3s core level spectrum d) Cu2pss2 core level spectrum €) Cu
Auger spectrum f) C1s core level spectrum g) O1s core level spectrum.

Figure 6 : Decomposition of the copper Auger spectrum recorded on AICu 2.2 at %.

Figure 7 : Model of the native oxide layer on the Al-Cu alloy, based on XPS and ToF-SIMS
analyses, with the thickness of the carbon contamination (dc), the oxide layer present on the Al
matrix (dox), the oxide layer present on the IMP surface (d’ox), the copper oxide layer d” on the
IMP and y the coverage of IMPs on the surface and y’ the coverage of the copper oxide island
on the surface.
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Figure 1 : SEM image obtained on model Al-Cu2.2 at% alloy. The lighter areas represent the
Al>Cu intermetallic particles.
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Figure 2 : General ion depth profile recorded on Al-Cu2.2at% alloy, extracted from the 3D
ToF-SIMS measurements (Dash lines show oxide/metal interface).
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Figure 3 : ToF-SIMS negative ion images of Cu’, CuO", AlO2", and Al>" recorded on Al-
Cu2.2at% alloy surface at different depths: (a) oxide layer region corresponding to the 2D
images recorded from Os to 100s of sputtering, (b) interfacial zone corresponding to the 2D

images recorded between 100 and 280s of sputtering, and (c) metallic substrate corresponding
to the 2D images recorded from 280s of sputtering to the end. Areas of Cu~ and CuO"
enrichment are circled for clarity.
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Figure 4 : ToF-SIMS negative ions analysis: A) Cu ion images, 6-Al>Cu particles are
indicated by circled zones. B) depth profiles obtained on the alloy matrix (i.e. by excluding
signals from the circled zones on A). Arrows are reported to indicate the copper enrichment at
the metal/oxide interface compared to bulk. C) depth profiles obtained from the IMPs of AlCu
samples (i.e. by selecting signals from the circled zones on A). Dash lines represent
metal/oxide interface.
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Figure 5 : XPS spectra recorded on AICu2.2 at % sample a) Survey spectrum b) Al2p and
Cu3p core level spectrum c¢) Al2s and Cu3s core level spectrum d) Cu2ps/2 core level
spectrum e) Cu Auger spectrum f) C1s core level spectrum g) O1s core level spectrum.
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Figure 6 : Decomposition of the copper Auger spectrum recorded on AICu 2.2 at %.
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Figure 7 : Model of the native oxide layer on the Al-Cu alloy, based on XPS and ToF-SIMS
analyses, with the thickness of the carbon contamination (dc), the oxide layer present on the
Al matrix (dox), the oxide layer present on the IMP surface (d’ox), the copper oxide layer d’ on
the IMP and vy the coverage of IMPs on the surface and y’ the coverage of the copper oxide
island on the surface.
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