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Time-of-flight secondary ion mass spectrometry and X-ray photoelectron spectroscopy were used to study the
influence of ageing of 2024 aluminium alloy at 190 °C on subsequent degreasing and deoxidation behaviour.
After degreasing and deoxidation of the aged alloy, an increase in the surface Cu coverage and a surface
roughening were observed as compared to a non-aged alloy. The Cu surface enrichment affected the growth
mechanisms of the trivalent chromium process (TCP) coating. The TCP coating formed on an aged sample was
thicker, but more defective leading to the decrease of its anticorrosion properties, as compared to a non-aged

1. Introduction

In order to reduce the emission of polluting gases in the aeronautics
sector, Al alloys are of great interest for aircraft structures, due to their
low density, close to 2.7 g cm™2 [1], and because their mechanical
properties (yield strength and ultimate tensile strength) are significantly
better in comparison to pure Al due to addition of alloying elements such
as Cu, Mg or Li [2,3]. For aircraft manufacturing, the 2024 Al alloy
(AA2024), with Cu and Mg as the major alloying elements, is one ofthe
most used alloys. It has a heterogeneous microstructure, with, in
particular, the presence of intermetallic coarse particles (IMCs) with
different chemical compositions [4-7]. When AA2024 is exposed to an
aggressive electrolyte, localised corrosion, in particular pitting corro-

sion, occurs [8-14] due to the difference in electrochemical potential
between IMCs and the alloy matrix. Thus, to protect the AA2024 against

corrosion, surface treatments are required for industrial applications.

In the aircraft industry, when electrical conductivity of the alloy is
required, thin conversion layers are applied and the most commonly
used are the hexavalent Cr-based conversion treatments due to their

very good anticorrosion and self-healing properties [15-19]. However,
hexavalent Cr has been classified as a CMR (carcinogenic, mutagenic or

toxic for reproduction) agent by the European REACH regulation (Re-
striction, Evaluation and Authorisation of CHemicals) [18,20]. There-
fore, a new promising conversion treatment process based on trivalent
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Cr, known as trivalent Cr process (TCP), has been developed in the
aeronautic sector [21]. As described in the literature, this treatment
leads to formation of a duplex structure composed of a
fluoroaluminate-rich inner part and a Cr and Zr oxide- and
hydroxide-richouterpart[22-24]. Theformationmechanism ofthe TCP
coating is based on the reduction of protons, that leads to a pH increase
near the surface and then to the precipitation of Cr and Zr as oxides and

hydroxides [24-27]. Depending on the underlying alloy chemistry and
microstructure, the oxidation-reduction reactions can be modified, and

therefore the growth kinetics of the TCP coating can be affected. For
AA2024, Cu-rich IMCs can have a significant influence on the TCP
coating growth. As demonstrated by Qi et al., the reduction of protons
that occurs preferentially on cathodic IMCs leads to the formation of a
thicker conversion layer on those patrticles [28]. The same phenomenon
was observed on AA7075 by Munson et al. [29]. It was shown that the
increase in the growth kinetics of the TCP coating on Cu-rich IMCs led to
the formation of a locally thicker conversion layer, but more defective,
and therefore with poor anticorrosion properties [28,30]. Moreover, by
studying several 7xxx Al alloys, Meng et al. showed that the detrimental
effect of Cu on the growth of thicker and more defective conversion layer
was due to the surface enrichment in Cu during the pre-treatment steps
[31]. However, in Cu-containing Al alloys, such as AA2024, Cu can be
present in IMCs, but also in the supersaturated solid solution or in the
hardening precipitates depending on the metallurgical state of the alloy,
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so that the surface Cu coverage measured after the pre-treatment steps
cannot be only related to the dissolution of Cu-rich IMCs.

The aim of this study was to evaluate the influence of ageing on the
corrosion behaviour of TCP coated AA2024. Considering that ageing
was mainly associated with changes in Cu distribution in the alloy
resulting from precipitation phenomena, attention was paid to the in-
fluence of Cu on the growth of the TCP coating formed on AA2024 as a
function of the Cu state in the alloy, i.e. Cu in solid solution or as part of a
precipitate (IMC, intragranular and/or intergranular precipitates).
Therefore, two samples of AA2024 were compared: a naturally aged
sample and an artificially aged at 190 “C sample in order to modify the
Cu distribution in the alloy. The chemical composition of the oxide layer
formed on the sample surface before and after the degreasing and
deoxidation steps was studied. The TCP coating was then formed and
analysed by X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight
Secondary lon Mass Spectrometry (ToF-SIMS) for both naturally and
artificially aged samples. Finally, electrochemical characterisations
were performed for the coated samples using potentiodynamic polar-
isation tests and electrochemical impedance spectroscopy measure-
ments to study the relationship between the chemical composition and
structure of the TCP coating and its anticorrosion properties.

2. Materials and methods
2.1. Materials and preparation of the TCP coated samples

The 3 mm-thick AA2024 sheet contained 4.4 % Cu, 1.4 % Mg, 0.15 %
Fe, 0.51 % Mn (in wt. %). The as received alloy was in the T3 metal-
lurgical state (hot and cold rolled, solution heat treated at 495 °C and
then water quenched, stress relieved and naturally aged at room tem-
perature for4 days). These samples arereferred to as Reference samples.
Some T3-samples were artificially aged at 190 °C for 12 h in air followed
by a cooling at room temperature; these samples are referred to as
190-12 samples. Before the degreasing and deoxidation, and before the
ageing treatment, the Reference and the 190-12 samples, respectively,
were mechanically ground with abrasive paper from SiC 1200 to SiC
4000 and then polished with diamond paste down to 1 pm. After pol-
ishing, the samples were ultrasonically cleaned in demineralised water
during 30 s.

Before the TCP coating deposition, the samples were submitted to
degreasing and deoxidation. They were first rinsed with acetone. The
degreasing consisted in a 20-minute immersion at 60 °C in a pH 9
alkaline solution (40 g L™ of sodium tripolyphosphate, 40 g L™ of borax
and 5 mL L™ of Turco 4215 additive). For deoxidation, the samples
were immersed for 5 min at 50 “C in a pH=1 sulfo-nitro-ferric Socosurf
A1858/A1806 solution (provided by Socomore, France). After the
degreasing and deoxidation, samples were immersed for 10 min without
stirring at 40 °C in a pH=3.9 TCS conversion solution (32 % v/v
Socosurf TCS provided by Socomore, France)toformthe TCP coating.
Then, they were immersed for 5 min at room temperature in the post-
treatment bath (10 % v/v Socosurf PACS provided by Socomore,
France, 5% v/v H,0, at 35 % v/v in water, pH between 4.2 and 5.3).
Before each step, the samples were rinsed in deionised water. They were
dried during 10 min at 60 ‘C and stored in the laboratory air for 48 h
before any experiment.

2.2. Experimental methods and techniques

2.2.1. Analysis of the microstructure

The surface area fraction covered by the IMCs particles on polished
surfaces, and the average grain size after electrochemical etching (Flick
reagent: 3.5 mL HBF, for 96.5 mL deionised water) were determined by
using an optical microscope (OM, Nikon MA200). Smaller and thinner
precipitates were observed using a Transmission Electron Microscope
(TEM) operated at 200 kV (JEOL JEM 2100 F) in the Raimond Castaing
Microanalysis Center in Toulouse. For TEM samples, transparency to

electrons was obtained by mechanical grounding with SiC abrasive
paper (1200, 2400 and 4000) to reach a thickness of 100 um. Then, the
samples were cut in 3 mm diameter discs, and then electropolished in
TenuPol-5 (900 mL CH3zOH and 300 mL HNO;) at-15 °C. A micro-
hardness instrument (BUEHLER Omnimet-2100), equipped with a 500
g load Vickers indenter, was also used to determine the hardness of the
samples, and consequently to characterize the precipitation hardening
state.

2.2.2. Chemical and morphological characterisation of the sample surface

The surface chemical composition was analysed using an XPS spec-
trometer (Thermo Electron ESCALAB 250) operating at a base pressure of
10~° mbar in the analysis chamber. For all analyses, an Al Ka (hu =
1486.6 eV) monochromatised X-ray source was used with a take-off
angle of 90°. The spectrometer was calibrated using clean Cu (932.6
eV), Ag (368.2 eV) and Au (84.1 eV). The survey spectra were recorded
with a 100 eV pass energy, whereas high resolution core level spectra of
C 1s, Al 2s, Mg 2p and Cu 2p were recorded with a 20 eV passenergy.
Due to the close binding energies of Al 2p and Cu 3p peaks, the Al 2s
spectrum was measured instead of Al 2p. The Advantage software
version 5.938 (Thermo Electron) was used for data processing. The peak
fitting was performed using a Shirley-type background.

A ToF-SIMS V spectrometer (ION TOF GmbH) was used to charac-
terise the surface and in-depth composition of oxide layers and TCP
coatings. For the analyses, the main chamber pressure was maintained at
approximately 10~° mbar. ToF-SIMS in-depth profiles were recorded
using a pulsed 25 keV Bi" primary ion source delivering a 1.2 pA of
target current over a 100 x 100 um?area, interlaced with a 2 keV Cs™
sputter beam delivering 100 nA of current over a 40§ 400 pm? area.
Both ion beams were at a 45° incidence to the specimen surface and
aligned in such a way that the analysed area was in the centre of the
sputtered crater. Negative ion depth profiles were recorded because of
their higher sensitivity to fragments coming from oxide matrices. The
data were post-processed using the lon-Spec software 6.5 version.

The surface roughness of the samples after degreasing and deoxi-
dation was determined using a PicoPlus 5500 Agilent atomic force mi-
croscope (AFM) in the tapping mode. The probe was a conductive Pt-
coated silicon tip. The data were then processed using the analysis
software Picoview 1.8.

Field emission gun SEM observations (FEG-SEM) using a JEOL JSM
7800 F Prime in the Raimond Castaing Microanalysis Center in Toulouse
were also performed to characterise the surface morphology after
degreasing and deoxidation, as well as the TCP coating (cross-section).
Observations were performed with secondary electrons (5 kV). For the
FEG-SEMimages (see results section), the horizontal scale given cannot
be used for the vertical direction due to a tilt of the sample during im-
aging (a cos (38°) factor has to be applied).

2.2.3. Electrochemical measurements
Electrochemical measurements were performed with a potentiostat

(Biologic VSP-128), in electrochemical cells (Gamry Instruments PTC1™
Paint Test Cell), by using a three-electrode set-up, with a 10cm? surface

area for the working electrode, a platinum electrode as a counter elec-
trode and a saturated calomel reference electrode. Potentiodynamic
polarisation curves (sweep rate of 0.07 mV s_l) were plotted for the
coated samples in a 0.5 M NaCl solution. The anodic and cathodic parts
were recorded separately from the open circuit potential (OCP) after a
90-minute immersion at OCP. Electrochemical impedance spectroscopy
measurements were also performed at OCP, for different immersion
durations up to 30 days, to characterise the corrosion resistance of the
coated samples. The frequency range was from 10° Hz to 102 Hz, and
the potential modulation amplitude was 20 mV (rms). The surface Cu
coverage of the sample was determined after degreasing first, and then
after degreasing and deoxidation, by cyclic voltammetry (CV) in a
deaerated solution (purged with N,) of borate buffer solution with pH
8.4 (8.17 g L™ of sodium borate (Na,B,O;) and 7.07 g L™* of boric acid



(HsBOg3)). The CV experiment consisted in three CV scans from -0.70 V/
SCE to 0.3 V/SCE then back to -1.2 V/SCE at a sweep rate of 1 mV s,
Samples were held at -0.70 V/SCE for 5 min, 10 min and 20 minbefore
the first cycle, the second and the third, respectively. Only the third
cycle was used to calculate the surface Cu coverage, the first two cycles
allowing the signal corresponding to Al oxidation to be reduced.
Therefore, the area under the Cu(0) - Cu(l) peak in the last scan was
used to determine the relative electroactive Cu content. This method
was described in details by Scully [32,33] and Davenport [34].

3. Results and discussion
3.1. Microstructure and surface characterisation of the uncoated samples

3.1.1. Microstructure of the Reference and 190 42 samples

Optical microscopy (OM) observations of both Reference and
190—12 samples showed a recrystallised microstructure (Fig. 1a), with a
similar average grain size (22 um in the rolling direction (RD) and 19.2

um in the transverse direction (TD)), in accordance with the values re-
ported in the literature [35,36]. Such a result was expected because the

recrystallisation phenomenon occurred during the solution heat treat-
ment, following the hot and cold rolling steps [37]. No deformation step
of the sheet was added between the solution heat treatment and the
ageing at 190 °C, so that no further modifications of the grain size were
expected during the ageing.

Reference

The distribution and size of intermetallic coarse particles (IMCs)
were similar also for the Reference and 190-12 samples (Fig. 1b). The
formation of IMCs was due to the presence of impurities and excess
alloying elements. During solidification, the concentration of some
alloying elements (e.g. Cu, Mg, Fe and Mn) exceeded the solubility limit
in the Al solid solution, especially in the liquid interdendritic zones,
leading to the precipitation of IMCs. Their composition was widely
discussed in the literature [7,9,12,38,39]. Two groups of IMCs were
distinguished, the first corresponding to the Al-Cu-Mn-Fe type with an
irregular shape, and the second to S-Al,CuMg phase with a spherical
shape. IMCs remained insoluble, so that the ageing treatment at 190 'C
did not change their size and distribution. Therefore, for both samples,
the mean surface area covered by one Al-Cu-Mn-Fe type particle was

close to 7.3 um? and that for the S-Al,CuMg phase was close to 2.4 ym?.
Observations at the TEM scale showed significant differences in

microstructure between these two samples. Fig. 1¢c and d showed TEM
micrographs for the Reference and 190—12 samples, respectively.
Firstly, observations revealed particles identified as T-phase insoluble
dispersoids [40,41] for both samples (shown by a red arrow in Fig. 1d).
These particles were useful in controlling the recrystallisation phe-
nomenon by blocking the movement of grain boundaries. Concerning
the hardening precipitates, two precipitation sequences have been
widely studied in the literature for AA2024, leading to the nucleation

and growth of precursors of the 6-Al,Cu phase or S-Al,CuMg phase
[42-44]. For the studied alloy, the Cu:Mg ratio was close to 3:1 and led

Reference

Fig. 1. OMimages of the Reference and 190-12 samples a) the grain size after electrochemical etching with a Flick reagent and b) the distribution of the IMCs. TEM
images of the ¢) Reference and d) 190-12 samples. The red arrow in Fig. d shows particles identified as T-phase insoluble dispersoids. The blue circle in Fig. d shows
some hardening intragranular precipitates. The insert in Fig. d shows the fine precipitate-free zone (black arrow).



to the preferential nucleation of S-Al,CuMg phase, as described by
Bagaryatsky [44]:

SSS - GPB zone - S”/GPB2 > S’ - S-Al,CuMg

where SSS was the supersaturated solid solution and GPBthe

Guinier-Preston-Bagaryatsky zones, i.e. Cu and Mg atoms ordered ina
short range. The orthorhombic S” or GPB2, with a AlsCuzMgs stoichi-
ometry, was coherent with the matrix [45,46]. The composition of S’
and S phases was similar; nevertheless, the two phases had a slight

difference in terms of orthorhombic lattice parameters [45,47,48]. For
the Reference sample, high resolution TEM images (not shown here) did
not reveal the presence of hardening intragranular precipitates. How-
ever, the presence of GPB zones was expected due to the previous
thermo-mechanical treatment of the sheet, and the natural ageing at
room temperature. The hardness values for the Reference sample close
to 143 HV confirmed this assumption. The hardness of a freshly solution
heat-treated sample was close to 90 HV [49-51]. For the 190 —12 sam-
ple, continuous intergranular and dense hardening intragranular pre-
cipitates were observed (Fig. 1d, blue circle). As shown in a previous
study [52], those precipitates were S/S’-Al,CuMg phase with a base-
centred orthorhombic network and belonging to the Cmcm space
group in accordance with the literature data [41,48,53,54]. Finally, and
in contrast to the Reference sample, a fine precipitate-free zone (PFZ)
was observed for the 190—12 sample (insert in Fig. 1d).

3.1.2. Surface chemical characterisation of the Reference and 190 12—
samples

First of all, the chemical composition of the sample surface before
(Reference) and after thermal treatment (190-12) was analysed by ToF-
SIMS and XPS (Figs. 2 and 3, respectively). Fig. 2 shows the character-
istic TOF-SIMS negative ion depth profiles obtained for Reference and
190—12 samples to determine the composition and structure of the
oxide films. Cu™ and Alz ion signals represent the metallic Cu and Al,
respectively, and CuO~, AlO2 and MgO™ represent the oxidised (oxide
and/or hydroxide) Cu, Al and Mg, respectively. These ions have been
used previously to characterise Al-Cu alloy surfaces [23,55-57]. The
intensity changes of different ions are shown, in a logarithmic scale to
enhance the low intensity signals, as a function of sputtering time in s
(bottom axis) and depth from the surface in nm (top axis). The sputtered
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depth was evaluated from the measurement of the crater depth at the
end of the ToF-SIMS profile (down to the metallic substrate) by using a
Veeco Dektak 150 contact profilometer. The measurement was per-
formed only on the Reference sample according to the procedure
described by Ely et al. [23]. It should be noted that this calibration done
only for Reference sample could introduce an error in the sputtered
depth evaluation for the 19012 sample due to some differences in
surface chemical composition between these two samples. The errorwas
assumed to be negligible considering that the oxides formed on both
samples were similar (see below).

Three main regions can be identified for both samples as a function of
the intensity changes of metal (Cu™, Alz) and oxide-related (CuO™~, AlO2
and MgQO ™) signals: oxide, intermediate region and the bulk sample re-
gion. These regions are indicated in Fig. 2 by vertical dashed lines.

For the Reference sample (Fig. 2a), the first region that extends to
around 5 s of sputtering is characterised by an intense AlO3 signal, and
low intensity of Al and Cu~, which are signals characteristic of the
metallic substrate. This region corresponds to an outer Al oxide layer
that covers the metallic alloy substrate. In this region, the CuO™ and
MgO™ signals remain very weak suggesting that the surface oxide is
mainly composed of Al oxide. Al> signal reaches a maximum intensity
after 25 s of sputtering, corresponding to the bulk region. Here, at 25 s of
sputtering time also a high intensity of Cu™ signal can be observed
indicating that the metallic substrate is enriched in Cu as already re-
ported in the literature [57]. The CuO™ signal, characteristic of the Cu
oxide, follows the behaviour of the Cu™ signal and reaches its maximum
intensity at the metal/oxide interface. This has been already observed by
Cornette etal.[57]andis assigned to the partial oxidation ofthe IMCs at
their surfaces. The region ranging between 5 s and 25 s of sputtering
characterized by a progressive decrease of the AlO2 and increase of the
Al signals, corresponds to an intermediate region. The presence of this
intermediate region results from the roughness of the alloy substrate.
Taking into account the oxide region and the intermediate region,
mixing the inner oxide region and the metallic substrate, a minimum
and a maximum oxide thickness can be calculated from the ToF-SIMS
ion depth profile. Thus, a minimum oxide thickness corresponding to
the first dashed line is around 2 nm and the maximum is around 9 nm. As
the sputtering and analysis direction are at 45° to the surface, the
shadowing effect resulting from the surface roughness leads to a slight
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Fig. 2. ToF-SIMS negative secondary ion depth profiles: AlOz, Alz, Cu™, CuO~, MgO™ obtained for a) the reference AA2024-T3 sample (Reference) and b) the
AA2024-T3 sample after thermal treatment at 190 "C during 12 h (190-12). Dashed vertical lines indicate 3 regions: oxide, intermediate region between the oxide

and bulk sample and bulk sample region.
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Fig. 3. XPS a) Al 2 s, b) Mg 2p, c) Cu 2p spectra and d) Cu LMM Auger spectra for the Reference and 190-12 samples.

overestimation of the minimum oxide thickness.

The effect of the thermal treatment on the composition and structure
of the oxide layer was then studied. Fig. 2b shows the same ions (AlOz,
Alz, Cu™, CuO~, MgO™) for the thermally treated sample (190—12) as
for the Reference sample. The 190-12 sample is also characterised by
distinct regions: the oxide, the intermediate and the bulk regions.

The shape of the ion depth profiles is similar to the Reference sample,
except for the MgO™ profile (Fig. 2b), which shows a significant intensity
increase, of almost 10 orders of magnitude, in the oxide and interme-
diate regions as compared to the intensity observed for the Reference
sample (Fig. 2a). This intensity increase is related to a significant
enrichment of the thermal Al oxide layer in Mg oxide induced by the
thermal treatment at 190 °C during 12 h. The surface enrichment in Mg
oxide has already been observed on thermally treated Al-Mg alloys
(AA5657, AA5252, AA7175 or AA7075) [58-61]. The similar shapes of
the MgO™ and AlO3 signals in the oxide layer suggest a homogenous
in-depth distribution of these two oxides. The MgO™ signal intensity
decreases slightly faster than AlOz signals in the intermediate region
and reaches a stable intensity in the bulk region corresponding to a

similar value as the one observed for the Reference sample. Similarly to
the Reference sample, the Alz and Cu™ signals show low intensity in the
oxide region and then a steep increase is observed in the intermediate
region. The shapes of the CuO™ and Cu™ signals are similar for the
Reference and 196-12 samples, but their intensities in the intermediate
region are slightly higher for the 190-12 sample, indicating slightly
stronger Cu enrichment at the oxide/alloy interface for the 190-12
sample. It should be noted here that a possible enhanced ionisation yield
at interfaces between matrices (especially between oxide and metallic
matrices) cannot be excluded. Nevertheless, the combination of ToF-
SIMS and XPS analyses (seeresults below), aswell as previous work
[57], strengthen the conclusion that the Cu™ and CuO™ signals indicate
Cu enrichment at the oxide/alloy interface. The slightly higher intensity
of the CuO™ signal at the oxide/alloy interface for the 19012 sample
could be explained by an additional contribution of the numerous
intergranular Cu-rich precipitates (Fig. 1d), which can be partially oxi-
dised at their surfaces, as observed for Cu-rich IMCs [57].

Another significant difference between the Reference and 190—12
samples is observed in the sputtering time. For the 190—12 sample, the



oxide (~11 s) and the intermediate region (~35 s) show longer sput-
tering times in comparison to the Reference sample, indicating the
thickening of the oxide layer as well as the increased roughness.
Considering that the oxide formed on both samples was mainly
composed of Al oxide, the differences in surface chemical composition
were assumed not to contribute to the differences in sputtering times.
The minimum and maximum oxide thicknesses for the 190-12 sample
were evaluated to 4 and 13 nm, respectively, as indicated in Fig. 2b (top
axis).

Fig. 3 shows Al 2 s, Mg 2p, Cu 2p core levels and the Cu LMM Auger
line obtained for Reference and 190-12 samples, recorded in order to
determine the chemical composition of the surface.

The Al 2 s (Fig. 3a) core level was used since in the Al 2p region there
is an overlap of Al 2p signal with Cu 3p [56]. The lower binding energy
peak at 117.7 eV in the Al 2 s region can be assigned to the metallic Al
and the higher binding energy peak at 120.0 eV to the oxidised Al(lll), in
agreement with literature [62]. Metallic and oxidised components are
observed for both the Reference and 190-12 samples, indicating the
formation of thin oxide layers at least in some areas of the surface. Only
one symmetrical peak is observed at 51.4 eV in the Mg 2p core level for
the 19012 sample (Fig. 3b), corresponding to the oxidised Mg, whereas
for the Reference sample two peaks are observed, one metallic Mg signal
at a binding energy of 49.7 eV, and that of oxidised Mg at a binding
energy of 51.4 eV [63,64]. Fig. 3c shows the XPS Cu 2p peak for the
Reference and 190—12 samples. The Cu 2p core level spectrum shows
characteristic spin-orbit splitting for Cu 2ps, and Cu 2p/, with ABE =
19.75 eV. For simplicity, only one peak (Cu 2ps;) was decomposed. For
the Reference sample, the Cu 2ps, peak shows one component at 933
eV, whereas for the 190-12 sample, two peaks at 933 eV and 935 eV can
be observed. The analysis of the Cu LMM Auger spectra (Fig. 3d) was
necessary in order to identify the chemical nature of Cu present on the
surface. The calculation of the modified Auger parameter o’ (o’ = BE (Cu
2p3) KE (Cu LMM) 933.0 eV 918.3 gV 1851.3 eV) indicates
the presence of metallic Cu [65] for the Reference sample. The binding
energy of Cu 2ps, for a pure metallic Cu is expected at 932.6 eV. In
AA2024, Cu is essentially present in intermetallic particles composed of
several alloying elements. Literature data showed a binding energy
positive shift for bimetallic systems, e.g. Al,Cu particles, with reference
to pure metal [66,67]. In the case of 190-12 sample, the presence of
metallic Cu was also confirmed and the higher binding energy peak at
935 eV was attributed to Cu(OH)s.

In first approximation, assuming a continuous and homogeneous
oxide/hydroxide layer on top of the alloy substrate, the compositions of
the underlying substrate (corresponding to metallic species) and of the
oxide/hydroxide layers were estimated (Table 1).

For the Reference and 196-12 samples, the underlying alloy was
enriched in Cu as compared to the nominal composition of the alloy, i.e.
1.9 at. % of Cu. The enrichment was the same for both samples. No
oxidised Cuwas detected at the surface of the Reference sample and only
0.2 at. % at the surface of the 190—12 sample. The detection of oxidised
Cu for the 190—12 sample was in agreement with the higher CuO™

Table 1
Analysis of the surface composition for the Reference and the 190-12 samples,
before and after degreasing and deoxidation. ND: non-detected.

Before pre- After degreasing
treatment and deoxidation
Composition (at. %) Al Cu Mg Al Cu Mg

Metallic species 960 30 10 833 167 ND

Reference  (underlying alloy)
Oxide/hydroxide 980 00 20 99.0 1.0 ND
vietallic species
190—12 (unde_rlying alloy + 97.0 3.0 0.0 77.1 229 ND
deposits)
Oxide/hydroxide 80.6 0.2 19.2  99.0 1.0 ND
Nominal composition 96.5 1.9 1.6 96.5 1.9 1.6

signal as compared to the Reference sample. Concerning Mg signals, the
Mg amount in the underlying alloy was slightly lower than the nominal
composition (1.6 at. %) for the Reference sample, and no Mg was
detected in the underlying alloy for the 190 12 sample. Therefore, the
results showed that the underlying alloy was depleted in Mg, particu-
larly for the 190 42 sample. An enrichment in Mg was observed in the
oxide/hydroxide layer for both samples. This enrichment was low for
theReference sample (2 at. %) ascomparedtothe nominal composition
of the substrate and significantly stronger for the 190-12 sample (19.2
at. %), whichwasinagreementwith ToF-SIMS results. The enrichment
in Mg of the oxide/hydroxide layeris responsible for the Mg depletion of
the underlying alloy, especially for the 19012 sample. These results
could be explained by previous data reported in literature.

Seyeux et al. reported that a pure Al oxide layer is formed above both
the AlL,Cu particles and the matrix, and observed localised enrichment of
metallic Cu at the metal/oxide interface [68]. Similarly, segregation of
metallic Cu and Ag at the metal/oxide interface was observed for
thermally-treated Al-Cu-Li alloy, with an oxide film composed mainly of
Al and Li oxides [69]. Thompson et al. [70-74] showed a uniform layer
composed of alumina formed on Al-Cu model alloys, but a thin Cu layer
was also observed at the oxide/Al alloy interface. However, Zhou et al.
[74] also found Cu oxides in the anodic film formed on an Al-2 wt. % Cu
alloy. Thus, as demonstrated in the literature, the presence of Cu oxides
in the alumina film depend on the amount of metallic Cu in the Al-Cu
alloy and the oxidation conditions. Based on previous findings, it
could be proposed in the current study that the oxide film formed on the
matrix was mainly composed of alumina for both samples. The Cu
enrichment in the underlying alloy was associated with the oxidation of
the Cu-rich solid solution, i.e. the matrix, with similar Cu enrichment of
the underlying alloy for both samples. The presence of Cu in the oxide
film could be related to Cu-rich precipitates. For the Reference sample,
oxidation of the Cu-rich IMCs could lead to the increased intensity of the
CuO™ signal at the oxide/alloy interface in agreement with Cornette
[57], but the amount of Cu oxides was not sufficient to be detected at the
sample surface by XPS. For the 198 12 sample, the contribution of the
numerous Cu-rich intergranular precipitates should allow Cu species to
be detected in the oxide film. The presence of Mg in the oxide film could
be assigned to the oxidation of the Mg-rich matrix, but also Mg-
containing precipitates (both IMCs and intergranular precipitates). We
showed in previous study [75] that the passive film grown on
Al-Cu-Mg alloy contained Cu species, butitwas also enriched with Mg
due to the high diffusion rate of Mg through the alumina film [76]. The
differences between the Reference and the 196-12 samples could be
explained by the thermal treatment at 190 ‘C which promotes Mg

diffusion, in agreement with literature [58-61], and the higher amount
of intergranular Al,CuMg precipitates for the 19Q.12 samples.

The measurement of oxide thickness is often done by XPS, using the
attenuation of the signal from the metallic substrate by a thin surface
oxide layer. However, the XPS signal is recorded from an analysed area
on which patches of thicker oxide can co-exist with a thin oxide/hy-
droxide layer, while the calculation would consider a layer of uniform
thickness. The calculation also assumes a smooth surface and a sharp
interface, which is not the case here (the surface is rough, as shown
above). However, the Al(II)/AI(0) intensity ratio for the 190-12 sam-
ple is higher than on the Reference sample (Fig. 3a) indicating a thicker
oxide layer on the 190—12 sample. The increase of oxide thickness on
the thermally treated sample was evidenced by ToF-SIMS (minimum
oxide thickness layer of 2 nm for the Reference sample and 4 nm for the
190-12 sample). This is consistent with the ageing treatment at 190 °C
for 12 h leading to Al oxidation and growth of the oxide layer.

To sum up, the results showed that the ageing treatment at 190 °C for
12 h led to a significant modification of the microstructure with the
precipitation of the S-Al,CuMg phase and/or intermediates of S-phase, i.
e. S’-phase, at the grain boundaries and inside the grains. In addition,
during the ageing treatment, the oxide layer thickened and became
enriched with Mg, leading to a significant depletion in Mg in the



underlying alloy for the 190 42 sample. The presence of Cu(ll) was
evidenced in the oxide layer of the 190-12 sample and a Cu enrichment
of the underlying alloy was shown; for the reference sample, only Cu
enrichment of the underlying alloy was observed. These differences in
surface composition of the two samples likely have an influence on their
reactivity in the degreasing and deoxidation baths.

3.2. Surface characterisation of the degreased and deoxidised samples

3.2.1. ToF-SIMS and XPS analyses of the degreased and deoxidised
surfaces

Fig. 4 shows the characteristic negative ion depth profiles obtained
for the Reference and 190-12 samples following the alkaline degreasing
and acidic deoxidation steps, during which the oxide layers discussed
above were dissolved and new oxide layers were formed. Similarly to the
results obtained before the degreasing and deoxidation, three charac-
teristic regions can be distinguished for both samples, i.e. oxide, inter-
mediate region and bulk sample region. However, for both samples, a
longer sputtering time for the oxide region is observed after degreasing
and deoxidation: ~40 s vs ~5 s for the Reference sample (Fig. 2a and
Fig. 4a, respectively), and 80 s vs ~11 s for the 190-12 sample (Fig. 2b
and Fig. 4b, respectively). The increase of sputtering time is also
observed for the intermediate region, and the substrate regions for both
samples after degreasing and deoxidation. It can be explained not only
by the growth of a thicker oxide layer but also by the surface roughening
induced by the pre-treatment. The larger increase in the sputteringtime
observed for the 190-12 sample may be explained by a more significant
increase in the oxide thickness as compared to the Reference sample.
Another explanation is a rougher surface for the 190-12 sample, which
is confirmed by AFM measurements presented below. The higher
roughness can be also recognized by the slow increase and decrease of
the ion intensity signals. More particularly the degreased and deoxidized
190—12 sample (Fig. 4b) shows slow signal intensity changes in the
intermediate region, i.e. AIO2, CuO™, Cu™ decrease and Al increase. As
previously explained, the oxide thickness was calculated using the
sputtering rate for the native oxide measured for the Reference sample.
Despite this hypothesis, neglecting possible effects of the chemical
composition of the oxide on the sputtering rate, and the surface
roughness, it is thought that the maximum oxide layer thickness of ~
30-90 nm for the degreased and deoxidised 190—12 samples, as
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compared to ~ 15-40 nm for the degreased and deoxidised Reference
sample (top axes in Fig. 4b and a, respectively) is meaningful.

Considering that the process of degreasing and deoxidation in-
troduces some changes in the chemical composition of the newly formed
oxide layers, attention was then paid to the chemical composition of the
surface. In the oxide region for both samples, the MgO™ signals appear
lower than before the pre-treatment, which could be related to a
dissolution of Mg oxide/hydroxide during the degreasing and deoxida-
tion steps. The most significant difference is observed for the 196-12
sample where a significant Mg enrichment of the oxide film had been
observed due to thermal treatment (Fig. 2b), and then a dissolution after
degreasing and deoxidation (Fig. 4b). For this sample, the MgO™ signal
has an intensity almost four orders of magnitude lower after the
degreasing and deoxidation with respect to the sample before the pre-
treatment (Fig. 2b and 4b).

The Cu™ and CuO™ signals are also modified. The intensity increase
of both Cu™ and CuO™ signals in the oxide and intermediate regions
(Fig. 4) with respect to the samples before the pre-treatment (Fig. 2)
suggests a Cu enrichment. For the degreased and deoxidized Reference
sample (Fig. 4a), clearly two distinct maxima for the Cu™ and CuO™
signals can be observed i.e., one after a 30 s sputtering, and another one
after 85 s sputtering, in the oxide and at the intermediate region/sub-
strate interface, respectively. Thus, this Cu signal indicates the Cu
enrichment in the oxide layer, and also at the interface between the
metallic substrate and the oxide layer. For the degreased and deoxidized
190—-12 sample (Fig. 4b), the Cu™ signal is less well resolved due to the
higher roughness of the samples, but the rapid increase in the oxide and
a high intensity in the intermediate region can be observed. When
comparing the Reference (Fig. 4a) and 190—12 (Fig. 4b) samples after
degreasing and deoxidation, a stronger Cu-enrichment (higher CuO™
signal) in the oxide and in the intermediate region can be observed for
the 19042 samplethanforthe Reference sample. Duetotheroughness
ofthe samplesinduced additionally by the degreasing and deoxidation,
and the ToF-SIMS analysis performed at 45° to the sample surface for the
sputtering and analysis, it is difficult to conclude about the structure of
the oxide and the presence of metallic and oxidised Cu species. The
analysis will be then supported by the XPS characterization presented in
the following part. However, based on the ToF-SIMS ion depth profile
and despite the lack of accuracy linked to the increased roughness, it can
be concluded that for both samples the oxide layer formed after
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Fig. 4. ToF-SIMS negative secondary ion depth profiles: AlOz, Alz, Cu™, CuO~, MgO™ obtained for a) the reference AA2024-T3 sample (Reference) and b) the
AA2024-T3 sample thermally treated at 190 °C during 12 h (190-12), after degreasing and deoxidation (DD).



degreasing and deoxidation is thicker than before the pretreatment.
Furthermore, for both samples, a Cu enrichment was observed in the
oxide and in the intermediate region due to the pre-treatment, with a
more marked Cu enrichment for the degreased and deoxidised 196-12
sample thanforthe degreased and deoxidised Reference sample. Finally,
for both degreased and deoxidised samples, the MgO™ amount was
negligible.

Fig. 5 shows Al 2 s, Mg 2p, Cu 2p core levels and the Cu LMM Auger
line obtained for degreased and deoxidised Reference and 190-12
samples. Itis interesting to note here that Fe was not detected by XPS for
both samples, meaning that the Fe concentration was lower than 1 at.%
at the sample surface, even if some authors showed that, by using Fe-
based deoxidisers, Fe-deposits could form [77]. The results here are in
agreement with ToF-SIMS analyses, where Fe species (Fe™ or FeO ™) have
not been detected for both the 19042 and Reference samples after
degreasing and deoxidation.

The XPS Al2 s spectraofthe degreased and deoxidised Reference and
190—12 samples (Fig. 5a) are quite similar with a low binding energy
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component associated to Al(0) and a high binding energy component
associated to Al(lll). The Al(0) component is still detected meaning the
presence of areas with a locally thinner oxide/hydroxide layer (thinner
than 10 nm). However, as discussed above, ToF-SIMS data have indi-
cated that the minimum oxide thickness is 15 nm and 30 nm for the
degreased and deoxidised Reference and 196-12 samples, respectively.
The evaluation of the oxide thickness is affected by the strong sample
roughness and the analysis angle by ToF-SIMS. Moreover, the calibra-
tion of the sputtering rate was performed only on the Reference sample
and used for calculation for all samples, which can alsointroduce some
error in the oxide thickness estimation, as previously mentioned.
Nevertheless, despite these approximations, the oxide layers are clearly
thicker after the pre-treatment for both samples. This is in agreement
with the increase in the intensity ratio Al(III)/Al(0) after pre-treatment
for both samples. Therefore, it can be concluded that the most relevant
hypothesis to explain the results is that the oxide layers were not ho-
mogeneous in thickness, leading to the presence of the Al(0) component.
The Mg 2p signal (Fig. 5b) shows a very weak signal of similar
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Fig. 5. XPS a) Al 2 s, b) Mg 2p, ¢) Cu 2p spectra and d) Cu LMM Auger spectra for the Reference and 190-12 samples after degreasing and deoxidation. c.e.:

charging effect.



intensity for both samples. This result indicates the dissolution of Mg
oxide for both samples, and also the dissolution of metallic Mg in the
underlying alloy for the Reference sample. The dissolution of the oxide
can be explained by the chemical aggressiveness of the pre-treatment
baths.

The spectra of the Cu 2p core level are reported in Fig. 5c for the
degreased and deoxidised Reference and 196-12 samples. For both
samples, three Cu peaks can be associated to Cu(0) (933 eV), Cu(ll)in
hydroxide (935.8 eV), and the third peak at 934.2 eV may be attributed
to Cu(ll) and/or Cu(l) redeposited at the surface. Cu(l) peak should be

observed at 932.8 eV, but taking into account the shift due to electro-
static charging (1.6 eV according to the C 1s peak shift), its binding
energy is expected at 934.4 eV. The metallic Cu concentrations after
degreasing and deoxidation were 22.9 at. % and 16.7 at. % for the
degreased and deoxidised 190-12 and Reference samples, respectively.
For comparison, it was 3 at. % for the two samples before degreasing and
deoxidation (Table 1). These values are upper values as they are ob-
tained assuming that metallic Cu is located under an oxide layer, which
thickness is overestimated. The Cu(0) signal can be attributed to the
metallic Cu present in the alloy substrate locally covered by a thin oxide
layer. However, the Al(lll) signal originates from the whole analysed
surface area including the thin and the thick oxide layers. These results
show therefore that the degreasing and deoxidation lead to Cu enrich-
ment of the underlying alloy for both samples. Moreover, the Cu content
in the underlying alloy was found to be higher for the 190-12 sample
than for the Reference sample, after the pre-treatment. However the
presence of metallic Cu deposits formed during degreasing and deoxi-
dation due to the removal of Cu-rich intermetallics [32-34] cannot be
excluded. For the oxide/hydroxide film formed after degreasing and
deoxidation, a similar Cu content of ~ 1 at. % was measured for both
samples. This value is higher than the one measured for the oxide films
formed before the pre-treatment (0 at. % and 0.2 at. %, for the Reference
and the 19012 samples, respectively). Thus, the XPS data clearly
confirm the Cu enrichment observed already by ToF-SIMS.

The strongly non-uniform layer thickness and the surface roughness
after the pre-treatment made the estimation of the oxide thickness
difficult. However, the higher Al(I11)/Al(0) intensity ratio for the
19042 sample than for the Reference sample after degreasing and
deoxidation indicates a thicker oxide/hydroxide layer on the 196-12
sample, in agreement with ToF-SIMS data.

3.2.2. Focus on the surface Cu enrichment and roughness

To complete previous surface analysis, cyclic voltammetry (CV) tests
were performed following the method described in literature [32-34].
Fig. 6a shows the CV curves in the area of the peak corresponding to the
Cu oxidation from Cu(0) to the Cu(l) for the Reference sample before,
and after degreasing and deoxidation. The same CV test was also per-
formed for a pure Cu sample (not shown). The surface area of this anodic
peak for different samples was measured and then, the electroactive Cu
coverage (B¢,) of the surface was determined by using Eq 1 [32]:

Area under Cu(0) to Cu(l) peak of studied samples

= 100 1
6au(%) Area under Cu(0) to Cu(l) peak of pure Cu X @

Values of 8¢, for the Reference and 190 12 samples before and after
the pre-treatment stage are presented in Fig. 6b. Before the pre-
treatment, 8¢, was lower for the 190—12 sample than for the Refer-
ence sample. This result could be explained by the presence of a thick
oxide on the 190—12 sample due to the ageing treatment, which was
described in details earlier in the manuscript (Fig. 2). Then, for both
samples, B¢, increased after the pre-treatment; moreover, 6¢, became
higher for the 190 12 sample than for the Reference sample.

SEM images obtained for the Reference sample after degreasing and
deoxidation showthat Cu-richIMCshave beenremovedduringthe pre-
treatment step (Fig. 7a), as well as some dispersoids (Fig. 7b). Theim-
ages also show a specific surface morphology of the Al alloy after pre-
treatment, commonly called scalloped surface (Fig. 7c): it is a typical
feature of electropolished and chemically polished aluminium alloys
characterised by ridges and troughs, and explained by the interactions
between residual impurities and alloying elements [78]. The same ob-
servations were also done for the 190 12-sample after the pre-
treatment. Further AFM measurements showed a rough surface for
both the Reference (Fig. 8a) and 190-12 samples (Fig. 8b), confirming
the strong dissolution inside the grains followed by the growth of the
scalloped surface as shown above. It could be also noted that the
roughness of the 190-12 sample was twice that of the Reference sample.
In addition, AFM observations of the 190—12 sample surface (Fig. 8b)
clearly showed a strong dissolution of the grain boundaries, whichwas
not observed for the Reference sample (Fig.8a).

3.2.3. Correlation between microstructure and chemical composition of the
surface
During the degreasing and deoxidation, the dissolution of the Cu-rich
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Fig. 7. Characterisation of the surface morphology of the Reference sample after degreasing and deoxidation. SEM image showing the removal of a) Cu-rich IMCs,

and b) some dispersoids; ¢) SEM image showing the scalloped surface.
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Al matrix occurred [77,79,80]. Harvey et al. described a three-stage
model to explain the acid deoxidation of aluminium alloys [79], with
in the second stage the dissolution of the aluminium matrix that leaved
behind an accumulation of Cuin agreement with other authors [78,81],
andthen, inthethird stage, the establishmentof an equilibriumbetween
dissolution and growth of the oxide film. This led to the formation of an
alumina film on the Cu-rich solid solution after acid deoxidation with Cu
accumulated atthe oxide/metalinterface. Theauthorsalsoshowedthat
Cu accumulation could be due to either the Cu-rich solid solution or to
Cu-rich hardening precipitates. These results are in agreement with
Ralston etal.[82] who showed thatthe intragranular nanoscale Cu-rich
precipitates were also involved in electrochemical reactions. Therefore,
the Cu enrichment in the underlying alloy shown here in this work by
ToF-SIMS and XPS analyses for the Reference sample can be attributed
to the Cu-rich solid solution, whereas Cu-rich hardening precipitates
should be also considered for the 19012 sample. Furthermore,
galvanic couplings at the nanometre scale between those precipitates
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Fig. 8. AFM maps (20 x 20 um?) in topographical mode for the Reference sample (a) and 190-12 sample (b) after degreasing and deoxidation.

and the Cu-rich solid solution leading to a higher roughness of the grains
for the 190-122 sample than for the Reference sample (as demonstrated
by AFM, Fig. 8b) should also be taken into account. This does not mean
that the morphology of the features observed by AFM topographical
maps is directly associated with hardening precipitates, as the size of
those features is not in line with the size of those precipitates. It cannot
be excluded also that the dissolution of both the Cu-rich solid solution
and the Cu-rich hardening precipitates combines with the formation of
some Cu deposits. Therefore, considering that all Cu detected by CV
measurements could be attributed to either Cu deposited on the alloy
surface or Cu-containing intermetallics as indicated by Scully [32], it
can be assumed that the dissolution of the Cu-rich solid solution for both
the Reference and 190— 12 samples contributed to the increase in 8¢,
after degreasing and deoxidation, whereas the contribution of the Cu-
rich intergranular precipitates had to be considered for the 190-12
sample. Nevertheless, considering that the formation of Cu-rich inter-
granular precipitates led to a Cu depletion of the solid solution, no



changes in the global amount of Cu at the oxide/metal interface should
be observed between the Reference and 190-12 samples, whereas
previous XPS analyses showed a Cu amount of 16.7 at. % and 22.9 at. %
in the underlying alloy for the Reference and 190-12 samples, respec-
tively. This should be explained by keeping in mind that Cu was
considered as part of the underlying alloy when it was analysed as
metallic Cu. It is of importance to note here that metallic Cu could be
also attributed to Cu deposits present at the sample surface, or Cu
remnants from Cu-rich IMCs or Cu-rich intergranular precipitates. As
mentioned above, the dissolution of both the Cu-rich solid solution and
Cu-rich intergranular precipitates could lead to Cu redeposition. How-
ever, for the Reference sample, it was assumed that most part of the Cu
deposits were due to the removal of Cu-rich IMCs (Fig. 7a), followed by
Cu redeposition, which contributed significantly to the increase in 8¢y
after degreasing and deoxidation. The differences in 8¢, after degreasing
and deoxidation between the Reference and 196-12 samples is likely
related to the reactivity of the Cu-rich intergranular precipitates, more
numerous and coarser after the ageing treatment at 190 ‘C (Fig. 1d).
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Those precipitates could also be associated with dissolution processes
followed by Cu redeposition, in agreement with the roughness observed
at the grain boundaries in the AFM topographical maps (Fig. 8b) forthe
190—12 samples. Therefore, the reactivity of Cu-rich intergranular
precipitates can explain the higher 8¢, after degreasing and deoxidation
for the 19042 sample as compared to the Reference sample. This could
also, at least partially, explain the higher metallic Cu amount detected
by XPS for the 19012 sample, considering, as said above, that Cu in
metallic form is assigned, after degreasing and deoxidation, to both Cu
in the underlying alloy as a Cu-rich layer and as Cu deposits from Cu-rich
IMCs and Cu-rich intergranular precipitates. This comment is also in
agreement with the higher Cu™ signal in the oxide region of the
ToF-SIMS in-depth profile after degreasing and deoxidation as compared
to the signal before this pre-treatment for both samples, and with the
higher Cu™ signal in the oxide region for the 190 -12 sample as
compared to the Reference sample. It is also noted that Cu deposits as
well as Cu-rich IMC/Cu-rich intergranular precipitates remnants could
be partially oxidised at their surface because of the high concentrations
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Fig. 9. ToF-SIMS negative secondary ion depth profiles: AlOz, Alz, Cu™, ZrOz and CrO2 obtained for the TCP coated samples a) the reference AA2024-T3 sample
(Reference) and b) the AA2024-T3 sample after thermal treatment at 190 °C during 12 h (190-12). Figures c¢) and d) show the AlOz, CuO~, MgO™ and AIOF™ depth

profiles for the same samples.
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in alloying elements [78,79,81]. The exact conditions in which copperis
oxidised are not elucidated, but this could explain the higher amount of
oxidised Cu in both the Reference and 190-12 samples after degreasing
and deoxidation as compared to the analyses before this pre-treatment.
Finally, AFM analysis confirmed the previous description of the sample
surface established on the basis of ToF-SIMS results with a surface
characterized by a strong roughness after degreasing and deoxidation
for the 190-12 sample, which had been taken into account in the
description and interpretation of the ToF-SIMS results. All these pecu-
liarities of the surface after degreasing and deoxidation observed for the
19042 sample, with in particular a strong surface roughness and a Cu
enrichment, could be detrimental for the growth of the TCP coating.

3.3. Characterisation of the coated samples

3.3.1. Chemical composition and structure of the TCP coating

Fig. 9 shows the characteristic ToOF-SIMS negative ion depth profiles
obtained on TCP coated Reference and 190-12 samples, recorded in
order to determine the chemical composition and structure of the TCP
coating. As previously done for the samples before and after degreasing

and deoxidation, Cu~, Alz, CuO™, AlO2 and MgO™ ion signals are
shown. The additional signals shown here such as ZrOz, CrOz are

characteristic of the external part of the TCP coating and AIOF™ the
internal part of the TCP coating. Indeed, as indicated in the literature,
the TCP coating is often present as a bi-layer coating, including an in-
ternal part rich in Al oxide and Al fluorides, acting as a barrier layer, and
related to the fluoride attack of Al in the conversion bath [30,83-85],
and an external part rich in Zr and Cr oxides and hydroxides [24,26,56,
86,87]. Three main regions can be identified for both samples as a
function of the intensity changes of the signals corresponding to the
metallic substrate (Cu™, Aly) and to the TCP coating (ZrO2, CrO2 and
AIOF7): external part and internal part of the TCP coating first, and then
the bulk sample region. The three regions are marked in Fig. 9 by ver-
tical dashed lines.

The intensities of ZrO2 and CrOz'signals in Fig. 9a and b remain high
until 140 s and 190 s for the Reference and 190 12 samples, respec-
tively, suggesting a thicker external part of the TCP coating for the
190—12 sample. Similarly, the intensities of AlIO2 and AIOF™ signals,

which increase when probing deeper than the external part, remain high
until 220 and 280 s for the Reference and 190—12 samples, respectively.
For longer sputtering times, the Al; signal reaches a plateau indicating
the position of the metal/oxide interface. The metallic substrate is
observed after longer sputtering time for the 190-12 sample than for
the Reference sample. The main difference in thickness for the 19612
sample, as compared to the Reference sample is assigned to the modi-
fication of the external Cr and Zr rich oxide, the thickness of the inner Al
oxide remaining similar. However, similarly to what was observed for
the degreased and deoxidised 196-12 sample, the global shape of the
signals suggests that the longer sputtering times for the TCP coated
190-12 sample can be also related to surface roughness induced by the
degreasing and deoxidation steps. The intensities of both Cu” and CuO”
signals were similar for the TCP coated Reference and 190-12 samples,
with a slower decrease of the signals for the 190-12 samples, probably
related to a rougher surface. The MgO™ signal is very weak in the external
part for both samples; however a significant increase can be observed in
the internal part, indicating a Mg oxide enrichment at the TCP/alloy
substrate interface.

SEM-FEG observations of cross-sections of the TCP coatings formed

on both the Reference and 190—12 samples are shown in Fig. 10. The

thickness of the TCP coating was estimated to 127 and 223 nm for the

Reference and 190-12 samples, respectively. Such an increase in the
TCP coating thickness for the 190-12 sample with respect to the
Reference sample is in agreement with ToF-SIMS results. Moreover,
SEM-FEG observations clearly showed that the TCP coating formed on
the 19042 sample was less adherent to the substrate than that formed
on the Reference sample, with a stronger roughness of the TCP coating/
underlying alloy interface for the 19042 sample, as also indicated by
ToF-SIMS data, and confirmed by AFM measurements (Fig. 8). Finally,
SEM-FEG observations also highlighted a white line at the TCP coating/
substrate interface, which was identified by EDS analyses (not shown) as
a Cu film [88]. Such a white line was more marked for the 196-12
sample than for the Reference sample, suggesting an increase in the Cu
content at least at the TCP coating/substrate interface for the 190—12
sample. This is in agreement with CV results showing a higher 6¢, after

degreasing and deoxidation for the 19012 sample as compared to the
Reference sample (Fig. 6) and both ToF-SIMS (Fig. 4) and XPS analyses

TCP coating

400 nm

I
400 nm

Fig. 10. Cross-sections obtained for TCP coated AA2024 samples. a) Observed area with identification of the different layers, b) Reference sample and c), d), ) 190-
12 sample. The horizontal scale cannot be used in the vertical direction due to a tilt of the sample during imaging.
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(Fig. 5, Table 1). This particular feature was not observed by ToF-SIMS
analysis of the Cu™ signal (Fig. 9), which may be due to the roughness of
the TCP coating/substrate interface.

The results show a global increase in thickness of the TCP coating
formed on the 19012 sample. As already discussed in the introduction
part, a high Cuamount can be associated with a thicker TCP coating due
to the catalytic effect of Cu on the protons reduction, leading to a pH
increase and promoting the precipitation of both Cr and Zr oxides and
hydroxides [28-31,52,56,88]. It could be assumed that both Cu in the
underlying alloy, Cu deposits and Cu-rich intermetallic remnants have
this catalytic effect, considering that during immersion in the TCP bath
the oxide layer is progressively dissolved by fluoride ions [22]. How-
ever, the growth of thicker TCP coating was also associated with a more
defective coating due to internal stresses leading to cracking and
delamination [28-31,52,56,88]. This was particularly true at the sites
where Cu-rich IMCs left Cu deposits or on Cu-rich remnants (Fig. 10d).
Furthermore, Fig. 10 (d, e) also shows a defective structure of the TCP
coating at the grain boundaries for the 19012 sample, due to local Cu
enrichment associated with the reactivity in the degreasing and deoxi-
dation solution of the Cu-rich intergranular precipitates, in agreement
with our previous studies [88].

3.3.2. Corrosion behaviour of the coated samples

In order to evaluate the influence of the differences in TCP coating
morphology and thickness previously shown between the Reference and
190-42 samples, the corrosion behaviour of the TCP coated samples
was studied. Polarisation curves were obtained in a 0.5 M NaCl solution
for both samples to evaluate the corrosion protection provided by the
TCP coating (Fig. 11). The corrosion potentials Ec,r of both samples
were similar and close to -0.7 Vscg, estimated from preliminary OCP
measurements. In the anodic domain, a passivity plateau was observed
for the coated Reference sample, whereas a sharp increase in the anodic
current density was observed above E., for the 190-12 sample. The
corrosion current densities were determined for both samples. For the
Reference sample, the corrosion kinetics was controlled by the oxide
layer properties so that the corrosion current density was equal to the
passive current density, i.e., about2 108 Acm. As the 190—12 sample
was susceptible to corrosion at E., the corrosion current density for
this sample was determined by considering the intersection between the
vertical at E.or and the slope of the cathodic branch corresponding to

the oxygen reduction reaction. This led to a value of 6 108 A cm™. This
result indicates a decrease in the anticorrosion properties of the TCP

Reference - TCP i
seeenee- 190-12 - TCP

10°

7-, T
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coating grown on the 190—12 sample with respect to the Reference
sample, with a non-passive behaviour of the coated 190—12 sample at
Ecor, Whereas the coated Reference sample remained passive over more
than 100 mV above E.qr, with a pitting potential value of about — 0.58
Vsce-

The corrosion behaviour of the coated samples was also evaluated by
electrochemical impedance spectroscopy for immersion times up to 30
days. For exposure times longer than 1 day, both electrochemical sys-
tems, i.e. Reference and 190-12 samples, reached a steady state, and all
impedance diagrams showed similar global shape. As an example, the
impedance diagram at E., for the Reference sample, after 7 days of
immersion in a 0.5 M NacCl solution, is reported in Bode format in
Fig. 12. The highfrequency range (> 102 Hz) was significantly affected

by the ohmic resistance [89-91]. Therefore, the Bode diagrams, i.e.
modulus and phase angle diagrams, were corrected for the ohmic

resistance (electrolyte resistance R, 67 Q@ cm?); the ohmic resistance-
corrected Bode diagrams are alsoreportedinFig. 12.Whereas

the ohmic resistance obscured the behaviour of the sample in the high
frequency range, the corrected phase angle plots clearly showed three
time constants. The two time constants corresponding to the low- and
medium-frequency ranges corroborate the ToF-SIMS analysis (Fig. 9)
that showed a two-layer structure for the TCP coating. The third time
constant corresponding to the change in the slope of the modulus vs
frequency plot observed in the corrected modulus plot, associated with
the abrupt increase of the phase angle for frequencies higher than 1000
Hz, could be attributed to the contribution of the ohmic impedance Z.
[91]. The ohmic impedance Z. is expressed following Eq. 2 [91]:
Rir — Rur

: 2
(1 + jwr)*

Ze = Rur +

where Rye corresponds to the electrolyte resistance R. at infinite fre-
quency, R is the low-frequency limit of the resistive behaviour, T and
o* the two parameters which correspond to the distribution of time
constant [91]. Taking into account those observations, the model used to

describe the electrochemical behaviour of the TCP coated samples cor-
responds to a two-layer coating. On the basis of the literature [92], each
layer was considered as a dielectric layer and was characterized by an
impedance Z, so that the model for the TCP coating corresponds to two
impedances in series. Furthermore, at Ec,r, @ parallel resistance R; had
to be considered: it includes the electronic resistance R of the TCP

coating in series with the charge transfer resistance R corresponding to

the cathodic oxygen reduction reaction occurring at the electrolyte/TCP
coating interface as shown by Eq. 3:

Rt = Rct + Relec-l + Relec-Zr (3)

where Reiec1 and Reiec-2 refer to the electronic resistance of the external
and internal layers of the TCP coating, respectively, even though it was
impossible with the calculations to identify each of them. The model
includes also the ohmic impedance Z. so that the impedance of the
electrochemical system Z is given by Eq. 4:

Z, = Ry + —(l U'M:Jﬂ. (4)
where Zo.1 and Z.; referto the imp edance ofthe external and internal
layersofthe TCP coating, respectively, eventhoughitwasimpossibleto
identify each of them, as previously said for Rejec Values. Zox.1s and Zoy.»
were assumed to be well-represented by the power-law model as given
by Eq. 5 [92]:

Bpl-® K

— ——— (5)
(pg'+jwesa)  (pg' -+ jues)

2= gla)



Fig. 11. Polarisation curves for the TCP coated Reference and 190-12
samples in 0.5 M NaCl. Potential sweep rate = 0.07 mV st

Where K = g(a)6p* ™ *
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Fig. 12. Impedance diagrams of the Reference TCP coated sample in 0.5 M NaCl after 7 days of immersion at Eor. @) Bode representation: log|Z| vs log(f) and b)
Bode representation: phase vs log(f). On each figure, both the experimental and ohmic-resistance-corrected Bode diagrams are reported.

with g a function of a, as defined in [92], a the CPE exponent, po and
ps the values of the layer resistivity at each interface of the
corresponding layer, respectively, 6 the layer thickness, € the dielectric
constant, and &g the permittivity of vacuum.

Finally, as demonstrated by SEM-FEG observations, the total thick-
ness of the TCP coating is 127 and 223 nm for the Reference and 196-12
samples, respectively. Considering a dielectric permittivity of 10 for the
two layers [92] and assuming that the two layers have similar thick-
nesses, the evaluated layer capacitances were significantly lower than
the double layer capacitance, so the double layer capacitance could be
neglected in the model. A schema of the model is shown in Fig. 13.

Fig. 14 shows the ohmic-resistance-corrected Bode diagram for the
Reference and 190-12 samples after 7 and 21 days of exposure to the
0.5 M NaCl solution. Graphical analysis of the impedance modulus
showed that the main difference between the Reference and 190—12
samples was the value of the impedance modulus at 102 Hz, i.e. |Z|o.:

Electrolyte
Rct
Relec-‘l
Two-layer
TCP coating
Relec-Z
Bulk AA2024

Fig. 13. Model used to analyse the impedanece diagrams. In this model, Z, is the
chmic impedanees given by Eq. 2; Z.y, and Z,y . are the impedance of the
external and internal layers of the TCF coating; they are given by Eq. 5. Rujer
and Rejerz referred to the electronic resistance of the external and internal
layers of the TCP coating.

Hz, With |Z]o.01 1. values slightly higher for the Reference sample as
compared to the 19012 sample, for both 7 and 21 days of immersion,
in agreement with the lower phase for the 190 12 sample at 102 Hz.
To go further in the analysis of the impedance measurements, the
experimental impedance values were then fitted by using the model
previously described. Fitted data are also reported in Fig. 14. The results
show that the differences between the experimental and fitted values are
very close for most ranges of frequencies, which indicates that the model
is a good representation of the electrochemical systems. The parameters
extracted from the model for the EIS data obtained after 7 and 21 days of
immersion in 0.5 M NaCl for both the Reference and 190-12 samples
are summarised in Table 2. The parameters X for the two layers of the
TCP coating are referred to as X; and X;, but, as previously indicated, it
was not possible to identify the internal and external layers. The value of
the oxide layer impedance at zero frequency can be obtained from Eq. 5
(Zox(w = 0) = Kpf): values are reported in Table 2. In each case, Zo.1(w =
0) >> Zoo(w = 0), but comparison between the different samples
showed similar values for all Zo,.1(w Q) values and all Zo(w 0) —
values. Therefore, the difference observed in the low frequency range for
the impedance diagram (Fig. 14) was due to the differences in R; values
between the Reference and 196-12 samples as indicated in Table 2. Ry
could not be evaluated for the Reference sample, leading us to assume
that it was high enough to be neglected in Eq. 4, whereas a value of
about 1.07 10% q cm? was calculated for the 190—12 sample. The dif-
ferences in R values could include differences in R values between the
two samples. This may be linked to an easier cathodic oxygen reduction
reaction at the bottom of the TCP defects for the 190-12 sample as
compared to the Reference sample, for which the cathodic reaction
should take place only on the dense TCP coating. However, considering
the polarisation curves shown in Fig. 11, it could be assumed that R
values are similar for both samples; therefore, the differences in R;
values between the Reference and 196-12 samples should be attributed
mainly to the electronic resistance value of the two-layer TCP coating.
Then, the results demonstrated that the electronic resistance of the TCP
coating was lower for the 190-12 sample than that of the Reference
sample, which could be also attributed to the more defective structure of
the TCP coating formed on 190—12 sample. However, there was no

significant variation of the parameters measured for the 190—12 sample
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between 7 and 21 days of immersion, which could be seenin Fig. 14 with

similar impedance diagrams for both immersion times. This could be
assigned to the deposition of some corrosion products leading to an
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Fig. 14. Experimental and simulated (by using the model shown in Fig. 13) impedance in electrolyte-resistance-corrected Bode representation (log|Z| vs log(f) and
phase vs log(f)) for the Reference sample after a) 7 and b) 21 days of immersion in 0.5 M NaCl, and the 190-12 sample after c) 7 and d) 21 days of immersion in 0.5

M NaCl.
Table 2

Parameters extracted from EIS spectra using the model desenibed 1n Fig. 13,

Parameters Samples

Reference 19012

7 days 21 days 7 days 21 days
a 0.96 0.96 092 095
E' {2 em®) 4381077 4871077 203107 4751077
ph (52 cm) 1.00 10% 1.00 10 1.00 10" 1.00 10"
Ty (= 0) (22 em™) 1.21 107 1.34 107 6.77 10° 9.48 10°
o 075 0.76 078 092
B2 {2 em®) 1181075 7.36 10% L77 105 2421077
pé (02 cm) 5.84 10" 5.84 10" 5.85 10" 5.85 10"
Zewzltn= 0) (2 em™) 1.40 10° 1.1210° 443107 1.95 107
Ry @2 cm®) 452 436 9.14 558
Byp (2 em®) 187 287 85.4 227
a* 0.17 0.22 0.02 022
T (ps) 153 1.11 0551 047
R, (12 cm®) - w 111 10° 1.07 10°
¥ 103 118 1.24 150

artificial healing of the TCP coating as the immersion time increased.
Moreover, self-healing effects may help to close the coating defects, due
to the presence of rare earth elements [93,94]. That said, the impedance
results were therefore in agreement with the morphology of the TCP
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coatings as demonstrated by SEM-FEG, with a very defective structure of
the TCP coating formed on the 190 12 sample as compared to the
Reference sample.

4. Conclusions

The aim of this work was to investigate the influence of ageing
leading to changes in the Cu distribution on the growth and the anti-
corrosion properties of a TCP coating on AA2024. The main results are

the following:

1 As expected, the ageing treatment at 190 -C for 12 h led to the
precipitation of Cu in the form of intergranular and hardening
nanometer scale precipitates. Combined ToF-SIMS and XPS
analyses showed that the ageing treatment led to the thickening of
the oxide layer, with an enrichment in Mg, leading to a Mg depletion
in the underlying alloy. Both Cu(ll) in the oxide layer and metallic Cu
in the underlying alloy were observed for the sample aged at 190 -C,



whereas only metallic Cu in the underlying alloy was detected for the
non-aged sample. Metallic Cu in the underlying alloy was mainly
attributed to Cu accumulation at the oxide/metal interface during the
growth of the aluminium oxide layer on the Cu-rich solution. Oxidised
Cu was linked to a partial oxidation of Cu-rich IMCs, but
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also of Cu-rich intergranular precipitates, explaining the differences
between the Reference and 196-12 samples, this last alloy con-
taining more numerous and coarser intergranular precipitates.

2 After degreasing and deoxidation, the newly formed oxide films were
thicker for both samples than before the pre-treatment, as shown by
both ToF-SIMS and XPS analyses. Those two techniques also showed
a dissolution of the Mg oxide for both samples during the pre-
treatment. Furthermore, during the degreasing and deoxidation,
dissolution of the Cu-rich solid solution for both samples followed by
the growth on an oxide layer on its surface led to Cu accumulation at
the oxide/metal interface. The contribution of Cu-rich intragranular
precipitates had to be also considered for the aged samples. This led
to an increase in the amount of metallic Cu detected by XPS for both
samples. However, metallic Cu could be also assigned to Cu deposits
due to the removal of both Cu-rich IMCs and Cu-rich intergranular
precipitates. After degreasing and deoxidation, the aged alloy
showed more metallic Cu on its surface, which could be mainly
attributed to the more numerous and coarser Cu-rich intergranular
precipitates as compared to the non-aged sample. These differences
between the two samples were also observed by measuring the sur-
face Cu coverage by using cyclic voltammetry measurements leading
to higher surface Cu coverage for the aged sample. Oxidised Cu was
also observed by ToF-SIMS and XPS for both samples due to partial
oxidation of Cu-rich features, i.e. Cu-rich particles remnants and Cu
deposits. The enhanced reactivity at the grain boundaries of the aged
sample strongly contributed to the increase in the roughness of the
aged sample, asrevealed by both ToF-SIMS and AFM measurements.

3 The structure and chemical composition of the TCP coating were
directly dependent on the Cu enrichment, in agreement with previ-
ous literature data. Forthe aged sample, the Cu coverage increase led
to a thicker TCP coating and a rougher TCP coating/substrate
interface, as shown by both ToF-SIMS and SEM-FEG. However,
thicker TCP coatings also contained more defects, in particular at the
grain boundaries. This led to a decrease in their anticorrosion
properties corresponding to a decrease in the charge transfer resis-
tance associated to the cathodic oxygen reduction reaction, but also
to a decrease in their electronic resistance.

This work clearly shows the influence of Cu on the growth and
anticorrosion properties of TCP coating. Attention needs to be paid to
both the Cu content and the Cu distribution, i.e. the metallurgical state
of the substrate, in order to control the TCP coating chemical compo-
sition and structure.
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