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A B S T R A C T

Zirconium oxide-based conversion coatings (CCs) were prepared from hexafluorozirconic acid, H2ZrF6, with
and without CuII as an additive. The CCs were prepared on primary and recycled AA6060. The deposition mech-
anism, structure, electrochemical properties and effectiveness in protection against filiform corrosion (FFC)
have been explored. In presence of CuII additives, a two step deposition mechanism is observed, evidenced
by open circuit potential measurements and in situ dynamic electrochemical impedance spectroscopy. Copper
deposits predominantly as copper(II) hydroxyfluoride on the top surface, and metallic Cu0 at the metal/CC
interface, as evidenced by x-ray photoelectron spectroscopy and glow-discharge optical emission spectroscopy.
The presence of a CuII additive induces a different distribution of the ZrO2-based products. After deposition of
a weak organic model coating, aluminium pretreated with the CuII-containing system shows a 10%–30% lower
maximum filament length compared to the CuII-free system in FFC tests, despite a ca. one order of magnitude
higher cathodic activity of the former.
1. Introduction

Recycling of aluminium has a huge economic and environmental
impact, as production of recycled aluminium reduces energy consump-
tion and CO2 emissions compared to the production of primary al-
loys [1]. For this reason there is strong interest in aluminium recycling
— from policy to technology development. Efficient scrap sorting tech-
nologies allow for good control over the composition of the resulting
recycled alloy [2]. However, in some cases, an enrichment of elements
such as Fe, Mn, Si, Cu, and Zn can occur. In general in aluminium
alloys, the formation of noble intermetallic particles (IMPs), especially
Cu or Al(Mn,Fe,Si)-based particles, can in corrosive environments lead
to the formation of microgalvanic cells, increasing the susceptibility
towards localised corrosion [3].

Filiform corrosion (FFC) can under certain environmental condi-
tions, such as the presence of chloride and coatings defects, be initi-
ated on painted aluminium usually employed in the automotive and
building industry. FFC has a rather complex mechanism involving
several cathodic reactions and successive pitting formation with start-
stop cycles [4]. The susceptibility to this surfacial localised corrosion
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E-mail address: cc-recycled-al@the-passivists.org (A. Erbe).

process has been found to be strongly dependent on the sample’s
thermomechanical history, as FFC susceptibility is affected by surface
microstructure, texture, and composition [5–7]. Especially, the pres-
ence of more noble elements included in IMPs in the near-surface
region increases susceptibility to FFC [8]. Alkaline etching and acidic
desmutting increase resistance to FFC by removing the surface active
layer produced during thermomechanical treatment [5,9].

Conversion coatings (CCs) are used to further decrease the FFC sus-
ceptibility by reducing the potential difference between metal matrix
and IMPs [10], by forming a physical barrier [11], or by providing
a better adhesion for organic coatings [12–14]. Chromate-based CCs
have been proven to be very effective in protecting against FFC [12],
however, due to the toxicity of CrVI, alternatives have been developed.
Such alternatives include ZrO2 or TiO2 based CCs [15,16], silicon
alkoxide derived sol–gels [17,18], their hybrids [19,20], and layered
double hydroxides [21]. Some of the most important CCs applied on
an industrial scale are those based on TiO2 and ZrO2 [22]. Several
aspects of the deposition mechanism have been studied [10,15,23–27].
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In addition to its contribution to corrosion protection, ZrO2 is also
self-cleaning [28].

The CC deposition mechanism, its resulting surface morphology
and its composition depend on the composition of the aluminium
substrate [29]. In general, the catalytic activity of noble IMPs towards
the oxygen reduction reaction (ORR) and hydrogen evolution reaction
(HER) increases local alkalinity [30], thus favouring the deposition of
the conversion film by the net reaction

ZrF 2–
6 + 4 OH– ZrO2 ·2 H2O + 6 F–. (1)

The corrosion resistance of immersed aluminium alloys coated with
rO2-based CCs is increased by the formation of a multilayered struc-
ure due to the precipitation of compact ZrO2(H2O)2 and Al(OH)3
hich is deposited on the top layer [31,32]. A certain immersion time
as found to be required for the formation of a conversion layer
hich ensures optimal corrosion protection [33]. On Zn/Al metallic

oatings on steel, the final CC consists of a complex mixture of dif-
erent oxides, including aluminium oxide, and fluorides [27]. Fast,
mpedance-based electrochemical in situ experiments have very re-
ently yielded more detailed insight into the CC formation processes
n galvanised steel [34].

An important way of accelerating ZrO2 deposition is the addition
of CuII to the bath [24]. This additive is also commonly applied in
ndustrial coatings, e.g. [22]. The CuII can precipitate on the aluminium

surface as metallic Cu or as CuO [35,36] based on a mechanism
proposed by Andreatta et al. [10]. Surfaces enriching in noble IMPs
favour the deposition of the conversion film following net reaction
(1) and modify the structure of the formed surface layer [26]. Auger
electron spectroscopy revealed the presence of a mixture of ZrO2,
zirconium oxyhydroxides and oxyfluorides precipitated on the top of
Cu0 particles [35]. However, the internal structure of the formed
conversion film is likely more complex. A mixture of Cu-based and
ZrO2-based compounds has been observed on Fe substrates [37] after
the deposition of a ZrO2-based CC in presence of CuII additives. Zones
of the conversion film rich in Cu have been observed also on aluminium
substrates [38]. The thickness of the ZrO2-based compounds deposited
on aluminium surfaces from conversion baths based on hexafluorozir-
conic acid containing Cu additives is influenced by the preparation
of the surface prior to the immersion in the conversion bath [39].
The alloy composition is also important: in Cu containing aluminium
alloys such as AA6014, the distribution of Cu-based products – which
influences the distribution and thickness of ZrO2-based products – is
different compared to AA1050 [39].

Increasing initial hydoxyl group density on an aluminium surface
also enhances deposition of ZrO2 [40]. Combination of CuII with ox-
idising NO3

- yields additional enhancement of deposition [36]. Other
ionic additives such as Ce3+ [41] can further fine-tune properties of this
class of CCs. On the other hand, the presence of Cu in the alloy does not
increase deposition rates very much but contributes to adhesion [42].
The difference in alloy composition is also reflected by the protection
efficiency against corrosion. The same ZrO2-based CC could be efficient
in decreasing corrosion rates of AA3005 and AA5754 aluminium alloys
while it can have no effect on AA2024 and AA7075 due to a negative
effect of Cu and Zn rich intermetallic particles [29]. The effect of
Cu in the conversion coating bath on corrosion resistance is overall
controversial. Both beneficial [24] and negative [43,44] effects of Cu
on corrosion protection have been reported. ZrO2-based CCs themselves
are very stable under cathodic polarisation, which is important for
application in cathodic electrodeposition coatings [45].

Silane-containing fluorotitanate conversion coatings were found to
have a bilayer structure with the silane film laying on top of the TiO2.
This structure was deduced from a difference of 10 nm between the
peak maxima for Si and Ti found by glow discharge optical emission
spectroscopy (GD-OES) depth profiling [43]. Bifunctional silanes are
beneficial for organic coating adhesion [18,46–48]. Also typical electro-
chemical parameters such as corrosion current density suggest a lower
2

d

Table 1
Elemental composition, in mass-% of Ni8, R (primary based) and C3
(based on >75% post-consumer scrap). Sample Ni8 was part of a series
with systematically varied Ni content and used here only for ToF-SIMS
characterisation. Balance Al.
Element C3 R Ni8

Si 0.50 0.4382 0.438
Fe 0.2142 0.1722 0.207
Cu 0.0307 0.0027 0.0010
Mn 0.0439 0.0481 0.0490
Mg 0.3584 0.3840 0.357
Cr 0.0078 0.0001 0.0007
Ni 0.061 0.0034 0.0459
Zn 0.032 0.0052 0.0003
Ti 0.06 0.0165 0.0092
Pb 0.0028 0.0007 0.0010

short term corrosion rate in the presence of additives [49]. Polymeric
additives in ZrO2-based CCs affect the distribution of Cu and voids on
iron [37]. Polymeric additives are incorporated into CCs on different
substrates [50,51], and improve stability of polymeric/metal inter-
faces [52]. CC protection is affected by exact precursor choice [53].
ZrO2 is also a component in trivalent chromium CCs and important for
their deposition [54].

Pretreatment steps such as alkaline etching [55], and desmut-
ting [26,56], applied before CCs crucially affect the CC deposition
because they affect electrochemical properties of surfaces via modi-
fication of surface composition of both metal matrix and IMPs. The
efficiency of the CC deposition and its protection against corrosion
is affected by the substrate composition; a system optimised for a
certain aluminium alloy [57] could yield different performance on
another [58] even if the surface preparation is identical.

This work aims to investigate the deposition mechanism and re-
sulting structure of ZrO2-based CCs deposited in the presence of a
CuII additive, and the consequences for FFC rates on two extruded
AA6060-T6 aluminium alloys. One of the systems is based on more
than 75% post-consumer scrap. The other is a primary-based alloy
with a lower content of Cu and Zn. Two ZrO2-based conversion sys-
tems are investigated. A conversion bath containing a CuII additive
s compared with a bath of pure aqueous H2ZrF6. Insight into the
C deposition mechanism was obtained in situ by open circuit po-
ential (OCP) measurements and dynamic electrochemical impedance
pectroscopy (dEIS). Samples with CCs were characterised by GD-OES
nd X-ray photoelectron spectroscopy (XPS) depth profiling, time-of-
light secondary ion mass spectrometry (ToF-SIMS) as well as scanning
lectron microscopy (SEM) with energy-dispersive X-ray spectroscopy
EDX). In addition to interpreting data obtained in this work, the
iterature about the state of the Zr-containing precursors in solution is
nalysed and discussed as background for the observed film formation.
y measurements of cathodic polarisation curves, the cathodic activity
f different surfaces was obtained, and set in relation to results from a
FC test with an organic model coating.

. Materials and methods

.1. Materials

Two different AA6060-T6 aluminium alloys (composition in
able 1) have been used for the main work, designated as R and
3. The samples differ mainly in the Cu and Zn content which is
lightly higher for C3 (which is based on more than 75% of post-
onsumer scrap). In addition, a sample called Ni8 was included in the
or ToF-SIMS characterisation at intermediate deposition stages. The
omposition of the samples was determined via inductively coupled
lasma optical emission spectroscopy by the industrial research and

evelopment laboratories of the sample supplier.
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Fig. 1. Example of experimental dEIS spectra and fitting using the impedance.py package. The equivalent circuit used to fit the data is shown as a figure inset. 𝑅s — solution
resistance, 𝑅ct — charge transfer resistance, CPE — constant phase element.
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The samples were cleaned with acetone and ethanol before etching
∼2 g/m2 of the surface by exposure to 10 mass-% aqueous NaOH
at 60 ◦C for 6 s. The smut layer formed during the alkaline etching
was removed by acidic desmutting in 96% HNO3 for 1 min at room
emperature. Finally, a ZrO2-based CC was deposited by immersion of

the samples under investigation in a CC bath for 410 s. One of two
different conversion systems were used. The first CC was a hexafluo-
rozirconic acid solution that contained <200 mg/L Zr and <50 mg/L

u to improve the film deposition efficiency [35]. Cu was present
n the form of Cu(NO3)2. The second CC was an additive-free CC
repared using an amount of H2ZrF6 such that the concentration of
r is 200 mg/L. The two CC systems will be referred to as Cu-CC and
odel-CC, respectively.

Raw data collected in this study are available via NTNU’s institu-
ional repository [59].

.2. Methods

.2.1. Electrochemical measurements during CC formation
For all the electrochemical measurements, the working electrode

as the sample under investigation, the counter electrode was a plat-
num foil and the reference electrode a Ag|AgCl|KCl (sat.) electrode
rom Hach Lange Sensors. All electrode potentials in this work are given
ith respect to Ag|AgCl|KCl (sat.). OCP measurements were performed
uring the CC application.

DEIS was used to study the deposition mechanism of the Cu con-
aining conversion coating. DEIS allows for the combination of con-
entional electrochemical techniques such as chronoamperometry and
yclic voltammetry with EIS. A DC signal was generated using a Model
75 Universal Programmer and the AC signal was generated using a
ome-made software described in [60]. The two signals were combined
sing a SRS SIM900 mainframe with SIM910, SIM980, SIM983 modules
nd Keithley KUSB-3116 ADC/DAC converter. A Gamry Reference 600
otentiostat was used to apply the signal to the cell. The Keithley KUSB-
116 module was used to continuously sample the current response
long with the DC and AC potentials applied to the cell. The frequencies
ncluded in the excitation signal were in the range 13 kHz–1 Hz. The
xcitation frequencies were chosen following the method proposed in
ef. [61]: (i) each frequency is a multiple of the minimum frequency
t 13 frequencies per decade, 45 frequencies between 1 Hz–13 kHz;
ii) the rms amplitude for the individual sine waves is decreased by
ne-half for every decade increase in the frequency; (iii) the phases of
3

the individual waves were randomised; (iv) the maximum amplitude
of the AC waveform was 30 mV which corresponded to a maximum
amplitude of 4.5 mVrms for the lowest frequency and a minimum of 0.5
mVrms for the highest frequency. Fast Fourier transform of the output
ignal allowed the reduction of the acquisition time for an impedance
pectrum to 1 s. The short acquisition time allows to overcome the
roblem of the system stability required during EIS measurements and
llows to study fast changing processes [60]. The home-made set-up
sed for this experiment has been described thoroughly elsewhere [60].

The dEIS spectra were acquired in two different modes. In both
odes, the samples were initially left 25 s at OCP. The first mode

onsisted of potentiodynamic dEIS measurements, sweeping the po-
ential following the natural evolution of the OCP (c.f. Section 3.1)
fter it reached a minimum. The second mode were potentiostatic
easurements where the potential was kept constant at the minimum
otential reached by the OCP. Details are given in Section 3.1.

All the impedance spectra were fitted using the impedance.py mod-
le in python [62]. Fitting was performed by non-linear least square
egression via the ‘‘curve_fit’’ function from the scipy.optimize pack-
ge [62]. The impedance.py module is convenient when working with
everal datasets since it enables batch processing. An example of ex-
erimental data and fitting is presented in Fig. 1. All spectra can be
escribed well with the equivalent circuit shown in the inset, where
s represents the solution resistance, 𝑅ct represents the charge trans-

fer resistance and a constant phase element (CPE) has been used to
model the interfacial capacitance 𝐶.𝑅ct contains a contribution from
the conversion film resistance although we consider the former to be
predominant. 𝐶 contains contribututions from the film capacitance and
the double layer capacitance. The extraction of the capacitance value
from the CPE has been performed by using the approach suggested by
Hsu and Mansfeld [63],

𝐶 = 𝑄(𝜔c)𝜙−1 (2)

where 𝜙 and 𝑄 are the CPE exponent and prefactor, respectively, while
𝜔c is the frequency at which the imaginary part of the impedance
reaches its maximum value. For the equivalent circuit used here, Eq. (2)
can transformed to [64,65]

𝐶 = 𝑄1∕𝜙
(

1
)1−1∕𝜙

(3)

𝑅𝑐𝑡
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Fig. 2. Full lines: Measured OCP of the two different samples in the Cu-CC bath.
ashed lines: Potential profiles applied during dEIS after 25 s of sample resting at OCP;
reen: potentiodynamic experiment between 25 s and 350 s; purple: potentiostatic dEIS
etween 25 s and 310 s.

.2.2. Corrosion tests and electrochemical properties in NaCl
Potentiodynamic polarisation curves were measured in order to

ompare the cathodic activity of the surface of the different aluminium
amples before and after applying a ZrO2-based conversion film with

and without CuII additives. A 5 mass-% NaCl solution was used as
lectrolyte for these measurements. Cathodic polarisation curves were
easured starting from OCP, scanning 0.7 V in the negative direction

t 0.5 mV/s, using the same electrode configuration as described in
ection 2.2.1.

FFC susceptibility was assessed after degreasing, alkaline etching,
esmutting and applying the two different ZrO2-based CCs. The sam-
les were coated with the commercial acrylate-based Paraloid B48
oating (Dow Chemical; supplier Kremer Pigmente) using a spin coater
ith a program that yielded a ≈20 μm thick film. A coating defect
as prepared by scratching the surface with an Erichsen Model 639
orrocutter. FFC was induced by dripping HCl (37%) into the scratch
nd leaving the system to react for 60 s. The remaining acid was
iped away with laboratory tissue. Finally, the samples were put into a
umidity chamber at 40 ◦C and 86(±5)% relative humidity and exposed
or 1000 h.

.2.3. Post-mortem characterisation
The surface morphology and composition before and after applying

he CCs were analysed by SEM and EDX using a Zeiss - Ultra 55 -
EG-SEM. The acceleration voltage was 15 kV. The number and size of
MPs was estimated using ImageJ [66]. Surface enrichment of different
lloying elements was assessed by GD-OES with a Horiba GD-Profiler
. Quantitative information was obtained after calibration with 12
ifferent standards provided by MBH Analytical, Alcoa, and Alcan.

XPS measurements were performed using a Kratos Axis Ultra instru-
ent equipped with a Al K𝛼 source (1486.7 eV). Individual core level

egions (Cu 2p, F 1s, C 1s, Zr 3d, Cu 3d, Al 2p), in addition to the Cu
MM Auger region, were acquired using a pass energy of 40 eV. Survey
pectra were measured with a pass energy of 160 eV. Depth profiling
as performed using Ar-ion sputtering. XPS measurements were first
btained on the as received sample, and after initial sputtering at 0.5 kV
or 60 s followed by sputtering cycles at 2 kV. The raw spectra were
nalysed using CasaXPS.

. Results

.1. OCP and dEIS during CC formation

The OCP shown in Fig. 2 during the application of the Cu-CC shows
4

imilar features for both R and C3. In the first 30–40 s of exposure,
the potential drops from an initial value of ≈ −700 mV common
to both samples to a value of ≈ −800 and ≈ −850 mV for R and
C3, respectively. After the initial decay the potential of both samples
raises again until reaching a stable value after ≈400 s. The maximum
potential difference between the two samples is achieved after ≈410 s.
Therefore, in order to have a higher probability to discriminate between
the electrochemical properties of the two surfaces, the two samples
were coated for 410 s before further characterisation.

After having immersed sample R for the initial 25 s at OCP, dEIS
experiments were conducted with two different potential profiles. Fig. 3
shows the results of the potentiostatic dEIS experiment in which the
potential was kept constant near the minimum observed during OCP
measurements (dashed purple profile in Fig. 2). In this experiment, the
capacitance increased to ≈ 2.5× of its initial value and the CPE exponent
decreased from 1 to ≈0.8; 𝑅ct went through a minimum at ≈1/3 of
its initial value before stabilising at approximately twice the minimum
value.

The 𝑅ct measured during the potentiodynamic experiment (Figure
S1, Supplementary Material) decreased by 10% during the first ≈100 s
and raised again after ≈200 s to approximately its initial value. The
capacitance instead kept decreasing over the whole measurement time,
and decreased by ≈1/4.

3.2. Surface characterisation

3.2.1. SEM/EDX
The surface microstructure and composition of R and C3 after the

application of Cu-CC or model-CC were analysed by SEM and EDX
(Fig. 4; overview in Supplementary Material, Figure S3). In the case of
Cu-CC (Fig. 4e–h), the grain boundaries are decorated with elongated
IMPs that are much more visible than the particles on the surfaces of
samples coated with the model-CC (Figure S3a and b, Supplementary
Material). A total particle count shows that the particle density includ-
ing all particles is higher for C3 than for R especially after applying
Cu-CC (Figure S4). For Cu-CC, the biggest difference is caused by the
formation of precipitates of a few hundreds of nm in diameter. On
alloys manufactured in the same way, the most common particles are
𝛼-AlFeSi and 𝛼-Al(FeMn)Si [67–70].

Fig. 4 shows a higher magnification SEM image of single IMPs
located on the matrix or in the grain boundaries. The results of EDX
analyses are compiled in Table 2. In general, in the model-CC, Zr tends
to precipitate mainly on the top of usually Fe-rich IMPs. However,
a lower amount compared to the top of IMPs was detected on the
bare surface as well. After the model-CC was deposited, EDX analyses
show that Zr is mainly located on the top of IMPs precipitated in
the centre of the grains while the concentration drops on top of the
particles located in the grain boundaries. After the Cu-CC conversion
coating application, both surfaces are enriched by the presence of
bright precipitates (Fig. 4a,b and e,f). Cu is randomly distributed since
sometimes its concentration in the proximity of the bright precipitates
is high and sometimes is below detection limit. Different from the
model-CC, for Cu-CC the highest amount of Zr (and Cu) is found on
the top of the IMPs located in the grain boundaries that are Si-rich.

3.2.2. GD-OES
Fig. 5 shows the GD-OES depth profiles of R and C3 after the

deposition of the Cu-CC and model-CC. The film thickness can be
estimated by the intersection of the Al and O signal [43]. The profile for
the two elements is shown in Fig. 5d. In this case, only an approximate
film thickness of 50 and 80 nm for model-CC and Cu-CC, respectively,
can be extracted because of the lack of standards for the oxygen signal.
Nevertheless, the coating deposited from the Cu-CC bath is thicker than
that deposited from the model-CC bath which is in agreement with
previous works [43,44].

The Cu surface enrichment was similar for both R and C3 after

exposure to the Cu-CC bath. After applying the model-CC, only a very
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R

Fig. 3. Electrochemical parameters 𝑅ct (a), 𝐶 (b), 𝑄 (c), and 𝜙 (d) extracted from a potentiostatic dEIS experiment (Nyquist plot c.f. Supplementary Material, Figure S2) of sample

during immersion in Cu-CC bath with potential profile shown by the purple dashed line in Fig. 2. The corresponding current over time is shown in panel (e).
Table 2
Results from EDX analysis of R and C3. All compositions are expressed in mass-%, with
typical EDX uncertainties. The letters refers to the picture numbers in Fig. 4 and ‘‘GB’’
indicates particles in grain boundaries.

Elements a b c d e (GB) f (GB) g (GB) h (GB)

Al 67.6 66.1 61.7 72.9 54.9 57.1 81.3 85.6
Fe 9.3 18.3 20.4 12.1 – – 0.2 –
Cu 8.8 – – – 19.3 19.2 – –
Zr 5.8 4.9 6.7 6.2 11.2 11.3 3.6 4.0
O 4.0 3.8 4.3 4.3 8.9 7.5 7.1 4.4
Si 3.5 5.9 6.5 3.9 1.8 1.6 6.7 4.1
Mg 1.0 – – – 1.0 1.1 1.2 1.1

small Cu surface enrichment was observed. Cu enrichment is much less
pronounced for R (low copper in alloy) than for C3 (high copper in
alloy). Analogously, an increase in signal intensity close to the surface
is visible also for Fe and Ni (Fig. 5c and d, respectively) which enrich
at the surface to a comparable extent for both systems.

The maximum of the surface enrichment of Zr (Fig. 5a) and its
position are very similar for both the sample treated with the Cu-CC
5

and the model-CC. However, the peaks are slightly broader for the
Cu-CC reflecting the higher thickness of the deposited film. For Ni,
an analogous peak broadening is observed after applying the Cu-CC
Overall, Cu enriches mainly in the outermost part of the surface and
the peak maxima are at ≈15 nm of depth while Zr, Fe, and Ni tend to
have a maximum enrichment at ≈40 nm.

3.2.3. XPS
XPS analysis was performed on sample R after applying the Cu-CC.

Spectra were measured before sputtering and after different sputtering
times (Figs. 6a and b). Before sputtering, the Cu 2p3∕2 region from
the surface shows a distinct peak at 932.4 eV binding energy, and a
very broad peak with a top ranging from ≈935 to ≈937 eV (Fig. 6a).
The peak at 932.4 eV, which accounts for ≈30% of the total intensity,
agrees well in position with Cu0/CuI type species [71]. The distinction
between Cu2O and metallic Cu is in most cases difficult [71], and
with this work’s data even difficult taking into account the Cu LMM
Auger peak (c.f. Supplementary Material, Figure S7). The region 935
to 937 eV comprises peaks of pure Cu(OH)2 (lower end) and CuF2
(upper end of the interval) [71]. Satellite peaks as typical for CuF and
2
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Fig. 4. Detailed SEM images of the surface of R (b, d, f, h) and C3 (a, c, e, g) after Cu-CC (a, b , e, f) and model-CC (c, d, g, h) conversion coating. Overview images c.f. Figure
S3, Supplementary Material. The red squares show the position of selected EDX analyses (Table 2). The small green dots represent other EDX measuring sites not described in
detail, but used to select representative points compiled in Table 2.
Cu(OH)2 have been detected in the region 941–950 eV in accordance
with literature data [71]. We interpret this result as an indication of
the presence of copper hydroxyfluorides, which does contain regions
in which CuII is in a CuF2-like environment, regions in which CuII is in
an Cu(OH)2-like environment, and different intermediate environments
in between those two extremes.
6

The situation after the first sputtering step is more complex and the
assignment of species worth a short discussion. The presence of three
components can be observed for the first four measurements in Fig. 6b,
whereas only two components remain after the fourth measurement.
According to reference data compilations [71,72] the peak positions
at ≈935, 933.4, and 932.6 eV agree with those of Cu(OH)2, CuO, and
Cu O or Cu, respectively. Following this reasoning, in our case, the
2
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Fig. 5. (a–d) GD-OES elemental profiles of (a) Zr, (b) Cu, (c) Fe and (d) Ni for R and C3 after deposition of the Cu-CC and model-CC for 410 s. (e) Aluminium and oxygen profile
of a model-CC and a Cu-CC; the intersections of the Al and O lines are indicated by black vertical lines and used to extract the oxide film thickness.
Cu surface distribution would be characterised by the presence of a
layer of copper hydroxyfluorides [composition ranging from Cu(OH)2
to CuF2] in the very top surface and a mixture of copper oxyhydroxides
(composition involving local motifs of Cu(OH)2, CuO, and Cu2O or Cu)
for the next four measurements. Only a mixture of CuO and Cu2O or
Cu is observed for the final remaining measurements.

Against this interpretation speaks the fact that both Cu(OH)2 and
CuO show in reference works strong and characteristic satellite peaks
(smaller for Cu(OH)2 [71]) in the region 945–940 eV. These satellite
peaks are absent in our spectra. A slight increase in background be-
tween 940 and 950 eV is detected in the spectra in Fig. 6b which could
hint to the presence of such satellite peaks although the intensity is so
low that the presence of any peak cannot be confirmed from the data
presented here. A similar assignment of the peak at 933.4 eV to CuO,
despite the absence of any satellite peak, has recently been published
on a similar system [37]. This interpretation is also consistent with the
Cu LMM Auger peak (c.f. Supplementary Material, Figure S6 and S7),
where after short sputtering steps, components with the peak energies
7

of CuO (kinetic energy 917.7 eV) and metallic Cu (918.4 eV) can be
clearly distinguished. In the Cu LMM peak, the typical Cu2O component
at 916.8 eV must at best be shifted by almost 1 eV. There are also
other features in this peak which are hard to fit. In the satellite peaks,
ligand states play an important role [73], and in the strongly disordered
system such as thin metal oxide films often are, the distribution of
ligand-ion distances may smear out the satellite peaks. Interaction with
defects could also account for the observed effects in the traditional
interpretation of the satellite peaks in copper oxides, e.g. [74].

An alternative interpretation could be that the peak at ≈935 eV
is caused by the presence of Cu(OH)2 type species with a very small
satellite peak, the peak at 933.4 eV could be assigned to Cu2O species
and the peak at 932.6 eV to metallic Cu. In this case however the
peak position of Cu2O would be shifted by ≈1.6 eV with respect to
literature values compiled in Ref. [71]. A slightly different value could
be expected in this case since reference values are usually measured
on Cu reference samples which have a much less complex composition
than in this work. The chemical environment surrounding Cu atoms or
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Fig. 6. XPS analysis of sample R after Cu-CC. (a) Cu 2p3∕2 region at surface without sputtering. Numbers indicate the peak position from Ref. [71] of the component indicated
by the dotted line. (b) Cu 2p3∕2 region after 60, 90, 120, 150 and 180 s of sputtering (top to bottom); the initial 60 s sputtering was only a very mild sputtering step with 0.5
instead of 2 kV acceleration voltage as used for the remaining steps. (c) Concentration profile of different Cu species after different sputtering times as extrapolated from the fitting
shown in panels (a) and (b); sum of all Cu species normalised to 1.
c
l
n
i
u

Cu-based IMPs would have an effect on the electron’s binding energy.
It is not intuitively obvious how to explain a shift of the observed mag-
nitude in this system. Another alternative interpretation could be the
presence of the mixed copper oxide, Cu4O3, e.g. [75], or the presence
of substoichiometric oxides. Structural disorder such as vacancies and
amorphous fractions in the oxides also affects the exact peak position.

A complete, thorough interpretation of the XPS spectra presented
here goes beyond the scope of this work. What is important for the
purpose of this work is to highlight the presence of oxidised Cu species
as copper hydroxofluorides at the very top surface which change to a
form with lower oxidation state deeper in the ZrO2-based conversion
layer. Based on the peak areas shown in Figs. 6a and 6b, a concentration
profile of the different Cu species has been established (Fig. 6c). To that
end, however, Cu is also known to reduce during sputtering or during
exposure of the beam, which is why some aspects of this analysis may
be artefacts from the measurement.

3.3. Electrochemical properties and FFC resistance

Cathodic polarisation curves in 5 mass-% NaCl are shown in Fig. 7.
The goal of recording these curves was to compare the cathodic activity
of the different samples in the same solution. Before applying any
conversion coating, corrosion potential 𝐸corr and cathodic activity of R
are lower than of C3 (red and blue curves in Fig. 2a, respectively). After
applying the model-CC the activity of R remains almost unchanged
while for C3, a reduction of 𝐸corr is observed; cathodic current densities
are, however, similar for both samples. After the application of Cu-CC,
8

d

both R and C3 have an increase of 𝐸corr which levels at ≈ −500 mV
for both samples. The cathodic current is also higher at all potentials
(more than an order of magnitude at the most negative potentials).1

Quantitative analysis results of a FFC exposure test are shown
in Fig. 8. Considering current industrial requirements and standards
(e.g., Qualicoat), the resistance to FFC is sufficient for all the analysed
samples even with the weak organic model coating used here. Filament
density and the maximum filament length are the two parameters
where, albeit small, a difference among the different systems was
detected. Both parameters follow a similar trend; the attack is less
severe for R than for C3, and less severe for Cu-CC than for model-CC.
The increased amount of Cu present in C3 has a slightly negative effect
both on the filament density and on the maximum filament length. The
slightly negative effect of Cu has also been observed elsewhere [76].
However, the median absolute value is rather high for R’s filament
density. The high median deviation in filament density for Cu-CC on
R shown in Fig. 8 comes from a tested sample that showed an un-
usual (approximately double) filament density and maximum filament

1 A fitting of these curves is little meaningful as (a) several curves show very
omplex shapes beyond simple parametrisation by Tafel slopes and diffusion
imited currents, (b) immersion of freshly conversion coated samples as these is
ot a realistic application, (c) the determination of corrosion current densities
n these solutions would be strongly affected by convection, and (d) the
niform corrosion rates of such aluminium alloys are usually less relevant to

iscuss compared to their localised corrosion propensity.
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Fig. 7. Cathodic polarisation curves in 5%wt NaCl solution before and after applying
u-CC, and model-CC.

Fig. 8. Median values of filament density and maximum filament length after FFC
est for R and C3, conversion coated with model-CC or Cu-CC after application of a
eak transparent polyacrylate model organic coating. Error bars represent the median
bsolute deviation (MAD). MAD represents the median of the absolute deviation of
ach point from the median.

ength. If this sample was not considered the qualitatively observed
rend would be even more clear.

. Discussion

.1. Interpretation of dEIS results

Before proceeding to a discussion of the chemical processes during
C formation, it is instructive to start with a detailed interpretation
f the dEIS results (Fig. 3; Figure S1, Supplementary Material). The
bserved initial decrease with subsequent slight increase in 𝑅ct at

constant 𝐸 = −0.8 V could be explained by a two stage mechanism:

1. Predominant deposition of Cu0 on accessible aluminium; with its
active surface, Cu0 leads to a decrease in 𝑅ct

2. After a certain time, the precipitation of ZrO2 on top of cathodi-
cally active sites becomes the predominant process and increases
𝑅

9

ct
During the first 25–30 s (not probed by dEIS) the dissolution of the
native oxide layer takes place [15,77] and the active aluminium surface
becomes exposed to the conversion solution. The deposition of metallic
Cu from CuII is thermodynamically favoured and the process takes
place as soon as the native aluminium oxide layer is dissolved. The
deposition of particles with better kinetics for the cathodic reactions
of oxygen reduction and hydrogen evolution would increase the rate
of such reactions and is in agreement with the decrease in 𝑅ct during
he first ≈100 s probed by dEIS. The increased rate of ORR and HER
ead to an increase of the local pH which triggers the deposition of
rO2-based products. The deposition of the ZrO2-based products takes
lace initially in close proximity of the noble IMPs [10,15] reducing the
urface area available for the ORR and HER. Such a decrease in active
rea of noble IMPs can account for the increase in 𝑅ct observed after

100 s of exposure. In this second phase, the deposition of ZrO2-based
ompounds becomes predominant with respect to the deposition of Cu.

The CPE impedance is defined as

CPE = 1
(𝑗𝜔)𝜙𝑄

(4)

The exponent 𝜙 indicates how far from an ideal capacitive behaviour a
certain system is. When 𝜙 = 1 the system is an ideal capacitor. The
deviation of 𝜙 from 1 can be attributed to the formation of surface
inhomogeneities which can have a parallel or normal distribution with
respect to the surface [78].

The change in capacitance (or in 𝑄) reflects the change in the
surface oxide properties. The capacitance of a parallel plate capacitor
is given as

𝐶 =
𝐴𝜖0𝜖𝑟𝑒𝑙

𝑑
(5)

where 𝐴 is the surface area of the plates, 𝜖0 and 𝜖𝑟𝑒𝑙 are the permittivity
of free space and the dielectric constant of the material between the
plates, respectively, and 𝑑 is the distance between the parallel plates.
Here we assume the metal/solution interfacial region to be in between
the two plates. We consider one of the plates of the capacitor to be the
metallic surface and the other to be on the outer Helmholtz plane. The
capacitor would thus comprehend both the double layer capacitance
and the capacitance due to the deposited conversion film. For the
deposition and thickening of a surface layer over time a decrease
in capacitance could be expected considering the thickness of the
depositing layer as the distance 𝑑. On the other hand, the deposition of
a heterogeneous surface layer would increase the surface area and thus
lead to an increase in capacitance.

The constantly decreasing CPE exponent 𝜙 is in agreement with the
increase in capacitance since a decrease in 𝜙 can be seen as an increase
in surface roughness which would lead to an increase in area. Following
(5) the variation in area would thus be the factor determining the varia-
tion in capacitance. The increase in heterogeneity and thus increase in
surface area takes place during the whole conversion process, firstly
during the deposition of Cu0 and secondly during the deposition of
ZrO2.

Furthermore, the inclusion of water in the depositing conversion
layer would also contribute to the increase in capacitance by increasing
the global dielectric constant of the system. Such increase in capac-
itance is usually observed for water uptake in coatings, e.g. [79].
The trend of the fitting parameters such as 𝑅ct, 𝑄 and 𝜙 are in line
with very recent results presented for a similar conversion system on
zinc using operando Odd Random Phase Electrochemical Impedance
Spectroscopy [34].

The observed trends in the current (Fig. 3e) imply a capacitive
charging of the surface in the initial ≈10 s, in agreement with 𝜙 ≈
1. The decrease in cathodic current between 50 and 100 s can be
understood by a depletion of CuII near the surface, and a consequent
decrease of a diffusion limited deposition current. Subsequently, 𝑅ct
increases as result of the deposition process by blocking the surface
with a high resistance oxide. In the final phase of the deposition, the net
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Fig. 9. Proposed deposition mechanism and structure of the forming Cu containing ZrO2-based conversion layer. Black lines in the Al region represent selected grain boundaries.
cathodic current increases again, which may be attributed to a decrease
in the corresponding anodic dissolution current of aluminium. Overall,
the current is also an indication about the distance from the actual OCP
at a given time.

The presence of a multi-step deposition mechanism can also be seen
from the variation of the 𝑅ct with time in the dEIS experiment run
during the potential sweep (Figure S1, Supplementary Material). The
𝑅ct decreases during the first 100 s in agreement with the deposition
of Cu0 and starts increasing again after 200 s because of the deposition
of ZrO2-based products partly covering the noble particles. The 𝑅ct
overall does not change if the value at the beginning and at the end of
the measurements is compared. However, potentiodynamic polarisation
curves in NaCl shows an enhanced cathodic activity (Fig. 7) so a
decrease in 𝑅ct should be expected. On the other hand even though on a
general level the 𝑅ct remains constant, some local areas could be rich in
Cu0 which would explain the enhanced cathodic activity in subsequent
polarisation.

The decrease in capacitance could be explained by the formation
of the conversion layer. Even though the capacitance values are in the
same range for the experiments run in potentiostatic and potentiody-
namic modes, the trend is opposite. The explanation of the observed
opposite trend could be different rates of the CC deposition. When kept
at a cathodic potential, the deposition of the conversion film is expected
to be faster because of the increased rate of local surface alkalinisation
favouring the precipitation of ZrO2-based compounds following reac-
tion (1). The different deposition rate during the potentiostatic dEIS
compared to the potentiodynamic dEIS can be seen from the different
times needed by the 𝑅ct to start increasing. In this interpretation, the
deposition of ZrO2-based compounds starts to dominate after ≈100 s
during the potentiostatic dEIS and after ≈200 s during the potentio-
dynamic EIS. A faster deposition is expected to lead to an increase in
10
surface roughness, i.e. surface area, which implies an increase of the
observed capacitance. Vice versa, during the potentiodynamic dEIS, the
Volta potential is slightly below the OCP and the rate of deposition of
the CC is lower. The lower deposition rate leads to a better surface
homogeneity and the capacitance is expected to decay because of the
build-up of a surface layer following Eq. (5) In case of potentiostatic
dEIS, the build-up of a surface layer [i.e., increase of 𝑑 in Eq. (5)] does
not dominate the capacitance because of the high increase in surface
roughness, (i.e., 𝐴 dominates the capacitance). The opposite happens
during potentiodynamic dEIS.

4.2. Formation mechanism ZrO2-based conversion coatings

This section will use significant background information from litera-
ture for an in-depth discussion of the observations from the experiments
conducted in this work.

The first step of CC deposition is a fluoride etching attack on the
surface, removing aluminium surface oxide, most likely by the net
process of

Al(OH)3(s) + 6 F –
(aq) AlF 3–

6(aq) + 3 OH –
(aq), (6)

where Al(OH)3 represents a hydrated surface oxide on aluminium. This
process will most likely proceed via a step-wise ligand exchange, rep-
resented here schematically for octahedrally coordinated aluminium,

Al
OH

+ F– Al
F
+ OH– (7)

At some stage, the octahedral aluminium hydroxofluorides of type
AlF (OH) 3- become soluble, which leads to a breakdown of the
x 6-x
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(hydr)oxide and is evidenced by the initially decaying OCP. The
changes in OCP are in agreement with previous reports [10,44,80]. A
schematic representation is given in the first step of Fig. 9.

The etching chemistry for silicon is expected to have analogies
to Al, with the formation of SiF6

2- [81], however, for most other
lements, differences are expected, (i) because of the differences in
tandard potential, and (ii) because of the differences in fluorocomplex
ormation. Mg and Zn form poorly water soluble fluorides [82]. Mg flu-
rocomplexes are not water-stable [82]. All the other elements present
n larger amounts in the alloy, Cu, Fe, Ni and Mn form fluorocomplexes
t sufficiently high fluoride concentrations [82]. The etching properties
f the fluoride present in the bath lead to a surface enrichment of
he different alloy elements present in the alloy, as shown by GD-OES
Fig. 5). This progressing surface enrichment has consequences on the
CP, which increases in a second stage of the experiments, in line with
revious reports [10,44,80].

The second phase of deposition, characterised by an increase in
CP, contains two parallel processes, (i) the deposition of metallic
opper and (ii) the precipitation of ZrO2. On the free aluminium
urface, copper deposition,

u2+ + 2 e– Cu0, (8)

s reflected by the 𝑅ct drop. Cu presence is evidenced by GD-OES and
he presence of bright spots in SEM and EDX. Noble metal sites are
athodically more active, expected thus to increase hydrogen evolution
ates and thus rates of pH increase. As a consequence, they accelerate
he hydrolysis of ZrF6

2- which is the equivalent inverse process of the
igand exchange in reaction (7),

rF 2–
6 + H2O ZrF5OH2– + H+ + F– (9)

ZrF5OH2– + H2O ZrF4(OH) 2–
2 + H+ + F–

Hydroxozirconate complexes polymerise in aqueous solution above
00 μM concentration [83]. The formation of tetramers has been
ound thermodynamically favourable, based on available thermody-
amic data [84]. Detailed experimental studies of the zirconate poly-
erisation in HCl in the pH range 0–3 by electron spay ionisation mass

pectrometry show the concurrent presence of species containing 4,
, 6, 8, 9 and 10 Zr-atoms and the absence of significant amounts
f species with lower number of Zr atoms [85,86]. Storage over 2
onth led to increasing degree of polymerisation, with 12-mers domi-
ating [85]. At larger pH, further condensation leads to a rich colloidal
hemistry of the system [87]. Condensation must schematically proceed
ia steps such as

Zr
OH

OH

F

Zr
O

F

O
Zr

F

+ 2 H2O (10)

with precipitating ZrO2(s) as final product. Precipitation leads to rising
OCP and the change of the surface composition and morphology as
discussed in Section 4.1. As expected, Zr is detected in GD-OES and
ToF-SIMS on the surfaces. Eq. (10) is again written for octahedrally co-
ordinated Zr, where it is understood that the actual coordination of Zr is
supposed to change in the deposition process from octahedral in ZrF6

2-
to more complex seven to eightfold in ZrO2, based on the structural
chemistry of Zr [82, p. 1413–1417]. Incomplete hydrolysis according
to reaction (9) leads to the presence of fluoride on the surface, as
prominently evidenced in XPS (Fig. 6) and ToF-SIMS (Supplementary
Material, Figure S5). The two processes are schematically represented
in step 2 and 3 of Fig. 9. Although the two processes must take
place simultaneously, following the above reasoning, Cu deposition
is predominant in the first phase and the deposition of ZrO2-based
11

products dominates in the second phase. b
Deposition of both Cu0 and ZrO2 takes place predominantly at
grain boundaries, to a higher extend on and near IMPs, and to minor
degree on the aluminium matrix, which is in line with previous obser-
vations [10,12,15,35,88]. The higher OCP of C3 during CC formation
could be caused by the higher amount of Cu present in the alloy.
The CC deposition also leads to a 5-fold increase in bright particles
on C3, compared to doubling on R, and a less pronounced difference
in the same direction for the CuII-free model-CC (Figure S4). On the
other hand, GD-OES shows a more than 50-fold increase in copper
concentration near the surface after CC formation when comparing
CuII-containing and CuII-free CC. Compared to the detected surface
concentrations of Cu, the effect from the alloy composition on the total
Cu concentration on top of the alloy is expected to be minor.

The freshly deposited Cu particles from the Cu-CC are more effective
cathodes than the IMPs in the alloy, as evidenced via the distribution
of Zr from the EDX measurements ( Table 2). In the Cu-CC, there is
no increased amount of Zr on the IMPs, as observed for the model-CC.
The increased amount of Zr on IMPs can be explained by their cathodic
activity, leading to faster increase in pH compared to the surrounding,
and consequently preferential deposition of the CC. The absence of
this increase indicates that in the Cu-CC, the activity of the freshly
deposited Cu leads to deposition of ZrO2 in other locations, depleting
the Zr-containing precursors near the surface and hence suppressing
deposition on the IMPs.

4.3. Structure of the formed CCs

There is overwhelming evidence for the co-deposition of CuII in
the final stage of CC formation. First, GD-OES profiles (Fig. 5) show
the highest Cu concentration closer to the surface (at ≈15 nm depth)
than the highest ZrO2 concentration at ≈40 nm. The relative position
of the peaks in the GD-OES depth profile might not be very precise
due to the surface roughness of the samples or selective sputtering,
but similar approaches have been used before in similar systems [43].
Furthermore, also other works found the presence of Cu enrichment on
the top of ZrO2 [50,51] in deposition studies on zinc. Second, ToF-SIMS
Supplementary Material, Figure S5) as very surface-specific method
hows the presence of Cu on the surface at least in the investigated
ntermediate deposition stage. Third, XPS (Fig. 6) shows evidence for
he presence of CuII directly on the surface; similar observations of sim-
lar CCs on iron were reported in the literature [37]. Fourth, previous
ork showed the presence of tenorite CuO [35] or Cu2O [89] in similar
Cs. The reason for the observed co-deposition is the increase in pH
uring CC deposition (i) through cathodic processes and (ii) through
luoride etching of aluminium oxide [reaction (6)]. Microelectrode
easurements have shown pH up to 8.5 in comparable systems during
eposition [30]. For the given activity of CuII, deposition of CuO or
u(OH)2 is expected for pH> 5.5 [90].

XPS not only shows the presence of copper hydroxyfluorides in the
irst few nm of the surface but also reveals that the Cu oxidation state
hanges with depth starting from a more oxidised form on the top
o a less oxidised form at higher depths (Fig. 6c). Judging from both
D-OES profile (Fig. 5; strongest Cu enrichment on the top surface,
eposited at later stages at higher pH) and XPS (Fig. 6c), the amount
f CuII supersedes the amount of Cu0. The presence of oxidised Cu
pecies could be (i) because of the direct incorporation of CuII from
he CC solution or (ii) the oxidation of deposited Cu0. In the latter
ase, a detachment of metallic Cu particles from the aluminium matrix
ecause of the continuous surface etching caused by fluoride ions is
ossible. The particles could be oxidised by the presence of dissolved
2 or NO3

- ions. The role of the latter has recently been investigated in
etail [36]. Considering the presence of different Cu species, hypothesis
ii) is more likely for the largest amount of the detected CuII, in
ddition to the directly deposited CuII on the top surface. However,

ecause of the complex composition and the multitude of chemical
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and electrochemical processes possible in the system, it is difficult to
conclude on this point with the data collected here.

For what concerns Zr as main indicator for the presence of ZrO2,
the comparison of the maximum enrichment (≈0.7 at.-% for all the
curves) and the broadness of the peaks from GD-OES analysis (Fig. 5)
suggests that maximum enrichment is independent of the Cu content
of the precursor solution. On the other hand, the presence of Cu in the
conversion bath favours the increase in thickness of the conversion film,
as most obvious from the comparison of the Al and O depth profiles
(Fig. 5d). Increased thickness is also evident from the total amount of
Zr deposited (broader Zr peak shown in Fig. 5a) and in general from
the aluminium profile in Fig. 5d.

The different composition of the two investigated samples also does
not have a particular impact on the Zr deposition (Fig. 5a) where the
peak representing the Zr enrichment is very similar for the two samples
after the application of the CC. EDX (Fig. 4; Table 2) likewise does not
show large differences in Zr-content between the different samples. The
observed differences in particle counts (Figure S4) therefore does not
impact the total Zr amount deposited.

The Cu distribution on the surface after Cu-CC deposition was
random from the EDX analysis. Some of the detected bright spots show
a very high Cu concentration, whereas Cu is almost absent in other such
spots (Fig. 4; Table 2). However, the low lateral resolution of the EDX
and its large sampling volume can lead to a high contribution from the
matrix and this could superimpose with the signal from surface Cu.

The results from this work do not contradict previous works show-
ing enhanced deposition of ZrO2 on top of IMPs [10,15,23,88] and
deposited Cu0 [35]. In this work, for Cu-CC, the highest concentration
f Cu and Zr was found on the top of IMPs in the grain boundaries.
sually, the ZrO2-based compounds tend to precipitate on the top
f noble IMPs that increase the local alkalinity which favours the
recipitation of ZrO2 [23]. The presence of elements more noble than
l such as Fe or Mn was found on IMPs all over the alloy matrix
ut not in the grain boundary regions; these particles instead are Si-
ich. The high activity of Si-rich IMPs can be explained by the etching
roperties of the fluoride-containing conversion bath [81] which result
n a dissolution of the surfacial SiO2 and lead to the exposure of the
ore active Si surface. Cu0 can then precipitate on the latter increasing

he cathodic activity, leading to local alkalinisation and favouring the
rO2 precipitation. The possibility for Cu0 particles to precipitate in the
C formation process in the grain boundaries could also explain the
eason why a lower amount of Zr is found on the top of the particles
n GBs for the model-CC. Thus, Cu0 has an effect on the distribution of
he Zr-based products precipitated from the conversion bath but not on
r quantity.

The surfaces show enrichment of Ni after CC formation (Fig. 5).
emarkably, the Fe concentration in both R and C3 is similar and
igher than the concentration of Ni ( Table 1). However, the surface
nrichment of Fe is comparable or lower to that of Ni (Fig. 5). Thus,
here must be a preferential surface enrichment of the latter. The pres-
nce of a surface enrichment of similar magnitude after the deposition
f the model-CC suggests that the enrichment is caused by the etching
roperties of the CC solution, e.g. via dissolution of Ni-containing IMPs
nd redistribution of the comparably noble Ni.

Ni and Fe as elements less noble than Cu but more noble than
l distribute inside the CCs; there is no sign for enrichment near

he metal/CC interface. The peak position of the Ni depth profile
orrelates well with the one from the Zr profile (Fig. 5). The Fe profile
s rather noisy, but its peak is clearly within the CC region. Ni and
e are furthermore not prominently present in the ToF-SIMS data, but
an be detected with certain low intensity in the XPS survey spectra
12

c.f. Supplementary Material, Figure S9). t
.4. Electrochemical reactivity and corrosion protection mechanism of
rO2-based CCs

Characteristic differences in 𝐸corr (Fig. 7) in NaCl solution before CC
application can easily be understood based on the different composition
of the alloys, as the alloy with higher Cu levels shows a higher 𝐸corr.
After CC application, differences between the alloys disappeared, so
that the conversion treatment determines 𝐸corr in both investigated
cases.

At sufficiently negative potentials, all polarisation curves show a
Tafel-like behaviour, indicating the dominance of the HER at these
potentials. Around 𝐸corr, the slopes indicate transport control for the
Cu-CC which is typically caused by transport-limited ORR, and a mix
of transport and activation control for all other samples.

Cathodic activity increases for both samples through the treatment
with Cu-CC. The conversion layer deposited from the two baths is
similar and it consists of ZrO2 deposited on the top of noble particles.

owever, if the noble particles were covered with the same products,
n increased electrochemical activity as shown in Fig. 7 should not
e expected. This means (under the condition that ZrO2 deposits on
he top of the noble particles) that after the deposition of the Cu-
C, not all the Cu rich particles are covered by the conversion layer;
ome of them are exposed to the solution during the electrochemical
xperiments increasing the rate of cathodic reactions such as ORR and
ER. Alternatively, some Cu0 particles lay on the top of the conversion

ilm with conductive paths down to the bulk metal.
In other cases [26,57] the application of a Cu-CC has led to a

ecrease of the 𝐸corr and cathodic activity. However, the increased
ctivity shown in Fig. 7 can be justified by a surface enrichment of
u deposited from the CC. Such an increase in cathodic activity is
ot observed after applying the model-CC which did not contain any
uII additive. Especially in absence of a desmutting step before CC in
ef. [26], because of the presence of Cu rich regions observed by EDX
nd XPS, the deposited ZrO2-based layer was thicker, more uniform,
nd able to limit the charge transfer, thus lowering the current densities
or ORR and HER as shown by polarisation curves [26]. In our case,
his decrease in cathodic activity is not observed and for Cu-CC the
ctivity is even higher despite the fact that a thicker oxide layer is found
Fig. 5d).

Cathodic activity at the potentials where HER dominates is little
ffected by deposition of the model-CC. On the other hand, the reduced
corr observed for C3 can be ascribed to the fact that the noble regions
f the surface characterised by high Cu concentration are covered by
rO2-based products during deposition, reducing the nobility of these

areas and thus the potential of the interface [10,23].
Larger cathodic activity in potentiodynamic measurements (Fig. 7)

and surface enrichment of noble elements that follows the Cu-CC appli-
cation (Fig. 5) is not reflected in a decreased FFC resistance in the FFC
tests (Fig. 8). Consequently, other features of the conversion coating
can overcome the possible negative effect of a Cu surface enrichment or
a cathodically more active surface. Since FFC is driven by the presence
of cathodic IMPs [91], a lower cathodic activity of the surface would
be preferred. A reduced cathodic activity after the application of ZrO2-
ased CCs [26,57] has been considered as an indication of an increased
orrosion resistance, based on correlation between FFC and cathodic
ctivity [8]. On the other hand, the removal of surfacial noble particles
n AA6060 reduced their cathodic activity in NaCl solution but did
ot significantly increase the resistance to FFC because the process is
upported by the cathodic activity of the freshly exposed IMPs emerging
uring the passage of the corrosion front [12]. It has been shown that
he CC improves the coating adhesion [12].

The improved resistance of the Cu-CC against FFC could either be
ttributed to the different distribution of the ZrO2, favouring ZrO2
eposition on the top of non-noble IMPs such as those present in the
rain boundaries (Section 3.2.1). Alternatively, the CuII depositing on

he surface could have a role in improved adhesion or FFC resistance.
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Independent of the exact mechanism, the potentially negative effect of
a high amount of Cu on the surface can be overcome by the beneficial
effect of a different conversion film distribution, a thicker conversion
film or a better adhesion [12]. Finally, the coating used for this study
is a weak model coating chosen in order to observe FFC on the time
scales of typical lab experiments, different from industrial grade high
performance coatings. Cathodic activity of CC-covered substrates is
actually beneficial for some applications such as cathodic electrodepo-
sition coatings; CCs similar to those studies here are themselves stable
under cathodic polarisation [45].

It is expected that the presence of residual F-termination and
Cu(OH)2 at the surface improve the adhesion behaviour. Residual
fluorides may hydrolyse and be available as fresh reaction sites in
coating processes. In aqueous solution, zirconium fluoride species can
transform over time to oxidic species during exposure [31]. On the
other hand, residual fluoride may increase propensity to oxide damage.
Hydroxyl groups are in general important for adhesion of polymers [13,
14].

5. Conclusions

The effect of the nature of the conversion coating and the elemental
composition on the electrochemical activity, surface composition, and
FFC resistance of a primary and a recycled AA6060 extruded aluminium
alloy was investigated.

1. OCP and dEIS during CC formation are determined by an in-
terplay between fluoride induced etching of the aluminium ox-
ide, the deposition of Cu0 on free aluminium surface, and the
formation of ZrO2 deposits.

2. Cu is found in different forms on the sample surface after the
deposition of the Cu-CC. CuII is found on the top of the ZrO2
surface while metallic Cu is predominant at greater depths. The
largest part of the deposited Cu is most likely the oxidised form.
Consequently, these CCs are complex, multielement oxides. This
character affects their properties as adhesion promoter and in
corrosion protection.

3. The ZrO2-based products are differently distributed when two
different conversion baths are used. In the case of the Cu-CC,
the highest concentration of Zr is found on the top of IMPs
precipitated in the grain boundaries while for the model-CC, the
concentration of Zr is similar on the top of IMPs precipitated in
grain boundaries and in other areas of the surface.

4. The presence of CuII in the conversion bath increases the ca-
thodic activity of the surface because of a deposition of ca-
thodically active, noble Cu0. This allows the formation of a
≈30 nm thicker conversion layer and a different distribution of
the precipitated ZrO2-based products when comparing to CuII-
free systems. Nevertheless, the maximum surface concentration
of Zr is similar for both CuII-free and CuII-containing CC.

5. Increasing the amount of Cu in the alloy from ≈30 ppm to
≈300 ppm has a slightly negative effect on both filament density
and maximum filament length, with differences of several ten
percent, as shown by FFC tests. Despite the fact that the Cu-
CC shows a ca. order of magnitude higher cathodic activity,
its performance in the FFC tests is slightly superior to that of
model-CC. Overall, both samples and conversion systems show
a maximum filament length in the range 0.8–1.55 mm.

6. Although a difference in electrochemical activity was observed
before the application of a conversion layer, no substantial dif-
ference in FFC resistance has been evidenced between recycled
13

and primary alloys after conversion coating.
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