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The study aimed to study the formation and characteristics of commercial zirconium conversion coatings referred to as
MAVOMcoat MC1300 (Zr-Cr-based coating) and MC1700 (Zr-based coating) on chemically pre-treated aluminium alloy 3003.
Conversion times varied from 80 s to 45 min. After deposition, the samples were subjected to three post-treatments: air drying for
15 min, air drying for 24 h, and immersion in 3.5 wt% NaCl solution for 24 h. Corrosion resistance was evaluated using
electrochemical measurements, whereas scanning electron microscopy with energy dispersive spectroscopy and X-ray photoelec-
tron spectroscopy were employed for surface analysis. Based on the evaluation of corrosion parameters, the optimal conversion
times for MC1700 and MC1300 were determined to be 10 min and 7 min, respectively. The conversion coatings MC1700 and
MC1300 were characterised by distinct elemental compositions, with the former predominantly comprising Zr, O, Al and F, and
the latter Zr, O, Al, Cr and F. Notably, the thickness of coatings was between 10 and 170 nm, depending on the type of coating and
location (matrix or intermetallic particles). The 24-hour immersion of MC1700 ZrCC in 3.5 wt% NaCl led to progressive build-up
of Zr oxide and release of fluoride from the coating.
© 2025 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI:
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As industries strive to reduce their environmental impact and
address climate change concerns, the transition to environmentally
friendly conversion coatings represents an important step towards a
greener and more sustainable future. Zirconium-based conversion
coatings (ZrCCs) have emerged as a promising and innovative
surface treatment technique that provides advanced protection and
functional improvements to various substrates, including metals like
aluminium, steel, and magnesium.1,2 The first research and devel-
opment in the field of ZrCC date back to the 1990s3,4 and are still
ongoing.5–36 Recent works on the aqueous chemistry of Zr and its
speciation in conversion baths have provided a stronger theoretical
basis for understanding ZrCC formation.37 In addition, studies
investigated the effect of surface pre-treatment on ZrCC efficiency,
the optimisation of conversion bath parameters using statistical
approaches, the integration of nano-additives, copper ions and
polymer additives to enhance coating functionality, and the applica-
tion of commercial Zr-Cr conversion coatings in multilayer
protective systems for cast Al alloys.27–42 While many academic
studies focus on simplified systems with defined compositions to
elucidate the fundamental mechanisms of conversion coating
formation,3,4,11–13,15,23,24,29–34,37 investigations involving commer-
cial coatings are more application-oriented and often complicated by
the proprietary nature of the bath formulations.6,8,18,20,27,28,31,35,43,44

Commercial systems frequently contain multiple additives (e.g.,
polymers, corrosion inhibitors, complexing agents), whose identities
are not fully disclosed. Consequently, corrosion performance studies
on commercial ZrCCs tend to emphasise overall effectiveness rather
than mechanistic interpretation. The positive side of using the ZrCCs
is that they do not contain toxic metals and are usually free of
organic compounds.45,46 Further, the deposition process operates at
room temperature, with minimal waste disposal, the possibility of
rinsing water recirculation, and the control of bath parameters is
relatively simple.47,48

During the last three decades, numerous studies have been
published investigating zirconium conversion coatings applied on
aluminium alloys (AAs).3–36,39–44 When considering ZrCCs on AAs,

the difference in the stability of related oxide as a function of pH is
worth considering. The Pourbaix diagram for Zr shows that ZrO2 is
stable up to approximately pH 12–12.5, respectively,49 while Al2O3,
a spontaneously formed passive layer of Al-based metals, is stable
up to pH 9. Hence, mixed Zr/Al-oxide layers are corrosion-resistant
up to higher pH values than Al2O3.

50

Zr-based conversion coatings on aluminium alloys are formed by
the interaction of the alloy substrate with a zirconium-based bath,
which usually contains hexafluorozirconic acid (H2ZrF6) alone or in
combination with hexafluorotitanic acid (H2TiF6),

26,30,42,51

vanadium,29 or trivalent chromium compounds.27,28,33,40 The or-
ganic polymer may also be added to the conversion bath to improve
corrosion protection and establish a base for subsequent
painting.8,52,53 Fluoride in the conversion bath promotes the dis-
solution of the naturally formed aluminium oxide film.8,32,44,53

Our previous studies addressed the ZrCCs prepared from hexa-
fluorozirconic acid.23,24,38,39 The three-layer structure was recog-
nised by Šekularac and Milošev23 with a thickness of 200 nm in the
proximity of intermetallic particles and 30 nm far from intermetallic
particles at the coating matrix. ZrCC was prepared on aluminium-
manganese alloy AA3005, and the corrosion resistance was im-
proved during immersion in NaCl solution, ascribed to the densifica-
tion of Al oxide and release of F from the coating. The role of
incorporation of Mn in the region closer to the inner interface with
metal was considered beneficial for corrosion resistance.23 A three-
layer structure was also reported by Liu et al.54 for ZrCC on
AA5083. The 1.5 μm coating significantly improved the corrosion
resistance of AA5083 and the adhesion of the overlying epoxy resin.

The literature studies describing the corrosion performance of
commercial Zr-based conversion coatings are somewhat limited.
Schram et al.53 studied the composition of a commercial ZrCC
containing mainly fluorinated zirconium salt and a water-soluble
polymer. The results show a two-layered structure of ZrCC. The
inner region, which is close to the metal interface, contains only Al
and O, while the area closer to the outer surface includes a
fluorinated zirconium oxide and a polymeric compound. The
thickness of the conversion layer formed on AA1050 was nearly
independent of the conversion time. Also, Li et al.18 reported that
Zr/Ti coating (Bonderite® M-NT 5200 (Henkel)) on AA2024
exhibited a two-phase structure consisting of a Zr/Ti oxide outerzE-mail: ingrid.milosev@ijs.si
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layer. A comparative study between different conversion coatings on
AA2024 showed that Zr/Ti-based coating exhibited lower corrosion
resistance compared to trivalent chromium process (TCP) coating
Bonderite® M-Cr T5900 (Henkel), and a chromate-free coating NCP
(NAVAIR) bath that consists of Zr and Zn species.18 The hypothesis
is that poorer corrosion resistance of the latter could result from a
thin and porous coating structure.18 The TCP coating on AA2024
was approx. 50 nm thick, the fully hydrated coating thickness was
estimated to be around 90–100 nm. The coating’s composition
exhibited a dual-phase structure, comprising a hydrated zirconia
overlayer and an interfacial layer rich in potassium and fluorine.55

The TCP coating provided both anodic and cathodic protection by
physically blocking Al-rich sites (where the oxidation occurs) and
Cu-rich intermetallics (where the reduction occurs).

Recently, several commercial TCP coatings were investigated in
more detail. Glover et al. studied the effect of surface pre-treatment
using TCP commercial coating (Zircobond® PPG) on its ability to
improve the filiform corrosion resistance of an organic coating
deposited on AA7075.27 Sun et al. employed a tungsten pH
microelectrode to study the formation of TCP (SurTec®
CromitaAL 650AL) on Al and AA2024.28 For the TCP
SOCOSURF TCS® deposited on AA2024, the effect of post-
treatment containing hydrogen peroxide and lanthanum salt was
studied by Stoica et al.31 and the nucleation and growth mechanism
by Verdalet-Guardiola et al.35 The mechanism comprised a three-
step process: (i) the dissolution of the native oxide and the formation
of the precursor layer, (ii) the nucleation of the outer layer combined
with an enrichment in fluorine in the inner layer, and (iii) the growth
of both the outer and inner layers of the TCP coating.

In our previous studies,40,56 the Zr-Cr(III) conversion coating
SurTec 650® was investigated as corrosion protection of cast
AlSi7Mg0.3 and wrought AA3003. The difference in the composi-
tion of the conversion bath and conversion time resulted in variations
in the sample surface morphology.56 The corrosion resistance of
coated AA3003 samples was significantly improved with prolonged
immersion (24 h at the open circuit potential in both electrolytes,
3.5 wt% sodium chloride solution and simulated acid rain). During
extended immersion, the coatings function as effective anodic
inhibitors. With a consistent conversion time of 18 min, raising the
SurTec 650 bath concentration from 10 to 50 vol% led to a shift in
the coating structure from a uniform nodular pattern (sized around
100 nm) to a non-uniform, cracked appearance. Similarly, Chen et
al.57 reported that many cracks formed on the AA5052 surface
following an extended period (600 s) of immersing in the trivalent
chromium conversion solution. Experimental results showed that the
conversion time between 30 and 300 s relates to the coating growth.
The coatings formed at 300 s had a uniform structure where
zirconium and chromium were concentrated in the inner and outer
layers of the coating, respectively.57

With this work, we aimed to address the current lack of
studies focused on ZrCCs deposited on AA3003. Most
existing research has focused on ZrCCs for alloy series
1xxx,11,22,36 2024,18,19,28,31,33,35,36,41,44,55,58–63 5xxx,32,39,43,54,57

6xxx,8,20,26,29,30,34,42,58 and 7xxx,27 whereas their performance on
3xxx23,56 has received little attention and remains largely unex-
plored. We investigated the morphology, composition, and electro-
chemical properties of two Zr-based commercial conversion coat-
ings differing in the presence of trivalent chromium, i.e.
MAVOMcoat 1700 and MAVOMcoat 1300. Coatings were prepared
at the same weight concentration at different conversion times.
Before potentiodynamic measurements in 3.5 wt% NaCl and surface
analysis, samples were subjected to (1) air-drying for 15 min, (2) air-
drying for 24 h, and (3) 24 h immersion in 3.5 wt% NaCl.
Electrochemical measurements, scanning electron microscopy
(SEM) with energy-dispersive X-ray spectroscopy (EDS) and X-
ray photoelectron spectroscopy (XPS) were employed to investigate
the corrosion properties, surface composition and morphology of the
deposited coatings. Focused ion beam (FIB) milling was used to

prepare cross-sections for thickness measurements and detailed
subsurface analysis.

Experimental

Materials, sample preparation and chemicals.—The 50 micro-
metre-thick foil of aluminium alloy AA3003, produced by Impol
2000 d.d., Slovenia, was used as a substrate. The chemical
composition of the alloy was Si 0.14 wt%, Fe 0.6 wt%, Cu 0.13 wt
%, Mn 1.1 wt%, Zn 0.009 wt%, Cd 0.0003 wt% and Al 98.1 wt%, as
specified by the manufacturer. The samples were cut in a rectangular
shape with a dimension of 20 mm × 40 mm.

All samples were first ultrasonically cleaned (Elmasonic P 30 H)
in absolute ethanol (Carlo Erba reactants) for 3 min to remove
physically adsorbed organic contaminations from the surface and
dried with pure compressed nitrogen (designated as bare-AA3003).
The roughness (Ra) of the substrate was 0.175 μm ± 0.0051 μm, as
was measured using five randomly selected 4-mm long lines using a
stylus contact profilometer Bruker DektakXT model (Bruker,
Billerica, MA, USA), equipped with a 2 μm tip, operating in a
soft-touch mode with a force of 1 mN. The collected data were
analysed using TalyMap Gold 6.2 software.

Mechanical grinding was not performed before conversion
treatment. Preliminary tests showed that mechanical abrasion caused
surface cracking due to the low thickness (50 μm) of the aluminium
alloy sheet, making such treatment unsuitable.

Chemical pre-treatment was carried out using a mixture of 2 wt%
SurTec 132 (pH = 8.3) and 0.5 wt% SurTec 089 (SurTec
International GmbH, Germany) cleaning agents for 3 min at 40 °
C. The surface was then desmutted for 30 s at room temperature with
50 wt% HNO3, pH= 1.5 (65%, Sigma Aldrich). After chemical pre-
treatment and desmutting, the sample was rinsed with Milli-Q Direct
water (Millipore, Billerica, MA) with resistivity ⩾ 18.2 MΩ·cm at 25
°C and dried with nitrogen gas. Details about the optimisation of the
chemical pre-treatment are described in our previous study.56

Chemically pre-treated samples are designated CP-AA3003.
The Zr-based chemical conversion solutions MAVOMcoat 1700

and MAVOMcoat 1300 were supplied by MAVOM Chemie BV,
The Netherlands.

Conversion coatings and post-treatments.—Conversion coatings
MAVOMcoat 1700 and MAVOMcoat 1300 were deposited by
immersion (dip application) of CP-AA3003 samples in the conversion
bath at room temperature. A 250 ml polyethylene cup was used as a
conversion bath and mixed using a magnetic stirrer at 250 rpm. After
different immersion times in the conversion bath, the samples were
rinsed and immersed for 1 min in Milli-Q water at room temperature
and dried in a stream of nitrogen. Immediately afterwards, the samples
were dried in a laboratory oven for 3 min at 100 °C.

MAVOMcoat 1700 (designated MC1700) is a Zr-based and Cr-
free chemical conversion coating containing dihydrogen hexafluor-
ozirconate. The 5 wt% MC1700 solution was prepared with Milli-Q
Direct water, and pH was set to 4.4 using 15 wt% ammonium
bicarbonate (NH4)HCO3 (Sigma Aldrich, Saint Louis, MO, USA).

MAVOMcoat 1300 (designated as MC1300) is a hexafluoro-
zirconate type of conversion coating with the addition of trivalent
chromium Cr(III). The conversion bath contained 5 wt% of MC1300
with pH=4.1 (adjusted with 25% NH3 solution, Merck, Darmstadt,
Germany). The solution was prepared using Milli-Q Direct water.

According to the manufacturer’s recommendations, the suggested
conversion time (tconv) for MC1700 is between 20 s and 180 s, and
for MC1300, between 60 s and 600 s. In this study, for the sake of a
systematic approach, various tconv were selected (from 80 s to
45 min) according to the shape of the open circuit potential (OCP)
vs conversion time curves measured in conversion baths. After
deposition, three post-conversion treatments were applied before
electrochemical or SEM/EDS measurements: (1) samples were air-
dried for 15 min (designated M1700 and MC1300), (2) samples were
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air-dried for 24 h (designated M1700_air and MC1300_air), and (3)
samples were immersed in 3.5 wt% NaCl for 24 h (designated
M1700_NaCl and MC1300_NaCl).

Characterisation.—Electrochemical measurements.—
Electrochemical measurements were conducted in a three-electrode
conventional corrosion cell (K0235 Flat Cell Kit, volume 250 ml,
Metrohm Autolab, Utrecht, Netherlands) at room temperature in
3.5 wt% NaCl (99.7%, Fisher Scientific), pH∼5.5. A specimen
(working electrode) was embedded in a Teflon holder with an
exposed area of 1 cm2. An Ag/AgCl electrode (sat. AgCl/KCl,
0.197 V vs standard hydrogen electrode) was used as the reference
electrode, and a platinum mesh served as a counter electrode. All
potentials in the text are referred to the Ag/AgCl scale.

Electrochemical experiments were performed with the potentio-
stat/galvanostat Autolab PGSTAT 12 (Metrohm Autolab, Utrecht,
Netherlands) and controlled by Nova 2.1 software. First, the linear
polarisation measurements were recorded in a potential range ±
10 mV vs stable OCP, using a 0.1 mV s−1 potential scan rate. Using
Nova software, the polarisation resistance (Rp) was calculated based
on parameters derived from the Tafel extrapolation method in
accordance with the ASTM G59–97 standard.64 After that, the
potentiodynamic polarisation measurements (denoted as PD) were
performed using a 1 mV/s potential starting at −250 mV vs OCP in
the anodic direction until the current reached 0.1 mA. For each
sample, measurements were repeated at least three times, and the
most representative measurement was chosen to be presented in
graphs. In tabular form, results are shown as mean ± standard
deviation. The electrochemical corrosion parameters, corrosion
potential (Ecorr), and corrosion current density (jcorr) were deter-
mined from polarisation curves by Tafel approximation using Nova
2.1 software. Additionally, breakdown potential (Ebd) and extent of
passive range (ΔE = Ebd–Ecorr) were determined from the polarisa-
tion curves.

OCP measurements were made for selected specimens during
coating formation in a polyethylene cup containing conversion bath.
The exposed area of each specimen was ∼2 cm2. An Ag/AgCl
electrode was employed as the reference electrode.

Surface analysis.—Scanning electron microscopy (SEM) images
using the back-scattered electron (BSE) signal were recorded using a
JEOL JSM-7600F microscope (Peabody, MA, USA) at an accelera-
tion voltage of 10 kV or 15 kV (for Figs. 3 and 4). The instrument is
equipped with an energy-dispersive X-ray spectroscope (EDS)
supplied by Oxford Instruments INCA (Abingdon, UK). Images
were recorded in secondary electron (SE, lower electron imaging
LEI) and back-scattered electron (BSE, Compo) modes. The selected
analysed area was a few micrometres in diameter, and the analysed
depth was around 1 micrometre. Analysis was performed at 10 kV
and 15 kV. Before analysis, the specimens were coated with a thin
carbon layer.

Selected specimens were analysed using focused ion beam SEM
(FIB-SEM, FEI Helios NanoLab 650 SEM) (Figs. 7–13). Images
were taken in SE mode at 5 kV. EDS spectra were recorded using an
Oxford Instruments AZtec system with X-max SDD (50 mm2)
detector. Before SEM analysis, samples were coated with a thin
carbon layer to reduce the charging effect.

The cross sections of selected regions on the samples were
obtained after the deposition of a thin layer of carbon on the surface
(first, 0.2 μm thick layer was deposited using an electron beam at
2 kV and 0.8 nA, the second layer, 1 μm thick, was deposited using
Ga FIB beam at 30 kV and 0.24 nA), followed by cutting the coating
using Ga FIB beam at 30 kV and 0.77 nA. The surface was polished
with a Ga beam at 30 kV and 83 pA in the last step. Imaging along
the cross section was performed by SEM using SE mode at 5 kV.

The X-ray photoelectron spectroscopy (XPS) analyses were
carried out on the PHI-TFA XPS spectrometer produced by
Physical Electronics Inc., Feldkirchen, Germany. During the ana-
lysis, the vacuum was in the range of 10–9 mbar. The investigated

area was 0.4 mm in diameter, and the analysed depth was about
3–5 nm. Sample surfaces were excited by X-ray radiation from a
monochromatic Al source at a photon energy of 1486.6 eV. The
survey wide-energy spectra were taken with a pass energy of
analyser of 187 eV to identify and quantify present elements on
the surface. The high-energy resolution spectra were acquired with
an energy analyser operating at a resolution of about 0.6 eV and pass
energy of 29 eV. XPS spectra were analysed by Multipak software,
version 8.1 (Physical Electronic Inc.). During data processing, the
spectra were aligned by setting the C 1s peak at 284.8 eV,
characteristic of C–C/C–H bonds). Carbon as an adventitious
element was not considered when calculating the surface elemental
composition.

Depth profiles of the oxide layers were obtained using an Ar+

beam at a sputtering rate of 1.1 nm/min, calculated using an Al2O3

layer of known thickness deposited by atomic layer deposition.
To ensure reproducibility and account for potential heterogeneity

of the conversion coatings, surface characterisation was carried out
at a minimum of three distinct locations across the surface of each
sample. These locations were selected to capture representative
coating morphology and composition features.

Results and Discussion

The first step was optimising the conversion time for coating
deposition, which ranged from 80 sec to 45 min at room temperature.
During that time, the OCP of the sample was measured. After the
designed conversion period, the sample was rinsed and dried.
Afterwards, the samples were subject to three post-conversion
routes: (1) air drying for 15 min, (2) air drying for 24 h, and (3)
immersion in 3.5 wt% NaCl solution for 24 h (Fig. 1). Following the
post-conversion treatment, the electrochemical measurements were
conducted in 3.5 wt% NaCl. Based on the deduced electrochemical
parameters (small jcorr, large Rp and broad ΔE), the optimal
conversion times were selected and then used with two different
post-conversion treatments (24 h air drying and 24 h immersion in
3.5 wt% NaCl). For those, SEM/EDS and XPS analyses were made
to study the morphology and chemical composition of the conver-
sion coatings formed on the AA3003 surface.

The effect of conversion time and post-conversion treatment.—
The open-circuit potential was measured during immersion for 1 h in
the MC1300 and MC1700 conversion baths to determine the kinetics
of conversion coating formation on sample AA3003 (Fig. 2).

Upon immersion, OCP in the MC1300 bath was −0.64 V and in
the MC1700 − 0.76 V. The potential decreased, forming a small
peak at −0.86 V (at 59 s) for MC1300 and −1.1 V (at 79 s) for
MC1700. This peak was followed by a larger decrease to minimum
values of −1.05 V for MC1300 (at 263 s) and −1.31 V for MC1700
(at 437 s). The shift of OCP in the negative direction reflects the
dissolution of the Al oxide layer upon immersion in the ZrCC bath
of pH 4.4 and 4.1, respectively. Subsequently, the OCP curves
gradually shifted to more positive values, reflecting the coating’s
progressive coverage of the surface. For MC1300, OCP attained a
relatively constant value of −0.5 V. In the MC1700 bath, the
positive shift was lesser (≈0.1 V) than for MC1300 (≈0.55 V),
and after 2000 s, the OCP was 0.66 V more negative than that of
MC1300, i.e. −1.2 V. The observed more potential shift for
MC1300 is likely due to the different thicknesses of the two
coatings, as shown below (Figs. 3 and 4), or the effect of Cr in
the coating. The latter diminishes the cathodic activity and leads to a
subsequent increase in electrochemical potential.

The shapes of OCP curves reflect the processes occurring in the
conversion bath during the coating formation on the AA3003
sample. In the first stage, when the potential drops to a minimum
value, the naturally formed aluminium oxide layer begins to dissolve
due to the attack of fluoride species from ZrF6

2−-containing
bath.23,35,44,51,65,66 At the same time, oxygen reduction and hydrogen
evolution reactions occur at cathodic sites and lead to local
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alkalisation up to pH = 8.5 near cathodic sites.44 This establishes
the conditions required for the deposition of Zr-hydroxide (Eq. 1),
a pH-driven process.44,51,57

+ → ⋅ + [ ]( )
− −

( ) ( )
−ZrF 4OH ZrO 2H O 6F 16 aq

2
aq 2 2 s aq

At the minimum potential, natural oxide dissolution and deposi-
tion coating formation are in balance. When the OCP shifts less
negative, the growth of conversion coating increases over film
dissolution. A plateau reached at longer conversion times indicates
that the deposition process becomes dominant over dissolution,
resulting in more extensive conversion coating coverage. At longer
immersion times, the conversion coating continues to grow, but due
to the increase in thickness, cracking of the coating results in a loss
of protection.55,67,68

Based on the OCP measurements (Fig. 2), the conversion times
of 80 s, 7 min, 18 min and 45 min for MC1300 and 120 s, 10 min,
18 min, 30 min and 45 min (only for PD measurement) for MC1700
were selected for initial SEM/EDS and electrochemical measure-
ments. SEM/EDS analysis will be considered first.

Figure 3 shows the BSE images of the morphology of CP-
AA3003 samples coated with MC1700 conversion coatings prepared
at different conversion times and then air-dried for 15 min. At 120 s
conversion time (Fig. 3a), many smaller and somewhat larger bright
particles existed. Only the matrix was detected in location (1)
(Table I). Larger bright particles, sized around 3.5 μm, are inter-
metallic particles (IMPs), mainly Al(Mn,Fe) in location (2), Al(Mn,
Fe)Si in location (3) and Al(Mn,Fe)Si,Cu in location (4)). No
deposition of Zr or F was identified at any of the spots at the
surface using the given EDS analysis parameters.

Figure 2. The dependence of the open circuit potential vs time during the immersion of AA3003 in MC1300 and MC1700 conversion baths at room
temperature.

Figure 1. Schematic presentation of the procedure for conversion coating analyses.
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Figure 3. SEM back-scattered electron micrographs of AA3003 samples coated with MC1700 conversion coatings prepared with different conversion times: (a)
120 s, (b) 10 min, (c) 18 min, and (d) 30 min. The enumerated spots are the locations where EDS analysis was performed (Table I). BSE images were taken at an
acceleration voltage of 15 kV. The arrow in (a) denotes the defect in the material. The SEM images recorded in LEI mode and images for bare and chemically
treated samples are given in Fig. S1.

Table I. The concentrations of elements obtained by EDS analysis of CP-AA3003 coated with MC1700 conversion coatings prepared at different
conversion times for MC1700 (Fig. 3). Notation “m” in the first column denotes the matrix. For quantification, please refer to the footnote.a)

Concentration (at%)

Location Conversion time O Al Mn Fe Si Zr F Cu

1 m 120 s (Fig. 3a) <1 99 0.7 — — — — —

2 1 79 11.4 8.6 — — — —

3 <1 77 11.2 7.6 3.4 — — —

4 1 69 13.6 11.3 4.7 — — 0.3
1 10 min (Fig. 3b) 1 83 8.6 3.2 3.0 0.8 <1 —

2 1 82 9.0 7.1 — 0.5 — 0.3
3 m 1 98 0.3 — — 0.6 — —

4 2 90 2.6 2.1 — 3.0 <1 0.2
1 18 min (Fig. 3c) 2 79 7.1 9.6 — 1.7 — 0.6
2 1 96 0.7 0.5 — 0.9 <1 —

3 m 1 97 0.3 — — 0.8 — —

4 2 80 7.6 6.6 2.9 1.1 — 0.4
5 m 1 96 0.6 — — 0.9 <1 0.3
1 30 min (Fig. 3d) 2 94 0.3 0.2 — 3.3 <1 —

2 2 78 9.7 7.9 — 2.0 — 0.3
3 m 2 95 0.4 — — 2.8 <1 —

4 1 94 1.1 0.7 — 1.6 <1 0.3

a) In EDS, detection limits are typically considered to be ⩾1% for low atomic number elements (F to Be) and ⩾0.1% (1000 ppm) for higher atomic number
elements. With standardless quantitative EDS, which is most often used, relative errors may be ±2% to ±5% for major components (https://www.jeolusa.
com). Accordingly, in the tables, concentrations for light elements (O and F) were rounded to 1 at%, as well as for Al as a major element coming from the
substrate.
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For comparison, SEM images of bare AA3003 samples cleaned
using nitric acid and alkaline cleaning agents and nitric acid are
presented in Fig. S1. In addition to the matrix and intermetallic
particles, several round or irregular defects were visible (noted in
Fig. 3a with arrow). The comparison of the pristine sample and after
chemical cleaning shows no particular difference in the number of
these defects, which seem to be related to the fabrication.

However, after 10 min of immersion in MC1700 (Fig. 3b), Zr and
F were identified (Table I), confirming that the conversion time is
decisive in the deposition process. The content of Zr ranged from 0.5
to 3 at%, and F was below 1 at%, depending on the location at the
surface. Three IMPs were analysed: (1) Al(Mn,Fe)Si, (2) Al(Mn,Fe),
and (4) Al(Mn,Fe)Cu. Among these IMPs, the latter had the highest
Zr content (3 at%), probably reflecting the highest electrochemical
activity of this IMP containing Cu. At this spot, the concentration of
O also increased. Compared to the conversion time of 120 s, smaller
concentrations of Mn, Fe and Si on IMPs were detected due to their
coverage with the coating. The increase of O, Zr and F is attributed
to the formation of Zr conversion coating, which contains both oxide
and fluoride, as has already been observed.56 The fluoride content is
smaller than that of oxygen. The deposition of ZrCC was not limited
to IMPs but extended throughout the surface since Zr was also
detected at the matrix (location (3)).

Prolongation of conversion time to 18 min (Fig. 3c) generally led
to a slight increase in Zr content. Copper was detected on IMPs (1),
(4), and (5), where Zr contents were more expressed. At locations (2)
and (5), F was detected. Locations (3) and (5) refer to the alloy
matrix, which Zr coating also covered. The fact that scratches and
grooves were less visible after 18 min than after 120 s and 10 min of
conversion confirms that the coating formed during 18 min is

thicker, as reflected below by electrochemical measurements
(Fig. 6 and S3).

After 30 min of conversion (Fig. 3d), more surface defects
(denoted by black holes) were observed on the surface, and the
coating appeared more etched. The differences in surface mor-
phology are more clearly visible in the SE SEM images (Fig. S1),
where they appear as pronounced dark features aligned with the
rolling direction. Nevertheless, the concentration of Zr and F was
highest at this conversion time. Notably, for all samples, the
concentration of Al was relatively high because the small thickness
of the coating allowed the detection of the underlying substrate when
using the EDS technique with micrometre-large depth analysis. Due
to this interaction volume and the resulting signal overlap between
the coating and substrate, the reported elemental concentrations
should be considered as semi-quantitative estimates.a

Figure 4 shows the SEM micrographs of the surface morphology
of AA3003 specimens after 80 s, 7 min, 18 min and 45 min immer-
sion time in MC1300. The corresponding EDS analysis of numbered
locations is given in Table II.

For the shortest conversion time (80 s) of MC1300 (Fig. 4a), the
results show similar behaviour as with the conversion coating
MC1700 at 120 s (Fig. 3a). No conversion coating was detected
using EDS (Table II).

After 7 min of immersion in the MC1300 bath, the presence of Zr
was detected on locations (3)−(5) (Fig. 4b). Cr was detected only on
IMP (4) Al(Mn,Fe)Si. The highest content of Zr (11 at%) was
detected at location (5), where also F was present (Table II). The
detected concentrations of Zr, Cr, and F confirm the formation of a
conversion coating on the surface of IMPs but not on the matrix
(location (1)).

Figure 4. SEM back-scattered electron micrographs of AA3003 coated with MC1300 conversion coatings prepared with different conversion times: (a) 80 s, (b)
7 min, (c) 18 min, and (d) 45 min. The enumerated spots are the locations where EDS analysis was performed (Table II). BSE images (a) and (b) were taken at an
acceleration voltage of 15 kV, (c) and (d) at 10 kV. The SEM images recorded in LEI mode are given in Fig. S2.
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After 18 min, significantly higher concentrations of Zr, Cr, F, and
O were detected on IMP (1) (Fig. 4c), extending to 24 at% Zr, 5 at%
Cr and 3 at% F. At IMPs (3) and (4), less Zr and no Cr were
detected.

After 45 min of conversion time, the overall values of Zr, Cr, F,
and O were higher compared to shorter conversion periods (Fig. 4d,
Table II). Particle agglomeration was observed, indicating that the
conversion coating is no longer evenly distributed on the surface.

Subsequently, electrochemical measurements in 3.5 wt% NaCl
were conducted for bare-AA3003, CP-AA3003, MC1700- and
MC1300-coated CP-AA3003 samples prepared at various conver-
sion times and then subjected to three post-treatments: air drying for
15 min, air drying for 24 h, and immersion in NaCl solution for 24 h.
As will be shown, polarisation measurements reflect the differences
in the corrosion protective ability of the coated samples only after
prolonged immersion in NaCl solution. The potentiodynamic polar-
isation curves measured in 3.5 wt% NaCl for all samples are
provided in the Supplementary material, together with the deduced
electrochemical parameters given as mean values and standard
deviations (Figs S3 and S4, Tables S1 and S2). Polarisation curves
for selected specimens will be described in more detail in the next
section. For a more accessible presentation of the results, the main
electrochemical parameters (Rp, jcorr andΔE) are herein presented in
Fig. 5. The conversion time and type of post-conversion treatment
have a decisive effect on the electrochemical response for the non-
coated and coated samples (Figs. S3 and S4). Figures 5a, 5c, 5e
exhibit the electrochemical parameters for MC1700 samples pre-
pared for different conversion times and post-treated by air drying
and immersion in NaCl. Values of Rp, jcorr and ΔE for chemically
pre-treated substrate (without coating) and subjected to the same
post-treatments are given at the ordinate axes.

Let us first consider air-dried samples. Compared to CP-AA3003,
all coated samples exhibited smaller Rp and higher jcorr. However,
ΔE values for samples prepared at tconv > 120 s (Fig. 5e) are much
larger than for non-coated samples, probably related to the increased
thickness of the coating (Fig. 3). Therefore, comparing only Rp and
jcorr of coated samples with uncoated ones does not reflect any
improvement in the corrosion behaviour brought by the coating.
However, when considering ΔE, the beneficial effect is evidenced.

The effect of tconv is also reflected mainly in ΔE parameter. The
general conclusion may be that after a shorter tconv of 10 min,
prolonged air drying of 24 h is beneficial, resulting primarily in a

broader ΔE region and higher Rp. For longer tconv, Rp increased
further, but ΔE region narrowed. It seems, however, that prolonged
air drying significantly affects the non-coated substrate as well; for
example, Rp for CP-AA3003 increased twofold after 24 h air drying
(from 628 to approximately 1300 kohm cm2) andΔE from 70 mV to
120 mV. This probably results from the thickening and densifying of
the Al oxide layer during air drying, which occurs within the pores
of the coated samples or non-coated areas, thus contributing to the
improvement of electrochemical parameters. The beneficial effect of
prolonged air drying was observed on TCP-coated AA202458 and
our previous study on ZrCC on AA5754.39 Although EDS did not
identify Zr or F for tconv of 120 s (Fig. 3a, Table I), the
electrochemical response (Figs. 5, 6 and A1) confirms the change
compared to the non-coated substrate, indicating that the coating was
present at the surface. This apparent discrepancy can be explained by
the thickness of the coating being too small to be detected by EDS
analysis.

The beneficial effect of conversion treatment is evidenced
primarily after prolonged immersion in 3.5 wt% NaCl since all
electrochemical parameters of the coated samples are now superior
to non-coated samples. After immersion in NaCl, Rp values of
MC1700-AA3003 samples were almost 4 times larger than those of
immersed CP-AA3003 and also larger than MC1700-coated samples
dried in air (Fig. 5a). This is valid for MC1700 coatings prepared at
shorter tconv, up to 18 min. For samples of tconv >18 min, Rp

progressively decreased to 530 kohm cm2, indicating that longer
tconv did not provide adequate protection. The effect of tconv is also
well evidenced in the trend of jcorr and ΔE (Figs. 5c,5d). After
immersion in NaCl, jcorr values of coated samples prepared at tconv
up to 18 min were lower than those on non-coated samples subject to
the same treatment. ΔE values showed a similar trend.

It seems that the efficiency of protection cannot be regarded by
only one electrochemical parameter but is an interplay of all three
parameters: Rp, jcorr and ΔE. Rp seems to be a more suitable
evaluation parameter than jcorr, as already pointed out in our
previous studies by Kraš et al.38,39 ΔE is an additional representative
parameter. Also, measuring polarisation curves in 3.5 wt% NaCl
immediately after preparation or even after prolonged drying does
not necessarily reflect the protective ability of the prepared coatings.
The results show that more relevant information on the protective-
ness of coated samples can be obtained after prolonged immersion in
3.5 wt% NaCl.

Table II. The concentrations of elements obtained by EDS analysis of CP-AA3003 coated with MC1300 conversion coatings prepared at different
conversion times (Fig. 4). Notation “m” in the first column denotes the matrix. For quantification, please refer to the footnote.a

Concentration (at%)

Location Conversion time O Al Mn Fe Si Cr Zr F Cu

1 80 s (Fig. 4a) 1 76 10.9 10.9 0.1 — — — 0.4
2 m <1 99 0.4 — — — — — —

3 <1 79 9.9 10.2 — — — — 0.5
1 m 7 min (Fig. 4b) <1 99 0.5 — — — — — 0.2
2 <1 82 8.4 6.3 2.6 — — — 0.3
3 1 67 15.1 11.0 5.2 — 0.6 — 0.4
4 2 94 0.8 0.3 0.2 0.3 1.9 — —

5 6 73 — — 7.7 — 11.0 3 —

1 18 min (Fig. 4c) 14 43 5.9 5.1 — 5.1 23.9 3 —

2 m <1 99 — — — — — — —

3 4 82 5.6 2.3 1.2 — 4.1 <1 —

4 3 72 12.4 8.4 — — 2.8 — 0.5
1 45 min (Fig. 4d) 5 72 11.3 3.2 — 1.3 5.1 2 —

2 m 10 61 — — — 5.2 19.6 4 —

3 m <1 99 — — — — — — —

4 13 48 5.9 — 1.0 5.1 21.3 6 —

5 m 11 62 1.5 — — 5.0 17.4 3 —

6 10 47 9.3 6.8 3.5 3.1 16.1 4 —
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Results for MC1300 are presented in Figs. 5b, 5d, 5f. A similar
trend to MC1700 samples was observed. Samples subjected to short
conversion time exhibited higher Rp after immersion in NaCl than
after air drying and considerably higher than for non-coated samples.
The electrochemical response registered the effect of the coating
prepared at tconv of 80 s, although it was not detectable by EDS
(Fig. 4a, Table II). If the conversion time was longer, the Rp dropped
significantly and was eventually similar for all coated samples and
smaller than for non-coated ones (Fig. 5b). Larger differences were
observed in jcorr (Fig. 5d), where smaller jcorr were measured for
shorter conversion times. Again, the coated samples immersed in
NaCl exhibited significantly lower jcorr values than non-coated
samples, which was not the case when the coated samples
experienced only 15 min air drying. For tconv > 18 min, all coated

samples showed deteriorated behaviour. A reduction of ΔE was
observed for tconv > 7 min (Fig. 5f) regardless of the post-treatment.

Based on the deduced electrochemical parameters (small jcorr,
large Rp, the widest ΔE) for samples prepared at different conver-
sion times (Figs. 5, S3 and S4) and results of SEM/EDS analyses
(Figs. 3, 4), the following parameters were selected as the appro-
priate conversion coating treatment: immersion time of 10 min for
MC1700 and 7 min for MC1300. Although the electrochemical
parameters (small jcorr, large Rp) were adequate even for the shortest
conversion time (120 s for MC1700 and 80 s for MC1300),
complementary SEM analysis (Figs. 3 and 4 and Tables I and II)
showed no detectable Zr signal, which is typically indicative of the
presence of a conversion coating. Therefore, it was assumed that the
coating formed under these conditions was either absent or too thin

Figure 5. Variation of the (a, b) polarisation resistance (Rp), (c, d) corrosion current density (jcorr) and (e, f) extent of passive range (ΔE) with conversion time
for (a, c, e) MC1700 and (b, d, f) MC1300 in 3.5 wt% NaCl. Before measurements, the samples were air-dried for 15 min and 24 h and immersed for 24 h in
3.5 wt% NaCl. The presented values are mean values; please refer to Tables S1 and S2 for standard deviations. Values of Rp, jcorr and ΔE for chemically pre-
treated substrate (without coating) and subjected to the same post-treatments are given at the ordinate axes.
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to be reliably detected by EDS and, thus, not considered sufficient
for efficient protection. In contrast, electrochemical parameters for
the coatings prepared at longer conversion times (> 10 min) showed
poor corrosion resistance (larger jcorr, smaller Rp) (Fig. 5).

Potentiodynamic polarisation curves for bare and CP-A3003
samples and samples coated with two selected coatings and three
post-conversion treatments are shown in Fig. 6. Electrochemical
parameters deduced from these curves are given in Table III.

First, the effect of post-treatment is discussed for non-coated
A3003 samples. The polarisation curve for bare-AA3003 shows a
relatively good corrosion resistance with jcorr of 0.1 μA cm−2 and
ΔE of 0.12 V (Figs. 6a and S3, Table III). CP-AA3003 exhibited
lower jcorr and more positive Ecorr measured after 15 min air drying.
The improvement in corrosion parameters results from removing the
naturally formed oxide layer and subsequent passivation in nitric
acid. Ebd was similar for both samples. If the samples were dried in

Figure 6. Potentiodynamic polarisation curves recorded for uncoated AA3003, chemically pre-treated (CP-AA3003) and coated with MC1300 (tconv = 7 min)
and MC1700 (tconv = 10 min) coatings at room temperature. The curves were recorded in a 3.5 wt% NaCl solution. Before PD measurements, the samples were
(a) air-dried for 15 min, (b) air-dried for 24 h and (c) immersed for 24 h in 3.5 wt% NaCl. The scan rate was 1 mV s−1. Electrochemical parameters deduced
from the curves are presented in Table III.

Table III. Electrochemical parameters were deduced from potentiodynamic measurements in 3.5 wt% NaCl for uncoated AA3003, chemically pre-
treated (CP-AA3003) and coated with MC1300 (tconv = 7 min) and MC1700 (tconv = 10 min) coatings. The polarisation resistance (Rp) was
determined from linear the polarisation measurements, and the corrosion potential (Ecorr), corrosion current density (jcorr), breakdown potential
(Ebd) and ΔE = |Ebd - Ecorr| from potentiodynamic polarisation curves (Fig. 6). Values are given as mean ± standard deviation.

Post- treatment Sample OCP (V) Rp (kΩ cm2) Ecorr (V) jcorr (μA cm−2) Ebd (V) ΔE (V)

15 min air drying AA3003 −0.82 ± 0.02 560 ± 50 −0.78 ± 0.01 0.1 ± 0.04 −0.66 ± 0.04 0.12 ± 0.01
CP-AA3003 −0.77 ± 0.05 680 ± 90 −0.74 ± 0.03 0.04 ± 0.03 −0.67 ± 0.01 0.07 ± 0.02
MC1300 −0.71 ± 0.03 30 ± 4 −0.75 ± 0.05 0.1 ± 0.08 −0.68 ± 0.01 0.07 ± 0.03
MC1700 −0.77 ± 0.05 430 ± 10 −0.78 ± 0.05 0.09 ± 0.01 −0.59 ± 0.01 0.19 ± 0.04

24 h air drying AA3003 −0.83 ± 0.03 1400 ± 300 −0.74 ± 0.03 0.04 ± 0.02 −0.66 ± 0.01 0.09 ± 0.02
CP-AA3003 −0.78 ± 0.02 1300 ± 200 −0.80 ± 0.01 0.02 ± 0.01 −0.68 ± 0.01 0.12 ± 0.01
MC1300 −0.70 ± 0.03 190 ± 40 −0.72 ± 0.04 0.13 ± 0.11 −0.68 ± 0.02 0.04 ± 0.02
MC1700 −0.98 ± 0.01 530 ± 60 −1.01 ± 0.01 0.08 ± 0.01 −0.59 ± 0.02 0.42 ± 0.02

24 h immersion in 3.5% NaCl AA3003 −0.77 ± 0.02 320 ± 120 −0.81 ± 0.02 0.1 ± 0.03 −0.63 ± 0.05 0.18 ± 0.03
CP-AA3003 −0.76 ± 0.01 740 ± 50 −0.82 ± 0.02 0.06 ± 0.03 −0.64 ± 0.02 0.17 ± 0.04
MC1300 −0.82 ± 0.01 890 ± 70 −0.86 ± 0.01 0.05 ± 0.01 −0.67 ± 0.01 0.18 ± 0.02
MC1700 −0.77 ± 0.04 2000 ± 500 −0.80 ± 0.02 0.01 ± 0.03 −0.63 ± 0.01 0.17 ± 0.01
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air for 24 h before measurement (Fig. 6b), the Ecorr for bare-AA3003
shifted positively (from −0.78 to −0.74 V) in contrast to the CP-
AA3003, which moved in the negative direction (from −0.74 to
−0.80 V). This led to expanding the ΔE value for CP-AA3003 from
70 to 120 mV. The jcorr of both samples was smaller and Rp higher
compared to shorter air drying time.

After 24 h immersion in 3.5 wt% NaCl, the potentiodynamic
polarisation curves for bare- and CP-AA3003 had similar shapes
(Fig. 6c) but with wider ΔE and higher jcorr values than 24 h air
drying. As mentioned above, prolonged drying in air beneficially
affects the corrosion resistance of AA3003, presumably due to the
thickening or densifying of the surface layer. However, after 24 h of
immersion in 3.5 wt% NaCl, the curves still showed the extended
passive range but, at the same time, exhibited higher current
densities. Therefore, the corrosion resistance of AA3003 was
jeopardised.

The deposition of the conversion coatings on CP-AA3003
changed the polarisation response. When the polarisation curves of
the coated samples were measured after only 15 min air drying, the
response was similar to bare-AA3003 (Fig. 6a). The jcorr values were
around 0.1 μA cm−2 (Table III). Both coated samples exhibited
larger jcorr and smaller Rp than CP-AA3003, but the curves for
coated samples shifted negatively, resulting in the extendedΔE. The
curve for MC1700 exhibited the widest ΔE window among the
samples.

If the samples were air-dried for 24 h before the PD measurement
(Fig. 6b), the main difference was for the MC1700, where Ecorr

became more negative (−1.01 V), resulting in an increase of ΔE
from 190 to 420 mV (Table III). This indicates that the coating
MC1700 provided better cathodic than anodic inhibition after air
drying. However, Rp was smaller and jcorr larger than bare- and CP-
AA3003. For the sample coated with MC1300, the prolonged air
drying did not significantly improve the corrosion behaviour
compared to CP-AA3003.

The corrosion behaviour of non-coated and coated samples was
also evaluated after 24 h of immersion in 3.5 wt% NaCl (Fig. 6c).
Compared with the results after 24 h air drying (Fig. 6b), both curves
for non-coated samples shifted towards higher current densities and
more negative potentials, indicating the dissolution of the surface
oxide layer. In contrast, coated samples shifted towards smaller
current densities and exhibited similar Ecorr (between −0.80 V and
−0.86 V) and ΔE (170–180 mV). Therefore, immersion in NaCl
resulted in a strong shift of the MC1700-coated sample to more
positive potentials and smaller current densities, indicating a change
of predominantly cathodic inhibition to anodic inhibition (Table III).
In contrast, the polarisation curve for the MC1300-coated sample
shifted in a more negative direction, thus significantly increasing
ΔE. When judging the inhibition efficiency between the MC1700
and MC1300 coatings, the former performed better regardless of the
post-conversion treatment, but especially after 24 h immersion in
NaCl. As discussed in the above text, 24 h of immersion in NaCl
gave the most relevant information on the degree of corrosion
protection offered by MC1700 and MC1300 when deposited on CP-
AA3003. Polarisation measurements immediately after coating
preparation (15 min air drying) or even after prolonged air drying
(24 h) did not realistically reflect the degree of corrosion protection.
It seems, therefore, that the metal surface covered by a thin
conversion coating is a dynamic system subject to oxide thickening
and densifying during the post-preparation period. Further, poten-
tiodynamic polarisation measurements may be too destructive for
such thin layers. Performing separate anodic and cathodic scans
from the OCP would likely have provided more reliable results and
should be considered in future studies. Moreover, reporting corro-
sion protectiveness based only on the potentiodynamic measure-
ments immediately after the coating preparation may bring false
results.

SEM-EDS characterisation for non-coated substrate and selected
conversion coatings.—Figures 7–9 show SEM images of surface

morphology and microstructure of bare- AA3003, CP-AA3003 and
CP-AA3003 samples coated with MC1700 and MC1300 after 24 h
post-treatments in air and 3.5 wt% NaCl. Additional data are given
in the Supplementary materials (Figs. S5–S8).

The microstructural characteristics of AA3003 were reported in
detail in our previous study.56 The main intermetallic particles are at
location (1) Al(Mn,Fe) with a Mn/Fe ratio of around 1, and location
(2) Al(Fe, Mn)Si with a Mn/Fe ratio of 4.4 and Si/Fe of 2.4 (Fig. 7a,
Table IV). Location (3) represents the alloy matrix. After 24 h of
immersion in 3.5 wt% NaCl sample AA3003 exhibited pits and
cracks (Fig. 7b). The content of O increased compared to bare alloy
and was the largest at locations (5) and (6), reflecting the abundant
formation of corrosion products. The former refers to Mn-Fe-rich
IMP, and the latter to the pit’s edge, where Zn and Cl were detected.
At location (7), an Al(Fe, Mn)Si IMP, Zn, Cl and Cu were identified.
In contrast, no chlorine was detected at the matrix location (4). The
results indicate that zinc on the surface promotes corrosion when the
AA3003 sample is immersed in 24 h in 3.5 wt% NaCl. These results
are consistent with those reported by Šekularac et al.69

The subsequent analysis revealed that in contrast to the bare
sample, chemically pre-treated AA3003 exhibited no discernible
corrosion products or corrosion pits after 24 h of immersion in 3.5 wt
% NaCl (Figs. 7c, 7d). Locations (8) and (14) refer to the matrix
(Table IV). The bright, 4.4 μm long pear-shaped particle at location
(9) represents an IMP Al(Mn, Fe), while an IMP Al(Mn, Fe)Si was
detected at location (10). The O content at all presented locations
(8–10) in Figs. 7c and 11, 12 and 14 in Fig. 7d is low and
comparable to the oxygen content of the unexposed sample AA3003.
location (13) corresponds to the formation of Al oxide at the spot
rich in Si (Fig. 7d, Table IV).

The SEM images in Figs. 8a and 8b show the surface of MC1700
coating after 24 h of drying in air. The presence of the coating is
evident since the surface is much less rough, and IMPs are coated
compared to bare alloy in Fig. 7a. Locations (1), (2), (4), (6) and (7)
belong to the matrix, exhibiting from 9 to 15 at% of oxygen
(Table V), and coexistence of Zr, P, and F, in proportions of about
2 to 3 at% for Zr, about 1 to 2 at% of P, and about 1 to 2 at% of F,
respectively. Phosphorus probably originates from the additives in
the conversion bath.

Notably, a larger grey particle at location (3) is identified as an Al
(Mn,Fe)Si IMP. The concentration of Zr (about 3 at%) in this IMP is
somewhat greater than in the matrix. A 4.2-micrometre-long, lighter
particle at location (5) (Fig. 8b, Table V) corresponds to an IMP Al
(Fe, Mn) with a Zr concentration of 3 at%. In addition to F (1 at%),
Cu (originated from substrate) and K (originated from conversion
coating) were also present. The presented EDS analysis results
indicate that the conversion layer MC1700 completely covers the
entire surface, encompassing both the matrix and the IMP particles.
The concentration of Al is smaller at the IMPs due to the thicker
conversion layer than at the matrix.

The SEM images in Figs. 8c and 8d show the surface of MC1300
coating after 24 h of drying in air. The morphology of the two
coatings differs: MC1700 exhibits more fine nodular morphology,
with nodules sized between 20 and 50 nm (Figs. 8a, 8b). MC1300
exhibits coarser morphology with grain size around 150 nm; at
IMPs, grains are fused, forming a homogeneous layer, whereas, at
the surrounding matrix, it seems the granular morphology is more
pronounced (Figs. 8c, 8d). Locations (8) and (12) belong to the
matrix with no or only low concentrations of Zr and Cr. An increase
in signal intensities is observed for Zr, O, and Cr at the Fe-rich sites
in locations (10), (11), and (13) compared to other locations. The Fe-
rich IMPs also exhibit an elevated F signal intensity. This enrich-
ment is likely due to the susceptibility of Fe to Fˉ attack during
MC1300 bath immersion. In their study, Frankel et al. similarly
found that when investigating the mechanism of formation of TCP
immersion coating on AA2024.58 The O and F concentrations at the
Fe-rich sites (locations (10), (11) and (13)) seemed higher than those
of MC1700 at location (3). Phosphorus was not detected on
MC1300. In general, the variations in concentrations of Zr, O and
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F between matrix and IMPs are less pronounced for MC1700 than
MC1300, indicating different courses of coating formation.

Figures 9a and 9b show MC1700-coated CP-AA3003 after 24 h
immersion in 3.5 wt% NaCl. The surface morphology did not change
significantly during immersion, but the layer became notably thicker
(Figs. 8a and 9a). More importantly, unlike the bare sample
(Fig. 7b), no corrosion damage was observed (Figs. 9a, 9b). One
of the notable differences before and after immersion in 3.5 wt%
NaCl was the reduction of F concentration during immersion in
NaCl for both conversion coatings MC1700 and MC1300
(Table VI). For instance, the concentration of F in the matrix of
sample MC1700 is 2 times lower after immersion in NaCl than
before immersion, i.e. after air drying (Tables V and VI). In the case

of IMP Al(Me,Fe)Si, the reduction is even more pronounced, with F
concentration decreasing by 9 times, ranging from 1.8 (location (3),
Table V) to 0.2 at% (location (1), Table VI).

Similar trends are evident for the conversion coating MC1300,
where, in the case of IMP Al(Mn,Fe), the F concentration decreased
by 4 times, from about 5–6 at% (locations (10) and (11), Table V) to
approximately 1 at% (locations (10) and (13), Table VI). A decrease
in the F/Zr ratio observed during NaCl immersion indicates
depletion of fluoride or oxyfluoride species. A similar reduction in
F after immersion in NaCl was also observed in the study by
Šekularac and Milošev, where ZrCC were tested on the aluminium
alloy AA3005.23 The concentration of Zr at the IMP remained high
(locations (10), (11), (13) and (14)).

Figure 7. SEM images of (a) non-treated bare AA3003 (BSE image), (b) bare AA3003 (BSE image) and (c, d) chemically pre-treated AA3003 (CP-AA3003)
immersed for 24 h in 3.5 wt% NaCl. (c) BSE image, (d) SE image.

Table IV. EDS analysis of non-treated bare AA3003 and bare AA3003 and CP-AA3003 after immersion for 24 h in 3.5 wt% NaCl (Fig. 7). Notation
“m” in the first column denotes the matrix. For quantification, please refer to the footnote.a

Concentration (at%)

Location Sample O Al Mn Fe Si Cu Cl Zn Mn/Fe

1 AA3003 bare 2 84 6.4 6.9 — 0.4 — — 0.9
2 3 93 2.2 0.5 1.2 — — — 4.4
3 m 1 99 0.3 — — — — — —

4 m AA3003_NaCl 9 91 — — — — — — —

5 36 42 5.6 9.3 6.5 — — — 0.6
6 m 67 34 — — — — 1.3 0.5 —

7 57 12 8.6 16.9 2.6 1.3 <0.5 1.4 0.5
8 m CP-AA3003_NaCl 5 95 — — — — — — —

9 5 77 11.5 6.0 — — — — 1.9
10 5 76 8.6 5.4 4.8 — — — 1.6
11 7 77 9.0 6.9 — — — — 1.3
12 6 80 7.8 6.5 — — — — 1.2
13 27 54 — — 19.7 — — — —

14 m 4 95 — — — — — — —
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During EDS analysis of the CP-AA3003 sample coated with
MC1700, it was challenging to determine the accurate elemental
composition. In the EDS spectrum, the F, Mn, and Fe peaks were
closely spaced or overlapped due to their low energies (0.677 keV
for F, 0.636 keV for Mn, and 0.703 keV for Fe). The accuracy of the
identified elements was verified by comparing the experimental
spectrum with theoretical spectra generated for different elemental
combinations. Based on the knowledge of the sample’s preparation
and expected composition, a list of potential elemental combinations
was established. This approach involved simulating the EDS
spectrum for each potential combination of elements and comparing
it to the experimental spectrum obtained from the sample. By
evaluating the degree of overlap and similarity between the

theoretical and experimental peaks, we systematically assessed the
validity of each elemental combination and identified the most
accurate representation of the sample’s composition. When all three
elements, F, Mn, and Fe, were assumed to be present, the theoretical
peaks aligned, although slightly shifted upwards (Fig. S9). For easier
identification of these elements, performing the analysis at a higher
energy would be preferable. However, the limitations of EDS for
low atomic mass elements like F, particularly in quantitative
analysis, would impede its accurate detection at higher energies.
XPS was employed to complement the EDS analysis, as described
below.

Figures 9c and 9d show MC1300-coated CP-AA3003 after 24 h
immersion in 3.5 wt% NaCl. Similar to MC1700, MC1300 formed a

Figure 8. SEM SE images of (a, b) MC1700 and (c, d) MC1300 coated CP-AA3003. The conversion times were 10 min for MC1700 and 7 min for MC1300.
After deposition, samples were dried for 24 h in the air. BSE images are given in Figs. S5 and S6. EDS analysis was made at the enumerated sites, and the results
are given in Table V.

Table V. EDS analysis of MC1700 and MC1300 coated AA3003 after 24 h drying in the air (Fig. 8). Notation “m” in the first column denotes the
matrix. For quantification, please refer to the footnote.a

Concentration (at%)

Location Sample O Al Mn Fe Si Zr P F Cu Cr N K Mn/Fe

1 m MC1700_air 10 84 — — — 2.6 1.8 1 — — — — —

2 m 9 87 — — — 1.9 1.1 1 — — — — —

3 13 55 9.4 9.8 5.7 3.3 1.3 2 — — — — 0.96
4 m 13 82 — — — 2.4 1.3 1 — — — — —

5 11 69 6.9 6.8 — 3.1 — 1 0.4 — — 1.7 1.0
6 m 15 79 — — — 2.5 1.8 2 — — — — —

7 m 11 84 — — — 2.4 1.4 1 — — — — —

8 m MC1300_air 5 93 0.4 — — 0.6 — <1 — 0.3 — — —

9 10 82 2.6 1.0 — 2.3 — 1 — 0.6 — — 2.6
10 28 44 6.2 5.2 — 6.6 — 5 — 2.6 1.7 — 1.2
11 28 49 3.1 5.7 — 6.6 — 6 — 2.1 — — 0.5
12 m 4 95 — — — — — 1 — — — — —

13 36 38 3.0 1.5 — 10.5 — 5 — 4.2 2.1 — 2.0
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thicker layer covering the CP-AA3003 evenly. Locations (9) and
(12) correspond to a matrix with approximately the same proportions
of Al, O, and Zr. IMP Al(Fe, Mn) was identified at location (10)
(Fig. 9c, Table VI) with an Mn/Fe ratio of 0.8. The Zr content at this
spot was about 4 at%, accompanied by the presence of F and Cu. A
spherical white particle at location (11) (Fig. 9c) corresponds to IMP
Al(Fe, Mn)Si with an Mn/Fe ratio of 2.1 and an Mn/Si ratio of 2. Zr
was observed at this location at a proportion of 2.6 at%. At location
(13) (Fig. 9d), where IMP Al(Fe, Mn) with an Mn/Fe ratio of 0.75,
the highest concentration of Zr was observed, specifically 9 at%
(Table VI). Before immersion (Table V), the content of Cr in the
surface layer spanned between 0.3 and 4.2 at% and that of Zr

between 0.6 and 10.5 at%. After immersion in NaCl, Cr was detected
only at location (13), where the concentration of Zr was the highest
(Table VI). In contrast, Zr concentration at the surface was still high
and ranged between 0.8 and 9 at%. The behaviour of Zr and Cr in the
coating can be explained by different solubility of Zr- and Cr-
hydroxides, where the former exhibits smaller solubility in the near-
neutral pH range.49

The disappearance of Cr following NaCl exposure can also be
attributed to the disintegration of Cr(III) hydroxide from the mixed
Zr-Cr oxide film due to the action of aggressive ions, such as
chloride.58 Additionally, the conversion coating may exhibit non-
uniform distribution across the AA3003 substrate, potentially

Figure 9. SEM SE images of (a, b) MC1700 and (c, d) MC1300 coated CP-AA3003. The conversion times were 10 min for MC1700 and 7 min for MC1300.
After deposition, samples were immersed for 24 h in 3.5 wt% NaCl. BSE images are given in Figs. S7 and S8. EDS analysis was made at the enumerated sites,
and the results are given in Table VI.

Table VI. EDS analysis of MC1700 and MC1300 coated CP-AA3003 after 24 h of immersion in 3.5 wt% NaCl (Fig. 9). Notation “m” in the first
column denotes the matrix. For quantification, please refer to the footnote.a

Concentration (at%)

Location Sample O Al Mn Fe Si Zr P F Cu Cr Mn/Fe

1 MC1700_NaCl 17 64 6.3 3.9 3.6 3.3 1.7 <1 — — 1.6
2 18 63 7.5 6.2 — 3.2 1.6 1 — — 1.2
3 m 15 81 — — — 2.4 1.2 <1 — — —

4 m 20 74 — — 1.3 2.1 2.3 <1 — — —

5 m 13 83 — — — 1.8 1.4 <1 — — —

6 13 69 8.3 6.7 — 2.5 — <1 — — 1.2
7 14 73 4.7 — 3.3 2.7 1.6 <1 0.3 — —

8 m 33 56 — — 4.1 3.6 3.0 <1 — — —

9 m MC1300_NaCl 6 93 — — — 0.9 — — — — —

10 19 62 6.0 7.5 — 4.3 — 1 0.4 — 0.8
11 14 73 5.3 2.5 2.7 2.6 — — — — 2.1
12 m 7 93 — — — 0.8 — — — — —

13 36 41 3.9 5.2 — 9.0 — 1 — 3.1 0.75
14 17 74 1.4 0.9 1.5 3.8 — <1 — — 1.5

Journal of The Electrochemical Society, 2025 172 061501



resulting in variations in Cr content. However, because Cr is present
only in trace amounts, its detection through EDS analysis is more
challenging. At low analysis energies (conducted at 5 kV), the
determination of Cr and Mn elements is hindered as their character-
istic energy, 0.573 keV for Cr and 0.636 keV for Mn, overlap (Fig.
S10). Therefore, Cr was determined by leveraging prior knowledge
of expected elemental compositions and exploring various compara-
tive scenarios. For instance, for location (13) in Fig. 9d, where IMP
Al(Mn,Fe) is present, we anticipated the presence of Mn and
considered different combinations with the presence of Cr
(Fig. S10). When assuming both Mn and Cr were present, we
obtained values indicative of Cr presence. Conversely, chromium
was not detected when considering the presence of only Cr or Mn.

SEM-EDS analysis of coating cross-section.—Cross-sections
were prepared by FIB. SEM images of the cross-sections and
corresponding EDS mapping of both conversion coatings MC1700
and MC1300 deposited on the CP-AA3003 sample were acquired
after 24 h of immersion in 3.5 wt% NaCl.

First, MC1700 is considered. Two spots were analysed. The first
spot, presented in Fig. S11, depicts SEM images of the top surface
and cross-section and EDS mapping of the area around and above
IMP containing Fe and Mn. The ZrCC, visible on top of the matrix
and IMP, reached a thickness between 40 and 50 nm. The analysis at
the second spot is presented in Fig. 10. Here, the ZrCC is thicker
above the IMP, forming a dome and thinner above the matrix (as
seen in Fig. 11). This IMP contains Cu, in contrast to the presented
in Fig. S11, which may be the reason for increased cathodic activity
resulting in increased pH and stimulated deposition of Zr-oxide. The
top view of the surface shows the coated matrix with the nodular
feature in the middle, presumably above the IMP, where the coating
is thicker (Fig. 10a). A yellow square denotes this area of interest.
The coating was removed by FIB to reveal the cross-section of the
coating and the underlying substrate (Fig. 10b). On the left-hand
side, the Al(Fe,Mn)Cu IMP is located above which a dome with
ZrCC is located. Away from this nodular dome, the ZrCC also
covers the matrix but thinner, as confirmed by the EDS mapping of
this area for O, Zr, Al, Mn and Fe (Fig. 10); note that mapping for
Cu is not presented due to low Cu concentration (Table VII).

Subsequently, a detailed EDS analysis of the cross-section was
performed to verify the deposition of the conversion coating on the

sample (Fig. 11a and Table VII). The cross-sectional line intersects
both a copper-containing IMP (location (1)) and the surrounding
matrix (locations (2) and (3)). The observed high coating coverage,
indicated by the accumulated grey nodular features (locations (4)-
(6)), predominantly occurs on the Al(Fe,Mn)Cu IMP (location (1)).
In this area, the conversion coating MC1700 achieves a thickness of
approximately 170 nm (Fig. 11a). The intensified coating sur-
rounding intermetallic phases is attributed to the pH gradient
formation resulting from dissolved oxygen reduction at these
locations in contrast to the adjacent aluminium matrix.44,59

Additionally, the characteristic elements of the coating, namely Zr
and O, were found to be co-localised in this region. Fluorine, an
element in the conversion coating, was detected solely at the
outermost light-coloured boundary at location (6) in Fig. 11a.

As observed in Fig. 11a, a thicker layer, between 38 and 46 nm
thick, was present near the Cu-rich IMP. Above the matrix region
further away from the IMP (Fig. 11b), the coating thickness ranged
around 27 nm. This variation in coating thickness can be attributed
to the influence of the IMP’s composition. Al(Mn,Fe)Cu particles,
exhibiting higher cathodic activity than the surrounding matrix,
facilitated faster nucleation and growth of the conversion coating.
This observation aligns with previous studies, indicating that
cathodic sites promote coating growth.25,60 The rate of reduction
of dissolved oxygen is anticipated to be faster within the IMP
enriched with copper; consequently, this is expected to lead to a
more localized alkaline pH environment around these particles,
which likely contributes to the observed thicker coating in these
areas.

The FIB-SEM-EDS analysis for the MC1300 conversion coating
is presented in Figs. 12 and 13. The top view of the surface shows
the coated matrix with the IMP coated more homogeneously than the
matrix but not forming a distinctive dome-like feature as for
MC1700 (Fig. 12a). A yellow square denotes this area of interest
where the coating was removed by FIB to reveal the cross-section
(Fig. 12b), which exposed the Al(Fe,Mn)Cu IMP coated with a thin
ZrCC, as confirmed by the EDS mapping of this area for O, Zr, Al,
Mn and Fe (Fig. 12).

A more detailed SEM-EDS analysis of the cross-section is
presented in Fig. 13. Zr was detected in locations (5), (6), (9)–(14)
(Table VIII). On Cu-containing IMP (location (1)), the coating
thickness ranged between 10 and 50 nm (Figs. 13a and 13b), while

Figure 10. SEM image (SE mode) of the (a) top surface and (b) cross-section and EDS elemental mapping of the selected site on the MC1700-CP-AA3003-
coated sample after immersion 24 h in 3.5 wt% NaCl. SEM and EDS analyses were made at 5 kV. The area denoted by the yellow square in the SEM image (a) is
the position where the cross-section was done. The area on SEM image (b) where the mapping was recorded is denoted by the white rectangle.
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no conversion coating was detected on the matrix (locations,
(15)–(17), Figs. 13c, Table VIII). This suggests that either the
coating does not fully cover the matrix surface or is too thin to be
detected by EDS analysis. This observation indicates the reasons for
the poorer performance of the conversion coating MC1300 in PD
measurements compared to MC1700.

XPS characterisation of coating.—XPS spectra were recorded
on the CP-AA3003 sample without the conversion coating and for
MC 1700 and MC1300-coated AA3003 samples after drying in the
air and immersed in NaCl for 24 h (Fig. 14). The composition of the
surface deduced from survey spectra is given in Table IX. The
composition of sample CP-AA3003_NaCl includes Al and O,
denoting the Al oxide’s formation. A small amount of N can be
attributed to multiple sources, e.g., residual nitrogen-containing
compounds from the nitric acid.

The air-dried MC1700-coated CP-AA3003 sample contained
∼14 at% Zr, confirming the formation of ZrCC (Table IX). The
presence of coating results in the reduced concentration of detected
Al. Additionally, F was detected at ∼5 at%.

The Zr concentration for the MC1300 air-dried sample was
generally lower than for the MC1700 sample. The analyses were
conducted at two sites, one at the centre of the sample (site 1,
denoted as MC1300_(1) in Table IX), where the Zr content was
relatively low, and the other with a higher Zr content (site 2, denoted

as MC1300_(2)). A higher content of Zr at the site (2) was
accompanied by the detection of Cr. The MC1300_(2) also
contained N, possibly related to nitrates from the conversion bath
or ammonium-based compounds for pH adjustment (Fig. S12). The
detected Si content originates from the IMP (Fig. S12). F is related
to the ZrCC, as its content follows that of Zr (and Cr).

After 24 h of immersion in NaCl, the concentration of Zr at the
surface of MC1700 was similar to before the immersion, but the F
content was reduced (Table IX). The contents of Zr and Cr on the
MC1300 sample were similar and much lower than those of Zr on
MC1700.

The high-resolution XPS spectra in Fig. 14 show the main
elements detected in the survey XPS spectra. Figure 14a presents a
high-resolution spectrum of the O 1s peak, which is centred at
531.5 eV and corresponds to the hydrated Al oxide for CP-
AA3003_NaCl and a mixture of Al and Zr-oxides in the case of
coated samples.

Figure 14b represents the Al 2p peak located at 74.2 eV, related
to the position of hydrated Al(III) oxide.70 For CP-AA3033, O 1s
and Al 2p are the most intense signals. After the formation of
conversion coatings and post-treatment in NaCl, the intensity of the

Figure 11. FIB-SEM (SE mode) of the cross-section for MC1700coated CP-AA3003 with conversion time 10 min. After deposition, samples were post-treated
for 24 h in 3.5 wt% NaCl. Images were recorded at (a) intermetallic particle and adjacent matrix, and (b) at the matrix away from the IMP. EDS analysis was
made at the enumerated sites; the results are given in Table VII.

Table VII. EDS analysis given in atomic ratios of elements at the
cross-section of MC1700 conversion coating on CP-AA3003 after
24 h immersion in 3.5 wt% NaCl (Fig. 11). For quantification, please
refer to the footnote.a

Concentration (at%)

Location O Al Mn Fe Zr Cu F

1 3 84 5.2 7.8 — 0.5 —

2 2 97 — — — — —

3 3 97 — — — — —

4 17 67 6.0 3.6 5.8 — —

5 3 84 7.5 5.7 — — —

6 22 52 4.6 3.3 16.7 — 1
7 7 92 — — 0.8 — —

8 6 93 — — 1.0 — —

9 3 97 — — — — —

10 6 94 — — — — —

11 5 95 — — 0.6 — —

12 14 83 — — 2.8 — —

13 11 86 — — 2.6 — —

Table VIII. EDS analysis given in atomic ratios of elements at the
cross-section of MC1300 conversion coating on CP-AA3003 after
24 h immersion in 3.5 wt% NaCl (Fig. 13). For quantification, please
refer to the footnote.a

Concentration (at%)

Location O Al Mn Fe Zr Cu

1 5 83 5.9 6.0 — 0.5
2 6 83 4.9 5.6 — —

3 7 90 1.8 1.8 — —

4 11 85 1.8 2.3 — —

5 14 73 4.3 6.4 1.8 0.7
6 18 66 4.0 7.1 3.5 0.8
7 4 91 3.5 1.7 — —

8 5 84 6.6 4.1 — 0.1
9 16 75 3.4 2.4 3.0 0.2
10 19 74 1.9 1.3 3.5 0.3
11 32 51 3.7 2.6 10.1 0.6
12 16 71 5.3 3.5 3.4 0.4
13 25 64 2.9 1.8 6.0 0.3
14 15 83 — 0.3 2.2 0.1
15 8 92 — — — —

16 5 94 — — — —

17 5 95 — — — —
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Figure 12. SEM image (SE mode) of the (a) top surface and (b) cross-section and EDS elemental mapping of the selected site on the MC1300-CP-AA3003-
coated sample after immersion for 24 h in 3.5 wt% NaCl. SEM and EDS analyses were made at 5 kV. The area denoted by the yellow square in the SEM image
(a) is the position where the cross-section was done.

Figure 13. FIB-SEM (SE mode) of the cross-section for MC1300coated CP-AA3003 with conversion time 7 min. After deposition, samples were post-treated
for 24 h in 3.5 wt% NaCl. Images were recorded at (a,b) intermetallic particles and (c) at the matrix away from the IMP. EDS analysis was made at the
enumerated sites; the results are given in Table VIII.
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Al peak diminished due to the coverage of AA3003 with conversion
coatings MC1700 and MC1300. Similar behaviour was also ob-
served in our previous study on AA3005.23 However, the intensity of
Al 2p for the MC1300_NaCl was higher than that of the other
conversion coatings, which may suggest that the ZrCC coating on
this sample was thinner or more inhomogeneous than the other
samples.

The presence of Zr is an essential indicator of the successful
deposition of the conversion coating onto the sample’s surface.
High-resolution Zr 3d spectra recorded after the conversion coating
process are shown in Fig. 14c. The intensity of Zr 3d peaks for
MC1700 and MC1700_NaCl were much higher than those for
MC1300 and MC1300_NaCl. The Zr 3d5/2 and 3d3/2 peaks were
located at binding energies of ∼183 eV and ∼185 eV, respectively,
referring to hydrated ZrO2.

70

The F 1s peak for air-dried MC1700 was centred at ∼685 eV,
suggesting the presence of traces of Na2ZrF6 or ZrF4 (Fig. 14d).

56,70

For this sample, the intensity of F 1s peaked at the highest due to the
highest Zr content. It is reduced after immersion in NaCl. For
MC1300, the intensity of the F 1s peak was much smaller, following
the smaller contents of Zr in the coating.

The high-resolution Cr 2p XPS spectra are of very low intensity,
so the interpretation is limited (Fig. 14e). However, it can be
recognised that the spectrum displays two Cr 2p3/2 and 2p1/2
photoelectron peaks centred at 577.2 and 586.6 eV. The reference
lines referring to the Cr(III) hydroxide and Cr(III) oxide are at
577.8 eV and 576.2–576.7 eV, indicating that Cr is present as
trivalent Cr.70

Figure 15 shows XPS depth profiles of the CP-AA3003 sample
coated with MC1700 for 10 min after 24 h of drying in the air and
immersion in NaCl. The depth profiles were generally similar, with
some discrepancies. The surface was comprised of O, Zr, Al, and
some fluoride. As the sputtering proceeded, the concentration of O
and Zr decreased, and that of Al increased. In the MC1700_air

sample, the Zr concentration at the surface was around 14 at% and
then reduced progressively within the coating depth.

In contrast, after immersion in NaCl, the Zr concentration peaked
at 15 at% approximately 1 nm below the surface, as a build-up of Zr-
oxide occurred in the sub-surface region. For MC1700_air, F content
decreased from 5.6 at% at the surface to coating depth; for
MC1700_NaCl, however, it is detected in less than 1 at% at the
surface, indicating that fluoride is released from the coating during
immersion in NaCl. This means that the F content was reduced 7
times during immersion. The coating also contained N (likely
originating from the conversion coating). After immersion in
NaCl, the Al peak was still detected at the surface, i.e. it was not
dissolved during immersion. The shape of the O curve suggests an
enrichment of oxide in the sub-surface region, which aligns with our
previous results that during immersion in NaCl, ZrCC seals with
Al-oxide,23,24 which contributes to the increased protectiveness of
the coating. The thickness of the coatings was similar before and
after immersion in NaCl.

High-resolution spectra provided in the supplement (Figs. S13
and S14) support the depth profile interpretation. For MC1700_air,
the surface was composed mainly of ZrO2, Al2O3 and metal
fluorides, with a gradual transition toward metallic aluminium
observed with increasing depth. After NaCl exposure, the coating
still contained ZrO2 and Al2O3, while fluoride was almost comple-
tely leached from the layer. A subsurface enrichment of Zr and O is
confirmed, in agreement with the previously described sealing effect
by Al-oxide.69 Nitrogen-containing species (N 1s) appeared after
immersion.

The XPS depth profile for the CP-AA3003 coated with MC1300
and subject to 24 h air drying shows that the surface comprises O, Zr
and Al (Fig. 16a). The XPS profile was recorded at the spot where
the Zr concentration was larger (spot 2, Table IX). The surface
concentrations of Zr and Cr were relatively low; however, both
elements showed subsurface enrichment, with Zr reaching a

Figure 14. High-resolution XPS spectra of (a) O 1s, (b) Al 2p, (c) Zr 3d, (d) F 1s, and (e) Cr 2p recorded for chemically pre-treated A3003 samples (denoted as
CP-AA3003_NaCl) after 24 h immersion in 3.5 wt% NaCl and samples coated with MC1700 and MC1300 coatings after 24 h of air drying (denoted as MC1700
and MC1300) and 24 h immersion in 3.5 wt% NaCl (denoted as MC1700_NaCl and MC1300_NaCl). For MC1300, two spots (1 and 2) were analysed, with less
and more Zr.

Journal of The Electrochemical Society, 2025 172 061501



maximum of ∼12 at% and Cr peaking at ∼3 at% around 7 nm below
the surface, suggesting their co-deposition in the main barrier layer.
The coating also contained F and some N.

The thickness of the coating somewhat decreased after 24 h
immersion in NaCl (judging from the O/Al intersection). The sub-
surface build-up of Zr-oxide diminished, and the coating reached a
maximum Zr content of around 3 at% just below the surface
(Fig. 16b). The concentration of Cr also decreased during immersion
in NaCl. In contrast to MC1700, the F content did not diminish
during immersion in NaCl but was still present within the coating
depth. N-containing species in the MC1300 coating may be more
strongly bonded or incorporated into the structure. Moreover, the Cl
signal was present in the depth profile for MC1300 after 24 h

immersion in 3.5 wt% NaCl (Fig. 16b), which was not the case with
the MC1700 (Fig. 15b).

Further interpretation of the high-resolution spectra for MC1300
(Figs. S15 and S16) revealed that Zr was present at the surface as
ZrO2, while Cr was detected in the form of Cr(III) oxide or
hydroxide. The oxygen signal corresponds to a combination of
metal oxides and hydroxides. F is present as metal fluorides, likely
Zr–F and/or Cr–F, and remains detectable throughout the coating
even after NaCl exposure. Al is initially present in the oxidised form
and gradually transitions to metallic Al with increasing depth, as
observed for both MC1300 and MC1700. After immersion in NaCl,
N-containing species persisted. Chlorides were incorporated into the
coating MC1300, indicating interaction with the NaCl solution.

Figure 15. XPS depth profiles recorded on the chemically pre-treated AA3003 sample coated using conversion coating MC1700 for 10 min. After deposition,
samples were post-treated by (a) drying for 24 h in air and (b) immersion for 24 h in 3.5 wt% NaCl.

Table IX. The concentrations of main elements obtained by XPS analysis of chemically pre-treated AA3003 samples after 24 h of immersion in
3.5 wt% NaCl (denoted as CP-AA3003_NaCl) and samples coated with MC1700 and MC1300 after 24 h air drying (denoted as MC1700 and
MC1300) and 24 h of immersion in 3.5 wt% NaCl (denoted as MC1700_NaCl and MC1300_NaCl). For MC1300, two spots were analysed, with less
and more Zr.

Concentration (at%)

Sample O Al Si Zr Cr F N Cl

CP-AA3003_NaCl 78.3 21.1 — — — — 0.6 —

MC1700 67.8 12.1 — 14.5 — 5.6 — —

MC1700_NaCl 73.7 10.9 — 12.8 — 0.8 1.8 —

MC1300_(1) 71.1 12.5 1.3 1.3 — 0.3 13.5 —

MC1300_(2) 73.2 11.2 1.2 3.1 2.2 3.6 5.6 —

MC1300_NaCl 74.3 21.3 — 1.4 1.3 1.6 — 0.9
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This study showed that when prepared at the same concentration
of 5 wt% and defined conversion times, the coatings MC1700 and
MC1300 differ in composition, thickness and mode of protection
(i.e. electrochemical response).

The exact mechanism of MC1300 conversion coating formation
on AA3003 remains uncertain based solely on the findings of this
study. However, certain hypotheses can be proposed by referencing
existing literature on similar systems.

Frankel et al.58 reported that Cr(III) in TCP coatings is not
uniformly distributed but is predominantly concentrated around pits,
as confirmed by Raman spectroscopy and XPS. This uneven distribu-
tion is likely a consequence of local pH variations during coating
formation, promoting the co-precipitation of Cr(III) hydroxides
(Cr(OH)3, CrOOH, Cr2O3) alongside hydrated ZrO2. Chloride ions
may lead to the partial dissolution of Cr(III) hydroxide from the Zr-Cr
oxide film, potentially affecting coating stability. While TCP coatings
provide active corrosion protection, their protective mechanism differs
from chromate coatings, as Cr(III) is significantly less soluble than Cr
(VI) and does not exhibit comparable self-healing properties.58

However, some Cr(III) species may dissolve non-faradaically and
redeposit onto exposed aluminium surfaces, contributing to localized
protection. ICP-OES analysis confirmed the presence of Cr species in
the electrolyte but not Zr, indicating selective dissolution and redeposi-
tion of Cr(III) within TCP coatings.58 It was reported that Cr was
dissolved during prolonged immersion of the TCP coating in dilute
Harrison’s solution,58 whereas the Zr dissolution was minimal. Our
previous study56 showed that Zr-Cr conversion coating acts as an active
corrosion protection interlayer and contributes to the overall protec-
tiveness of the multilayer system with sol-gel coatings.

During the deposition of MC1300 in an acidic conversion bath
(pH ≈4.1), the dissolution of less noble metals present in AA3003,
such as Mn, Fe, Cu, and Si, occurs. This process is further facilitated
by fluoride ions, which attack the native oxide layer and enhance the
penetration of ZrF₆2⁻ species into the substrate. In the absence of
fluoride-containing species, Zr hydroxide precipitation occurs
through hydrolysis.37 Fluoride plays a dual role in the conversion
process: it reduces the thickness of the naturally formed oxide layer
and shifts the pH range for Zr hydroxide precipitation between 3 and
6, depending on the Zr species concentration. This pH adjustment is
particularly beneficial for aluminium substrates prone to corrosion in
acidic environments.37,51,71 The cathodic oxygen reduction reaction
promotes the co-deposition of Zr and Cr (hydr)oxides as the pH
approaches 4,37 leading to the formation of a thin protective Zr-
CrCC layer with a thickness ranging between 20 and 120 nm.37,40,61

Studies on similar systems have demonstrated that TCP coatings
exhibit a multiphase structure. Li et al. reported that Alodine® T5900
(Henkel) consists of a biphasic structure composed of hydrated
zirconia (ZrO2·2H2O) combined with Cr(III) hydroxides, such as
Cr(OH)3, CrOOH, and Cr2O3, which are deposited above a
fluoroaluminate interlayer on AA2024.55,62 The Cr content in these
coatings was not uniformly distributed and was predominantly
concentrated around pits, contributing to both anodic and cathodic
protection by physically blocking corrosion-prone Al-rich sites and
Cu-containing intermetallic particles.55 Similarly, in our study, we
observed non-uniform distribution of the coating on AA3003, with
the thinnest regions forming over the matrix, while the thickness
increased over intermetallic particles such as Al(Fe, Mn)Si and Al
(Fe, Mn)Cu.

Figure 16. XPS depth profiles recorded on the chemically pre-treated AA3003 sample coated using conversion coating MC1300 for 7 min. After deposition,
samples were post-treated by (a) drying for 24 h in air and (b) immersion for 24 h in 3.5 wt% NaCl. The analysis was made at the spot (2) (Table IX).
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Guo and Frenkel61 determined that the Cr content in the Alodine®
T5900 (Henkel) coating was only one-fourth of the Zr content, with
the overall coating thickness ranging between 40 and 120 nm, which
was significantly thicker than conversion coatings without Cr. In our
XPS depth profile analysis, we observed that after NaCl exposure,
the Cr concentration was approximately 60% of the Zr concentra-
tion, whereas, after 24 h of air exposure, the Cr content was nearly
four times lower.

The MC1300 coating showed partial degradation of Zr oxide,
while fluoride remained within the layer and chloride ions infiltrated
the deeper regions. Depth profile analysis identified a Cr-enriched
layer beneath the surface, indicating that Cr(III) may contribute to
the structural stability of the coating.40

Qi et al.68 examined SurTec® ST650 and confirmed the presence
of various Cr(III)-containing species, including Cr(OH)3, Cr2(SO4)3,
CrF3, CrO3, and CrO4

2⁻, which aligns also with our previous
studies.40,56 Additionally, they found that the conversion coatings
formed on AA2024 alloy using SurTec® ST650 exhibited a two-
layer structure, consisting of an inner Al-rich layer and an outer Cr-
and Zr-rich layer, with a Cr:Zr atomic ratio ranging from approxi-
mately 0.73 to 0.93.63

This study has still not entirely clarified the role of Cr, and further
study is required to address the dissolution of Cr from MC1300 and
its role in active protection.

Conclusions

The Zr- and Zr/Cr(III)-based conversion coatings were deposited
from solutions with a weight concentration of 5% on chemically pre-
treated 3003 aluminium alloy, aiming to study their composition,
structure and thickness as well as the effect of post-treatment: 24 h
of air-drying and 24 h of immersion in 3.5 wt% NaCl. The main
conclusions are summarised as follows.

1. EDS analysis detected no ZrCC formation at the shortest
conversion times (120 s for MC1700 and 80 s for MC1300)
for both coatings. Electrochemical measurements, however,
showed a change in corrosion behaviour compared to the non-
coated substrate, suggesting that a thin conversion coating was
formed. This discrepancy can be attributed to the small
thickness of the coating, which is below the detection limit of
EDS analysis.

2. After SEM/EDS analysis and evaluation of electrochemical
parameters, the optimal conversion times were identified as
10 min for MC1700 and 7 min for MC1300.

3. SEM/EDS analysis of the MC1700 and MC1300 coatings
deposited at 10 and 7 min show that Zr concentration is larger
at Al(Fe,Mn)Si and Al(Fe,Mn)Cu intermetallic particles than at
the matrix. The coating morphology differs: MC1700 comprises
a fine, 20–50 nm nodular structure and MC1300 exhibits a
coarser grain size of around 150 nm. At the same weight
concentration, the MC1700 extends over the matrix and IMPs,
and MC1300 primarily over IMPs.

4. SEM/EDS analysis of the cross-section shows that the MC1700
conversion coating prepared with a conversion time of 10 min
has a thickness of around 30 nm above the matrix and around
170 nm above IMP after immersion in 3.5 wt% NaCl. The
MC1300 coating prepared with a conversion time of 7 min is
around 50 nm thick above the IMP, 10–30 nm in the vicinity of
IMP, and none at the matrix.

5. XPS results were consistent with EDS. The notable result is that
fluoride is released from the coating during immersion in NaCl.
MC1700 contains Zr, and MC1300 both Zr and Cr. During
immersion of MC1700 in NaCl, fluoride is released from the
coating, and the Zr-oxide builds up in the sub-surface region.

6. After 24 h of air drying, the MC1700 coating offered enhanced
cathodic rather than anodic inhibition, accompanied by reduced
polarisation resistance and increased corrosion current density,
but an extension of the passive range compared to the pre-

treated samples. In the case of the MC1300-coated sample, the
extended air drying period did not lead to a substantial
enhancement in corrosion behaviour.

7. After 24 h in 3.5 wt% NaCl, the MC1700-coated sample
revealed reduced corrosion current densities and nearly fourfold
higher polarisation resistance compared to the non-coated
sample, indicating a transition from cathodic to anodic inhibi-
tion. In contrast, the polarisation curve for the MC1300-coated
sample shifted in a more negative direction, significantly
increasing the passive range. These findings suggest that the
Zr-based MC1700 coating provides superior inhibition effi-
ciency compared to Zr-Cr-based MC1300, regardless of the
post-conversion treatment, particularly after 24 h of immersion
in NaCl.

8. The results show that relevant information on the protectiveness
of coated samples can be obtained only after prolonged
immersion in 3.5 wt% NaCl.

9. It is important to note that the interpretation of the obtained
results is limited by the unknown precise composition of the
commercial conversion coatings used in this study. While the
functional performance of the coatings was evaluated, the
absence of detailed compositional data prevents a definitive
correlation between specific chemical components and observed
behaviours.
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