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Abstract

Chromate-free conversion coatings are increasingly investigated as environmentally accept-
able alternatives to conventional chromate conversion coatings for corrosion protection
of aluminum alloys. In the present study, the electrochemical behaviour and long-term
corrosion stability of several commercial conversion coating systems based on trivalent
chromium (TCP), zirconium (ZrCC) and zirconium/titanium (Zr/TiCC) were systemati-
cally evaluated on AA3003 aluminum alloy and compared to chromate conversion coating
(CCC) CR614. Three TCP coatings (ST650, MC1300 and B30002), two ZrCC (MC1700
and MC160/161), and one Zr/TiCC (B2040) were investigated. Coatings were prepared
at pre-selected pH and concentration, but at varying conversion times. The protective
performance of the coating was then tested across various exposure conditions using po-
tentiodynamic polarization measurements: (i) after 24 h of exposure to air, (ii) after 24 h of
immersion in 3.5 wt.% NaCl solution and (iii) simulated acid rain solution, and (iv) after
exposure in a salt spray chamber for 500 h. The protective performance strongly depended
on both the conversion conditions and the exposure environment. The optimal conversion
times ranged between 40 s and 18 min, depending on the coating type. Differences between
the investigated systems remained relatively limited when investigated after exposure to
air and immersion in the simulated acid rain solution. However, in chloride-containing
environments, substantially greater differentiation between the coatings was observed.
Among the investigated systems, TCP coatings exhibited the most favourable overall
corrosion performance, particularly after prolonged salt spray exposure, where ST650
and B30002 polarization resistance values were approximately 8800 and 5300 kQ) cm?,
respectively, together with corrosion current densities as low as 0.0004 and 0.001 pA cm™2.
ZrCC systems MC1700 and MC160/161 also provided significant corrosion protection,
achieving polarization resistance values around 2700 and 2400 kQ cm? after 500 h of salt
spray exposure, whereas the Zr/TiCC coating B2040 exhibited poorer long-term perfor-
mance. The results further demonstrated that prolonged salt spray exposure provides
considerably more realistic evaluation of long-term coating protectiveness than short-term
electrochemical measurements alone. Overall, optimized TCP and ZrCC systems provided
corrosion protection under chloride-containing conditions comparable to or superior to the
investigated conventional chromate conversion coating CR614 deposited on AA3003 alloy.

Keywords: AA3003 aluminum alloy; chromate-free conversion coatings; trivalent
chromium process; zirconium conversion coatings; potentiodynamic polarization; salt
spray exposure
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1. Introduction

Aluminium alloys are widely used in modern industry due to their low density,
favourable mechanical properties and relatively high corrosion resistance [1-3]. Among
them, AA3003, a 3xxx series aluminium alloy with manganese as the principal alloying
element [4,5], is particularly attractive because it combines good formability with relatively
favourable corrosion resistance and is therefore extensively used in building envelope sys-
tems, roofing and facade elements, heat exchangers, storage containers and other industrial
applications [4,6-8]. In such applications, long-term corrosion protectiveness under varying
environmental conditions is essential. In addition, surface pre-treatments are frequently
required to improve the adhesion of subsequently applied coatings or adhesives and to
ensure long-term durability of bonded or coated products.

Despite the presence of a naturally formed passive oxide layer, aluminium alloys re-
main susceptible to localised corrosion, particularly in chloride-containing environments [3].
In the case of AA3003, the corrosion behaviour is additionally influenced by microstruc-
tural heterogeneity, especially by the presence, composition and distribution of Mn-, Fe-
and Si-containing intermetallic phases [9-13]. These heterogeneities may locally modify
electrochemical activity, promote passive film breakdown and consequently influence both
corrosion initiation and the formation and protective performance of conversion coatings.

For decades, chromate conversion coatings (CCCs) based on hexavalent chromium
(chromate, Cr(VI)) were considered among the most effective corrosion protection sys-
tems for aluminium alloys due to their excellent barrier properties and self-healing
capability [14,15]. However, the toxicity and carcinogenicity of Cr(VI) compounds have led
to increasingly strict environmental and occupational regulations restricting their industrial
use [14-16]. In parallel with regulatory pressure, corrosion protection is increasingly recog-
nised not only as a technical requirement, but also as an important aspect of sustainability,
since premature degradation of metallic materials leads to increased resource consump-
tion, embodied energy losses and additional environmental burden associated with repair
and replacement [17-20].

Recent European regulatory developments, including the Ecodesign for Sustain-
able Products Regulation (ESPR) [21] and Corporate Sustainability Reporting Directive
(CSRD) [22], further emphasise durability, material traceability, lifecycle performance and
reduction of hazardous substances throughout industrial value chains. Within this broader
sustainability-oriented framework, the development of chromate-free conversion coatings
is therefore becoming increasingly important not only from the perspective of regulatory
compliance but also with regard to circularity, durability and reduced environmental
impact [17,18]. Consequently, improved corrosion protection may contribute to extended
service life and reduced lifecycle impacts associated with premature degradation and
material replacement [20].

As a consequence, considerable research efforts have been focused on the development
of environmentally acceptable alternatives to conventional chromate systems, particularly
conversion coatings based on zirconium, titanium and trivalent chromium [14-16,23-25].
These systems differ in terms of coating chemistry, formation mechanism and protective
behaviour. In general, the formation of TCP and Zr-based conversion coatings is associated
with a local pH increase at the alloy surface caused by cathodic reactions, particularly
oxygen reduction occurring preferentially on intermetallic particles [15,26-30]. The re-
sulting local alkalization promotes precipitation of Cr- and/or Zr-containing oxide and
hydroxide species, forming thin protective conversion layers [15,26,28]. Previous studies
further demonstrated that the protective performance of these systems strongly depends on
alloy composition, surface preparation, intermetallic particle distribution and coating ho-
mogeneity [15,27,31-36]. Recent investigations have additionally highlighted the important

https://doi.org/10.3390 /met16070730


https://doi.org/10.3390/met16070730

Metals 2026, 16, 730

30f29

influence of conversion bath composition, pH and treatment time on coating morphol-
ogy, composition and corrosion resistance [37]. In addition to TCP and zirconium-based
systems, alternative chromium-free approaches based on cerium-containing protective
layers have also demonstrated promising corrosion protection and long-term durability on
aluminium alloys [38].

Among chromate-free systems, trivalent chromium conversion coatings (TCP) are
particularly attractive because they may provide corrosion protection comparable to con-
ventional chromate coatings while avoiding the direct use of Cr(VI) species [15,26,27,32].
TCP coatings are generally composed of mixed Cr- and Zr-containing oxides and hydrox-
ides and often exhibit a multilayer structure consisting of Al/O/F-rich inner regions and
Cr/Zr-rich outer regions [15,26,32,39]. Several studies also suggested the possibility of
partial self-healing behaviour associated with the mobility of Cr-containing species within
the coating [32,39-42]. In contrast, zirconium- and titanium-based conversion coatings
(ZrCC and Zr/TiCC) are primarily based on barrier protection provided by thin oxide and
hydroxide layers formed through precipitation of Zr- and/or Ti-containing species [14,25].
Their main advantages include low process complexity, low coating thickness, reduced
environmental impact and absence of highly toxic chromate compounds [43—46].

Numerous studies have investigated TCP and ZrCC systems on aluminium alloys
such as AA2024, AA6061, AA7075 and AA5052 [15,27,32,41,47 48]. However, considerably
less information is available for AA3003 alloy, particularly regarding systematic compar-
ison of different commercial conversion coating systems under varying environmental
conditions [25,49,50]. Furthermore, most electrochemical evaluations are commonly per-
formed only in a single electrolyte, typically a chloride-containing solution, which does not
necessarily reflect the complexity of real service environments.

Previous studies also demonstrated that the exposure environment may significantly
influence the electrochemical response and apparent protective performance of conver-
sion coatings [27,32,51,52]. Chloride-containing electrolytes promote localised corrosion
processes and therefore represent a highly sensitive environment for differentiation of
coating performance, whereas milder environments may be dominated primarily by pas-
sive behaviour of the aluminium substrate itself. In addition, stabilisation and structural
reorganisation processes may continue after coating deposition, further affecting corrosion
response during subsequent exposure [32,51-53].

Therefore, a systematic comparison of different commercial chromate-free conver-
sion coatings under different environmental conditions is necessary to better understand
their protective behaviour and limitations on AA3003 alloy. In contrast to most previous
studies, which focused on individual coating technologies or a single exposure environ-
ment, the present work compares six commercially available chromate-free conversion
coating systems representing TCP, ZrCC and Zr/TiCC technologies together with a con-
ventional chromate conversion coating reference. The coatings were evaluated under four
different exposure conditions, including air exposure, immersion in chloride-containing
electrolyte, and simulated acid rain and prolonged salt spray testing, enabling direct com-
parison of both short-term electrochemical behaviour and long-term corrosion stability
under identical experimental conditions. Particular emphasis was placed on optimisation
of conversion conditions and on assessment of the practical corrosion protection perfor-
mance of commercially relevant coating systems on AA3003 aluminium alloy, providing
insight into their relative corrosion protection performance under different environmental
conditions and their long-term stability during salt spray exposure. So, the focus of this
study is the comparison of the electrochemical performance of six commercial conver-
sion coatings across multiple exposure conditions and their evaluation with respect to
CCCs, rather than a detailed structural, chemical and mechanistic validation, which was
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already reported in our previous studies for the TCP (ST650 [52] and MC1300 [54]) and
ZrCC MC1700 [54] coatings deposited on AA3003 and similar ZrCC coatings on various
aluminum alloys [42,51,53,55-57] and steel and Zn substrates [58]. The surface-analytical
results obtained in these studies are used to substantiate the electrochemical results.

2. Materials and Methods
2.1. Materials and Sample Preparation

For this study, 50 um thick aluminium alloy EN AW-3003 H19 foil, produced by Impol
d.o.o. (Slovenska Bistrica, Slovenia), was used. The chemical composition of the alloy, as
specified by the manufacturer, was Mn 1.1 wt.%, Fe 0.6 wt.%, 5i 0.14 wt.%, Cu 0.13 wt.%,
Zn 0.009 wt.%, Cd 0.0003 wt.%, and Al 98.1 wt.%. The foil was cut into specimens with
dimensions of 20 mm x 40 mm.

The samples were initially ultrasonically cleaned in absolute ethanol (99.0%, Carlo
Erba Reactants, Rodano, Italy) for 3 min using an ultrasonic bath (Elmasonic P 30 H,
Elma Schmidbauer GmbH, Singen, Germany) to remove surface impurities and subse-
quently dried in a stream of compressed nitrogen. These samples are hereafter denoted
as AA3003. The average surface roughness (R;) of the untreated AA3003 substrate was
0.175 4 0.0051 pm. The measurements were performed using a stylus contact profilometer,
Bruker DektakXT (Bruker, Billerica, MA, USA) equipped with a 2 um tip operating in soft-
touch mode with a force of 1 mN. Five randomly selected 4 mm long lines were analysed.
The collected data were processed using TalyMap Gold 6.2 software.

Mechanical grinding was not performed prior to conversion treatment. Preliminary
experiments showed that mechanical abrasion caused surface cracking due to the low
thickness (50 um) of the aluminium alloy foil, making such treatment unsuitable.

The following chemicals were used for chemical surface pre-treatment: SurTec® 132 and
SurTec® 089 cleaning agents (SurTec International GmbH, Bensheim, Germany) and nitric
acid (65%, Sigma-Aldrich, Saint Louis, MO, USA). The major component of the slightly al-
kaline cleaner SurTec® 132 is tetrapotassium pyrophosphate. The cleaner is free of silicates
and surfactants and has a pH of 8.3. SurTec® 089 contains non-ionic surfactants such as
amines, coco alkyl compounds and ethoxylated fatty alcohols.

Milli-Q Direct water with resistivity > 18 MQ) cm at 25 °C (Millipore, Billerica, MA, USA)
was used for rinsing and preparing all solutions.

Prior to the deposition of conversion coatings, the aluminium surface was chemically
pre-treated using a combined alkaline and acidic cleaning procedure, denoted as CP-
AA3003 (Figure 1a). The optimisation of the surface pre-treatment procedure was reported
in our previous study [52]. Based on these results, the final pre-treatment process consisted
of alkaline cleaning in a mixture of 2 wt.% SurTec® 132 and 0.5 wt.% SurTec® 089 at
40 °C for 3 min, followed by desmutting for 30 s at room temperature in 50 vol.% HNOs3
solution. After chemical pre-treatment and desmutting, the samples were rinsed with Milli-
Q Direct water and dried in a stream of compressed nitrogen. The optimised procedure
was subsequently used for all samples prior to conversion coating deposition.
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(a) Surface pre-treatment (CP-AA3003)

1. AA3003 alloy
(50 pm foil)

2. Alkaline cleaning

2 wt.% SurTec 132 +

0.5 wt.% SurTec 089
40 °C, 3 min

| !

3. Desmutting
50 vol.% HNO;
30s

4. Chemically pre-treated
substrate
(CP-AA3003)

(b) Conversion coating deposition

5. Immersion in
conversion bath
(Tcp / zrcc /
Zr/TiCC / CCC)

8. Additional drying*
7. Drying with N, 100 °C, 3 min

l (*MC1700, MC1300,
MC160/161)

t /IN

9. Conversion-coated
AA3003 alloy

6. Rinsing

D AA3003 alloy | :\:rﬂ’l:;e) cleaning solution [ :‘I:Ciiif::g)ion (Csn:ir:\r/:;iun coating bath Rinsing water ﬁgczre)rsmn coating
Figure 1. Schematic illustration of the chemical pre-treatment and conversion coating deposition
procedure for AA3003 alloy.

The composition, trade names, coating types and manufacturers of commercially
available conversion coatings used in this study are summarised in Table 1, along with
their abbreviations. The investigated systems comprised trivalent chromium process (TCP)
coatings, including ST650, MC1300 and B30002, zirconium-based conversion coatings
(ZrCC), including MC1700 and MC160/161, zirconium/titanium-based conversion coating
(Zr/TiCC), and conventional chromate conversion coating (CCC) CR614.

Table 1. Commercial conversion coating systems investigated in this study.
Trade Name Abbreviation Composition %?;ng Manufacturer
SurTec® 650  ST650 H,ZrFg + Cr(ITl) TCP SurTec International GmbH,

Bensheim, Germany

MAVOMcoat MAVOM Chemie BV, Alphen aan den Rijn,
1700 MC1700 HyZrFe ZrcC The Netherlands
MAVOMcoat MAVOM Chemie BV, Alphen aan den Rijn,
1300 MC1300 HyZrFe + Cr(110) TCP The Netherlands
MAVOMCcoat MAVOM Chemie BV, Alphen aan den Rijn,
160/161 Mc160/161 HaZrFs Zrcc The Netherlands
Bonderite® ) ! Henkel AG & Co. KGaA,
M-NT 2040 B2040 H, Tiffe + HaZrFs Zr/TCC Diisseldorf, Germany
Bonderite® Henkel AG & Co. KGaA,
M-NT30002  Do0002 HyZrFe + Cr(llD Ter Diisseldorf, Germany
Cromcoat Cr(VI)-based . . .
CR 614 CR614 chromating system CCcC Condoroil Chemical S.r.l.,, Casale Litta, Italy

Electrochemical measurements were performed in two different electrolytes: (i) 3.5 wt.%
NaCl solution (99.7%, Fisher Scientific, Hampton, NH, USA), pH ~ 5.5, and (ii) simulated
acid rain consisting of 0.2 g NaySO4 (99%, Acros Organics, Hampton, NH, USA), 02 g
NaHCO;3 (Sigma-Aldrich, Saint Louis, MO, USA), and 0.2 g NaNO3 (99%, Sigma-Aldrich,
Saint Louis, MO, USA) dissolved in 1 L of water. The pH of the solution ika stirrer
manufacturerika stirrerlona, Spain).
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2.2. Conversion Coating Deposition and Processing

All conversion coatings were deposited on chemically pre-treated samples as described
above, following the procedure schematically illustrated in Figure 1b. The coatings were
prepared by immersion of the samples in the working conversion bath contained in a
250 mL polyethylene vessel. The bath was continuously stirred using a magnetic stirrer
at 250 rpm (IKA C-MAG HS7, IKA-Werke GmbH & Co K, Staufen, Germany). After
deposition, the samples were rinsed with 50 mL of Milli-Q water, immersed in fresh Milli-Q
water for 1 min at room temperature, and finally dried in a stream of compressed nitrogen.
Additional drying at 100 °C for 3 min was performed for MC1700, MC1300 and MC160/161
coatings (Table 2).

Table 2. Deposition parameters used for the preparation of the investigated conversion coatings.

. . Actual pH Additional
Coating Concentration Target pH pH Adjustment Additive Tconv fconv Treatment
9 90 S,
ST650 10 vol.% 3.7-3.95 39 1% NaOH or RT 11 min, -
5% H,ySOy .
18 min
12)22;’1 Drying for
MC1700 5 wt.% 3.8-55 4.4 15% NH4HCO3 RT . 3 min at
18 min, o
. 100 °C
30 min
78r(r)ﬁsr,1 Drying for
MC1300 5 wt.% 3.5-4.5 4.1 25% NHs(aq) RT L 3 min at
18 min, o
. 100 °C
45 min
40s, Drying for
1 wt.% MC160 10 min, .
MC160/161 1 wt.% MC161 n.a. n.a. - RT 18 min, 3 mlrol at
. 100 °C
45 min
80s,
B2040 1.4 wt% na. 1.1 - goec  10min, -
18 min,
50 min
15% NH,HCO 80,
B30002 3 wt.% 4-45 43 o4 3 RT 13 min, -
or HNOj; .
18 min
CR614 1.5 wt.% n.a. - - 35°C 3 min -

The selection of bath concentration, pH and recommended temperature range was
based on manufacturers’ technical data sheets and recommendations [59-65]. In most
cases, the conversion treatments were carried out at room temperature (RT), even when
elevated temperatures were recommended by the manufacturer, in order to evaluate the
applicability of the systems under lower-energy industrial processing conditions.

The conversion time (tq,p) was selected based on the manufacturers’ recommendations
and preliminary OCP measurements performed during coating deposition. The investi-
gated deposition parameters for individual conversion coating systems are summarized in
Table 2.

2.3. Electrochemical Measurements

Prior to potentiodynamic polarisation (PD) measurements, separate sets of coated
samples were immediately subjected to one of the following post-treatment conditions
after coating preparation and drying:

(i) Exposure to air for 24 h.

(ii) Immersion in 3.5 wt.% NaCl solution for 24 h.
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(iii) Immersion in simulated acid rain for 24 h.

(iv) Exposure in a salt spray chamber for 500 h.

Electrochemical measurements were carried out at room temperature in a conven-
tional three-electrode corrosion cell (K0235 Flat Cell Kit, volume 250 mL, Metrohm Autolab,
Utrecht, The Netherlands) made of a glass cylinder and Teflon side walls. The specimen
(working electrode) was positioned vertically at the Teflon side wall and pressed against a
Teflon ring to expose an area of 1 cm?. An Ag/AgCl electrode saturated with AgCl/KCl
(0.197 V vs. standard hydrogen electrode) was used as the reference electrode, while a
platinum mesh served as the counter electrode. The Ag/AgCl reference electrode was im-
mersed vertically into the electrolyte and positioned close to the working electrode surface.
Electrochemical experiments were performed using a potentiostat/galvanostat Autolab
PGSTAT 12 (Metrohm Autolab, Utrecht, The Netherlands) controlled by Nova 2.1 software.
All potentials reported in this work are referred to the Ag/AgCl scale. Before each mea-
surement, the electrode was stabilised at open circuit potential (OCP) for 1 h to attain
a quasi-steady-state condition. According to the criterion proposed by Kelly [66], the
OCP was considered stabilised when the potential variation during 10 min was less than
5mV. Linear polarisation measurements were subsequently performed in the range of
+10 mV vs. OCP using a scan rate (dE/dt) of 0.1 mV/s. The polarisation resistance (Rp)
was determined from the slope of the current density vs. potential dependence using Nova
software. Potentiodynamic polarisation measurements were then carried out at a scan rate
of 1 mV/s starting from —250 mV vs. OCP in the anodic direction until the current reached
0.1 mA.

Each measurement was repeated at least three times at different locations on the same
coated specimen. The electrochemical parameters reported in the tables are presented as
mean = standard deviation values. The reported standard deviations, therefore, reflect the
variability of the electrochemical response across the coated surface. The reproducibility
between independently prepared coating batches was not investigated in the present study.

Electrochemical corrosion parameters, including corrosion potential (Ecorr), corrosion
current density (jcorr), and breakdown potential (Epq) were determined from polarisation
curves using the Tafel approximation in Nova 2.1 software. The breakdown potential was
defined as the potential at which the current density abruptly increased within the passive
region. The passive range was expressed as AE = | E,g — Ecorr | . In cases where no clearly
defined anodic Tafel region was observed, the corrosion current density was estimated from
the cathodic branch extrapolation intersecting the line corresponding to Ecorr. In such cases,
the obtained jcorr values should be regarded as approximate estimates and interpreted
together with the polarisation resistance and overall polarisation behaviour.

2.4. Salt Spray Test

Salt spray tests were performed according to the ISO 9227:2017 standard (corrosion
tests in artificial atmospheres—salt spray tests) [67] using a chamber with a volume of
0.17 m3 (ASCOTT, Staffs, UK).

A 5 wt.% NaCl solution prepared with Milli-Q water was used as the testing electrolyte
and filtered prior to use. The test was carried out at a spray pressure of 85 kPa and a solution
flow rate of 5-10 mL/min. The temperature of the humidifying chamber was maintained
at 46 °C, while the chamber temperature was 35 4= 2 °C.

Prior to testing, the sample edges were protected with adhesive tape to prevent
corrosion of uncoated areas. The samples were positioned in a plastic holder at an angle of
approximately 45° from the vertical direction.
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The total exposure time was 500 h. Corrosion progression was monitored visu-
ally and documented photographically at selected time intervals when surface changes
were observed.

After completion of the salt spray exposure, the samples were rinsed with Milli-Q
water and dried under nitrogen prior to potentiodynamic measurements.

3. Results and Discussion

The corrosion protection performance of the investigated conversion coating systems
on AA3003 alloy was evaluated under different post-treatments and exposure conditions.
The comparative analysis included TCP, ZrCC, Zr/TiCC and CCC conversion coatings. For
each conversion coating system, only samples exhibiting the best protective performance
were included in the comparative analysis. Electrochemical data after 24 h exposure to air
were not available for ST650; therefore, this coating was not included in the air-exposure
comparison. The optimal conversion times (fcony) used in the comparative discussion were
selected based on high Rp, and low jeorr, while AE was used as an additional criterion when
the first two parameters did not allow clear identification of the optimal conditions. The
complete optimisation results, including electrochemical parameters obtained at different
deposition conditions, are provided in Appendix A.

The electrochemical behaviour of the selected conversion coatings was evaluated for
various post-treatments: after 24 h exposure to air, immersion in 3.5 wt.% NaCl solution,
and immersion in simulated acid rain, and after prolonged exposure in a salt spray chamber
for 500 h.

3.1. Effect of Post-Treatment Environment on Corrosion Response

The electrochemical behaviour of the investigated conversion coatings strongly de-
pended on both the post-treatment condition and the exposure environment. Figure 2
presents representative potentiodynamic polarisation curves corresponding to the optimal
conversion time selected for each coating system based on the highest polarisation resis-
tance and lowest corrosion current density obtained after 24 h exposure in air, 3.5 wt.% NaCl
solution and simulated acid rain solution. The corresponding electrochemical parameters
and optimal conversion times are summarised in Tables 3-5. Detailed potentiodynamic
polarisation curves and electrochemical parameters obtained for all investigated conversion
times are provided in Appendix A (Figures A1-A6 and Tables A1-A6). The results demon-
strated that post-treatment conditions strongly influence the electrochemical response of the
investigated systems. Differences between coatings were relatively limited after air expo-
sure, whereas substantially greater differentiation in polarisation resistance (Rp) and overall
polarisation behaviour was observed after exposure to a chloride-containing electrolyte.
In simulated acid rain, the electrochemical responses of the investigated systems became
more similar, particularly in terms of Ry and jeorr values, due to the lower aggressiveness
of the electrolyte.

Table 3. Electrochemical parameters of conversion coatings on CP-AA3003 after 24 h exposure to
air. The polarisation resistance (Rp) was determined from the linear polarisation measurements,
and the corrosion potential (Ecorr), corrosion current density (jeorr), breakdown potential (Epq)
and AE = | Epq — Ecorr | from potentiodynamic polarisation curves (Figure 2a). Values are given
as mean =+ standard deviation.

Optimal R E ] Ebd AE

1 P corr corr

Sample feony (KQ em?) V) (LA cm2) V) V)

CP-AA3003 - 1300 =+ 200 —0.80 £+ 0.01 0.02 +0.01 —0.68 + 0.01 0.12
MC1300 7 min 190 4 40 —0.72 +0.04 0.13 £ 0.11 —0.68 4= 0.02 0.04
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Table 3. Cont.

Optimal R E ] Ebd AE
1 14 corr corr
Sample teonv (kQ cm?) V) (1A cm~2) V) )
MC1700 10 min 530 £ 60 —1.01 £0.01 0.08 £ 0.01 —0.59 £0.02 0.42
B2040 80s 14 £ 10 —0.71 £ 0.04 1+2 —0.72 £ 0.04 0.01
B30002 80s 610 £+ 90 —0.61 £0.02 0.09 + 0.02 —0.50 £ 0.04 0.11
MC160/161 40s 226 £+ 81 —0.92 £ 0.11 0.21 + 0.06 —0.64 +0.03 0.29
CR614 3 min 521 £ 139 —0.72 £0.01 0.03 + 0.001 —0.52 £ 0.03 0.20
-0.2 -0.2
= [ (a) 24 hin air = (b) 24 h in 3.5 wt.% NaCl
D04l S 0l
< <
o o L
< o6l o
® [ ® ¥ o
E E — |
2.-08 [ 208 [
s s
° I S
& 2L & 2L
10" 10 10° 10 107 10 105 10+ 10'“‘ 10"’ 109 ‘ 105 107 10G 105 104
Current density [A cm?] Current density [A cm?]
— 02 — (c) 24 h in simulated acid rain Legend:
D00 CP-AA3003
Do £ ST650
<7 MC1700
S-04f MC1300
2 o6t B2040
I B30002
g %8¢ MC160/161
£-10L CR614
101 100 10° 10% 107 105 105 104
Current density [A cm3]
Figure 2. Comparative potentiodynamic polarisation curves of conversion coatings on CP-AA3003
after 24 h post-treatment exposure under different conditions: (a) air, (b) 3.5 wt.% NaCl solution,
and (c) simulated acid rain. Electrochemical measurements were performed in 3.5 wt.% NaCl for
(a,b) and in simulated acid rain solution for (c). Scan rate: dE/dt =1 mV/s. The optimal conversion
times for each conversion coating and corresponding electrochemical parameters are summarised in
Tables 3-5. All potentials (E) are given versus the Ag/AgCl reference electrode.
Table 4. Electrochemical parameters of conversion coatings on CP-AA3003 after 24 h exposure to
3.5 wt.% NaCl solution. The polarisation resistance (Rp) was determined from the linear polarisation
measurements, and the corrosion potential (Ecorr), corrosion current density (jeorr), breakdown
potential (E,q) and AE = | Epq — Ecorr | from potentiodynamic polarisation curves (Figure 2b). Values
are given as mean = standard deviation.
Optimal R E i Epg AE
S 1 P corr corr
ampre feonv (kQ cm?) V) (1A cm2) (V) 4%
CP-AA3003 - 740 + 50 —0.80 + 0.02 0.06 + 0.03 —0.64 + 0.02 0.17
ST650 18 min 1927 £73 —0.76 £ 0.01 0.01 £ 0.01 —0.59 £ 0.04 0.17
MC1300 7 min 890 £ 70 —0.86 £ 0.01 0.05 £ 0.01 —0.67 £0.01 0.18
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Table 4. Cont.
Optimal R E, ] Ebd AE
1 P corr corr

Sample teony (kQ cm?) V) (LA cm2) V) (V)
MC1700 10 min 2000 =+ 500 —0.80 £+ 0.02 0.01 4+ 0.03 —0.63 £ 0.01 0.17
B2040 80s 50 4+ 30 —0.67 = 0.01 0.10 £ 0.06 —0.63 = 0.01 0.03

B30002 80s 840 £ 10 —0.76 & 0.02 0.01 &+ 0.07 —0.54 +0.01 -
MC160/161 40s 1500 £ 537 —0.63 = 0.03 0.03 £ 0.02 —0.38 £ 0.01 0.25
CR614 3 min 993 + 13 —0.74 +0.03 0.03 + 0.01 —0.52 +0.08 0.15

Table 5. Electrochemical parameters of conversion coatings on CP-AA3003 after 24 h exposure to
simulated acid rain. The polarisation resistance (Rp) was determined from the linear polarisation
measurements, and the corrosion potential (Ecorr), corrosion current density (jeorr), breakdown
potential (Epq) and AE = | Epq — Ecorr | from potentiodynamic polarisation curves (Figure 2c). Values
are given as mean = standard deviation.

Optimal Rp Ecorr Jeorr

Sample teony (kQ cm?) (V) (LA cm~2)
CP-AA3003 : 830 + 230 —0.76 + 0.01 0.06 + 0.03
ST650 18 min 1545 + 716 —0.66 + 0.22 0.03 + 0.02
MC1300 80's 520 + 260 —0.58 + 0.16 0.08 + 0.01
MC1700 120's 1200 + 320 —0.59 + 0.05 0.05 =+ 0.02
B2040 18 min 990 + 570 ~0.16 + 0.01 0.03 + 0.01
B30002 80's 880 + 110 —0.79 + 0.14 0.06 =+ 0.05
MC160/161 18 min 286 + 196 —0.46 + 0.18 0.11 + 0.16
CR614 3 min 517 + 231 —0.43 + 0.07 0.03 + 0.01

The optimal conversion times differed between the investigated coating systems and
exposure conditions, indicating that the protective performance of the conversion coatings
is strongly influenced by the conversion process itself. In general, conversion time affects
coating growth, surface coverage and homogeneity, which consequently influence the
electrochemical stability and barrier properties of the formed conversion layer [15,52]. In-
sufficient conversion time may lead to incomplete coating formation and limited protection,
whereas excessively prolonged conversion treatment may promote increased surface het-
erogeneity, crack formation or substrate dissolution, particularly in highly acidic conversion
baths, as reported previously for similar conversion coating systems [15,52]. Consequently,
the optimal conversion conditions represent a balance between sufficient coating formation
and preservation of electrochemical stability. The detailed influence of conversion time on
the electrochemical response of individual coating systems is presented in Figures A1-A6
and Tables A1-A6.

After 24 h exposure in air, the differences between individual coating systems were
relatively small (Figure 2a, Table 3). The chemically pre-treated reference sample (CP-
AA3003) exhibited the highest polarisation resistance (1300 kQ) cm?) together with the
lowest corrosion current density (0.02 pA cm~2), indicating that under low-aggressiveness
conditions the electrochemical response is dominated primarily by the naturally formed
passive aluminium oxide layer on the substrate surface [52,54]. Consequently, the protec-
tive contribution of thin conversion coatings remains relatively limited after simple air
exposure, resulting in only minor differences between the investigated systems. Among the
investigated conversion coatings, B30002 (TCP), MC1700 (ZrCC), and CR614 (CCC) showed
the highest R;, values, ranging between approximately 500 and 600 k(2 cm?. The CCC ex-
hibited the lowest jcorr value among coated samples, while MC1700 showed the largest AE
value (0.42 V), indicating improved resistance to localised corrosion. In contrast, MC1300
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and MC160/161 exhibited lower R, values and higher jcorr, whereas B2040 showed the
poorest electrochemical response, characterised by very low R}, and high jeorr values. The
poor behaviour of B2040 is associated with the highly acidic conversion bath (pH ~ 1.14),
which promotes intensive dissolution of the aluminium substrate during coating formation.
Under such conditions, dissolution of the native oxide layer and substrate surface likely
proceeds faster than precipitation of stable Zr- and Ti-containing species, which may hinder
the formation of a compact and continuous conversion layer. As a result, the coating may
provide only limited barrier protection.

After 24 h exposure in 3.5 wt.% NaCl solution, substantially greater differentiation in
Rp values and polarisation curve characteristics was observed among the investigated sys-
tems. (Figure 2b, Table 4). In contrast to air exposure, most conversion coatings exhibited
improved corrosion resistance compared to the chemically pre-treated reference sample
CP-AA3003, confirming their protective effect in a chloride-containing environment. The
greater spread of R, values indicates that the NaCl environment provides a significantly
more demanding and more sensitive test for evaluation of thin conversion coatings than
simple air exposure or simulated acid rain. Chloride ions are known to locally destabilise
the passive aluminium oxide layer and promote localised corrosion processes [68,69]. In
aluminium alloys containing Fe- and Mn-rich intermetallic particles, chloride-induced
attack frequently initiates at or around these heterogeneities due to local galvanic inter-
actions and passive film breakdown [70]. Consequently, even relatively small differences
in coating compactness, defect density and electrochemical stability become more clearly
expressed in NaCl solution. The highest polarisation resistance values were obtained for
MC1700 (ZrCC) and ST650 (TCP), reaching approximately 2000 and 1900 kQ) cm?, respec-
tively, while both coatings simultaneously exhibited the lowest corrosion current density
(0.01 uA cm—2). The improved behaviour of ST650 is associated with suppression of both
anodic and cathodic reactions, as reflected by the lower current densities over the entire
polarisation range. The reduction in anodic currents can be attributed to passivation of the
aluminium matrix surrounding intermetallic particles [15,52], whereas the lower cathodic
currents indicate hindered oxygen reduction due to the barrier effect of the conversion layer.
A similarly favourable response was observed for MC1700, which exhibited the highest R,
value together with a relatively broad passive region. Previous surface and EDS analyses
reported in our earlier work [54] showed that the optimised MC1700 coating forms a rela-
tively homogeneous Zr-rich conversion layer. After 24 h immersion in NaCl solution, the
coating exhibited increased oxygen content together with reduced fluorine concentration
compared to samples exposed only to air, which may be associated with a gradual trans-
formation of fluoride-containing species into a more stable oxide /hydroxide-rich surface
layer, as reported previously for similar zirconium-based conversion coatings [51,52,54-56].
Previous studies have further associated such behaviour with densification and self-sealing
processes occurring in zirconium-based conversion coatings exposed to chloride-containing
environments [51,52,54-56]. These processes may contribute to improved electrochemi-
cal stability and enhanced resistance to localised corrosion after prolonged immersion in
NaCl solution.

The MC160/161 coating also exhibited relatively high R, values and the highest AE
value among all investigated systems, indicating improved resistance to localised corrosion.
In contrast, MC1300 and B30002 showed only moderate improvement compared to CP-
AA3003, while B2040 again exhibited the poorest electrochemical behaviour, characterised
by low Rp, and relatively high jeorr values. This behaviour is consistent with the limited
stability and poor barrier properties of the B2040 conversion layer discussed above. Con-
sequently, prolonged conversion times lead predominantly to increased electrochemical
activity rather than improved barrier protection (Figure A4, Table A4).
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The results further demonstrate that the chloride-containing environment more ef-
fectively differentiates the protective performance of thin conversion coatings than air
exposure or simulated acid rain. Similar observations were previously reported for TCP
coatings on AA2024 and ZrCC coatings on AA5754 [58,71]. In addition, our previous
study on MC1700 and MC1300 coatings [54] showed that electrochemical measurements
immediately after preparation do not necessarily reflect the real protective performance
of thin conversion coatings, since stabilisation and maturation processes continue after
coating deposition.

In simulated acid rain, the differences between the investigated conversion coatings
were less pronounced than in the chloride-containing electrolyte, particularly with respect
to Rp and jeorr values (Figure 2¢, Table 5), which is attributed to the lower aggressiveness of
the electrolyte and the absence of chloride-induced localised corrosion. In this environment,
corrosion processes are governed predominantly by the general passive behaviour of the
aluminium surface rather than by chloride-induced localised breakdown of the oxide
layer [68]. Consequently, subtle differences in protective performance between individual
conversion coatings become considerably less pronounced than in a chloride-containing
solution. Under these conditions, the chemically pre-treated substrate CP-AA3003 already
exhibited relatively favourable electrochemical behaviour, with Rp around 830 kQ) cm? and
jeorr of 0.06 LA cm~2,

Among the investigated systems, ST650 (TCP) and MC1700 (ZrCC) again exhib-
ited the most favourable electrochemical response, reaching R, values of approximately
1500 and 1200 kQ cm?, respectively. ST650 additionally showed reduced joorr values
(0.03 pA cm~2), indicating improved electrochemical stability also in a less aggressive
environment. The favourable behaviour of MC1700 is consistent with the optimised Zr-rich
conversion layer reported previously in our study [54]. The B2040 coating exhibited im-
proved electrochemical parameters in simulated acid rain compared to chloride-containing
electrolyte, particularly at longer conversion times (Figure A4c, Table A4). However, the
improved behaviour is mainly associated with the lower aggressiveness of the electrolyte
rather than with the formation of a robust protective barrier. At the same time, somewhat
lower reproducibility of the measurements was observed for longer conversion times,
which may indicate the formation of less homogeneous conversion layers. In contrast,
MC1300 and B30002 exhibited electrochemical parameters comparable to CP-AA3003,
indicating only a limited additional protective effect in simulated acid rain. The poorest
behaviour was observed for MC160/161, which showed the lowest R, and highest jcorr
values among the investigated systems. Interestingly, the conventional chromate conver-
sion coating CR614 also did not exhibit significantly superior electrochemical behaviour
in this environment, as its electrochemical parameters remained comparable to several
chromate-free systems. Overall, the results indicate that simulated acid rain provides less
differentiation between the investigated conversion coatings in terms of Ry, and jeorr values
than the chloride-containing electrolyte. The dominant electrochemical response in this
medium is associated with passive behaviour of the aluminium substrate itself, while the
contribution of the conversion coatings to additional barrier protection remains limited.

For a more comprehensive comparison of the protective performance of the investi-
gated conversion coatings in different environments, the corresponding Ry, and jeorr values
are summarised in Figure 3. The coatings are comparatively ranked according to their R,
values obtained in each environment, enabling direct comparison of their relative corrosion
resistance. The results confirm that the electrochemical response strongly depends on the
exposure medium. Among the investigated systems, ST650 (TCP) and MC1700 (ZrCC)
exhibited the most stable and favourable behaviour across all tested conditions, while
MC160/161 (ZrCC) and CR614 (CCC) showed good performance mainly in NaCl solution.
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B30002 and MC1300 displayed intermediate behaviour, whereas B2040 (Zr/TiCC) exhibited
the least favourable electrochemical response under the investigated conditions.
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Figure 3. Comparative presentation of polarisation resistance (Rp) and corrosion current density (jcorr)
of conversion coatings on CP-AA3003 after 24 h post-treatment in different environments: (a) air,
(b) 3.5 wt.% NaCl, and (c) simulated acid rain. The jeorr Values are presented on a logarithmic scale.

Finally, it should be noted that the optimal conversion times vary depending on
the coating type and exposure conditions (Tables 3-6 and A1-A7). In general, ST650
and MC1700 require longer optimal conversion times but provide superior performance.
MC1300 also requires a relatively long conversion time. In contrast, the optimal conversion
times for B3003 and B2040 are considerably shorter; however, their performance is also
less favourable. Moreover, longer conversion times are generally required to withstand the
harsher conditions associated with prolonged exposure in a salt spray chamber. Therefore,
the best protective properties are not necessarily achieved with the shortest preparation

times. In many cases, longer conversion times are required to obtain the desired level
of protection.
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Table 6. Electrochemical parameters of conversion coatings on CP-AA3003 and conversion-coated
samples after 500 h exposure in a salt spray chamber. The polarisation resistance (Rp) was determined
from the linear polarisation measurements, and the corrosion potential (Ecorr), corrosion current
density (jcorr), breakdown potential (Epq) and AE = | Epq — Ecorr | from potentiodynamic polarisation

curves (Figure 4). Values are given as mean =+ standard deviation.

Optimal Rp Ecorr Jeorr Epq AE
Sample teony (kQ cm?) (V) (LA cm~2) (V) V)
CP-AA3003 - 36 £3 —0.71 £ 0.01 1.0+04 —0.59 + 0.01 0.13
ST650 11 min 8800 + 1700 —0.64 +£0.20 0.0004 + 0.001  —0.24 + 0.02 0.39
MC1300 18 min 1500 + 1500 —0.68 + 0.06 0.06 £+ 0.02 —0.60 + 0.002 0.08
MC1700 10 min 2700 £+ 50 —0.72 £ 0.01 0.004 + 0.002 —0.44 + 0.05 0.28
B2040 80s 430 4 80 —0.67 = 0.03 0.04 £ 0.01 —0.33 +0.02 0.35
B30002 18 min 5300 £ 3100 —0.83 +0.20 0.001 + 0.001 —0.44 + 0.07 0.39
MC160/161 18 min 2424 + 789 —0.69 4+ 0.01 0.005 + 0.004 —0.21 £ 0.01 0.33
CR614 3 min 116 + 47 —0.59 4+ 0.01 0.20 +0.14 —0.08 4+ 0.05 0.51
0.0
5 [ 500 h salt spray chamber Legend:
<zz:-;-o.z : CP-AA3003
=) r — ST650
S-oat MC1700
2 el ———  MC1300
= B2040
% sl ——— B30002
g ——— MC160/161
2-10f —  CR614

10" 10 10° 10® 107 10°€ 10° 10+*

Current density [A cm'2]

Figure 4. Comparative potentiodynamic polarisation curves of CP-AA3003 and conversion-coated
samples after 500 h exposure in a salt spray chamber. The scan rate was dE/dt =1 mV/s. The
optimal conversion time for each conversion coating, and electrochemical parameters deduced from
the curves are presented in Table 6.

3.2. Corrosion Behaviour After Prolonged Salt Spray Exposure

The long-term corrosion protectiveness of the investigated conversion coatings was
evaluated after 500 h of exposure in a salt spray chamber. Representative potentiodynamic
polarisation curves corresponding to the conversion conditions exhibiting the highest
polarisation resistance and lowest corrosion current density for each coating system are
presented in Figure 4, while the corresponding electrochemical parameters are summarised
in Table 6. Detailed potentiodynamic polarisation curves and electrochemical parameters
obtained for all investigated conversion times are provided in Appendix A (Figure A7
and Table A7). The results reveal substantially larger differences between the investi-
gated systems after prolonged chloride exposure than after short-term exposure conditions,
demonstrating that long-term corrosion stability strongly depends on both coating chem-
istry and conversion conditions. The relatively large standard deviations observed for
some samples after prolonged salt spray exposure likely reflect the heterogeneous nature
of localised corrosion processes and increasing surface degradation, which contribute to
greater variability in the electrochemical response. Nevertheless, the overall performance
trends remained consistent and were supported by multiple electrochemical parameters.

After 500 h exposure, the chemically pre-treated reference sample CP-AA3003 ex-
hibited pronounced electrochemical degradation, characterised by very low polarisation
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resistance (36 kQ) cm?) and high corrosion current density (1.0 A cm~?2) (Figure 4, Table 6).
Visual inspection additionally revealed progressive surface degradation during exposure
(Figure 5), confirming the limited long-term corrosion resistance of the chemically pre-
treated substrate in a chloride-containing environment.

CP-AA3003 ST650 MC1300 MC1700 B2040 B30002 MC160/161 CR614
t(h) (TCP) (TCP) (zrcc) (zriTicc) (TCP) (zrcc) (cce)

Legend:

"= Score Description

No visible surface

changes.

Slight surface

matting.

Noticeable surface

matting and

localized visible

deposits.

168 Moderate surface
degradation with

3 widespread visible
changes and
deposits.
Pronounced
surface
degradation with
extensive visible

4 changes, deposits
and substantial
alteration of the
original surface
appearance.

336

Note: The vertical line visible on
MC1700  originates

| mechanical fold of the aluminium foil
and is unrelated to corrosion
processes.

500

] 10 mm
Score 1 —

Figure 5. Visual appearance of CP-AA3003 and selected conversion-coated samples during salt spray
exposure for up to 500 h. Only coatings exhibiting the most favourable electrochemical performance
after 500 h exposure, based on R, and jeorr values obtained from potentiodynamic polarisation
measurements (Table 6), are presented.

Among the investigated chromate-free systems, the TCP coatings ST650, MC1300
and B30002 exhibited distinctly different long-term behaviour after salt spray exposure.
ST650 and B30002 showed the most favourable electrochemical response, reaching Ry
values around 8800 and 5300 k() cm?, together with very low corrosion current densities
of 0.0004 and 0.001 pA cm 2, respectively (Table 6, Figure 6). Both coatings also main-
tained a relatively non-degraded surface appearance during prolonged exposure without
pronounced localised corrosion attack (Figure 5). Detailed polarisation curves presented
in Figure A7a,b,e further demonstrate a pronounced influence of conversion time on the
electrochemical response of both TCP systems, with prolonged conversion times generally
resulting in improved corrosion resistance.

Interestingly, comparison with electrochemical measurements performed shortly after
deposition indicates that prolonged salt spray exposure did not lead to degradation of
the optimised TCP coatings ST650 and B30002, but rather to progressive stabilisation of
their protective behaviour. Similar behaviour was previously reported for TCP systems
containing hydrated oxide structures and defect-containing barrier layers [72]. Li et al. [72]
proposed that prolonged chloride exposure may promote the formation of additional
aluminium oxide and hydroxide species within hydrated transport channels and defects,
thereby increasing charge-transfer resistance and improving barrier properties. Compa-
rable stabilisation and defect-sealing processes were described in our previous studies
on zirconium-based conversion coatings deposited on various aluminium alloys exposed
to chloride-containing environments [51,52,54-56], where the gradual transformation of
fluoride-containing species into hydrated oxides and hydroxides has been shown to con-
tribute to reduced coating porosity and improved barrier properties. Similar effects were
additionally reported for intentionally sealed conversion coatings [73], where enhanced
corrosion resistance was associated with suppression of cathodic activity and partial pore
closure. Although detailed microstructural analyses were not performed for B30002 in the
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present study, the combination of very low corrosion current density, high polarisation
resistance and minimal visual degradation suggests that similar stabilisation processes may
also occur in this system during prolonged chloride exposure.

10,000

goop 8800 Type of conversion coating
8000 il $§;AA3003
T 1000 E— zrCC
o 6000 5300 Zr[TiCC
g =000 O
= 4000
& 3000 2700 2424
2000 1500
1000 I l 430 446 -

ST650 B30002 MC1700 MC160/161 MC1300 B2040 CR614 CP-AA3003

1
I 1
0.1 0.2
008 0.04
0.01
001 0.001

0.004 0:005

109 jeord (HA cm2)

0.0004
0.0001

Figure 6. Comparative presentation of polarisation resistance (Rp) and corrosion current density
(jeorr) of conversion coatings on CP-AA3003 after 500 h exposure in a salt spray chamber. The jeorr
values are presented on a logarithmic scale.

The ZrCC systems MC1700 and MC160/161 also exhibited relatively favourable
long-term electrochemical behaviour after salt spray exposure, although their protective
performance remained somewhat lower than that of the optimised TCP coatings. MC1700
exhibited an R, of around 2700 kQ) cm? and a jeorr Of 0.004 A cm—2, while MC160/161
reached an Ry, of around 2400 k() cm? and a jeorr of 0.005 pA cm ™2 (Table 6, Figure 6). Both
coatings additionally maintained visual appearance during exposure without pronounced
localised corrosion attacks (Figure 5). Figure A7c,f further show a pronounced influence of
conversion time on the corrosion response of both systems.

For MC1700, the coating prepared at 10 min conversion time exhibited the most
favourable overall behaviour, combining high polarisation resistance, low corrosion current
density and minimal visible degradation after prolonged exposure. Previous surface
analyses reported in our earlier study [54] showed that the optimised MC1700 coating forms
a relatively homogeneous Zr-rich conversion layer with locally intensified growth around
intermetallic particles, which likely contributes to improved electrochemical stability during
chloride exposure. Similar relationships between conversion conditions, intermetallic
particle activity, coating homogeneity and corrosion performance of Zr conversion coatings
on aluminium alloys were also reported by Kras et al. [57]. In contrast, shorter conversion
time resulted in incomplete surface coverage, whereas prolonged conversion time led to
increased local heterogeneity and less stable long-term behaviour despite relatively low
corrosion current densities.
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The MAVOMCcoat 160/161 system exhibited relatively stable behaviour during pro-
longed exposure without pronounced localised corrosion attacks. Interestingly, the elec-
trochemical response after prolonged salt spray exposure differed from the behaviour
observed after short-term NaCl immersion. While shorter conversion times exhibited
relatively favourable behaviour after 24 h immersion in NaCl solution (Figure A6b
and Table A6), longer conversion times resulted in superior long-term stability after
salt spray exposure, with the 18 min coating exhibiting the highest R, and lowest jcorr
values (Figure A7f, Table A7). These observations demonstrate that short-term electro-
chemical tests alone are insufficient for reliable prediction of long-term atmospheric
corrosion behaviour.

In contrast to TCP and optimised ZrCC systems, the B2040 (Zr/TiCC) coating exhibited
the least favourable long-term electrochemical behaviour among the investigated chromate-
free systems. The electrochemical response strongly depended on conversion time, with
the shortest conversion time (80 s) exhibiting the most favourable overall behaviour after
exposure (Figure A7d, Table A7). The optimised B2040 coating reached an Ry, of around
430 kO cm? and a jeorr Of 0.04 pHA cm ™2, whereas longer conversion times resulted in
substantially lower polarisation resistance and increased corrosion activity (Table A7).
Visual inspection additionally revealed progressive surface degradation accompanied
by the formation of corrosion products during exposure (Figure 5). The poor long-term
behaviour of B2040 is consistent with the highly acidic nature of the conversion bath, which
likely promotes excessive substrate dissolution during coating formation and prevents
the development of a compact and stable protective layer. Interestingly, electrochemical
measurements after exposure still showed a partial increase in polarisation resistance
compared to the initial state. However, this apparent electrochemical improvement is more
likely associated with the formation of secondary aluminium corrosion products during
prolonged exposure rather than with intrinsic stabilisation of the conversion coating itself.

The conventional chromate conversion coating CR614 exhibited less favourable elec-
trochemical behaviour than several investigated chromate-free systems after prolonged
exposure. Although the coating maintained relatively high AE values, indicating resistance
to localised breakdown processes, its polarisation resistance remained low (116 k(2 cm?),
and the corrosion current density remained substantially higher than for TCP and opti-
mised ZrCC systems (Table 6, Figure 6). Visual inspection revealed only minor visible
surface changes during exposure (Figure 5). The results therefore demonstrate that several
investigated chromate-free conversion coating systems, particularly optimised TCP coat-
ings and selected ZrCC systems, may provide corrosion protection comparable to or even
superior to the investigated CCC system under prolonged chloride exposure conditions.

Overall, the results clearly demonstrate that prolonged salt spray exposure provides
substantially greater differentiation between the investigated conversion coating systems
than short-term electrochemical exposure tests. The long-term corrosion response strongly
depends not only on coating chemistry but also on conversion time and the ability of the
coating to maintain electrochemical stability during prolonged chloride exposure. The re-
sults further confirm that optimised TCP coatings exhibit the most favourable combination
of long-term barrier stability and resistance to localised corrosion, while optimised ZrCC
systems also provide highly promising corrosion protection on AA3003 alloy.

Although the thickness was not determined for each coating, which is a limitation
of the study, previous studies [42,52,54,56] showed that the thickness of the conversion
coatings is in the 50-200 nm range.
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4. Conclusions

The investigated conversion coatings exhibited different electrochemical behaviour
depending on the exposure conditions. After short-term exposure, differences between
the investigated systems remained relatively limited, particularly in the simulated acid
rain solution. In contrast, chloride-containing environments enabled clearer differentiation
of coating performance, with most coatings providing improved corrosion resistance
compared to the chemically pre-treated substrate.

Among the investigated systems, the TCP coatings ST650 and B30002 exhibited the
most favourable overall corrosion behaviour, achieving the highest polarisation resistance
and lowest corrosion current density values, particularly after 500 h salt spray exposure.
The ZrCC systems MC1700 and MC160/161 also provided significant corrosion protection,
whereas the Zr/TiCC coating B2040 exhibited the least favourable long-term performance.

The 500 h salt spray test revealed substantially greater differences between the investi-
gated systems than short-term electrochemical measurements and proved more suitable
for evaluating long-term coating stability.

Overall, under salt spray testing conditions, optimised TCP and ZrCC coatings pro-
vided corrosion protection comparable to or superior to the investigated conventional
chromate conversion coating CR614 deposited on AA3003 alloy. A limitation of the study
is that only one specific chromate system was analysed, so future studies may involve a
comparison of multiple chromate-based coatings.
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Abbreviations

The following abbreviations are used in this manuscript:

CCC chromate conversion coating

CSRD Corporate Sustainability Reporting Directive
ESPR Ecodesign for Sustainable Products Regulation
OCP open circuit potential

PD potentiodynamic polarization

RT room temperature

TCP trivalent chromium process

ZrCC zirconium-based conversion coating

Zr/TiCC  zirconium/titanium-based conversion coatings
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Figure A1. Potentiodynamic polarisation curves recorded for chemically pre-treated CP-AA3003
and ST650-coated samples prepared at different conversion times and exposed for 24 h to different
post-treatment environments: (a) 3.5 wt.% NaCl solution and (b) simulated acid rain. Electrochemical
measurements were performed in 3.5 wt.% NaCl solution for (a) and in simulated acid rain solution
for (b). The scan rate was dE/dt =1 mV/s. Electrochemical parameters deduced from the curves are
presented in Table Al.

Table Al. Electrochemical parameters were deduced from potentiodynamic measurements for
chemically pre-treated CP-AA3003 and ST650-coated samples prepared at different conversion times
and exposed for 24 h to different post-treatment environments. The polarisation resistance (Rp) was
determined from the linear polarisation measurements, and the corrosion potential (Ecosr), corrosion
current density (jeorr), breakdown potential (Epq) and AE = | Epq — Ecorr | from potentiodynamic
polarisation curves (Figure A1). Values are given as mean =+ standard deviation. The selected optimal
conversion times are written in bold.

Post- " Rp Ecorr Jeorr Epq AE
Treatment conv (kQ cm?) ) (LA cm—2) \") V)
CP-AA3003 740 +50  —080+002 006+003 —064+002 017
, . 90 166439  —0774+002 0164006 —051+002 025
24hin 3.5 wt.% NaCl 11 min 1144 + 462  —0864+0001 003+001 —055+005 030
18 min 1927473 —0764+001 001+001 —059+004 017

CP-AA3003 2000 £800 —059+010 0.3+ 001 - -

ot b i simulated acid rai 90's 658 £ 195  —0.67 004  0.04 & 0.04 ] -
in simulated acid rain 11 min 575 + 164 —1.044+0.05 005+001 —038+016 0.66

18 min 1545 + 716 —0.66+022  0.03 + 0.02 - )

Table A2. Electrochemical parameters were deduced from potentiodynamic measurements for chem-
ically pre-treated CP-AA3003 and MC1300-coated samples prepared at different conversion times
and exposed for 24 h to different post-treatment environments. The polarisation resistance (Rp) was
determined from the linear polarisation measurements, and the corrosion potential (Ecorr), corrosion
current density (jeorr), breakdown potential (Epq) and AE = | Epq — Ecorr | from potentiodynamic
polarisation curves (Figure A2). Values are given as mean =+ standard deviation. The selected optimal
conversion times are written in bold.

Post- " Rp Ecorr Jeorr Epq AE
Treatment conv (kQ cm?) ) (LA cm~—2) V) V)
CP-AA3003 1300 =+ 200 —0.80 £ 0.01 0.02 £ 0.01 —0.68 £0.01 0.12
80s 30+3 —0.74 £ 0.03 0.09 £0.04 —0.67£0.01 0.07
24 h in air 7 min 190 + 40 —0.72 £ 0.04 0.13 £ 0.11 —0.68 £+ 0.02 0.04
18 min 62+9 —0.72 £ 0.02 0.15 4+ 0.04 —0.64 +£0.01 0.09

45 min 22 +2 —0.68 +0.02 0.82 & 0.15 - -
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Table A2. Cont.

Post- t Rp Ecorr jcorr Epq AE
Treatment conv (kQ) cm?) V) (LA cm—2) \% (V)
CP-AA3003 740 + 50 —0.82 £ 0.02 0.06 +0.03 —0.64+0.02 0.17
80s 2000 =+ 100 —0.76 + 0.03 0.01 £0.04 —-057+0.04 0.18
24 hin 3.5 wt.% NaCl 7 min 890 + 70 —0.86 + 0.01 0.056+0.01 —-0.67+0.01 0.18
18 min 260 £+ 90 —0.71 £ 0.02 0.05+0.01 —-0.64+001 0.09
45 min 63 + 14 —0.72 £ 0.05 0.37+0.08 —0.61+0.01 0.11
CP-AA3003 830 + 230 —0.76 £ 0.01 0.07 + 0.02 - -
80s 520 + 260 —0.58 + 0.16 0.08 £ 0.01 - -
24 h in simulated acid rain 7 min 95 + 23 —0.46 £+ 0.05 0.62 £+ 0.08 - -
18 min 340 £ 220 —0.39 + 0.05 0.17 £ 0.12 - -
45 min 28+7 —0.78 + 0.08 1.08 + 0.23 - -
= 04! (a)24hinair = o4l (b)24hin3.5et.% NaCl
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Figure A2. Potentiodynamic polarisation curves recorded for chemically pre-treated CP-AA3003
and MC1300-coated samples prepared at different conversion times and exposed for 24 h to different
post-treatment environments: (a) 24 h in air, (b) 3.5 wt.% NaCl solution and (c) simulated acid
rain. Potentiodynamic measurements for samples shown in (a,b) were performed in 3.5 wt.% NaCl
solution, whereas measurements for samples shown in (c) were performed in simulated acid rain
solution. The scan rate was dE/dt = 1 mV/s. Electrochemical parameters deduced from the curves
are presented in Table A2.
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Figure A3. Potentiodynamic polarisation curves recorded for chemically pre-treated CP-AA3003
and MC1700-coated samples prepared at different conversion times and exposed for 24 h to different
post-treatment environments: (a) 24 h in air, (b) 3.5 wt.% NaCl solution and (c) simulated acid
rain. Potentiodynamic measurements for samples shown in (a,b) were performed in 3.5 wt.% NaCl
solution, whereas measurements for samples shown in (c) were performed in simulated acid rain
solution. The scan rate was dE/dt = 1 mV/s. Electrochemical parameters deduced from the curves
are presented in Table A3.

Table A3. Electrochemical parameters were deduced from potentiodynamic measurements for chem-
ically pre-treated CP-AA3003 and MC1700-coated samples prepared at different conversion times
and exposed for 24 h to different post-treatment environments. The polarisation resistance (Rp) was
determined from the linear polarisation measurements, and the corrosion potential (Ecorr), corrosion
current density (jcorr), breakdown potential (Epq) and AE = | Epq — Ecorr | from potentiodynamic
polarisation curves (Figure A3). Values are given as mean + standard deviation. The selected optimal
conversion times are written in bold.

Post- t Rp Ecorr Jeorr Epq AE
Treatment conv (kQ) cm?) V) (LA cm—2) V) \%)
CP-AA3003 1300 + 200 —0.80 £ 0.01 0.02+£001 —-0684+001 0.12

120's 30 + 60 —0.79 £+ 0.02 014 £006 —0684+0.01 0.11

24 h in air 10 min 500 + 60 —1.01 £ 0.01 0.08£001 —0594+002 042
18 min 170 + 60 —0.85 £+ 0.04 0.30 +0.02 —-063+0.01 0.23

30 min 1000 =+ 300 —0.67 £0.14 0.02 +0.01 —0.56 +0.04 0.1

CP-AA3003 730 + 60 —0.82 £ 0.02 0.06 003 —0644+002 0.17

120's 2700 =4 300 —0.73 £ 0.08 0.01 £0.02 —-0594+004 0.14

24 h in 3.5 wt.% NaCl 10 min 2000 4 470 —0.80 + 0.02 0.01 £003 —-0634+001 0.17
18 min 1700 =+ 650 —0.68 +0.01 0.02+001 —-0444+001 024

30 min 650 + 100 —0.67 £ 0.01 0.05+0.03 —057+0.01 0.09
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Table A3. Cont.
Post- t Rp Ecorr jcorr Epq AE
Treatment conv (k) cm?) V) (LA cm~—2) V) V)
CP-AA3003 830 + 230 —0.76 £ 0.01 0.07 +0.02 - -
120s 1200 + 320 —0.59 + 0.05 0.05 £+ 0.02 - -
24 h in simulated acid rain 10 min 62 +19 —0.91 +0.03 1.1 £0.05 - -
18 min 170 £+ 40 —0.77 £ 0.04 0.03 £ 0.01 - -
30 min 650 4+ 40 —0.45 + 0.04 0.05 £+ 0.01 - -
-0.4 -0.4
> (a) 24 h on air > (b) 24 h in 3.5 wt.% NaCl
) )
> >
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Figure A4. Potentiodynamic polarisation curves recorded for chemically pre-treated CP-AA3003
and B2040-coated samples prepared at different conversion times and exposed for 24 h to different
post-treatment environments: (a) 24 h in air, (b) 3.5 wt.% NaCl solution and (c) simulated acid
rain. Potentiodynamic measurements for samples shown in (a,b) were performed in 3.5 wt.% NaCl
solution, whereas measurements for samples shown in (c) were performed in simulated acid rain
solution. The scan rate was dE/dt = 1 mV/s. Electrochemical parameters deduced from the curves
are presented in Table A4.

Table A4. Electrochemical parameters were deduced from potentiodynamic measurements for
chemically pre-treated CP-AA3003 and B2040-coated samples prepared at different conversion times
and exposed for 24 h to different post-treatment environments. The polarisation resistance (Rp) was
determined from the linear polarisation measurements, and the corrosion potential (Ecorr), corrosion
current density (jeorr), breakdown potential (Epq) and AE = | Epq — Ecorr | from potentiodynamic
polarisation curves (Figure A4). Values are given as mean =+ standard deviation. The selected optimal
conversion times are written in bold.

Post- t Rp E(:orr jcorr Ebd AE
Treatment conv (kQ cm?) W) (LA cm—2) V) V)
24 hin ai CP-AA3003 1300 £200  —0.80 & 0.01 0024001 —0.68+001 0.12

m atr 80s 14 + 10 —0.71 +0.04 142 —0.72+0.04 0.01
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Table A4. Cont.
Post- t Rp Ecorr jcorr Epq AE
Treatment conv (kQ cm?) W) (LA cm—2) V) \2)
10 min 5+3 —0.67 +0.02 443 —0.65+0.02 0.02
24 h in air 18 min 3+1 —0.66 + 0.04 26407 —0.62+001 0.04
50 min 743 —0.66 + 0.01 24402 —0.584+0.02 0.08
CP-AA3003 740 + 50 —0.80 + 0.02 0.06 +£0.03 —064+0.02 017
80s 50 + 30 —0.67 +0.01 0104+ 0.06 —0.63+0.01 0.03
24 h in 3.5 wt.% NaCl 10 min 26 +1 —0.71 + 0.03 05+03 —0.66+0.01 0.05
18 min 942 —0.70 +0.01 078+0.12 —066+001 0.10
50 min 10+5 —0.69 £ 0.01 0.9 +02 —0.644+0.01 0.02
CP-AA3003 830 + 230 —0.76 + 0.01 0.07 & 0.03 - -
o4 hin simulated 80 s 260 =+ 130 —0.41 +0.02 0.05 + 0.04 - -
m Zlm‘,l ate 10 min 620 =+ 270 —0.24 +0.02 0.06 + 0.03 - -
acid rain 18 min 990 + 570 —0.16 + 0.01 0.03 + 0.01 - -
50 min 2800 + 1200 —0.31+0.03 0.002+0.001 024 +030 031
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Figure A5. Potentiodynamic polarisation curves recorded for chemically pre-treated CP-AA3003
and B30002-coated samples prepared at different conversion times and exposed for 24 h to different
post-treatment environments: (a) 24 h in air, (b) 3.5 wt.% NaCl solution and (c) simulated acid
rain. Potentiodynamic measurements for samples shown in (a,b) were performed in 3.5 wt.% NaCl
solution, whereas measurements for samples shown in (c) were performed in simulated acid rain
solution. The scan rate was dE/dt = 1 mV/s. Electrochemical parameters deduced from the curves
are presented in Table A5.
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Table A5. Electrochemical parameters were deduced from potentiodynamic measurements for
chemically pre-treated CP-AA3003 and B30002-coated samples prepared at different conversion times
and exposed for 24 h to different post-treatment environments. The polarisation resistance (Rp) was
determined from the linear polarisation measurements, and the corrosion potential (Ecosr), corrosion
current density (jeorr), breakdown potential (Epq) and AE = | E,q — Ecorr | from potentiodynamic
polarisation curves (Figure A5). Values are given as mean = standard deviation. The selected optimal
conversion times are written in bold.

Post- " Rp Ecorr Jeorr Epq AE
Treatment conv (kQ cm?) ) (LA cm~2) V) \2)
CP-AA3003 1300 £200 —0.80+001 0.02+001 —0.68+001 0.12
i hin ai 80s 610 4+ 90 —0.614+0.02 0094002 —0504004 0.11
m atr 13 min 290 + 3 —090+0.06 0.184+0.01 —063+001 028
18 min 77 +1 -1.014+002 061+009 —069+001 033
CP-AA3003 740 + 50 —0.82+002 006+003 —064+002 017
. 80s 840 + 10 —0.76 £0.02 0014007 —054+001 022
24hin 3.5 wt.% NaCl 13 min 730+ 60  —090+002 006+001 —052+001 038
18 min 430 + 30 —0.71+£0.04  0.06 +0.01 - -
CP-AA3003 830 +230 —0.76+0.01  0.07 & 0.03 - -
o4 hin simulated acid rai 80's 880 £ 110  —0.79+0.14  0.06 & 0.05 - -
in simulated acid rain 13 min 330 + 90 —0.81+0.05 0.19+0.07 - -
18 min 180 =+ 70 —0.58 +£0.01  0.20 + 0.03 - -
-0.4 -0.2
E [ (a) 24 h on air E (b) 24 h in 3.5 wt.% NaCl
o o-04f
i,:m—o.ts r SU’ [
o] + (o]
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Figure A6. Potentiodynamic polarisation curves recorded for chemically pre-treated CP-AA3003
and MC160/161-coated samples prepared at different conversion times and exposed for 24 h to
different post-treatment environments: (a) 24 h in air, (b) 3.5 wt.% NaCl solution and (c) simulated
acid rain. Potentiodynamic measurements for samples shown in (a,b) were performed in 3.5 wt.%
NaCl solution, whereas measurements for samples shown in (c) were performed in simulated acid
rain solution. The scan rate was dE/dt = 1 mV/s. Electrochemical parameters deduced from the
curves are presented in Table A6.
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Table A6. Electrochemical parameters were deduced from potentiodynamic measurements for chem-
ically pre-treated CP-AA3003 and MC160/161-coated samples prepared at different conversion times
and exposed for 24 h to different post-treatment environments. The polarisation resistance (Rp) was
determined from the linear polarisation measurements, and the corrosion potential (Ecorr), corrosion
current density (jeorr), breakdown potential (Epq) and AE = | E,q — Ecorr | from potentiodynamic
polarisation curves (Figure A6). Values are given as mean = standard deviation. The selected optimal
conversion times are written in bold.

R E j E AE
~ P corr Jcorr bd
Post-Treatment tconv Q) em2) ) (A cm2) ) W)
CP-AA3003 735 4+ 523 —0.82 + 0.02 0.06 £0.03 —-0.64+0.02 0.17
40 s 226 4+ 81 —0.92 +0.11 0.21 +£0.06 —0.64+0.03 0.29
24 h in air 10 min 99 +43 —0.79 + 0.03 0.28 +0.11 —0.64 £0.02 0.15
18 min 188 + 32 —0.78 = 0.01 012 £0.09 —0.67 +0.01 0.11
45 min 66 +6 —0.76 + 0.02 0.23 £+ 0.08 —0.65 £+ 0.01 0.11
CP-AA3003 740 £+ 50 —0.82 + 0.02 0.06 £0.03 —-0.64+0.02 0.17
40s 1500 4+ 537 —0.63 + 0.03 0.034+0.02 —-038+0.01 0.25
24 hin 3.5 wt.% NaCl 10 min 218 + 321 —0.63 + 0.04 0.12+0.04 —-0.614+0.02 0.11
18 min 266 + 11 —0.75 + 0.02 0.07 £ 0.01 —0.64 +£0.01 0.1
45 min 138 £ 12 —0.68 + 0.03 0.08 & 0.04 —0.61 £0.01 0.07
CP-AA3003 825 4+ 229 —0.76 £+ 0.01 0.06 £+ 0.03 - -
40s 114 £ 56 —0.62 + 0.03 0.24 +0.11 - -
24 h in simulated acid rain 10 min 171 + 130 —0.60 £+ 0.07 0.38 £ 0.29 - -
18 min 286 + 196 —0.46 + 0.18 0.11 £ 0.16 - -
45 min 100 4+ 21 —0.60 + 0.03 0.46 + 0.31 - -
—_ 02 (a) ST650 =,_0'2 (b) MC1300 = g0 [ (€I MC1700
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Figure A7. Potentiodynamic polarisation curves recorded for chemically pre-treated CP-AA3003
and conversion-coated samples prepared at different conversion times and exposed for 500 h in a
salt spray chamber: (a) ST650, (b) MC1300, (c) MC1700, (d) B2040, (e) B30002 and (f) MC160/161.
Electrochemical measurements were performed in 3.5 wt.% NaCl solution. The scan rate was
dE/dt =1 mV/s. Electrochemical parameters deduced from the curves are presented in Table A7.
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Table A7. Electrochemical parameters were deduced from potentiodynamic measurements for
chemically pre-treated CP-AA3003 and conversion-coated samples prepared at different conversion
times and exposed for 500 h in a salt spray chamber. The polarisation resistance (Rp) was determined
from the linear polarisation measurements, and the corrosion potential (Ecorr), corrosion current
density (jcorr), breakdown potential (Epq) and AE = | Epq — Ecorr | from potentiodynamic polarisation
curves (Figure A7). Values are given as mean =+ standard deviation. The selected optimal conversion
times are written in bold.

Rp ECOI‘I‘ jcorr Ebd AE
Sample Eeonv (k) cm?) V) (uA cm—2) V) V)
CP-AA3003 - 36 £3 —0.71 £0.01 1.00 + 0.37 —0.59 £+ 0.01 0.13
90 s 780 £+ 170 —0.56 £0.19 0.06 £ 0.019 —0.32 £0.33 0.23
ST650 11 min 8800 =+ 1700 —0.64+020  0.0004+0001 —0.24+0.02 0.39
18 min 1200 =+ 400 ~0.83+0.02  0.01 «+ 0.001 ~0.39 +0.16 0.44
80s 560 + 120 —0.75 + 0.01 0.43 + 0.28 —0.56 + 0.02 0.19
MC1300 7 min 370 + 390 —0.72 + 0.02 0.14 + 0.13 —0.57 + 0.02 0.15
18 min 1500 + 1500 —0.68 £ 0.06 0.06 £ 0.02 —0.60 £ 0.002 0.08
120's 2500 =+ 1300 —070+0.13  0.004+0002  —0.34+0.12 0.35
MC1700 10 min 2700 =+ 50 —0724+001  0.004+0002  —0.44+0.05 0.28
18 min 860 + 60 —070+0.02  0.002+0001  —0.13+0.11 0.57
80s 430 4+ 80 —0.67 £+ 0.03 0.04 £+ 0.01 —0.33 +0.02 0.35
B2040 10 min 70 £ 20 —0.700 £ 0.003 0.37 £ 0.07 —0.55 £ 0.05 0.15
18 min 60 £+ 40 —0.670 £ 0.001 0.6 £0.3 —0.550 £ 0.001 0.12
80s 450 + 10 —0.69 = 0.01 0.02 + 0.01 —0.60 = 0.03 0.09
B30002 13 min 3100 + 800 —0.70+0.01  0.004=+0.001  —053+0.06 0.17
18 min 5300 + 3100 ~0.83+020  0.001=+0.001  —0.44+0.07 0.39
40's 1444 + 577 —0.70 £ 0.005  0.02 + 0.02 —0.44 + 021 0.26
MC160/161 10 min 886 + 632 ~053+0.19  0.02 + 0.002 —0.08 4+ 0.72 0.45
18 min 2424 + 789 —0.69+0.01  0.005+0004  —021+0.01 0.33
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