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This study investigates the corrosion protection of aluminium heat exchangers used in freezers
with a zirconium conversion coating (ZrCC). Tube and fins sections were subjected to a three-
step surface treatment comprising (i) alkaline cleaning, (ii) acid desmutting, both with commer-
cial SurTec® products, and (iii) deposition of conversion of Zr coating in a hexafluorozirconic acid
(H,ZrFg) bath. The resulting surfaces were characterised for morphology, composition, and cor-
rosion behaviour using scanning electron microscopy with energy-dispersive x-ray spectroscopy,
x-ray photoelectron spectroscopy, potentiodynamic polarisation, and neutral salt spray (NSS) test-
ing. Zr formed a ~70 nm oxide-hydroxide layer that preferentially nucleated and grew on cathodic
Fe-containing intermetallic particles in tubes and fins. The coating improved passivity and delayed
pit initiation in chloride-containing environments by broadening the passivity span AE up to

500 mV. Accelerated corrosion testing in NSS (ASTM B117) demonstrates that ZrCC can provide
efficient protection for up to 90 h on tube-and-fin substrates, thereby supporting their implemen-
tation in industrial heat-exchanger production.

1. Introduction

Heat exchangers are essential components in refrigeration, air-conditioning, and process-cooling systems,
where reliable performance in a relevant environment and long life without maintenance are crucial [1].
These components are manufactured from aluminium and its alloys due to their high thermal conduc-
tivity, low density, good formability, and favourable cost/performance ratio [2-5]. In aluminium fin—
tube heat exchangers, thin fins are joined to tubes, forming high-surface-area channels that enable effi-
cient heat transfer either releasing heat or absorbing heat from the surrounding environment. However,
industrial trends toward thinner fins, changing working conditions, higher fin densities, and increas-
ingly complex louvred geometries have simultaneously increased susceptibility to corrosion under ser-
vice conditions [6]. Experimental studies have shown that ice formation [7-9] and corrosion-induced fin
thinning or flow blockage can significantly impair heat-transfer efficiency [10].

The operating environments of heat exchangers further exacerbate this vulnerability. Cyclic humidity
and temperature fluctuations, atmospheric chlorides, condensate formation, and the presence of brazed
joints create pronounced chemical and electrochemical heterogeneity. As a result, localised corrosion
processes (including pitting, crevice corrosion, and galvanic corrosion at brazed regions) are the domi-
nant degradation mechanisms in aluminium heat exchangers [11, 12]. Although all-aluminium designs
are often assumed to mitigate galvanic effects compared with systems employing dissimilar metals, prac-
tical experience shows that such assemblies remain highly susceptible to corrosion, the deposition of
white aluminium oxide or hydroxide corrosion products, and fouling [11].

© 2026 The Author(s). Published by IOP Publishing Ltd
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Fins are particularly vulnerable owing to their minimal thickness, large wetted surface area, and
direct exposure to condensate. Consequently, heat-exchanger designs often deliberately select fins that
are more anodic than the tube alloys, allowing them to act sacrificially and thereby delaying perfora-
tion as tube gauges decrease [12, ]. This design philosophy imposes stringent requirements on surface
treatments: coatings must be extremely thin, thermally benign, and chemically robust. Conventional fin
stock, typically based on wrought aluminium alloys series 1xxx, 3xxx, or 8xxx, provides good formability
and moderate corrosion resistance, but additional protection is often required [13—16]. In this context,
inorganic conversion coatings such as zirconium-based conversion coatings (ZrCC) [17-19] offer clear
advantages over organic or hybrid systems which may introduce thermal resistance or degrade under
cyclic wet—dry exposure [20].

ZrCCs are therefore attractive candidates for protecting aluminium heat-exchanger components. They
form thin (typically 10-80 nm), adherent, largely amorphous Zr(IV) (hydr)oxide layers, whose morphol-
ogy and thickness are governed by bath pH, zirconium concentration, immersion time, temperature, and
ageing [19, 21-23]. Deposition preferentially occurs above cathodic intermetallic particles (IMPs), reflect-
ing the strong influence of local electrochemical activity on coating formation [19]. Numerous studies
have demonstrated that such coatings significantly reduce corrosion in chloride-containing electrolytes
[18, 21-24].

Moreover, they have been shown to perform effectively on low-alloyed wrought aluminium, partic-
ularly when combined with organic topcoats [21, 25]. Industrial patents [26, 27] and technical sources
further describe the use of zirconium-containing pretreatments in all-aluminium heat exchangers, com-
monly as a precursor to hydrophilic or organic coatings [28-30], highlighting their technological rele-
vance. Furthermore, owing to their nanometric thickness, ZrCCs do not measurably impair heat transfer
while still enhancing corrosion resistance. This combination makes them particularly attractive for fin—
tube heat exchangers; however, systematic investigations of ZrCC formation mechanisms and long-term
performance in such complex geometries remain scarce.

Although long-term industrial implementations may integrate ZrCCs with additional topcoats, the
present work focuses on the intrinsic behaviour and protective effectiveness of the zirconium conversion
layer itself. In our earlier work [31], response surface methodology was used to optimise ZrCC process-
ing on another serial of aluminium alloy AA5754 (where 2.6-3.6 wt.% of magnesium is present as major
alloying element and other elements such as Mn 0.5, and Fe 0.4 wt.%), revealing that microgalvanic cou-
pling between IMPs and the aluminium matrix plays a key role in controlling coating deposition kinet-
ics. The corrosion resistance of heat exchanger materials and protective systems is commonly evaluated
using accelerated laboratory tests, such as neutral salt spray (NSS), to predict field performance [16].

The present study extends the corrosion investigation from fundamental heat-exchanger components
by comparing the separately tested tube and fin substrates to an industrial aluminium heat exchanger
(aluminium 1050). The aim is to assess how alloy composition, microstructure, and surface condition
influence ZrCC formation and corrosion response, and to determine whether optimised ZrCC conditions
to be transferred to a heat exchanger with complex geometries for practical applications (to be developed
for another series despite AA5754 [31]). By directly comparing both tube and fin substrates, this work
provides better insight into the suitability of Zr-based conversion coatings. In addition, further testing
of aluminium heat exchangers (combined tube-and-fin) identifies the microstructural factors governing
their formation and corrosion-protective performance, and these are also tested under accelerated condi-
tions using NSS.

2. Methods

2.1. Samples and solution preparation

Heat exchanger samples of the commercial pure aluminium 1050 (with Al purity >99.5%) were pro-
vided by Hisense Europe (Gorenje d.o.0., Slovenia) and consisted of aluminium tube-and-fin segments
(figure 1(a)).

The tube and fin surfaces were used as-received, without any mechanical surface pretreatment. The
heat exchanger was cut into smaller pieces (figures 1(b) and (c)). After surface preparation, the samples
were ultrasonically cleaned in absolute ethanol (37 kHz, 100% power) for 5 min using an Elmasonic
P bath (Elma Schmidbauer GmbH, Germany), rinsed with ethanol and Milli-Q (deionised) water, and
dried with compressed nitrogen.
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Figure 1. (a) Freezer heat exchanger and (b), (c) magnified views of the tested areas on the heat-exchanger tubes. (d) Schematic
overview of the three-step zirconium conversion coating (ZrCC) formation process, including rinsing with distilled water after
each step.

2.2. Reagents for alkaline cleaning, desmutting and ZrCC formation
All solutions were prepared using analytical reagent-grade chemicals in their as-received state. Absolute
ethanol (EtOH, Merck KGaA, Darmstadt, Germany) was used for cleaning and rinsing; NaCl (Fisher
Scientific, Leicestershire, UK) for electrochemical testing, NH;HCO5 (Sigma-Aldrich, Steinheim,
Germany), and H,ZrFs (50 wt. % in H,O, Sigma-Aldrich, St Louis, USA) for coating bath preparation.

For chemical pretreatments, commercial SurTec® products (SurTec International GmbH, Bensheim,
Germany; supplied by SurTec Adria d.o.o., Ljubljana) were employed: (i) SurTec® 089, a detergent
booster with non-ionic surfactant alcohols (ethoxylated amines, alkyls, and fatty alcohols), (ii) SurTec®
132, a slightly alkaline builder (tetrapotassium pyrophosphate-based, silicate-free), (iii) SurTec® 496, a
high-end desmutting agent comprising H,SO,, Fe(III) salts, HNOs, and HE

All aqueous solutions were prepared using Milli-Q Direct ultrapure water (Millipore, Billerica, MA,
USA) with resistivity >18.2 M Q cm at 25 °C and total organic carbon <5 ppb, used for both rinsing
and solution preparation.

2.2.1. Chemical surface pretreatment
Chemical pretreatment consisted of alkaline cleaning and desmutting in an acidic solution (supplement
figure S1). Samples were immersed in SurTec® solutions using a C-MAG HS 7 magnetic hotplate stir-
rer (IKA-Werke GmbH & Co. KG, Staufen, Germany) at 150 rpm and 60 °C for alkaline cleaning and
at room temperature for desmutting. The protocol was adapted from SurTec’s recommendations for alu-
minium alloys: (i) 10 min alkaline cleaning in 3 vol.% SurTec® 132 + 0.5 vol.% SurTec® 089 (pH =7.4),
followed by (ii) 3 min desmutting in 20 vol.% SurTec® 496 (pH =0.3).

After each step, samples were thoroughly rinsed twice with Milli-Q water (supplement figure S1): (i)
a 30 s vigorous wash from both sides using a wash bottle, and (ii) a 1 min immersion in a clean water
bath. This double rinse is essential since ZrCCs are extremely sensitive to alkaline carry-over. Effective
surface cleaning was verified by the water-break test, in which the surface remained uniformly wetted
after rinsing (an indicator of complete contaminant removal and hydrophilicity). Note that as-received
refers to samples without any mechanical treatment, regardless of whether they were chemically pre-
treated or further converted.




10P Publishing

J. Phys. Mater. 9 (2026) 035006 A Kras et al

2.2.2. Zirconium conversion treatment
Immediately after pretreatment, the wet samples were immersed in freshly prepared H,ZrFs conversion
baths.

The baths were formulated by diluting a 50 wt. % H,ZrF¢ solution in water to 150 ppm, then
adjusting the pH to ~4.6 with 15 wt. % NH,HCOs3. Conversion was performed in Teflon beakers
(250 ml) at room temperature (22 = 1 °C) for 230 s (3 min 50 s), as described in the [31]. Samples
were suspended vertically and gently moved during immersion to ensure uniform wetting. After treat-
ment, each specimen was (i) rinsed twice with Milli-Q water (30 s vigorous + 30 s immersion) and
(ii) dried with compressed N, from bottom to top, followed by 10 min of air drying at 80 °C on a C-
MAG HP 4 hotplate. The three-step zirconium conversion coating process is schematically presented in
figure 1(d).

Commercial SurTec® cleaners were intentionally used to ensure standardised, reproducible cleaning
and desmutting conditions, thereby avoiding the variability inherent to laboratory-prepared solutions.

Thus, the focus of this study is rather the development of an in-house H,ZrFq conversion bath,
enabling a systematic investigation of coating deposition on aluminium heat exchangers for commercial
applications.

2.3. Surface characterisation techniques

2.3.1. Scanning electron microscopy (SEM)

SEM characterisation was performed on smaller cut pieces (1-2 cm?) and examined either in the as-
received state or after surface preparation (coated with ZrCC). Before analysis, the samples were coated
with a thin carbon layer using a BAL-TEC SCD 005 coater to prevent charging of the sample sur-

face. Surface morphology was examined by Thermo Fisher Verios 4 G HP operated at 2-10 kV with
secondary electrons (SEs) using the Everhart-Thornley detector (ETD), the through-the-lens detec-

tor (TLD), and a concentric back-scatter detector (CBS). Elemental compositions were determined by
energy-dispersive x-ray spectroscopy (EDS) using an AZtec Live, Ultim Max SDD 65 mm? on selected
areas (marked with x in the images), with a 2 um? analysis area.

The cross-section of the lamella preparation for scanning transmission electron microscopy (STEM)
analysis was performed using a focused ion beam/scanning electron microscope (FEI Helios NanoLab
600 Dual-beam). Imaging was carried out in SE mode using an ion conversion and electron detector
at an acceleration voltage of 10 kV. The produced specimen was further analysed by applying a STEM
mode of operation (Thermo Fisher Verios 4 G HP) and using a high-angle annular dark-field (HAADF)
detector at 15 kV.

2.3.2. x-ray photoelectron spectroscopy (XPS)

XPS analyses were conducted using a PHI Genesis spectrometer (Physical Electronics, USA) with a
monochromatic Al Ka source (hv = 1486.6 eV, 15 kV, 100 pA). Survey spectra were collected over 0—
1100 eV (pass 280 eV, step 0.5 eV), and high-resolution scans for C 1s, O 1s, Al 2p (55 eV pass, 0.1 eV
step), and Si 2p, Fe 2psp, Zr 3d, F 1s (140 eV pass, 0.25 eV step) were acquired.

Atomic percentages for C, O, E, Al, Si, Fe, and Zr were determined from the survey spectra using
standard relative sensitivity factors (RSFs) based on the Scofield cross-sections and instrument trans-
mission function. After Shirley’s background subtraction, the integrated peak areas of the C 1s, O 1s, F
1s, Al 2p, Si 2p, Fe 2ps;; and Zr 3d signals were corrected using the RSFs supplied by the instrument
database. The resulting values were normalised to 100 at.% to obtain the elemental composition of the
outermost ~5 nm of the surface. Charge compensation was applied during acquisition, and all spec-
tra were referenced to the adventitious C—-C/C-H component at 284.8 eV, which served as the inter-
nal energy standard. Because no peak fitting was performed, all atomic percentages represent semi-
quantitative survey-level compositions but are entirely suitable for comparing relative changes in surface
chemistry during pretreatment and coating formation.

Before analysis, the sample surface was sputtered with a 1 kV Ar* ion beam for 1 min over a
3 x 3 mm? area to remove adventitious carbon. This controlled sputtering reduced the C 1s signal to
approximately one-third of its initial intensity while avoiding penetration through the native oxide and
preserving the integrity of the conversion coating.

2.3.3. Electrochemical measurements
Electrochemical testing was carried out using a Multi Autolab/M204 potentiostat—galvanostat (Metrohm
Autolab, Netherlands) controlled by Nova 2.1.8. software.

A three-electrode configuration was used in a 250 ml corrosion cell. The samples were mounted in
the cell using a dedicated holder, exposing a 1 cm? surface area that served as the working electrode. A
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saturated silver/silver chloride electrode (Ag/AgCl; E = 0.197 V vs standard hydrogen electrode SHE) was
used as the reference electrode, while a 5 cm long graphite rod with a 5 mm in diameter functioned as
the counter electrode.

Measurements were performed in 0.1 M NaCl at room temperature (22 + 1 °C). Samples were sta-
bilised for 1 h at open-circuit potential (OCP) before polarisation.

Potentiodynamic polarisation curves were recorded from —250 mV vs OCP to +1 V vs Ag/AgCl at
1 mV s~! [32]. Electrochemical corrosion parameters, including the corrosion current density (jeor;) and
corrosion potential (Eco), were determined from the polarisation curves using Tafel extrapolation. The
breakdown potential (Epq) was identified as the potential within the passive region where the current
density increased sharply. The span in Epg and E, was calculated as the absolute value of the difference
between (AE = |Epg — Ecorr)-

2.3.4. Neutral salt spray (NSS) testing

Accelerated corrosion testing was performed on heat-exchanger material, cut into approximately 10

cm X 6 cm samples (marked area in the square in figures 1(a) and (b)). NSS exposure was conducted
in accordance with ASTM B117-19 [33] in a controlled salt-fog chamber (HKT 750 BASIC-LINE, Kohler
Automobiltechnik GmbH, Germany; chamber volume 0.750 m?). The corrosive medium consisted of a
50 4+ 1 g 17! NaCl solution. Its pH was adjusted to 6.0—6.5 at room temperature (22 & 1 °C) and sta-
bilised at 6.5-7.2 once the solution reached the operating temperature of 35 + 2 °C. pH adjustments
were performed using 0.1 M NaOH or HCL

Salt solution was pressurised and filtered through a filtration system to remove particulates and oil
residues. The air stream was humidified before entering the spray nozzle to ensure stable fog formation,
functionally equivalent to the humidification tower employed in comparable NSS systems. Spray depo-
sition was monitored using standardised collectors consisting of a 100 mm-diameter funnel (collection
area ~80 cm?) connected to graduated cylinders. The deposition rate was regulated to approximately
1 ml h~! throughout the test.

As-received and Zr-coated specimens were mounted on chamber racks at an inclination designed to
ensure uniform exposure; in accordance with ASTM recommendations and consistent with compara-
ble studies, the samples were positioned at 45°. The total exposure duration was 90 h. At predetermined
intervals, specimens were removed from the chamber, rinsed with distilled water, and dried using nitro-
gen gas. Surface evaluation was documented photographically before testing (0 h) and after testing (12 h,
60 h and 90 h). A long-term immersion test was monitored at 168 (1 week) and 336 h (2 weeks), sup-
plement figures S6(b) and S7(b).

3. Results and discussion

3.1. SEM/EDS characterisation of as-received and ZrCC-coated surface

Surface morphology and chemical composition of as-received and zirconium conversion-coated tube and
fin substrates were investigated by SEM/EDS, figures 2—5. Quantitative atomic concentrations extracted
from EDS spectra are reported in weight percent (wt.%) in the corresponding SEM micrographs at the
marked areas (x). The SEM technique identified surface features and the distribution of IMPs, which can
influence (i) corrosion at local sides and (ii) ZrCC nucleation and growth.

3.1.1. As-received tube

The surface of the as-received tube material exhibits a pronounced rough morphology characterised
by longitudinal valleys, grooves, and scratches (figure 2). This surface topography results from the
extrusion-based manufacturing process [5]. Extrusion is usually performed at 450 °C-470 °C and 40—
50 MPa. This process increases roughness and effective surface area and introduces local geometric
shielding effects, thereby impairing the uniformity. The passive film is formed at high temperatures,
which affects film formation and the stability of the native aluminium oxide film. As a consequence,
surface passivation becomes locally less effective, thereby enhancing susceptibility to localised corrosion
initiation in chloride-containing environments [5].

Back-scattered electron (BSE) imaging (CBS detector) displays strong atomic-number contrast
(darker: lighter elements; brighter: heavier elements) and reveals elongated intermetallics ranging from a
few hundred nanometres to 1 pum in size (figure 2(a)). EDS analysis at area x; indicates that the matrix
is mainly aluminium (98.6 wt. %), with a low oxygen content (1.4 wt. %), consistent with pure alu-
minium with a thin, native oxide film formed after extrusion and storage at ambient conditions [3, 34,
35]. In contrast, in figure 2(b), the bright features correspond to Fe-rich intermetallic phases (area x;)

5
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Figure 2. Back-scattered SEM image of (a) the tube and (b) an enlarged view of the selected region. The positions marked x; and
x, indicate the locations where EDS analyses were performed. The corresponding elemental compositions are given as weight
percentages (wt. %).

with 27.1 wt. % of Fe, which are common impurity-related constituents of wrought aluminium (1xxx-
series) [3, 4].

These Fe-rich IMPs are electrochemically nobler than the surrounding aluminium matrix and there-
fore act as local cathodes, while the aluminium matrix behaves as an anode [36, 37]. The resulting
microgalvanic coupling leads to localised cathodic oxygen reduction at the IMPs and enhanced anodic
dissolution of the aluminium matrix during immersion in NaCl solution.

The extrusion-induced surface roughness and the distribution of Fe-rich intermetallics jointly con-
trol the corrosion behaviour of the as-received tubes. They are also important for the heterogeneous
nucleation and growth of ZrCCs by influencing local electrochemical reactions and pH gradients at the
metal-solution interface; more specifically, as detailed in section 3.1.3 [19].

3.1.2. As-received fin
In contrast to the tube, the as-received fin material exhibits a smoother, more uniform surface with
fewer valleys (figure 3, supplement figure S2) and shallower marks at the sheet surface, both resulting
from cold-rolling and subsequent fin-forming operations. Unlike the extrusion-induced morphology of
the tube, these features are more uniformly distributed (even small Fe-IMPs are more commonly seen
and are better detected under the microscope on the fins than on the tube surface), reflecting the lower
degree of plastic strain imposed during fin manufacturing. A smoother surface usually promotes a more
continuous native oxide film, although local compositional and microstructural heterogeneity remains
evident in the CBS image in Fe-rich IMPs are again observed as bright regions within the aluminium
matrix (figure 3(a)).

In addition, figure 3(b) (supplement figure S2), a SE image (using a TLD detector) at higher mag-
nification, shows that the aluminium surface exhibits a microstructured morphology, indicative of the

6
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Figure 3. (a) Back-scattered SEM image of the fin and (b) secondary electron SEM image of an enlarged view of the selected
region. The positions marked x3 and x4 indicate the locations where EDS analyses were performed. The corresponding elemental
compositions are given as weight percentages (wt. %).

formation of a thin, naturally passivating oxide layer during the cold-rolling. Due to formation at ambi-
ent temperatures (much lower than those on coils), its oxide film is more discontinuous, as evidenced by
microcracks and surface defects. Such discontinuities arise from local variations in oxide growth, resid-
ual stresses, and underlying microstructural heterogeneity. The cracked regions locally expose the alu-
minium substrate, thereby facilitating corrosion upon exposure to a corrosive medium. Although the

fin surface exhibits lower topographical roughness than the tube, its thin gauge and large exposed sur-
face area render it more susceptible to localised corrosion, underscoring its critical role in heat-exchanger
degradation.

EDS data indicate a comparable chemical composition of the aluminium matrix (area x3) to that of
the tube (aluminium and a small amount of oxygen), and brighter areas related to IMPs with a large
amount of iron (area x4, 22.3 wt. %), confirming that both components are based on low-alloyed alu-
minium containing Fe-rich IMPs. Nevertheless, the fin surface appears less matrix-dominated in the
analysed regions, with more spectra exhibiting strong Fe enrichment. Although these IMPs are expected
to act as local cathodes, their altered morphology and distribution suggest a greater microgalvanic con-
trast than in the tube. Such differences are relevant not only for corrosion initiation but also for subse-
quent ZrCC nucleation behaviour.

3.1.3. ZrCC-coated tube

After a 3-step surface treatment to deposit a zirconium conversion coating, the tube surface is covered
by a nanoceramic protective layer (figure 4). In figure 4(a), CBS SEM observations reveal a non-uniform
distribution of Zr-rich regions (several random bright spots/areas), with preferential deposition at Fe
IMPs (one of them marked with arrows).
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Figure 4. Back-scattered SEM images of (a) the tube coated with a ZrCC and (b) an enlarged view of the selected region. The
positions marked x5 and x¢ indicate the locations where EDS analyses were performed. The corresponding elemental composi-
tions are given as weight percentages (wt. %).

Figure 4(b) shows a high-magnification BSE SEM image of a Fe-rich IMP covered by a ZrCC. A pro-
nounced Zr-enriched region is observed at the IMP surface, confirming preferential ZrCC deposition at
cathodic intermetallic sites.

This selective deposition of ZrO,/Zr(OH), is consistent with the accepted mechanism of ZrCC
formation [19, 21-23], in which cathodic IMPs enhance local oxygen reduction reactions, thereby
increasing interfacial pH and accelerating the hydrolysis and precipitation of zirconium-containing
species [31, 38—40].

In addition, the crack is clearly visible at the periphery of the coated IMPs. This cracking is
attributed to (i) surface pretreatment before ZrCC deposition [19, 21-23], and (ii) local stress develop-
ment within the conversion layer, arising from preferential coating thickening at the IMP, differences in
volume expansion between the hydrated ZrCC and the substrate [19, 21-23]. Such cracks are frequently
reported for ZrCCs formed at the cathodic sites with high cathodic overpotential and do not necessarily
indicate coating delamination; rather, they reflect localised growth-induced stresses in regions of intensi-
fied deposition.

Due to the rough surface and nanometric thickness of the ZrCC layer, EDS analyses of the alu-
minium matrix at area x5 did not detect the ZrCC coating, as this technique is not suitable for analysing
nanometric layers at 10 kV due to its high analysis depth. On the other hand, the area x¢ shows the
presence of Zr and F, and a higher amount of O (4.1 wt. % with coating compared to 1.2 wt. % without
it). The 6.3 wt. % of Zr, and 0.7 wt. % of F are suggested typical compositions, which include approx-
imately 6-7 wt. % Zr, 3-5 wt. % O, and around 1 wt. % F [19, 21, 22, 38]. The high residual Al sig-
nal indicates that the conversion coating thickness remains well within the EDS interaction volume, as
expected for thin layers. The detection of fluorine reflects partial incorporation or adsorption of fluoride
species originating from the fluoro-zirconate precursor during coating formation. The observed lateral
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Figure 5. Back-scattered SEM images (a) of the fin coated with a ZrCC and (b) secondary electron imaging of an enlarged view
of the selected region. The position marked x; indicates the locations where EDS analyses were performed. The corresponding
elemental compositions are given as weight percentages (wt. %).

heterogeneity in Zr distribution closely follows the spatial arrangement of IMPs and extrusion-induced
surface features, highlighting the dominant role of substrate microstructure in governing local coating
growth kinetics.

3.1.4. ZrCC-coated fin

The ZrCC formed on the fin surface is more compact than that on the tube surface, due to the
smoother surface (figure 5(a)). The step-by-step analysis of chemical pretreatment, including (i) alkaline
cleaning and (ii) desmutting, reflects changes of surface topography, especially after acidic desmutting
(supplement figure S2), where the native oxide film is removed, and IMPs become more pronounced at
the aluminium surface [17, 18].

The final coated surface exhibits a morphology characteristic of a thin ZrCC on an aluminium
matrix, with micrometre-scale thickness at the intermetallic. The deposition is again mainly observed
in the Fe-rich IMPs, where a locally intensified cathodic activity promotes increased ZrCC growth
(figure 5(a), marked with arrows). In the SEM image using the CBS detector in figure 5(a) (supplement
figure S2, TLD detector), microcracks are again observed near larger IMPs, likely for the same reasons as
in the tube: surface pretreatment before ZrCC deposition, locally thicker coating regions, and associated
growth-induced stresses.

EDS results show Zr contents of 6.9 wt. %, 1 wt. % F and 3.2 wt. % O levels comparable to those
measured on the coated tube (figure 4). Notably, the fin exhibits a slightly higher Zr surface concen-
tration and more pronounced Zr enrichment around IMPs. This behaviour is likely related to the fin’s
thinner gauge, rolling-induced microstructural heterogeneity, and a surface state that appears more uni-
formly activated following pretreatment. Despite local variations in thickness and composition, the coat-
ing is adherent and continuous, with no evidence of delamination.
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Figure 6. (a) Surface appearance of the fin coated with a ZrCC; the green dashed rectangle indicates the analysed area contain-
ing intermetallic particles covered by ZrCC (IMP + ZrCC). (b) FIB-milled trench prepared at the selected location for cross-
sectional analysis. (c) Cross-sectional HAADF-STEM image of the ZrCC formed on aluminium. The ZrCC layer is visible above
the aluminium substrate, with local coating thicknesses indicated for regions above intermetallic particles IMP + ZrCC) and the
aluminium matrix (matrix + ZrCC).

Further ZrCC coating characterisation at the matrix and at the IMP was performed using a cross-
sectional analysis of the fin by FIB-SEM (figures 6(a) and (b)). The cross-sectional image (figure 6(c))
reveals that a Zr-based conversion coating was deposited on the matrix and preferentially on the IMP,
with thicknesses ranging from ~30 to 70 nm. The thicker ZrCC coating was observed at IMPs, confirm-
ing that coating growth is predominantly substrate-controlled by cathodic IMPs rather than laterally uni-
form at the aluminium surface.

The surface morphologies, compositional trends, and thickness variations observed for both fin and
tube substrates are in good agreement with literature reports on zirconium-based conversion coatings
on other series of aluminium alloys [31, 38—40]. The results confirmed that ZrCC formation is strongly
governed by substrate microstructure, particularly the presence, morphology, and distribution of Fe-rich
IMPs.

3.2. XPS characterisation of as-received and ZrCC-coated surface
XPS analysis was performed to characterise the aluminium surfaces in the (i) as-received state and (ii)
after ZrCC deposition.

Survey spectra (supplement figure S3) confirm the successful formation of zirconium-based conver-
sion coatings on both tube and fin components treated with H,ZrFs. Oxygen is the dominant surface
element (~55 at.%), consistent with the mixed oxide-hydroxide character of ZrCCs widely reported for
aluminium alloys [41, 42]. After conversion treatment, pronounced attenuation of the metallic Al 2p
signal, together with the appearance of Zr and F demonstrates effective coverage of the substrate by a
Zr-rich layer. The extent of Al suppression is comparable to that previously reported for aluminium 1xxx
substrates treated under similar conditions [43].

Signals from Fe and Si originate from Al-Fe-Si IMPs exposed during alkaline cleaning and desmut-
ting (supplement tables S1 and S2). While EDS does not detect Si due to its limited lateral and depth
resolution, XPS, owing to its superior surface sensitivity, clearly reveals Si associated with these near-
surface intermetallics [38].
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Table 1. Surface elemental composition (at. %) of as-received and ZrCC-coated tube, determined from XPS
survey spectra.

Tube Cls Ols Fls Al 2p Si2p Fe 2ps), Zr 3d
As-received 38.2 41.8 — 18.3 1.7 0.1 —
ZrCC-coated 34.3 44.9 4.8 6.5 0.7 0.7 8.2

Table 2. Surface elemental composition (at. %) of as-received and ZrCC-coated fin, determined from XPS
survey spectra.

Fin Cls Ols Fls Al 2p Si2p Fe 2p3/, Zr 3d
As-received 59.1 33.5 — 7.2 0.3 0.0 —
ZrCC-coated 25.6 49.2 6.3 2.0 0.0 0.4 16.6

Namely, in the as-received condition (tables 1 and 2), the tube exhibits a higher detectable Si content
than the fin (1.7 vs 0.3 at.%). However, this apparent difference coincides with substantially higher car-
bon coverage on the fin surface (59.1 vs 38.2 at.%), which attenuates substrate-derived signals within the
XPS information depth. After alkaline cleaning and desmutting (supplement tables S1 and S2), carbon
is significantly reduced, and the Si levels on both substrates converge to comparable values (~2 at.%),
demonstrating that the initially low Si signal on the fin was primarily due to surface contamination
rather than intrinsic compositional differences.

High-resolution spectra of C 1s, O 1s, Al 2p, Si 2p, Fe 2ps/,, and F 1s are shown in supplement
figures S4 and S5. Changes in Fe 2ps;; and F 1s after pretreatment reflect the removal of the native alu-
minium oxide film and increased exposure of Fe-rich intermetallic sites, consistent with SEM observa-
tions (supplement figure S2). The presence of fluorine originates from the desmutting solution, where
HF promotes strong Al-F complexation and matrix dissolution, facilitating particle dropout of second-
phase constituents and removal of residual grinding debris [40, 44—46].

A key distinction emerges after desmutting: the fin exhibits markedly stronger Fe enrichment
(1.0 at.% vs 0.1 at.% on the tube; supplement tables S1 and S2), indicating more extensive exposure
of Fe-containing Al-Fe—Si IMPs due to preferential dissolution of the surrounding aluminium matrix.
These sites are known to act as cathodic centres, influencing local electrochemical activity during subse-
quent conversion treatment.

The Zr 3d, O 1s, and F 1s spectra of the coated surfaces (figures 7 and 8) confirm the formation
of a hydrated zirconia layer. The Zr 3ds;; component at 182.1-182.4 eV with the characteristic doublet
separation corresponds to Zr(IV) in ZrO,/Zr(OH), [47, 48]. The O 1s peak comprises contributions at
~530.5 eV and ~531.7 eV, assigned to oxide and hydroxyl species, confirming the hydrated nature of
the conversion layer. Fluorine incorporation is evidenced by the F 1s signal at ~684.8 eV, attributed to
Zr-F and Al-F species formed through partial hydrolysis of fluoro-zirconate complexes and precipitation
of zirconium hydro(oxy)fluoride intermediates [38]. These chemical signatures are fully consistent with
the established ZrCC formation mechanism involving fluoride-assisted dissolution of the native Al,O3
film and intermetallics, followed by hydrolysis of Zr—F complexes and precipitation of hydrated zirconia
species [17, 19, 49, 50].

Quantitative compositions after conversion are summarised in tables 1 and 2, with pretreatment-
stage evolution provided in supplement tables S1 and S2.

For the tube samples, Zr reaches 8.2 at.% after conversion, accompanied by a strong suppression of
the Al 2p signal (6.5 at.%). A residual Si signal (0.7 at.%) remains detectable, indicating that within the
XPS sampling depth, some substrate-derived contributions persist, suggesting locally thinner regions or
less complete coverage.

In contrast, the coated fin develops a markedly more Zr-rich surface. Zr increases to 16.6 at.%
(twice that measured on the tube) while the Al 2p signal is nearly completely suppressed (2.0 at.%).
Importantly, the Si signal decreases below the detection limit. Considering that both substrates exhib-
ited comparable Si levels (~2 at.%) immediately before conversion (supplement tables S1 and S2), the
stronger attenuation of substrate-derived Al and complete suppression of Si on the fin indicate for-
mation of a thicker and/or more continuous Zr-rich conversion layer within the XPS sampling depth.
The higher Zr incorporation on the fin can be rationalised by substrate-dependent differences in inter-
metallic exposure after desmutting. The stronger Fe enrichment on the fin surface indicates a higher
density of cathodically active Al-Fe-Si intermetallic sites. During immersion in the H,ZrFq bath, these
sites promote local alkalisation, accelerating hydrolysis of fluoro-zirconate complexes and enhancing Zr
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Figure 7. High-resolution XPS spectra of tube samples without (black curves) and with ZrCC (red curves): O 1s, Al 2p, Zr 3d, F
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Figure 8. High-resolution XPS spectra of fin samples without (black curves) and with ZrCC (red curves): O 1s, Al 2p, Zr 3d, F 1s,
Si 2p, and Fe 2p3, regions.

precipitation [17, 19, 49, 50]. The increased density and activity of such nucleation sites therefore facili-
tate more extensive lateral growth of the hydrated zirconia layer.

This mechanistic difference is directly reflected in the higher Zr content and stronger attenuation of
substrate signals measured on the fin. The XPS results are in good agreement with SEM/EDS observa-
tions (figures 4—6) and previously reported correlations between Zr incorporation and improved corro-
sion protection of aluminium substrates [31, 38] and the references cited therein.

It is important to note that after mild Ar™ sputtering to reduce adventitious carbon while preserv-
ing the native oxide and conversion layer, the residual C 1s signal (tables 1 and 2) with corresponding
high-resolution spectra shown in supplement figures S4 and S5 reflects near-surface adsorption rather
than bulk contamination. The elevated carbon levels in the as-received samples originate from industrial
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Figure 9. Potentiodynamic polarisation curves of tube samples for as-received and after alkaline cleaning, desmutting and ZrCC
formation, recorded in 0.1 M NaCl.

processing and storage and are particularly pronounced on the fin (59.1 at.% vs 38.2 at.% on the tube).
Alkaline cleaning and desmutting (supplement tables S1 and S2), progressively reduce carbon content,
confirming effective removal of weakly bound organic residues before ZrCC deposition.

Overall, XPS confirms that both geometries develop hydrated ZrO,/Zr(OH), conversion layers con-
taining fluoride species, with effective suppression of metallic aluminium and chemical signatures con-
sistent with state-of-the-art ZrCC systems. Geometry- and microstructure-dependent differences in sur-
face activation lead to significantly higher Zr incorporation on the fins, indicating formation of a thicker
and/or more compact Zr-rich layer within the XPS sampling depth. Based on the literature [22, 31,

38, 42, 51-55], this enhanced Zr uptake provides a plausible chemical basis for the superior corrosion
protection observed for the fin component, in agreement with reports linking increased Zr content to
improved protective performance of aluminium substrates.

3.3. Electrochemical characterisation of As-received, chemically pretreated and ZrCC-coated samples
Representative polarisation curves for as-received, chemically pretreated (alkaline cleaning and desmut-
ted) and ZrCC-treated tube and fin samples are shown in figures 9 and 10. The corresponding electro-
chemical parameters are summarised in tables 3 and 4.

The obtained electrochemical data for tube and fin substrates in different surface states provide direct
insight into the importance of individual preparation steps, their corrosion susceptibility, and the protec-
tive efficiency of the ZrCC.

As-received and chemically pretreated surfaces (decreased and desmutted) exhibit behaviour charac-
teristic of spontaneously formed aluminium oxide films. As shown in tables 3 and 4, these conditions
are associated with moderate corrosion current densities (joorr & 107-10° A cm™), slight separations
between corrosion and breakdown potentials (AE ~10-70 mV in most cases), and the absence of a sta-
ble passive region. After chemical pretreatment (figure 9), polarisation curves show a rapid increase in
current density, confirming that chemical pretreatment during alkaline cleaning removes organic con-
taminants, and desmutting removes the native aluminium oxide film. As a result, after desmutting, a
reduced corrosion protection for the tube is noticed, reflected in an increase in jeory = 2.2 X 107 A
cm~2, without a passivation region. Similar behaviour was also noticed for fins (figure 10). The minor
changes were noticed after decreasing but greater after desmutting, jeorr = 4.1 x 107 A cm™, and again
without the passivation region (breakdown potential less than 10 mV).

In contrast, ZrCC formation markedly alters the electrochemical behaviour of both components. As
evident from figures 9, 10 and tables 3, 4 the coating induces a wide passive region and a substantial
positive shift in breakdown potential, with AE increasing to 440 mV for the tube. The tube also exhibits
slightly lower corrosion current densities (table 3), despite its rougher surface. This behaviour suggests
that surface roughness promotes heterogeneous nucleation and conformal growth of the ZrCC, while the
extrusion-derived microstructural uniformity of the tube may limit micro-galvanic initiation sites [56],
consistent with a lower extent of formation of a hydrated ZrO, x nH,0O) conversion layer [19, 21-23].
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Figure 10. Potentiodynamic polarisation curves of fin samples for as-received and after alkaline cleaning, desmutting and ZrCC
formation, recorded in 0.1 M NaCl.

Table 3. Electrochemical parameters for a tube sample extracted from potentiodynamic
polarisation curves for as-received and after alkaline cleaning, desmutting, and ZrCC
formation, recorded in 0.1 M NaCl (figure 9).

jcorr (A Cm_z) Ecorr (V) Ebd (V) AE (mv)
As-received 1.2 x 1077 —0.64 —0.54 100
Alkaline cleaned 1.7 x 1077 —0.65 —0.61 40
Desmutted 2.2 x 1077 —0.66 —0.65 10
ZrCC 1.7 x 10~7 —1.04 —0.60 440

Table 4. Electrochemical parameters for a fin sample extracted from potentiodynamic
polarisation curves for as-received and after alkaline cleaning, desmutting, ZrCC formation,
recorded in 0.1 M NaCl (figure 10).

jcorr (A Cmiz) Ecorr (V) Epa (V) AE (mV)
As-received 4.7 x 1078 —0.61 —0.56 50
Alkaline cleaned 8.5 x 108 —0.64 —0.57 70
Desmutted 4.1 x 1077 —0.67 —0.66 10
ZrCC 7.0 x 108 —0.90 —0.40 500

In contrast, the fin displays higher intrinsic reactivity in the as-received state, with less stable pas-
sive behaviour and smaller AE values after identical pretreatments (tables 3 and 4). This reflects its thin
gauge, large exposed area, rolling-induced heterogeneity, and its deliberate role as the sacrificial compo-
nent in heat-exchanger assemblies [12, , 57-59].

The greater reactivity results in a relative benefit of the ZrCC on the fin. Upon coating, the fin
shows a pronounced stabilisation of the passive region and the largest increase in breakdown potential
(AE ~500 mV; figure 10, table 4), indicating effective mitigation of surface heterogeneity and delayed
pitting initiation.

Overall, while the tube retains a modest intrinsic advantage due to its geometry and microstructure,
the ZrCC dominates the electrochemical response of both components and delivers functional improve-
ments on the more corrosion-prone fin, enhancing the corrosion durability of the heat-exchanger system

assembly.
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Figure 11. Surface appearance of as-received and ZrCC-coated heat exchanger (fin and tube) during neutral salt spray (NSS)
exposure (after 0, 12, and 60 h) according to ASTM B117. Sample sizes were 10 cm X 6 cm.

3.4. Surface appearance during NSS testing
A salt spray test was performed to simulate the corrosion resistance of the as-received heat exchanger
(galvanically coupled tubes and fins) and the surface protected with ZrCC (figures 11 and 12). Such
accelerated tests represent a harsh corrosion environment (5 wt.% NaCl, 35 °C) for aluminium. Bare
aluminium typically undergoes 24-72 h of ASTM B117 neutral salt spray testing for baseline compar-
isons, conversion coatings on this alloy last 96—168 h for industrial applications, and anodised 1050 alu-
minium endures 250-500 h. Therefore, the focus of the characterisation was on corrosion detection at
short exposure times. In practice, bare aluminium is often used as a short-duration (24-72 h) baseline in
ASTM B117 salt spray testing [33]. In contrast, conversion coatings on aluminium are commonly bench-
marked over 96-168 h, with 168 h corresponding to the MIL-DTL-5541 requirement for chemical con-
version coatings and anodised 1050 aluminium endures 250-500 h tested according to ASTM B117 [60].

The as-received aluminium exhibited low corrosion resistance under the test conditions: the first
white, chloride-containing corrosion products (presumably Al(OH),Cl) appeared within the first 12 h
and continued to spread throughout the test (figure 11). Corrosion typically starts at the edges of the
fins (figure 12). The edges have lower corrosion resistance due to reduced passivation caused by cutting
the plates into fins.

After 60 h (results after 90 h are shown in the supplement as figures S6(a) and S7(a)) shows that
a thicker, more heterogeneous corrosion layer covered a larger surface area. In addition, a notable loss
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Figure 12. Surface appearance of as-received and ZrCC-coated heat exchanger (fin) during neutral salt spray (NSS) exposure
(12 h) conducted according to ASTM B117.

of metallic gloss is also seen on other parts of fins and tubes. Corrosion propagated along the fins and
tubes, and optical microscopy confirmed that degradation initiated at the fin edges and progressed
inwards.

More initial characterisation of corrosion was performed on fins using SEM/EDS (figures 13(a) and
(b)). The corrosion products are observed with the ETD detector over a large area of fins (cut area in
figure 12). The CBS SEM image also revealed several small pits associated with pitting corrosion in
the aluminium oxide film. The EDS data (areas xg—x;;) confirmed the presence of aluminium, a great
amount of oxygen (up to 20.4 wt. % at x;;), iron (up to 7.5 wt. % at area x9) and some other elements
as part of surface contamination (Si, Ca).

In contrast, the ZrCC-coated heat exchangers showed enhanced corrosion resistance (figure 11).
Despite the ZrCC layer being only 30-70 nm thick (as determined by FIB-STEM analysis, figure 6), after
12 h of exposure, the coating provides effective corrosion protection by forming a compact barrier layer
and promoting passivation; therefore, the surface showed no visible corrosion. After 60 h, only small,
isolated corrosion areas were observed. Locally thicker regions at Fe-rich IMPs may enhance protection
but can also lead to stress-induced cracking. The majority of the surface retained its metallic appearance,
with no macroscopic coating breakdown. Microscopic examination of corrosion products along the fin
edges relative to the received substrate (figure 12). The improvement is related to the border-passivation
behaviour, AE = 440 mV, figure 9, table 3. A metallic gloss is still seen on other parts of the tubes and
fins. Corrosion propagated along the fins and tubes, and optical microscopy confirmed that degradation
initiated at the fin edges (figure 11).

Further initial characterisation of corrosion was performed on ZrCC-coated fins after 12 and 60 h
using SEM/EDS (figures 13(c) and (d)). Only a few spots of corrosion products are observed with the
ETD detector, limited to a small area of fins, even at high magnification (cut area in figure 12). After
60 h, ETD and CBS SEM images also revealed several small pits. The EDS data (areas x;,—x;3) con-
firmed the presence of aluminium, a small amount of oxygen (up to 4.9 wt. % at x13), iron (up to
0.8 wt. % at x;3 and x;4) and some minor elements. The Zr content was below 0.7 wt. %, which is less
than that of separately tested fins (see figure 5), but still confirms the presence of ZrCC even when the
coating is deposited on a coupled tube and fin system. After 60 h, the ZrCC was not detected, but an
area containing corrosion products (O up to 23.5 wt. % at x;5) was observed.

These results demonstrate that the ZrCC restricts the access of the chloride electrolyte to the metallic
substrate and mitigates the electrochemical reactions driving aluminium corrosion. While the protection
provided by thin inorganic ZrCC layers is inherently time-limited, the performance observed here is con-
sistent with that of commercial Zr-Cr systems, which provide enhanced corrosion resistance relative to
as-received aluminium in NaCl and simulated rain environments [51].

After longer exposure times (90 h, 168 h, and 336 h), corrosion further propagated on the as-
received surface (supplement figures S6 and S7). The sample lost the aluminium gloss due to the for-
mation of corrosion products at the surface.
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Area/elements [wt.%] Al 0] Fe Si Ca Zr
Xg 95.5 3.7 0.6 0.2
Xg 82.8 8.5 7.5 0.4 0.8
X10 93.0 6.9 0.1
X4 79.4 20.4 0.2
X1o 96.1 3.3 0.3 0.3
X3 93.6 4.9 0.8 0.7
X14 96.6 2.6 0.8
Xis 74.5 23.5 2.0

Figure 13. SEM images of (a), (b) as-received and (c), (d) ZrCC-coated fin specimens after 12 h and 60 h of neutral salt spray
testing. Arrows indicate the locations and propagation directions of corrosion products. The regions labelled xs—5 denote areas
where EDS corresponding elemental compositions (wt. %) are reported below the images.

After 168 h, corrosion initiation was observed on the ZrCC-coated samples with necked eye, and it
became more pronounced after 336 h (supplement figures S6b and S7b). Nevertheless, even after pro-
longed exposure (336 h), the beneficial protective effect of the ZrCC-coated surface remained clearly evi-
dent compared with the as-received material. However, despite nanometric ZrCC layers providing time-
limited protection in chloride-containing environments, the durability of the deposited ZrCC exceeds
168 h, in agreement with the expected time reported in the standard and the literature [33, 61, 62].

Opverall, the present salt-spray results confirmed that ZrCC represents a viable and effective strategy
for reducing corrosion activity on aluminium heat-exchanger components. Future work should focus
on optimising deposition parameters, evaluating performance on larger, more complex geometries, and
examining galvanic interactions in brazed assemblies, which remain critical due to their microstructural
and electrochemical heterogeneities.

3.5. Discussion and ZrCC formation on heat exchanger
Although commercial aluminium contains fewer and simpler IMPs than AA5754 (alloy with Mg as a
major alloying element), the general principles governing ZrCC formation remain comparable. Prior
work on aluminium alloys demonstrated that Fe-containing IMPs act as local cathodes, accelerating
hydroxide generation and promoting early ZrO, nucleation [19, 24, 25].

The formation of ZrCC on the aluminium surface proceeds through three interdependent steps [19,
23], as schematically shown in figure 14.
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Figure 14. The scheme of three main reactions during ZrCC formation on the aluminium surface.

After chemical pretreatment (alkaline cleaning in step 1 and desmutting in the acidic solution in step
2), acidic fluoride-induced dissolution of the native oxide at the anodic sides is performed according to
reaction 1:

At the same time, local pH elevation at IMPs due to cathodic reactions (oxygen and hydrogen reduction,
reactions 2 and 3):

O, +4H" +4e~ — 2H,0 (2)

2H*" +2¢~ — H,. (3)

Due to an increase in local pH (reaction 4), hydrolysis and precipitation of zirconium (hydr)oxide from
fluorozirconate species is obtained according to reaction 5:

0, +2H,0 + 4e~ — 40H™ (4)

ZrF{” +40H™ — Zr(OH), + 6F . (5)

Even though the exact IMP chemistry differs, alloys with similar cathodic-type particles [63—66] are
expected to exhibit comparable ZrCC growth behaviour across the Al series [38], enabling the mecha-
nistic understanding developed for AA5754 to be extended to commercial aluminium. As also reported
for AA5754 [31, 38], surface pretreatments are crucial; specifically, alkaline cleaning of aluminium pro-
duced surfaces with reduced IMP coverage but increased IMP reactivity due to selective dissolution and
partial matrix removal, in agreement with the known behaviour of HF-coating desmutting solutions [40,
45, 46]. In contrast, ZrCC-treated aluminium samples prepared under the optimised 150 ppm/230 s/pH
4.6 conditions exhibited extended passive regions and delayed pitting, reflecting suppressed cathodic
activity at IMPs and the formation of a more homogeneous, crack-limited zirconia layer. Moreover, since
commercial aluminium contains fewer cathodic particles than AA5754, the local pH rise during depo-
sition is expected to be even weaker, further limiting uncontrolled polymerisation and excessive nodule
growth. Based on the similar cathodic strength and behaviour of IMPs across aluminium alloys [38, 63],
it is therefore reasonable that the optimal conditions determined for AA5754 are valid for another series
of alloys and are also applicable to commercial aluminium.

The formed ZrCC layer contains some cracks, which are predominantly localised at Fe-rich IMPs and
are attributed to growth-induced stresses in regions of preferential coating thickening. Despite cracks,
electrochemical measurements reveal the formation of a wide passive region and a significant increase
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in breakdown potential, indicating that the coating’s overall protective effect remains dominant. In addi-
tion, the NSS results confirmed that on ZrCC-coated samples corrosion onset was significantly delayed
compared to the as-received material, indicating that the coating maintains its protective function.

In light of the schematic presented reaction in the deposition mechanism, all applied characterisa-
tion techniques converge to a coherent and internally consistent description of ZrCC formation and per-
formance on aluminium heat-exchanger components. SEM/EDS demonstrates that coating nucleation
and growth are strongly substrate-controlled, with preferential deposition at Fe IMPs that act as local
cathodic sites. XPS corroborates these observations by revealing compact, hydrated ZrO,/Zr(OH)4 layers
incorporating residual fluoride species, with substantially higher Zr surface enrichment on fin substrates
following identical processing. This enhanced Zr incorporation is reflected directly in the electrochemical
response, where ZrCCs induce wide passive regions and pronounced positive shifts in breakdown poten-
tial, particularly for the intrinsically more corrosion-prone fin material.

NSS testing further validates this trend at the macroscopic scale, showing delayed corrosion initia-
tion and limited degradation on coated samples compared with rapid attack on as-received aluminium.
Collectively, these results demonstrate that zirconium conversion coatings provide efficient, geometry-
independent corrosion protection while delivering their most significant relative benefit on fin compo-
nents, which account for the majority of heat-exchanger failures.

4, Conclusions

This study presents the surface characterisation of aluminium heat exchangers and demonstrates
that zirconium-based conversion coatings provide adequate corrosion protection for aluminium heat
exchanger components. The main conclusions are:

— A compact, nanometre-thick (30-70 nm) ZrCC layer was formed through substrate-controlled nucle-
ation on tubes and fins, preferentially depositing at Fe IMPs, which serve as locally electrochemically
active sites.

— Although tube and fin substrates develop chemically similar hydrated ZrO,/Zr(OH), layers, fin com-
ponents exhibit substantially higher zirconium incorporation following identical processing.

— The enhanced Zr enrichment translates directly into electrochemical performance, with ZrCC induc-
ing broad passive regions and large positive shifts in breakdown potential (AE up to ~500 mV), par-
ticularly on the intrinsically more corrosion-prone fin material.

— NSS testing confirms the practical relevance of the developed ZrCC on a heat exchanger, demonstrat-
ing delayed corrosion initiation and limited surface degradation even after 90 h of testing in NSS.

— Zirconium conversion coatings deliver geometry-independent corrosion protection while provid-
ing their greatest relative benefit on fin substrates, thereby improving heat exchangers’ corrosion
resistance.

These results support the implementation of optimised ZrCC as a robust pretreatment for aluminium
heat exchangers and provide a mechanistic foundation for its integration into advanced industrial coat-
ing systems, particularly as an interfacial layer that enhances the adhesion and long-term performance of
subsequently applied organic topcoats.
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